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Preface

i

n more than four decades since the first edition of Multivariate Data Analysis, the fields of multivariate statistics,
and analytics in general, have evolved dramatically in several different directions for both academic and applied
researchers. In the methodological domain, we have seen a continued evolution of the more “traditional” statistical
methods such as multiple regression, ANOVA/MANOVA and exploratory factor analysis. These methods have
been extended not only in their capabilities (e.g., additional options for variable selection, measures of variable
importance, etc.), but also in their application (e.g., multi-level models and causal inference techniques). These
“traditional” methods have been augmented by a new generation of techniques represented by structural equation
modeling and partial least squares. These methods integrate many of the former methods (e.g., multiple regression and exploratory factor analysis) into new analytical techniques to perform confirmatory factor analysis and
structural model estimation. But perhaps most exciting has been the integration of methods from the fields of data
mining, machine learning and neural networks. These fields of study have remained separate for too long, representing different “cultures” in terms of approaches to data analysis. But as we discuss in Chapter 1 and throughout
the text, these two fields provide complementary approaches, each of which has advantages and disadvantages. We
hope that by acknowledging these complementarities we can in some small way increase the rate of integration
between the two fields.
The development of these analytical methods has also been greatly facilitated by the tremendous increase in
computing power available in so many formats and platforms. Today the processing power is essentially unlimited as larger and larger types of problems are being tackled. The availability of these techniques has also been
expanded not only through the continued development of the traditional software packages such as SAS and it’s
counterpart JMP, IBM SPSS and STATA, as well as SmartPLS for PLS-SEM, but also the recent wide-spread use of
free, open-source, software, typified by the R-project, which has been around as far back as 1992, with roots at Bell
Labs previous to that time. Today researchers have at their disposal the widest range of software alternatives ever
available.
But perhaps the most interesting and exciting development has occurred in the past decade with the emergence
of “Big Data” and the acceptance of data-driven decisionmaking. Big Data has revolutionized the type and scope of
analyses that are now being performed into topics and areas never before imagined. The widespread availability of
both consumer-level, firm-level and event-level data has empowered researchers in both the academic and applied
domains to address questions that only a few short years ago were not even conceptualized. An accompanying trend
has been the acceptance of analytical approaches to decisionmaking at all levels. In some instances researchers had
little choice since the speed and scope of the activities (e.g., many digital and ecommerce decisions) required an
automated solution. But in other areas the widespread availability of heretofore unavailable data sources and unlimited processing capacity quickly made the analytical option the first choice.
The first seven editions of this text and this latest edition have all attempted to reflect these changes within the
analytics landscape. As with our prior editions we still focus in the traditional statistical methods with an emphasis
on design, estimation and interpretation. We continually strive to reduce our reliance on statistical notation and
terminology and instead to identify the fundamental concepts which affect application of these techniques and then
express them in simple terms—the result being an applications-oriented introduction to multivariate analysis for
the non-statistician. Our commitment remains to provide a firm understanding of the statistical and managerial
principles underlying multivariate analysis so as to develop a “comfort zone” not only for the statistical but also the
practical issues involved.
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xv

new Features
But the emergence of “Big Data, ” increased usage of data mining and machine learning techniques, and the acceptance of data-driven decision-making, has motivated us to try and provide a broader perspective on analytics than
in the past. Our goal is to recognize these three emerging trends and address how they impact the analytical domain
for both academicians and applied researchers. The eighth edition of Multivariate Data Analysis provides an updated
perspective on data analysis of all types of data as well as introducing some new perspectives and techniques that are
foundational in today’s world of analytics:
●

●

●

●

●

●

New chapter on partial least squares structural equation modeling (PLS-SEM), an emerging technique with
equal applicability for researchers in the academic and organizational domains.
Integration of the implications of Big Data into each of the chapters, providing some understanding of the role
of multivariate data analysis in this new era of analytics.
Extended discussions of emerging topics, including causal treatments/inference (i.e., causal analysis of
non-experimental data as well as discussion of propensity score models) along with multi-level and panel
data models (extending regression into new research areas and providing a framework for cross-sectional/
time-series analysis).
Updates in each chapter of technical improvements (e.g., multiple imputation for missing data treatments) as
well as the merging of basic principles from the fields of data mining and its applications.
In addition to the new PLS-SEM chapter, the chapters on SEM have greater emphasis on psychometrics and
scale development, updated discussions on the use of reflective versus formative scaling, describe an alternative
approach for handing interactions (orthogonal moderators), as well as in-depth discussion of higher-order CFA
models, multi-group analyses, an introduction to Bayesian SEM, and an updated discussion of software availability. The multi-group discussion also includes an alternative to partial metric invariance when cross-group
variance problems are small. Additionally, an added set of variables is included with HBATSEM as a way of
illustrating diagnostic issues arising when the psychometric properties of a scale do not adhere to the rules of
thumb for measuring a latent factor. The expanded data set is available as HBATSEM6CON.
Online resources for researchers including continued coverage from past editions of all of the analyses from the
latest versions of SAS, SPSS and SmartPLS (commands and outputs)

With the addition of the new chapter on PLS-SEM and other new content in each chapter, several chapters from
prior editions were omitted from the current edition, but are still available on the website (www.mvstats.com).
The chapters for conjoint analysis, multidimensional scaling and correspondence analysis have been formatted
in “publication ready” formats and are available to all adopters as well as interested researchers on the website.
Special thanks are due to Pei-ju Lucy Ting and Hsin-Ju Stephanie Tsai, both from University of Manchester, for
their work on revising the chapter on canonical correlation analysis in our prior edition. They updated this chapter with an example using the HBAT database, added recently published material, and reorganized it to facilitate
understanding. This is one of the chapters now available on our Web site for those who wish to learn more about
this technique.
Each of these changes, and others not mentioned, will assist readers in gaining a more thorough understanding
of both the statistical and applied issues underlying these techniques.
PeDAGoGY
Almost all statistics texts include formulas and require knowledge of calculus or matrix algebra. A very important
question is “Can students comprehend what they are reading and apply it?” This book offers a wealth of pedagogical
features, all aimed at answering this question positively. Presented here is a list of the major elements:
Learning Objectives. Each chapter begins with clear learning objectives that students can use to assess their
expectations for the chapter in view of the nature and importance of the chapter material.
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Key Terms and Concepts. These are bold-faced in the text and are listed at the beginning of the chapters to facilitate comprehension.
Chapter Summaries. These detailed summaries are organized by the learning objectives presented at the
beginning of the chapter. This approach to organizing summaries helps students to remember the key facts,
concepts, and issues. They also serve as an excellent study guide to prepare for in-class exercises or exams.
Questions for Review and Discussion. The review and discussion questions are carefully designed to enhance the
self-learning process and to encourage application of the concepts learned in the chapter. There are six or seven
questions in each chapter designed to provide students with opportunities to enhance their comprehension of
the concepts.
Suggested Readings. A list of the most relevant additional readings is provided at the end of the chapter. These
readings enable you to review many of the sources of the information summarized in the chapter as well as extend
your knowledge to other more detailed information.
HBAT Database. The HBAT database is a continuing case of a business scenario embedded throughout the book
for the purpose of illustrating the various statistical concepts and methods. The case is introduced in Chapter 1,
and in each subsequent chapter it builds upon the previously learned concepts. A single research situation is used
to illustrate various aspects of the process of applying each of the multivariate methods. The HBATSEM data is
enhanced for the 8th edition.
Software commands/syntax. An expanded feature from prior editions are the software-specific resources to
enable a researcher to replicate the analyses in the text in SAS, IBM SPSS, and SmartPLS for that chapter. In addition to these software commands, actual outputs for all of the analyses in the text are available for the student to
examine and even compare to their results. The authors are also committed to continue development of these
resources, hopefully extending theses supplements to include selected R code and outputs in the near future.
onLine ReSoURceS
The book provides an extensive and rich ancillary package. The following is a brief description of each element in
the package. These materials are available via Cengage Brain and the text’s dedicated website (www.mvstats.com).
Instructor’s Resources. PowerPoint slide presentations provide an easy transition for instructors teaching with
the book the first time. For those who have used previous editions, there are many new support materials to build
upon the notes and teaching enhancement materials available previously. A wealth of extra student projects and
examples are available as additional classroom resources. All of these materials are available via Cengage Brain.
Website. Students can access the book’s dedicated website (www.mvstats.com) for additional information about
the various statistical methods and to evaluate their understanding of chapter material. Additional resources are
offered for each chapter—look for prompts in the book that will guide you to the website for more useful information on various topics.
Data Sets. Data sets in SPSS format are available at the book’s website (www.mvstats.com). The two primary
data sets are the HBAT customer survey data set used in the first 8 chapters of the book, and the HBAT employee
survey data set used in Chapters 9 to 13. These data sets can be used to illustrate the examples in the text as well
as assign application exercises that go beyond the book examples.
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kind of resources provided include:

• A password protected area for instructors with,
for example, a testbank, PowerPoint slides and
an instructor’s manual.

• An open-access area for students including, for
example, useful weblinks and glossary terms.
Lecturers: to discover the dedicated lecturer digital
support resources accompanying this textbook please
register here for access: login.cengage.com.
Students: to discover the dedicated student digital
support resources accompanying this textbook, please search
for Multivariate Data Analysis on: cengagebrain.co.uk.
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1

Overview of Multivariate
Methods

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

●

Explain what multivariate analysis is and when its application is appropriate.
Discuss the implications of Big Data, the emergence of algorithmic models and causal inference on multivariate
analysis.

●

Discuss the nature of measurement scales and their relationship to multivariate techniques.

●

Understand the nature of measurement error and its impact on multivariate analysis.

●

Examine the researcher options for managing the variate and dependence models.

●

Understand the concept of statistical power and the options available to the researcher.

●

Determine which multivariate technique is appropriate for a specific research problem.

●

Define the specific techniques included in multivariate analysis.

●

Discuss the guidelines for application and interpretation of multivariate analyses.

●

Understand the six-step approach to multivariate model building.

chapter Preview
Chapter 1 presents a simplified overview of multivariate analysis. It stresses that multivariate analysis methods will
increasingly influence not only the analytical aspects of research but also the design and approach to data collection for decision making and problem solving. Although multivariate techniques share many characteristics with
their univariate and bivariate counterparts, several key differences arise in the transition to a multivariate analysis.
To illustrate this transition, Chapter 1 presents a classification of multivariate techniques. It then provides general
guidelines for the application of these techniques as well as a structured approach to the formulation, estimation, and
interpretation of multivariate results. The chapter concludes with a discussion of the databases utilized throughout
the text to illustrate application of the techniques.

1
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Chapter 1 Overview of Multivariate Methods

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology used.
Throughout the chapter, the key terms appear in boldface. Other points of emphasis in the chapter are italicized. Also,
cross-references within the key terms appear in italics.
Algorithmic models See data mining models.
Alpha (α) See Type I error.
Beta (β) See Type II error.
Big Data The explosion in secondary data typified by increases in the volume, variety and velocity of the data being made available

from a myriad set of sources (e.g., social media, customer-level data, sensor data, etc.).
Bivariate partial correlation Simple (two-variable) correlation between two sets of residuals (unexplained variances) that remain

after the association of other independent variables is removed.
Bootstrapping An approach to validating a multivariate model by drawing a large number of subsamples and estimating models for each

subsample. Estimates from all the subsamples are then combined, providing not only the “best” estimated coefficients (e.g., means
of each estimated coefficient across all the subsample models), but their expected variability and thus their likelihood of differing
from zero; that is, are the estimated coefficients statistically different from zero or not? This approach does not rely on statistical
assumptions about the population to assess statistical significance, but instead makes its assessment based solely on the sample data.
causal inference Methods that move beyond statistical inference to the stronger statement of “cause and effect” in non-experimental situations.
composite measure Fundamental element of multivariate measurement by the combination of two or more indicators. See
summated scales.
cross-validation Method of validation where the original sample is divided into a number of smaller sub-samples (validation
samples) and that the validation fit is the “average” fit across all of the sub-samples.
Data mining models Models based on algorithms (e.g., neural networks, decision trees, support vector machine) that are widely
used in many Big Data applications. Their emphasis is on predictive accuracy rather than statistical inference and explanation
as seen in statistical/data models such as multiple regression.
Data models See statistical models.
Dependence technique Classification of statistical techniques distinguished by having a variable or set of variables identified as
the dependent variable(s) and the remaining variables as independent. The objective is prediction of the dependent variable(s)
by the independent variable(s). An example is regression analysis.
Dependent variable Presumed effect of, or response to, a change in the independent variable(s).
Dimensional reduction The reduction of multicollinearity among variables by forming composite measures of multicollinear
variables through such methods as exploratory factor analysis.
Directed acyclic graph (DAG) Graphical portrayal of causal relationships used in causal inference analysis to identify all “threats”
to causal inference. Similar in some ways to path diagrams used in structural equation modeling.
Dummy variable Nonmetrically measured variable transformed into a metric variable by assigning a 1 or a 0 to a subject, depending on whether it possesses a particular characteristic.
effect size Estimate of the degree to which the phenomenon being studied (e.g., correlation or difference in means) exists in
the population.
estimation sample Portion of original sample used for model estimation in conjunction with validation sample
General linear model (GLM) Fundamental linear dependence model which can be used to estimate many model types (e.g., multiple regression, ANONA/MANOVA, discriminant analysis) with the assumption of a normally distributed dependent measure.
Generalized linear model (GLZ or GLiM) Similar in form to the general linear model, but able to accommodate non-normal
dependent measures such as binary variables (logistic regression model). Uses maximum likelihood estimation rather than
ordinary least squares.
Holdout sample See validation sample.
independent variable Presumed cause of any change in the dependent variable.
indicator Single variable used in conjunction with one or more other variables to form a composite measure.
interdependence technique Classification of statistical techniques in which the variables are not divided into dependent and
independent sets; rather, all variables are analyzed as a single set (e.g., exploratory factor analysis).
Measurement error Inaccuracies of measuring the “true” variable values due to the fallibility of the measurement instrument
(i.e., inappropriate response scales), data entry errors, or respondent errors.
Metric data Also called quantitative data, interval data, or ratio data, these measurements identify or describe subjects (or objects)
not only on the possession of an attribute but also by the amount or degree to which the subject may be characterized by the
attribute. For example, a person’s age and weight are metric data.
Multicollinearity Extent to which a variable can be explained by the other variables in the analysis. As multicollinearity increases,
it complicates the interpretation of the variate because it is more difficult to ascertain the effect of any single variable, owing
to their interrelationships.
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Multivariate analysis Analysis of multiple variables in a single relationship or set of relationships.
Multivariate measurement Use of two or more variables as indicators of a single composite measure. For example, a personality

test may provide the answers to a series of individual questions (indicators), which are then combined to form a single score
(summated scale) representing the personality trait.
nonmetric data Also called qualitative data, these are attributes, characteristics, or categorical properties that identify or
describe a subject or object. They differ from metric data by indicating the presence of an attribute, but not the amount.
Examples are occupation (physician, attorney, professor) or buyer status (buyer, non-buyer). Also called nominal data or
ordinal data.
overfitting Estimation of model parameters that over-represent the characteristics of the sample at the expense of generalizability
to the population at large.
Power Probability of correctly rejecting the null hypothesis when it is false; that is, correctly finding a hypothesized relationship
when it exists. Determined as a function of (1) the statistical significance level set by the researcher for a Type I error 1 a 2 , (2) the
sample size used in the analysis, and (3) the effect size being examined.
Practical significance Means of assessing multivariate analysis results based on their substantive findings rather than their statistical significance. Whereas statistical significance determines whether the result is attributable to chance, practical significance
assesses whether the result is useful (i.e., substantial enough to warrant action) in achieving the research objectives.
Reliability Extent to which a variable or set of variables is consistent in what it is intended to measure. If multiple measurements
are taken, the reliable measures will all be consistent in their values. It differs from validity in that it relates not to what should
be measured, but instead to how it is measured.
Specification error Omitting a key variable from the analysis, thus affecting the estimated effects of included variables.
Statistical models The form of analysis where a specific model is proposed (e.g., dependent and independent variables to be
analyzed by the general linear model), the model is then estimated and a statistical inference is made as to its generalizability
to the population through statistical tests. Operates in opposite fashion from data mining models which generally have little
model specification and no statistical inference.
Summated scales Method of combining several variables that measure the same concept into a single variable in an attempt to
increase the reliability of the measurement through multivariate measurement. In most instances, the separate variables are
summed and then their total or average score is used in the analysis.
treatment Independent variable the researcher manipulates to see the effect (if any) on the dependent variable(s), such as in an
experiment (e.g., testing the appeal of color versus black-and-white advertisements).
type i error Probability of incorrectly rejecting the null hypothesis—in most cases, it means saying a difference or correlation exists when it actually does not. Also termed alpha 1 a 2 . Typical levels are five or one percent, termed the .05 or .01 level,
respectively.
type ii error Probability of incorrectly failing to reject the null hypothesis—in simple terms, the chance of not finding a correlation or mean difference when it does exist. Also termed beta 1 b 2 , it is inversely related to Type I error. The value of 1 minus the
Type II error 1 1 2 b 2 is defined as power.
Univariate analysis of variance (AnoVA) Statistical technique used to determine, on the basis of one dependent measure, whether
samples are from populations with equal means.
Validation sample Portion of the sample “held out” from estimation and then used for an independent assessment of model fit
on data that was not used in estimation.
Validity Extent to which a measure or set of measures correctly represents the concept of study—the degree to which it is free from
any systematic or nonrandom error. Validity is concerned with how well the concept is defined by the measure(s), whereas
reliability relates to the consistency of the measure(s).
Variate Linear combination of variables formed in the multivariate technique by deriving empirical weights applied to a set of
variables specified by the researcher.

What is Multivariate Analysis?
Today businesses must be more profitable, react quicker, and offer higher-quality products and services, and do it
all with fewer people and at lower cost. An essential requirement in this process is effective knowledge creation and
management. There is no lack of information, but there is a dearth of knowledge. As Tom Peters said in his book
Thriving on Chaos, “We are drowning in information and starved for knowledge” [45].
The information available for decision making has exploded in recent years, and will continue to do so in the
future, probably even faster. Until recently, much of that information just disappeared. It was either not collected or
discarded. Today this information is being collected and stored in data warehouses, and it is available to be “mined”
for improved decision-making. Some of that information can be analyzed and understood with simple statistics, but
much of it requires more complex, multivariate statistical techniques to convert these data into knowledge.
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A number of technological advances help us to apply multivariate techniques. Among the most important are
the developments in computer hardware and software. The speed of computing equipment has doubled every
18 months while prices have tumbled. User-friendly software packages brought data analysis into the point-andclick era, and we can quickly analyze mountains of complex data with relative ease. Indeed, industry, government,
and university-related research centers throughout the world are making widespread use of these techniques.
Throughout the text we use the generic term researcher when referring to a data analyst within either the practitioner or academic communities. We feel it inappropriate to make any distinction between these two areas, because
research in both relies on theoretical and quantitative bases. Although the research objectives and the emphasis in
interpretation may vary, a researcher within either area must address all of the issues, both conceptual and empirical,
raised in the discussions of the statistical methods.

three converging trends
The past decade has perhaps been the most complex, evolving and thus interesting with regards to analytics, whether
within the academic domain or in the world of organizational decision-making. While there are many fields that can
be identified as the “hot” topics or buzz terms of note (e.g., data scientists as the sexiest job of the 21st Century [16]),
we feel that three topics merit discussion as they are emerging to radically transform what we think of as analytics
in the near future. These topics are not focused just on the academic or organizational domains, as those worlds are
converging as well. Instead they represent fundamental shifts in the inputs, processes/techniques and outputs of what
we term analytics. We hope this discussion provides some broader context for you as an analyst in whatever domain
you practice as the principles and objectives are similar anywhere you engage in analytics.
toPic 1: RiSe oF BiG DAtA
There is no factor impacting analytics that has been more publicized and talked about than “Big Data.” And this
is not just hyperbole, as there has been an explosion in data available today. The sources are varied: the world of
social media and online behavior; the Internet of Things which has brought connectivity to almost every type of
device; the almost incomprehensible amount of data in the sciences in such areas as genomics, neuroscience and
astrophysics; the ability of storage devices to capture all this information and software (e.g., Hadoop and others) to
manage that data; and finally the recognition by organizations of all types that knowing more about their customers
through information can better inform decision-making. Everywhere you turn, the impact of data for improved
decisions and knowledge is becoming increasingly important [14]. But what does this mean for the analyst—is it
just more observations to be analyzed? We think not and hope to address in our brief discussion several important
topics: What is Big Data? How does it impact organizational decisions and academic research? What impact does
it have on analytics and the analyst? What are the problems Big Data presents for all analysts? And what can we
expect moving forward?
While the definition of Big Data is still evolving, it is becoming more useful to define it in terms
of its basic characteristics. Perhaps the most basic are the Vs of Big Data, first thought to encompass Volume, Variety
and Velocity, but being expanded with the addition of Veracity, Variability and Value [20]. Let’s look at each of these
briefly for their impact on analytics.

What is Big Data?

VoLUMe Perhaps no characteristic describes Big Data as well as Volume, since it is the sheer magnitude of information being collected that initiated the term. While quantifying the amount of data is always speculation, it is
generally agreed upon that we are encountering amounts of data never before seen in history (i.e., actually equal
to and perhaps more than everything gathered before by mankind), and a recent study estimates we will be gathering ten times the amount of information annually by 2025 [13]. So whatever the incomprehensible amount, the
implications are huge!
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Sample sizes will increase dramatically. For many types of studies the days of small scale studies of several hundred
will be replaced by secondary data sources providing thousands if not millions of cases. Online experimentation will
provide almost instant access to data, and longitudinal analyses will become much more common as data is collected
over time. Every one of the techniques using statistical inferences will require new approaches for interpretation and
impact when everything is statistically significant due to increased sample size. These and many other changes will
impact not only the scale at which analysis is done, but also the fundamental approaches analysts take to address
any research question.
The variety of Big Data is in many ways the pathway to the increases in the volume of data described earlier.
Whereas analysts used to rely on primary and to some extent secondary data gathered expressly for the purposes of
research, today we have access to a myriad of sources (e.g., social media, Internet of Things, digital traces of behavior, etc.) that emerge from a digitization of social life [32] that are actual behavioral data. Rather than rely upon a
respondent’s reply to a question (e.g., website visits, social media posts and social graph information, search queries,
products purchased), actual behaviors are available to provide more direct measures of each individual.
The increases in variety come with their own challenges. First, how can we incorporate hundreds or even thousands of variables into the analyses, especially if explanation and interpretability is required? As a result, techniques in
data reduction (see Chapter 3) will play an increasingly important role. And when the variables are specified, variable
selection techniques become critical (e.g., multiple regression in Chapter 5), as discussed in our later overview of
managing the variate. And finally, all of this increased data will generally include a nonmetric quality, so how will
our analyses adapt to the shift to these forms of measurement? What types of measures can we obtain from social
media posts? Search queries? Past product purchases? The analyst now faces the task of “managing” the data so as
to represent constructs beyond the actual measures themselves.

VARietY

The third characteristic of velocity has its greatest impact in the implementation of analytics since decisions must be made in an automated fashion (e.g., online web auctions for ad placement taking only milliseconds,
product recommendations available immediately and a host of other immediate benefits the customer now expects
instantaneously). But researchers can leverage this velocity for their own benefit—one example being the ease of
online data collection. As discussed in Chapter 6, we have seen a resurgence of experimentation and the interest in
causal inference with the widespread availability of online surveys and the ease of administering online experiments
in the digital domain.

VeLocitY

The characteristic of veracity is becoming of increased interest among Big Data analysts, since they must
balance the increased variety of data sources versus data quality, among them the issues of missing data and measurement error (see Chapter 2). As secondary data become primary data sources for analysts in all areas, they must guard
against a “blind trust” of the data and ensure the results and conclusions drawn from these varied data sources stand
the scrutiny normally reserved for both academia and the applied domain. Just because we have new sources and an
increased number of variables does not absolve the analyst from the same standards as applied to past research efforts.
VeRAcitY

VARiABiLitY AnD VALUe The variability seen in Big Data refers to the variation in the flow of the data, which may impact
issues such as timeliness. The value of Big Data is a representation of the notion that abundance, not scarcity, is
the driver of value in this new era. As such, the analyst must embrace these new sources of data and expand their
perspectives on the types of information applicable to their research questions.

Even this quick overview of the characteristics of Big Data hopefully sensitizes the analyst to the range of
issues arising from this new era of analytics. And it is important that analysts in all domains, academic and organizational, come to appreciate the opportunities presented by Big Data while also being cautious in the many pitfalls
and implicit assumptions associated with the new sources of data. We discuss in the next sections some of the ways
in which analytics are changing in these domains and then some explicit problems in Big Data use.
SUMMARY

Impacts on Organizational Decisions and Academic Research The driving force behind the widespread adoption

of Big Data analytics is the potential benefit in organizational decision-making. Whether the benefits are associated
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with for-profit or non-profit, governmental or private, the perceived potential is unquestioned. Perhaps this is best
reflected in a statement from a recent article on the revolution of Big Data in management thought:
Data-driven decisions are better decisions—it’s as simple as that. Using Big Data enables managers to decide on the
basis of evidence rather than intuition. For that reason it has the potential to revolutionize management [34, p. 5].

Examples abound extolling the benefits derived from the application of increased analytical focus with these
newfound data sources. Indeed, management processes and expectations have been irrevocably changed with this
desire for more “objectivity” through analytical perspectives. While there are obvious challenges in translating these
outcomes to organizational value [27], and organizations must be willing to evolve and reorient their processes [46],
there is little doubt that data-driven decision-making is here to stay. Thus, analysts will be more involved with
providing critical inputs on decisions at all levels of the organization.
While academicians have generally been slower to adopt and integrate Big Data into their research, certain areas
in the sciences (e.g., biology [33], neuroscience [31], biomedicine [3]) have already faced these challenges and are
moving forward with research agendas predicated on enhanced analytics. Many other research areas, especially those
that interface with organizations (e.g., the business disciplines) or those fields in the technical areas of computer
science and informatics, are moving forward with the investigation of the applications of Big Data analytics in their
fields. But these areas are also recognizing the increased potential Big Data provides in the types of research questions
that can now be addressed as well as the expanded analytics “toolkit” that has become available [14, 22, 17, 51, 19]. As
researchers become more aware of these opportunities in both data and techniques their utilization will naturally
increase.
Impacts on Analytics and the Analyst To this point we have focused on the character of Big Data and its application

within every field of inquiry. But what about the analytics process and the qualities required of the analyst? Is this a
time for increasing specialization or diversification? What is the role of domain knowledge and the context within
which the analysis takes place? These are only a few of the changes that are facing analysts today.
One area related to the Variety of Big Data is the wide range of analytic sub-domains. Emerging today are analytics focused on text processing, image analysis, and speech recognition, along with areas such as social media and
network analysis [21]. All of these specialized domains can then provide inputs into the more generalized analysis
(e.g., consumer sentiments from social media analytics) to extend the scope of the factors considered. We also see
that analytics are being categorized based on the objective of the analysis, thus making the decision context even
more important. Recent research [46] identified five types of analysis based on their objective: descriptive, inquisitive,
predictive, prescriptive and pre-emptive. Much as the academicians differentiate their research, the applied domains
are finding it useful to characterize their desired outcomes as well.
Finally, a number of skills are emerging that serve all analysts in this new era [20]. Visualization is becoming
essential, not only in dealing with the vast numbers of observations, but the increasingly large number of dimensions/
variables being included in the analysis. This also gives rise to methods to manage dimensionality, from concepts
of sparsity (akin to parsimony) and even optimization to aid in the variable selection process. As noted earlier
data management will be increasingly important and perhaps most important of all is the benefit of being multidisciplinary in interests, as fields of all types are pursuing research agendas that may assist in resolving research
questions in other areas.
Problems in Big Data Use No discussion of Big Data analytics would be complete without addressing the rising
concern with issues such as privacy, security, political disruption, invasive commercial strategies and social stratification [6,50]. All of these issues raise cautions in the use of Big Data analytics, for even those applications with the
best of intentions may have unintended consequences. And the problems are not restricted to the outcomes of these
efforts, but also reside in the implicit assumptions analysts may take for granted. Harford [28] identified four “articles
of faith” that may cause serious problems: overrating accuracy if we ignore false positives; replacement of causation
with correlation; the idea that sampling bias is eliminated when the issues still remain; and letting the “data speak”
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and ignoring the presence of spurious correlations [11]. These and many other issues require the analyst not only to
define the problem correctly, select and apply the appropriate technique and then correctly interpret the results, but
also to be cognizant of these more implicit concerns in every research situation.
Moving Forward Our brief discussion of Big Data and its impact on analytics and analysts, both academic and
applied, was not to provide a definitive guide, but rather to expose analysts to the broader issues that create both
benefits and consequences with the use of Big Data [18]. We believe awareness will encourage analysts to define not
only their research questions more broadly, but also their scope of responsibility in understanding these types of
issues and how they might impact their analyses. The impact of Big Data may be good or bad, but the distinction is
heavily influenced by the analysts and the decisions made in their analysis.

toPic 2: StAtiSticAL VeRSUS DAtA MininG MoDeLS
The era of Big Data has not just provided new and varied sources of data, but also placed new demands on the
analytical techniques required to deal with these data sources. The result has been the recognition of two “cultures”
of data analysis that are distinct and purposeful in their own way. Breiman [7] defined these two cultures as data
models versus algorithmic models. As we will see in the following discussions, they represent two entirely different approaches towards analysis, with opposing assumptions as to the basic model formulations and the expected
results. But these differences do not make one approach better than the other and we will discuss the strengths and
weaknesses of each approach as a means of distinguishing their role in this new era of analytics.
While there are dramatic differences between these two approaches, they are both operating under the same
conditions. A research problem can be simply defined as a set of predictor variables working some defined process
to generate an outcome. But the analyst must create some representation of the process that provides two possible
objectives: accurate prediction of the outcome and explanation/knowledge of how the process operates. As we will
see, it is the how the process is defined and which of these two objectives takes precedence that distinguishes the
two cultures.
Statistical or Data Models The concept of data models is one that closely aligns with our classical view of statis-

tical models and analysis. Here the analyst typically defines some type of stochastic data model (e.g., a multiple
or logistic regression model), such as the predictor variables and their functional form [7]. Thus, the data model
is a researcher-specified model that is then estimated using the data available to assess model fit and ultimately its
acceptability. The challenges for the researcher are to (a) correctly specify a model form that represents the process
being examined, and (b) perform the analysis correctly to provide the explanation and prediction desired. Thus, the
researcher must make some assumptions as to the nature of the process and specify a model form that best replicates
its operations. Our basic models of statistical inference, such as multiple regression, MANOVA or discriminant
analysis/logistic regression, are examples of this approach to analysis.
If the analytical results are successful (e.g., good model fit, acceptable model parameters) the researcher can then
make inferences as to the underlying nature of the process being examined. From these inferences explanation of
the process forms through repeated analyses and some body of knowledge is developed. But the researcher must
also recognize that any conclusions are about the proposed model and not really about the underlying process. If the
model is an incorrect representation of the process any inferences may be flawed. Science is replete with theories that
were later disproved. This does not make the process flawed, but it does caution the researcher to always be aware
that there may be many “alternative” models that can also represent the process and provide different conclusions.
Data Mining or Algorithmic Models An alternative field of modeling has developed outside of the field of statistics,

generally known as data mining, where the focus is not on the specified model, but the technique of explanation.
Algorithmic models, also known as data mining and even the contemporary terms of machine learning and artificial intelligence, take a different approach to understanding the process by shifting the focus from explanation of
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the process to prediction. The fundamental premise is that the process being studied is inherently so complex that
specification of a precise model is impossible. Rather, the emphasis is on the algorithms, how they can represent any
complex process and how well they ultimately predict the outcomes. Explanation of the process is secondary to the
ability of the algorithm to complete its task of prediction. So image recognition models do not provide insight into
how images might be distinguished, but rather at how well they differentiate among images. Examples of algorithmic
models include neural networks, decision trees and even cluster analysis. In each instance the result is a prediction,
not a generalization to the population (i.e., statistical inference).
As Brieman [7] describes, these two models truly represent different “cultures”
of model building, coming from different research disciplines, operating on fundamentally different assumptions
about how the models should operate and what are the most important objectives. While each will continue to evolve
separately, recognition of their different strengths and weaknesses can enable researchers from both “cultures” to
appreciate the differences and better understand the situations and research questions most suited to each approach.
This becomes critically important as the era of Big Data analytics demands more insights from analysts into an ever
increasing array of issues and contexts.
Figure 1.1 provides some differences between these two approaches on a number of fundamental characteristics of
the research process. As we see, the statistical or data model approach approximates what many consider the scientific
method, postulating a model based upon theory and then executing a research design to rigorously test that model
and ultimately the underlying theory. The data mining or algorithmic models approach the problem differently,
and bring little in the way of conceived speculation on how the process should be described. They instead focus on
the best algorithms what can replicate the process and achieve predictive accuracy. Moreover, there is little theory
testing and thus little explanation of how the process of interest actually operates, just that is can be mimicked by
the algorithm as represented by its predictive accuracy.

Why Distinguish Between Models?

Figure 1.1
comparing Between Statistical/Data Models and Data Mining/Algorithmic Models
characteristic

Statistical/Data Models

Data Mining/Algorithmic Models

Research Objective

Primarily Explanation

Prediction

Research Paradigm

Theory-based (deductive)

Heuristic-based (inductive)

Nature of Problem

Structured

Unstructured

Nature of Model Development

Confirmatory

Exploratory

Type of Data Analyzed

Well defined, collected for

Undefined, generally analysis used data

purpose of the research

available

Small to large datasets (number

Very large datasets (number of variables

of variables and/or observations)

and/or observations)

Scope of the Analysis

Our purpose in this discussion is not to “pick a winner” or build a case for one method over another, but instead
to expose researchers in both “cultures” to the assumptions underlying their two approaches and how they might
complement one another in many situations. There are obviously situations in which the process of interest (e.g.,
autonomous vehicles) is so complex that it would seem impossible to completely specify the underlying models
(e.g., rules of the road) and the algorithmic models like machine learning seem most applicable. But how do analysts
and managers deal with situations that require managerial action? How do we best engage in product design, select
promotional appeals or increase customer satisfaction? In these situations the researcher is looking more for explanation than just prediction, and an understanding of the process is required before it can be managed. In an academic
setting, the strong theory-based approach favors the data model method, but there may be situations in which the
algorithmic model provides insight not otherwise possible. One intriguing possibility is the “automation of discovery”
where patterns of correlations can be analyzed and causal structure identified [38, 24]. We encourage analysts from
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both cultures to try and understand the basic differences and ultimately the benefits that can be achieved through
these two different, but increasingly complementary, approaches to analytics.
toPic 3: cAUSAL inFeRence
Our last topic spans all of the issues we have discussed to this point—the impact of Big Data and the distinction
between data models and algorithmic models. Causal inference is the movement beyond statistical inference to the
stronger statement of “cause and effect” in non-experimental situations. While causal statements have been primarily
conceived as the domain of randomized controlled experiments, recent developments have provided researchers
with (a) the theoretical frameworks for understanding the requirements for causal inferences in non-experimental
settings, and (b) some techniques applicable to data not gathered in an experimental setting that still allow some
causal inferences to be drawn [36].
The move from statistical inference to causal analysis is not a single technique, but instead a paradigm shift
incorporating an emphasis on the assumptions that are the foundation of all causal inferences and a framework
for formulating and then specifying these assumptions [43]. The result is a general theory of causation based on
the Structural Causal Model (SCM) first proposed by Pearl [42]. A key component of the SCM is the directed
acyclic graph (DAG), which is a graphical representation of the causal relationships impacting the relationship
of interest. Similar in some regards to the path models used in structural equation modeling (see Chapter 9),
it differs in that its sole focus is on causal pathways and the ability of the researcher to “control for” all of the
confounds that may impact the relationship of interest [30]. In Chapter 6 we introduce the notion of confounds
and other “threats” to causal inference as well as one of the most popular methods for causal inference—propensity score models.
In many ways the increase in the use of causal inference is the result of the emergence of Big Data (i.e., the wealth
of non-experimental data) and the desire for a more rigorous framework for analysis than statistical inference. Causal
inference has become widespread in disciplines ranging from accounting [25] to the health sciences [47] and can
be employed not only with basic statistical models, but more complex effects such as mediation [52] and structural
equation modeling [10, 5]. Moreover, the techniques from many disciplines are being combined to generate an
entirely new analytical framework for non-experimental data [37, 26, 44]. In the not too distant future we believe
that all analysts will employ these causal inference methods to increase the rigor of their analysis and help overcome
the doubts raised by many concerning the pitfalls of Big Data analytics [18].
SUMMARY
While some might question the relevance of these topics in a text oriented towards multivariate techniques, we hope
that exposure to the ideas and issues raised in these areas will better inform the researcher in their activities. As
evidenced in these discussions, the analyst of today is much more than just a technician trained to select and then
apply the appropriate statistical technique. Yes, there are unique technical challenges facing today’s analyst with the
many issues in Big Data and the competing approaches of data models versus algorithmic models, always striving
to make causal inferences if possible. But these are more than technical problems, and analysts in both the academic
and applied fields must develop their own approach for assessing these issues in each research situation they face.
Only then can they design a research plan that best meets the overall needs of the research question.

Multivariate Analysis in Statistical terms
Multivariate analysis techniques are popular because they enable organizations to create knowledge and thereby
improve their decision-making. Multivariate analysis refers to all statistical techniques that simultaneously analyze
multiple measurements on individuals or objects under investigation. Thus, any simultaneous analysis of more than
two variables can be loosely considered multivariate analysis.
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Many multivariate techniques are extensions of univariate analysis (analysis of single-variable distributions) and bivariate analysis (cross-classification, correlation, analysis of variance, and simple regression used
to analyze two variables). For example, simple regression (with one predictor variable) is extended in the
multivariate case to include several predictor variables. Likewise, the single dependent variable found in analysis
of variance is extended to include multiple dependent variables in multivariate analysis of variance. Some
multivariate techniques (e.g., multiple regression and multivariate analysis of variance) provide a means of
performing in a single analysis what once took multiple univariate analyses to accomplish. Other multivariate
techniques, however, are uniquely designed to deal with multivariate issues, such as factor analysis, which identifies the structure underlying a set of variables, or discriminant analysis, which differentiates among groups
based on a set of variables.
Confusion sometimes arises about what multivariate analysis is because the term is not used consistently in
the literature. Some researchers use multivariate simply to mean examining relationships between or among more
than two variables. Others use the term only for problems in which all the multiple variables are assumed to have
a multivariate normal distribution. To be considered truly multivariate, however, all the variables must be random
and interrelated in such ways that their different effects cannot meaningfully be interpreted separately. Some authors
state that the purpose of multivariate analysis is to measure, explain, and predict the degree of relationship among
variates (weighted combinations of variables). Thus, the multivariate character lies in the multiple variates (multiple
combinations of variables), and not only in the number of variables or observations. For the purposes of this book,
we do not insist on a rigid definition of multivariate analysis. Instead, multivariate analysis will include both multivariable techniques and truly multivariate techniques, because we believe that knowledge of multivariable techniques
is an essential first step in understanding multivariate analysis.

Some Basic concepts of Multivariate Analysis
Although the roots of multivariate analysis lie in univariate and bivariate statistics, the extension to the multivariate
domain introduces additional concepts and issues of particular relevance. These concepts range from the need for a
conceptual understanding of the basic building block of multivariate analysis—the variate—to specific issues dealing
with the types of measurement scales used and the statistical issues of significance testing and confidence levels. Each
concept plays a significant role in the successful application of any multivariate technique.
tHe VARiAte
As previously mentioned, the building block of multivariate analysis is the variate, a linear combination of variables
with empirically determined weights. The variables are specified by the researcher whereas the weights are determined by the multivariate technique to meet a specific objective. A variate of n weighted variables (X1 to Xn) can be
stated mathematically as:
Variate value 5 w1X1 1 w2X2 1 w3X3 1 c1 wnXn
where Xn is the observed variable and wn is the weight determined by the multivariate technique.
The result is a single value representing a combination of the entire set of variables that best achieves the objective
of the specific multivariate analysis. In multiple regression, the variate is determined in a manner that maximizes the
correlation between the multiple independent variables and the single dependent variable. In discriminant analysis,
the variate is formed so as to create scores for each observation that maximally differentiates between groups of
observations. In exploratory factor analysis, variates are formed to best represent the underlying structure or patterns
of the variables as represented by their intercorrelations.
In each instance, the variate captures the multivariate character of the analysis. Thus, in our discussion of
each technique, the variate is the focal point of the analysis in many respects. We must understand not only its
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collective impact in meeting the technique’s objective but also each separate variable’s contribution to the overall
variate effect.
MeASUReMent ScALeS
Data analysis involves the identification and measurement of variation in a set of variables, either among themselves
or between a dependent variable and one or more independent variables. The key word here is measurement because
the researcher cannot identify variation unless it can be measured. Measurement is important in accurately representing the concept of interest and is instrumental in the selection of the appropriate multivariate method of analysis.
Data can be classified into one of two categories—nonmetric (qualitative) and metric (quantitative)—based on the
type of attributes or characteristics they represent.
The researcher must define the measurement type—nonmetric or metric—for each variable. To the computer,
the values are only numbers. As we will see in the following section, defining data as either metric or nonmetric has
substantial impact on what the data can represent and how it can be analyzed.
Nonmetric Measurement Scales Nonmetric data describe differences in type or kind by indicating the presence
or absence of a characteristic or property. These properties are discrete in that by having a particular feature, all
other features are excluded; for example, if a person is male, he cannot be female. An “amount” of gender is not
possible, just the state of being male or female. Nonmetric measurements can be made with either a nominal or an
ordinal scale.

A nominal scale assigns numbers as a way to label or identify subjects or objects. The numbers
assigned to the objects have no quantitative meaning beyond indicating the presence or absence of the attribute or
characteristic under investigation. Therefore, nominal scales, also known as categorical scales, can only provide the
number of occurrences in each class or category of the variable being studied.
For example, in representing gender (male or female) the researcher might assign numbers to each category (e.g.,
2 for females and 1 for males). With these values, however, we can only tabulate the number of males and females;
it is nonsensical to calculate an average value of gender.
Nominal data only represent categories or classes and do not imply amounts of an attribute or characteristic.
Commonly used examples of nominally scaled data include many demographic attributes (e.g., individual’s sex, religion, occupation, or political party affiliation), many forms of behavior (e.g., voting behavior or purchase activity),
or any other action that is discrete (happens or not).
noMinAL ScALeS

oRDinAL ScALeS Ordinal scales are the next “higher” level of measurement precision. In the case of ordinal scales,
variables can be ordered or ranked in relation to the amount of the attribute possessed. Every subject or object can
be compared with another in terms of a “greater than” or “less than” relationship. The numbers utilized in ordinal
scales, however, are really non-quantitative because they indicate only relative positions in an ordered series. Ordinal
scales provide no measure of the actual amount or magnitude in absolute terms, only the order of the values. The
researcher knows the order, but not the amount of difference between the values.

For example, different levels of an individual consumer’s satisfaction with several new products can be illustrated,
first using an ordinal scale. The following scale shows a respondent’s view of three products.
Product A

Very Satisfied

Product B

Product C

Not At All Satisfied

When we measure this variable with an ordinal scale, we “rank order” the products based on satisfaction level.
We want a measure that reflects that the respondent is more satisfied with Product A than Product B and more
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satisfied with Product B than Product C, based solely on their position on the scale. We could assign “rank order”
values 1 1 5 most satisfied, 2 5 next most satisfied, etc. 2 of 1 for Product A (most satisfaction), 2 for Product B,
and 3 for Product C.
When viewed as ordinal data, we know that Product A has the most satisfaction, followed by Product B and then
Product C. However, we cannot make any statements on the amount of the differences between products (e.g., we
cannot answer the question whether the difference between Products A and B is greater than the difference between
Products B and C). We have to use an interval scale (see next section) to assess what is the magnitude of differences
between products.
In many instances a researcher may find it attractive to use ordinal measures, but the implications for the types
of analyses that can be performed are substantial. The analyst cannot perform any arithmetic operations (no
sums, averages, multiplication or division, etc.), thus nonmetric data are quite limited in their use in estimating
model coefficients. For this reason, many multivariate techniques are devised solely to deal with nonmetric data
(e.g., correspondence analysis) or to use nonmetric data as an independent variable (e.g., discriminant analysis
with a nonmetric dependent variable or multivariate analysis of variance with nonmetric independent variables).
Thus, the analyst must identify all nonmetric data to ensure that they are used appropriately in the multivariate
techniques.
In contrast to nonmetric data, metric data are used when subjects differ in amount
or degree on a particular attribute. Metrically measured variables reflect relative quantity or degree and are appropriate for attributes involving amount or magnitude, such as the level of satisfaction or commitment to a job. The
two different metric measurement scales are interval and ratio scales.
Metric Measurement Scales

inteRVAL ScALeS Interval scales and ratio scales (both metric) provide the highest level of measurement precision,
permitting nearly any mathematical operation to be performed. These two scales have constant units of measurement, so differences between any two adjacent points on any part of the scale are equal.
In the preceding example in measuring satisfaction, metric data could be obtained by measuring the distance
from one end of the scale to each product’s position. Assume that Product A was 2.5 units from the left end, Product
B was 6.0 units, and Product C was 12 units. Using these values as a measure of satisfaction, we could not only make
the same statements as we made with the ordinal data (e.g., the rank order of the products), but we could also see
that the difference between Products A and B was much smaller 1 6.0 2 2.5 5 3.5 2 than was the difference between
Products B and C 1 12.0 2 6.0 5 6.0 2 .
The only real difference between interval and ratio scales is that interval scales use an arbitrary zero point,
whereas ratio scales include an absolute zero point. The most familiar interval scales are the Fahrenheit and
Celsius temperature scales. Each uses a different arbitrary zero point, and neither indicates a zero amount or
lack of temperature, because we can register temperatures below the zero point on each scale. Therefore, it is not
possible to say that any value on an interval scale is a multiple of some other point on the scale.
For example, an 80°F day cannot correctly be said to be twice as hot as a 40°F day, because we know that 80°F,
on a different scale, such as Celsius, is 26.7°C. Similarly, 40°F on a Celsius scale is 4.4°C. Although 80°F is indeed
twice 40°F, one cannot state that the heat of 80°F is twice the heat of 40°F because, using different scales, the heat is
not twice as great; that is, 4.4°C 3 2 2 26.7°C.

Ratio scales represent the highest form of measurement precision because they possess the advantages
of all lower scales plus an absolute zero point. All mathematical operations are permissible with ratio-scale
measurements. The bathroom scale or other common weighing machines are examples of these scales, because
they have an absolute zero point and can be spoken of in terms of multiples when relating one point on the scale to
another; for example, 100 pounds is twice as heavy as 50 pounds.

RAtio ScALeS
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The Impact of Choice of Measurement Scale Understanding the different types of measurement scales is import-

ant for two reasons:
1 The researcher must identify the measurement scale of each variable used, so that nonmetric data are not
incorrectly used as metric data, and vice versa (as in our earlier example of representing gender as 1 for male
and 2 for female). If the researcher incorrectly defines this measure as metric, then it may be used inappropriately (e.g., finding the mean value of gender).
2 The measurement scale is also critical in determining which multivariate techniques are the most applicable
to the data, with considerations made for both independent and dependent variables. In the discussion of the
techniques and their classification in later sections of this chapter, the metric or nonmetric properties of independent and dependent variables are the determining factors in selecting the appropriate technique.
MeASUReMent eRRoR AnD MULtiVARiAte MeASUReMent
The use of multiple variables and the reliance on their combination (the variate) in multivariate techniques also
focuses attention on a complementary issue—measurement error. Measurement error is the degree to which the
observed values are not representative of the “true” values. Measurement error has many sources, ranging from data
entry errors to the imprecision of the measurement (e.g., imposing 7-point rating scales for attitude measurement
when the researcher knows the respondents can accurately respond only to a 3-point rating) to the inability of
respondents to accurately provide information (e.g., responses as to household income may be reasonably accurate
but rarely totally precise). Thus, all variables used in multivariate techniques must be assumed to have some degree of
measurement error. The measurement error adds “noise” to the observed or measured variables. Thus, the observed
value obtained represents both the “true” level and the “noise.” When used to compute correlations or means, the
“true” effect is partially masked by the measurement error, causing the correlations to weaken and the means to be
less precise. The specific impact of measurement error and its accommodation in dependence relationships is covered
in more detail in Chapter 9.
The researcher’s goal of reducing measurement error can follow several paths. In assessing
the degree of measurement error present in any measure, the researcher must address two important characteristics
of a measure:

Validity and Reliability

VALiDitY Validity is the degree to which a measure accurately represents what it is supposed to. For example, if we
want to measure discretionary income, we should not ask about total household income. Ensuring validity starts with
a thorough understanding of what is to be measured and then making the measurement as “correct” and accurate as
possible. However, accuracy does not ensure validity. In our income example, the researcher could precisely define
total household income, but it would still be “wrong” (i.e., an invalid measure) in measuring discretionary income
because the “correct” question was not being asked.
ReLiABiLitY If validity is assured, the researcher must still consider the reliability of the measurements. Reliability
is the degree to which the observed variable measures the “true” value and is “error free”; thus, it is the opposite of
measurement error. If the same measure is asked repeatedly, for example, more reliable measures will show greater
consistency than less reliable measures. The researcher should always assess the variables being used and, if valid
alternative measures are available, choose the variable with the higher reliability.

In addition to reducing measurement error by improving individual
variables, the researcher may also choose to develop multivariate measurements, also known as summated scales,
for which several variables are joined in a composite measure to represent a concept (e.g., multiple-item personality

Employing Multivariate Measurement
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scales or summed ratings of product satisfaction). The objective is to avoid the use of only a single variable to represent a concept and instead to use several variables as indicators, all representing differing facets of the concept to
obtain a more well-rounded perspective. The use of multiple indicators enables the researcher to more precisely
specify the desired responses. It does not place total reliance on a single response, but instead on the “average” or
typical response to a set of related responses.
For example, in measuring satisfaction, one could ask a single question, “How satisfied are you?” and base the
analysis on the single response. Or a summated scale could be developed that combined several responses of satisfaction (e.g., finding the average score among three measures—overall satisfaction, the likelihood to recommend,
and the probability of purchasing again). The different measures may be in different response formats or in differing
areas of interest assumed to comprise overall satisfaction.
The guiding premise is that multiple responses reflect the “true” response more accurately than does a single
response. The researcher should assess reliability and incorporate scales into the analysis. For a more detailed introduction to multiple measurement models and scale construction, see further discussion in Chapter 3 (Exploratory
Factor Analysis) and Chapter 9 (Structural Equations Modeling Overview) or additional resources [48]. In addition,
compilations of scales that can provide the researcher a “ready-to-go” scale with demonstrated reliability have been
published in recent years [2, 9].
The impact of measurement error and poor reliability cannot be directly
seen because they are embedded in the observed variables. The researcher must therefore always work to increase
reliability and validity, which in turn will result in a more accurate portrayal of the variables of interest. Poor results
are not always due to measurement error, but the presence of measurement error is guaranteed to distort the observed
relationships and make multivariate techniques less powerful. Reducing measurement error, although it takes effort,
time, and additional resources, may improve weak or marginal results and strengthen proven results as well.

The Impact of Measurement Error

Managing the Multivariate Model
When applying any of the multivariate techniques, the researcher must make a number of important decisions
regarding how key elements of the multivariate model itself are handled. In this section we address three such
issues that impact “How” multivariate models are used: managing the variate; managing the dependence model and
managing statistical significance versus statistical power. Each of these topics focuses on basic principles applicable
to all of the statistical models we will discuss in this text.
MAnAGinG tHe VARiAte
Perhaps the most critical element of a multivariate analysis is the variate, which as described earlier is that set of
variables from which multivariate analysis gets its name. The primary benefit of multivariate analysis is to incorporate a set of variables into the analysis for estimating their impacts simultaneously, versus a single variable at a time
in univariate analyses. As a result, the researcher has the ability to utilize any number of variables for purposes of
explanation and/or prediction.
Any time a variate has two or more variables there is the potential for multicollinearity—the degree of correlation
among the variables in the variate that may result in a confounding effect in the interpretation of the individual variables of the variate. The explanatory impact of each variable can be divided into (a) the portion of variance the variable shares with other variables in the variate, and (b) the portion which is unique to the variable (see Chapter 5 for a
more detailed discussion of shared versus unique effects). Multicollinearity is the measure of the shared variance with
other variables in the variate. This distinction becomes critical depending on whether the objective of the analysis
is prediction versus explanation. When focused solely on predictions with no need for explanation of the individual
variables’ impact, multicollinearity has no real impact. But when the objective shifts to explanation, as it often does
with multiple regression, we want to assess the impact for any individual independent variable, and yet the model can
only represent the unique effect of each independent variable on the outcome. Any shared explanatory variance with
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Figure 1.2
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other independent variables cannot be attributed to any specific variable. As a result, as multicollinearity increases,
the impact of individual variables is under-estimated by the parameters as their explanatory variance shifts from
unique explanatory variance to shared explanatory variance. While we do want to understand the unique effects of
each variable, multicollinearity tends to diminish the effects attributed to variables based on their correlation with
other predictor variables. This results in the principal tradeoff always facing the analyst—including more variables
as predictors to increase overall predictive power versus the multicollinearity introduced by more variables which
makes it more difficult to attribute the explanatory effect to specific variables.
The decisions by the researcher in managing the variate fall in two primary areas: specifying the independent
variables to be included in the analysis and then variable selection during model estimation. Figure 1.2 depicts these
two decisions and the options generally available to researchers in each.
Specifying the Variate Variables The primary decision here is whether to use the individual variables or to perform

some form of dimensional reduction, such as exploratory factor analysis. Using the original variables may seem like
the obvious choice as it preserves the characteristics of the variables and may make the results more interpretable
and credible. But there are also pitfalls to this approach. First and foremost is the effect of including hundreds and
even thousands of variables and then trying to interpret the impact of each variable, thereby identifying the most
impactful variables from a large set. Moreover, as the number of variables increases so does the opportunity for
multicollinearity that makes distinguishing the impact of individual variables even more difficult.
The alternative is to perform some form of dimensional reduction—finding combinations of the individual variables that captures the multicollinearity among a set of variables and allows for a single composite value representing
the set of variables. This is the objective of exploratory factor analysis discussed in Chapter 3 which finds these groups
of multicollinear variables, forms composites and the researcher then uses the composites in further analyses rather
than the original variables. It may seem like dimensional reduction is the option to choose, and many times it is.
But the researcher must also recognize that now the “variables” in the analysis are composites, and the impacts for a
composite represent the shared effect of those variables, not the individual variables themselves.
As shown in Figure 1.2 dimensional reduction can be performed (a) under the control of the researcher through
principal components or common factor analysis, or (b) defined by the software program in techniques like principal components regression (see Chapter 5). We cannot stress the importance of considering the impact of multicollinearity. As you will see in our discussion of each technique, multicollinearity can have a profound effect and
markedly shape the interpretation of the results, if not the results themselves. Many researchers are tempted to ignore
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this aspect of managing the variate and instead rely solely on the various variable selection techniques described
next. But this has its own pitfalls and in most instances the researcher is ceding control of this critical element of the
analysis to the software.
The second decision to make regarding the variate is if the researcher wants to control the
specific variables to be included in the analysis or let the software determine the “best” set of variables to constitute
the variate. As with the prior decision, it fundamentally revolves around the level of researcher control. With simultaneous (all variables entered simultaneously) or confirmatory (only a set or sequential sets of variables tested), the
researcher can control the exact variables in the model. The combinatorial approach is a variant of the confirmatory
approach where all possible combinations of the set of independent variables are estimated and then compared on
various model fit criteria. With software control the software employs an algorithm to decide which variables are
to be concluded. The most widely used method is the sequential approach, where variables are entered (typically
most impactful first) until no other impactful variables can be found. The constrained approach identifies the most
impactful variables and constrains all the lesser variables to smaller or even zero estimated parameters. More details
on the options in this area are discussed in Chapter 5.

Variable Selection

Reconciling the Two Decisions These two decisions in managing the variate give the researcher a range of
control—complete researcher control over the variables and the model specification, versus total software control
in determining the variables input into the analysis and the final set of variables included in the model. While the
researcher may be tempted to let the software have complete control based on the notion that “the software knows
best,” allowing total software control has potential pitfalls that can seriously impact the results. We therefore encourage researchers to carefully review Chapter 3 (Exploratory factor analysis) where dimensional reduction techniques
are discussed, and Chapter 5 (Multiple regression) where the options for variable selection are extensively discussed.
There is not a “right” approach for all analyses. Instead, often several principles can be identified:

Many times researchers only focus on how various methods operate in terms
of estimating the model of interest. And while technique selection is an important issue, many times the “success or
failure” of a research project is dictated by the approach the researcher takes to specification of the variate. Including
hundreds or even thousands of variables in an attempt to completely cover all the possible impacts may actually
hinder the ability of the model to recover more generalized effects and thus the efficacy of the results. Thus, the more
control the researcher retains on which variables are inputs to the model allows for more specificity in how the model
answers the specific research question.
SPeciFicAtion oF tHe VARiAte iS cRiticAL

VARiABLe SeLection iS neceSSARY Even with researcher control in specifying the variate, empirical models provide
flexibility in testing alternative or competing models which vary in the number of variables included. Any estimated
model can have a number of “competing or alternative” models that provide equal or even greater predictive accuracy by including a different set of variables. This is disconcerting to beginning researchers when they find there
are many models that work just as well as their selected model, but have different variables and effects. Moreover,
the possibility of several alternative models increases as the number of variables grows larger. So researchers should
try a number of alternative models in specifying their research, perhaps formulating several alternative models that
vary based on whether the researcher controls the process or the software. Chapter 5 explores this consideration by
estimating a range of model forms.

A common theme in both of these decision areas is that while options exist for
software control, researcher control provides for the analysis to test many different model specifications (both in
variables used and variables selected in the model estimation) and provides a better outcome. Just letting the software
make both of these decisions to some extent makes the researcher irrelevant and lets the software dictate the final
model. Hopefully the researcher can bring more domain knowledge, coupled with the knowledge of how to “control”
the methods to obtain the best outcome, not just let it be dictated by some software algorithm.

ReSeARcHeR contRoL iS PReFeRReD
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MAnAGinG tHe DePenDence MoDeL
While we discuss both interdependence and dependence models in this text and provide a means for selecting
between the alternative methods (see Figure 1.6), we also feel that we should focus in more detail on the range of
dependence models that are available to researchers. In Figure 1.3 we distinguish between dependence models based
on two factors: single equation versus multi-equation models, and among the single equation models, do we use the
general linear model or the generalized linear model? We discuss the single versus multiple equation distinction first
and then examine the two basic estimation methods for single equation models.
Figure 1.3
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Single Versus Multiple Equation The most common applications of multivariate models are the single equation
forms—multiple regression, discriminant analysis, ANOVA/MANOVA and logistic regression. All of these model
forms provide an approach for specifying a single variate’s relationship with an outcome variable. But there are also
multiple equation models that enable the researcher to relate different equations to one another, even where they
are interrelated (i.e., the outcome measure on one equation becomes the predictor variable in another equation).
Most often typified by the structural equation “family” of models (covariance-based structural equation modeling
and variance-based partial-least squares modeling), researchers are able to look at sequential models (e.g., X S Y
and then Y S Z) in a single analysis. Chapters 9 through 13 discuss this family of structural equation modeling
approaches in much more detail.
General Linear Model Versus Generalized Linear Model The foundation for almost all of the single equation tech-

niques discussed in this book is the general linear model (GLM), which can estimate canonical correlation, multiple
regression, ANOVA, MANOVA, and discriminant analysis, as well as all of the univariate group comparisons –
t test and such [40, 49, 12]. There is perhaps no single model form more fundamental to inferential statistics than the
general linear model. But one limiting characteristic of the GLM is its assumption of an error distribution following
the normal distribution. As such, many times we must transform the dependent variable when we know it does not
follow a normal distribution (e.g., counts, binary variables, proportions or probabilities).

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

18

Chapter 1 Overview of Multivariate Methods

A second class of linear models is also available that accommodates non-normal outcome variables, thus
eliminating the need to transform to dependent variable. Logistic regression discussed in Chapter 8 is one such
model form where the dependent variable is binary and the logit transformation “links” the dependent and independent variables. Known as the generalized linear model (GLZ or GLIM), this model provides the researcher
with an alternative to the general linear model that is based on a dependent variable exhibiting a normal distribution. While the GLM requires a transformation of a non-normal dependent variable as discussed above, the
GLZ can model them directly without transformation. The GLZ model uses maximum likelihood estimation
and thus has a different set of model fit measures, including Wald and Likelihood ratio tests and deviance.
These fit measures will be discussed in Chapter 8 as a means of assessing a logistic regression model. The GLZ
is sometimes referred to as a GLM causing confusion with the general linear model. We make the distinction
for purposes of clarification.
While the general linear model has been a staple of inferential statistics, the generalized linear model extends
the linear model to a wider range of outcome variables. Outside of the different measures of model fit, both model
types are estimated and evaluated in the same manner. Researchers encountering situations in which the dependent
variables have a non-normal distribution are encouraged to consider using GLZ models as an alternative to transforming the dependent measures to achieve normality. A more thorough discussion of the GLZ procedure and its
many variations are available in several texts [1, 23, 29, 35, 41].
The dependence model is the key element of analytics, specifying and then testing the relationships
between a variate of independent variables and one or more outcome measures. It has many forms based on the
measurement qualities of the variables involved that we discuss in a later chapters. But the analyst must also
consider the multiple types of dependence models available to best address the research question. Many times
a single equation form is the appropriate model, but there are situations in which the research question actually
involves several different relationships that interact together. Estimating each relationship separately will not
identify the interrelationships between relationships that may be key to understanding. So in these situations a
multi-equation approach is best suited and some form of structural equation modeling (CB-SEM or PLS-SEM)
can be employed.
Within the single-equation form there are two types of models, differentiated on the distribution of the dependent
measure. The general linear model (GLM) is the model underlying most of the widely used statistical techniques,
but it is limited to dependent variables with a normal distribution. For non-normal dependent variables, we can
either transform them to hopefully confirm to the normal distribution or use the generalized linear model (GLZ or
GLIM) that explicitly allows the researcher to specify the error term distribution and thus avoid transformation of the
dependent measure. While the use of maximum likelihood estimation requires a different set of model fit measures
than the GLM, they are directly comparable and easily used in the same manner as their GLM counterparts (see
Chapter 8 for an example). We encourage researchers to consider the GLZ model when faced with research questions
that are not directly estimable by the GLM model.

Summary

StAtiSticAL SiGniFicAnce VeRSUS StAtiSticAL PoWeR
All the multivariate techniques, except for cluster analysis and perceptual mapping, are based on the statistical inference of a population’s values or relationships among variables from a randomly drawn sample of that population.
A census of the entire population makes statistical inference unnecessary, because any difference or relationship,
however small, is true and does exist. Researchers very seldom use a census. Therefore, researchers are often interested in drawing inferences from a sample.
Types of Statistical Error and Statistical Power Interpreting statistical inferences requires the researcher to specify
the acceptable levels of statistical error that result from using a sample (known as sampling error). The most common
approach is to specify the level of Type I error, also known as alpha 1 a 2 . Type I error is the probability of rejecting
the null hypothesis when it is actually true—generally referred to as a false positive. By specifying an alpha level,
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the researcher sets the acceptable limits for error and indicates the probability of concluding that significance exists
when it really does not.
When specifying the level of Type I error, the researcher also determines an associated error, termed Type II
error, or beta 1 b 2 . The Type II error is the probability of not rejecting the null hypothesis when it is actually false. An
extension of Type II error is 1 2 b, referred to as the power of the statistical inference test. Power is the probability
of correctly rejecting the null hypothesis when it should be rejected. Thus, power is the probability that statistical
significance will be indicated if it is present. The relationship of the different error probabilities in testing for the
difference in two means is shown in Figure 1.4.
Reality
no Difference
Statistical

H0: No Difference

12a

Decision

Difference
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Figure 1.4
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Although specifying alpha establishes the level of acceptable statistical significance, it is the level of power that
dictates the probability of success in finding the differences if they actually exist. Why not set both alpha and beta
at acceptable levels? Because the Type I and Type II errors are inversely related. Thus, Type I error becomes more
restrictive (moves closer to zero) as the probability of a Type II error increases. That is, reducing Type I errors
reduces the power of the statistical test. Thus, researchers must strike a balance between the level of alpha and the
resulting power.
But why can’t high levels of power always be achieved? Power is not solely a function
of alpha. Power is determined by three factors: effect size, significance level (α) and sample size.

Impacts on Statistical Power

The probability of achieving statistical significance is based not only on statistical considerations, but also
on the actual size of the effect. Thus, the effect size helps researchers determine whether the observed relationship
(difference or correlation) is meaningful. For example, the effect size could be a difference in the means between
two groups or the correlation between variables. If a weight loss firm claims its program leads to an average weight
loss of 25 pounds, the 25 pounds is the effect size. Similarly, if a university claims its MBA graduates get a starting
salary that is 50 percent higher than the average, the percentage is the effect size attributed to earning the degree.
When examining effect sizes, a larger effect is more likely to be found than a smaller effect and is thus more likely
to impact the power of the statistical test.
To assess the power of any statistical test, the researcher must first understand the effect being examined. Effect
sizes are defined in standardized terms for ease of comparison. Mean differences are stated in terms of standard
deviations, thus an effect size of .5 indicates that the mean difference is one-half of a standard deviation. For
correlations, the effect size is based on the actual correlation between the variables.
eFFect SiZe

1 a 2 As alpha 1 a 2 becomes more restrictive (e.g., moving from .10 to .05 to .01), power decreases.
Therefore, as the researcher reduces the chance of incorrectly saying an effect is significant when it is not, the probability of correctly finding an effect decreases. Conventional guidelines suggest alpha levels of .05 or .01. Researchers
should consider the impact of a particular alpha level on the power before selecting the alpha level. The relationship
of these two probabilities is illustrated in later discussions.
SiGniFicAnce LeVeL

At any given alpha level, increased sample sizes always produce greater power for the statistical test.
As sample sizes increase, researchers must decide if the power is too high. By “too high” we mean that by increasing sample size, smaller and smaller effects (e.g., correlations) will be found to be statistically significant, until at
very large sample sizes almost any effect is significant. The researcher must always be aware that sample size can

SAMPLe SiZe
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affect the statistical test either by making it insensitive (at small sample sizes) or overly sensitive (at very large
sample sizes).
Managing the Three Elements of Statistical Power The relationships among alpha, sample size, effect size, and
power are complicated, but a number of sources are available for consideration. Cohen [15] examines power for
most statistical inference tests and provides guidelines for acceptable levels of power, suggesting that studies be
designed to achieve alpha levels of at least .05 with power levels of 80 percent. To achieve such power levels, all three
factors—alpha, sample size, and effect size—must be considered simultaneously. These interrelationships can be
illustrated by a simple example.
The example involves testing for the difference between the mean scores of two groups. Assume that the effect
size is thought to range between small (.2) and moderate (.5). The researcher must now determine the necessary
alpha level and sample size of each group. Figure 1.5 illustrates the impact of both sample size and alpha level on
power. Note that with a moderate effect size power reaches acceptable levels at sample sizes of 100 or more for alpha
levels of both .05 and .01. But when the effect size is small, statistical tests have little power, even with more flexible
alpha levels or samples sizes of 200 or more. For example, if the effect size is small a sample of 200 with an alpha
of .05 still has only a 50 percent chance of significant differences being found. This suggests that if the researcher
expects that the effect sizes will be small the study must have much larger sample sizes and/or less restrictive alpha
levels (e.g., .10).
Figure 1.5
Power Levels for the comparison of two Means: Variations by Sample Size, Significance Level, and effect Size
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Source: SOLO Power Analysis, BMDP Statistical Software, Inc. [4]

Using Power with Multivariate Techniques Researchers can use power analysis either in the study design or after
data is collected. In designing research studies, the sample size and alpha level are selected to achieve the desired
power. Power also is examined after analysis is completed to determine the actual power achieved so the results
can be interpreted. Are the results due to effect sizes, sample sizes, or significance levels? Each of these factors is
assessed to determine their impact on the significance or non-significance of the results. Researchers can refer to
published studies for specifics on power determination [15] or access websites that assist in planning studies to
achieve the desired power or calculate the power of actual results [4, 8]. Specific guidelines for multiple regression
and multivariate analysis of variance—the most common applications of power analysis—are discussed in more
detail in Chapters 5 and 6.

ReVieW
Having addressed the issues in extending multivariate techniques from their univariate and bivariate origins, we present a classification scheme to assist in the selection of the appropriate technique by specifying the research objectives
(independence or dependence relationship) and the data type (metric or nonmetric). We then briefly introduce each
multivariate method discussed in the text.
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Rules of thumb 1-1
Managing the Variate
●

●

Dimensional reduction through exploratory factor analysis is a researcher-controlled method for addressing
multicollinearity.
Software-controlled variable selection methods should be used with caution.

Managing Dependence Models
●

Generalized linear models (GLZ or GLIM) provide an alternative for dependent variables which do not follow
the normal distribution.

Statistical Power Analysis
●
●

Researchers should design studies to achieve a power level of .80 at the desired significance level.
More stringent significance levels (e.g., .01 instead of .05) require larger samples to achieve the desired
power level.

●

Conversely, power can be increased by choosing a less stringent alpha level (e.g., .10 instead of .05).

●

Smaller effect sizes require larger sample sizes to achieve the desired power.

●

An increase in power is most likely achieved by increasing the sample size.

A classification of Multivariate techniques
To assist you in becoming familiar with the specific multivariate techniques, we present a classification of multivariate
methods in Figure 1.6. This classification is based on three judgments the researcher must make about the research
objective and nature of the data:
1 Can the variables be divided into independent and dependent classifications based on some theory?
2 If they can, how many variables are treated as dependent in a single analysis?
3 How are the variables, both dependent and independent, measured?
Selection of the appropriate multivariate technique depends on the answers to these three questions.
When considering the application of multivariate statistical techniques, the answer to the first question indicates
whether a dependence or interdependence technique should be utilized. Note that in Figure 1.6, the dependence
techniques are on the left side and the interdependence techniques are on the right. A dependence technique may
be defined as one in which a variable or set of variables is identified as the dependent variable to be predicted or
explained by other variables known as independent variables. An example of a dependence technique is multiple
regression analysis. In contrast, an interdependence technique is one in which no single variable or group of variables is defined as being independent or dependent. Rather, the procedure involves the simultaneous analysis of
all variables in the set. Exploratory factor analysis is an example of an interdependence technique. Let us focus on
dependence techniques first and use the classification in Figure 1.6 to select the appropriate multivariate method.
DePenDence tecHniQUeS
The different dependence techniques can be categorized by two characteristics: (1) the number of dependent variables
and (2) the type of measurement scale employed by the variables. First, regarding the number of dependent variables,
dependence techniques can be classified as those having a single dependent variable, several dependent variables, or
even several dependent/independent relationships. Second, dependence techniques can be further classified as those
with either metric (quantitative/numerical) or nonmetric (qualitative/categorical) dependent variables. If the analysis
involves a single dependent variable that is metric, the appropriate technique is either multiple regression analysis or
conjoint analysis. Conjoint analysis is a special case. It involves a dependence procedure that may treat the dependent
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Figure 1.6
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*Additional materials on this subject are available in the online resources at the text’s websites.
(continued)
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Interdependence

Is the structure
of relationships
among:
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Exploratory
factor analysis
(Chapter 3)

Confirmatory
factor analysis
(Chapters 10
and 13)

Cases/Respondents

Objects

Cluster analysis
(Chapter 4)

How are the
attributes
measured?

Metric

Nonmetric
Nonmetric

Legend
Multidimensional
scaling*

Correspondence
analysis*

Decision
point

Multivariate
technique
selected
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variable as either nonmetric or metric, depending on the type of data collected. In contrast, if the single dependent variable is nonmetric (categorical), then the appropriate techniques are multiple discriminant analysis and logistic regression.
When the research problem involves several dependent variables, four other techniques of analysis are appropriate.
If the several dependent variables are metric, we must then look to the independent variables. If the independent variables are nonmetric, the technique of multivariate analysis of variance (MANOVA) should be selected. If the independent variables are metric, canonical correlation is appropriate. If the several dependent variables are nonmetric, then
they can be transformed through dummy variable coding (0–1) and canonical analysis can again be used.1 Finally, if
a set of dependent/independent variable relationships is postulated, then structural equation modeling is appropriate.
A close relationship exists between the various dependence procedures, which can be viewed as a family of
techniques. Figure 1.7 defines the various multivariate dependence techniques in terms of the nature and number
of dependent and independent variables. As we can see, canonical correlation can be considered to be the general
model upon which many other multivariate techniques are based, because it places the least restrictions on the type
and number of variables in both the dependent and independent variates. As restrictions are placed on the variates,
more precise conclusions can be reached based on the specific scale of data measurement employed. Thus, multivariate techniques range from the general method of canonical analysis to the specialized technique of structural
equation modeling.
FiGURe 1.7
the Relationship Between Multivariate Dependence Methods
canonical correlation
Y 1 1 Y 2 1 Y 3 1 c1 Y n
1 metric, nonmetric 2

5

X1 1 X2 1 X3 1 c1 Xn
1 metric, nonmetric 2

Multivariate Analysis of Variance
Y 1 1 Y 2 1 Y 3 1 c1 Y n
1 metric 2

5

X1 1 X2 1 X3 1 c1 Xn
1 nonmetric 2

Analysis of Variance
Y1
5 X1 1 X2 1 X3 1 c1 Xn
1 metric 2
1 nonmetric 2
Multiple Discriminant Analysis
Y1
1 nonmetric 2

5

X1 1 X2 1 X3 1 c1 Xn
1 metric 2

Multiple Regression Analysis
Y1
1 metric 2

5

X1 1 X2 1 X3 1 c1 Xn
1 metric, nonmetric 2

Logistic Regression Analysis
Y1
1 binary nonmetric 2

5

X1 1 X2 1 X3 1 c1 Xn
1 metric, nonmetric 2

conjoint Analysis
Y1
1 nonmetric, metric 2

5

X1 1 X2 1 X3 1 c1 Xn
1 nonmetric 2

Structural equation Modeling/PLS
Y1
Y2
Ym

5
5
5

X11 1X12 1X13 1 c
1X1n
X21 1 X22 1 X23 1 c1 X2n
Xm1 1 Xm2 1 Xm3 1 c1 Xmn

Dummy variables are discussed in greater detail later. Briely, dummy variable coding is a means of transforming nonmetric data into metric data. It involves the creation of so-called dummy variables, in which 1s and 0s are assigned to subjects,
depending on whether they possess a characteristic in question. For example, if a subject is male, assign him a 0, if the subject
is female, assign her a 1, or the reverse.
1
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inteRDePenDence tecHniQUeS
Interdependence techniques are shown on the right side of Figure 1.7. Readers will recall that with interdependence
techniques the variables cannot be classified as either dependent or independent. Instead, all the variables are analyzed
simultaneously in an effort to find an underlying structure to the entire set of variables or subjects. If the structure of
variables is to be analyzed, then exploratory factor analysis or confirmatory factor analysis is the appropriate technique.
If cases or respondents are to be grouped to represent structure, then cluster analysis is selected. Finally, if the interest
is in the structure of objects, the techniques of perceptual mapping should be applied. As with dependence techniques,
the measurement properties of the techniques should be considered. Generally, exploratory factor analysis and cluster analysis are considered to be metric interdependence techniques. However, nonmetric data may be transformed
through dummy variable coding for use with special forms of exploratory factor analysis and cluster analysis. Both
metric and nonmetric approaches to perceptual mapping have been developed. If the interdependencies of objects
measured by nonmetric data are to be analyzed, correspondence analysis is also an appropriate technique.

types of Multivariate techniques
Multivariate analysis is an ever-expanding set of techniques for data analysis that encompasses a wide range of
possible research situations as evidenced by the classification scheme just discussed. The more established as well as
emerging techniques include the following:
Interdependence Techniques
●
●

Exploratory Factor Analysis: Principal components and common factor analysis
Cluster analysis

Dependence Techniques
●
●
●
●
●
●
●
●
●
●

Multiple regression and multiple correlation
Multivariate analysis of variance and covariance
Multiple discriminant analysis
Logistic regression
Structural equation modeling and confirmatory factor analysis
Partial least squares structural equation modeling and confirmatory composite analysis
Canonical correlation analysis
Conjoint analysis
Perceptual mapping, also known as multidimensional scaling
Correspondence analysis

Here we introduce each of the multivariate techniques and briefly define the technique and the objective for its application.
exPLoRAtoRY FActoR AnALYSiS: PRinciPAL coMPonentS AnD coMMon FActoR AnALYSiS
Exploratory factor analysis, including both principal component analysis and common factor analysis, is a statistical approach that can be used to analyze interrelationships among a large number of variables and to explain these
variables in terms of their common underlying dimensions (factors). The objective is to find a way of condensing the
information contained in a number of original variables into a smaller set of variates (factors) with a minimal loss
of information. By providing an empirical estimate of the structure of the variables considered, exploratory factor
analysis becomes an objective basis for creating summated scales.
A researcher can use factor analysis, for example, to better understand the relationships between customers’
ratings of a fast-food restaurant. Assume you ask customers to rate the restaurant on the following six variables: food
taste, food temperature, freshness, waiting time, cleanliness, and friendliness of employees. The analyst would like to
combine these six variables into a smaller number. By analyzing the customer responses, the analyst might find that the
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variables food taste, temperature, and freshness combine together to form a single factor of food quality, whereas the
variables waiting time, cleanliness, and friendliness of employees combine to form another single factor, service quality.
cLUSteR AnALYSiS
Cluster analysis is an analytical technique for developing meaningful subgroups of individuals or objects. Specifically,
the objective is to classify a sample of entities (individuals or objects) into a small number of mutually exclusive
groups based on the similarities among the entities. In cluster analysis, unlike discriminant analysis, the groups are
not predefined. Instead, the technique is used to identify the groups.
Cluster analysis usually involves at least three steps. The first is the measurement of some form of similarity or
association among the entities to determine how many groups really exist in the sample. The second step is the actual
clustering process, whereby entities are partitioned into groups (clusters). The final step is to profile the persons or
variables to determine their composition. Many times this profiling may be accomplished by applying discriminant
analysis to the groups identified by the cluster technique.
As an example of cluster analysis, let’s assume a restaurant owner wants to know whether customers are patronizing the restaurant for different reasons. Data could be collected on perceptions of pricing, food quality, and so forth.
Cluster analysis could be used to determine whether some subgroups (clusters) are highly motivated by low prices
versus those who are much less motivated to come to the restaurant based on price considerations.
MULtiPLe ReGReSSion
Multiple regression is the appropriate method of analysis when the research problem involves a single metric dependent variable presumed to be related to two or more metric independent variables. The objective of multiple regression analysis is to predict the changes in the dependent variable in response to changes in the independent variables.
This objective is most often achieved through the statistical rule of least squares.
Whenever the researcher is interested in predicting the amount or size of the dependent variable, multiple regression is useful. For example, monthly expenditures on dining out (dependent variable) might be predicted from information regarding a family’s income, its size, and the age of the head of household (independent variables). Similarly,
the researcher might attempt to predict a company’s sales from information on its expenditures for advertising, the
number of salespeople, and the number of stores carrying its products.
MULtiVARiAte AnALYSiS oF VARiAnce AnD coVARiAnce
Multivariate analysis of variance (MANOVA) is a statistical technique that can be used to simultaneously explore
the relationship between several categorical independent variables (usually referred to as treatments) and two or
more metric dependent variables. As such, it represents an extension of univariate analysis of variance (ANOVA).
Multivariate analysis of covariance (MANCOVA) can be used in conjunction with MANOVA to remove (after the
experiment) the effect of any uncontrolled metric independent variables (known as covariates) on the dependent
variables. The procedure is similar to that involved in bivariate partial correlation, in which the effect of a third
variable is removed from the correlation. MANOVA is useful when the researcher designs an experimental situation (manipulation of several nonmetric treatment variables) to test hypotheses concerning the variance in group
responses on two or more metric dependent variables.
Assume a company wants to know if a humorous ad will be more effective with its customers than a non-humorous
ad. It could ask its ad agency to develop two ads—one humorous and one non-humorous—and then show a group
of customers the two ads. After seeing the ads, the customers would be asked to rate the company and its products
on several dimensions, such as modern versus traditional or high quality versus low quality. MANOVA would be the
technique to use to determine the extent of any statistical differences between the perceptions of customers who saw
the humorous ad versus those who saw the non-humorous one.
MULtiPLe DiScRiMinAnt AnALYSiS
Multiple discriminant analysis (MDA) is the appropriate multivariate technique if the single dependent variable is
dichotomous (e.g., male–female) or multichotomous (e.g., high–medium–low) and therefore nonmetric. As with
Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 1 Overview of Multivariate Methods

27

multiple regression, the independent variables are assumed to be metric. Discriminant analysis is applicable in situations in which the total sample can be divided into groups based on a nonmetric dependent variable characterizing
several known classes. The primary objectives of multiple discriminant analysis are to understand group differences
and to predict the likelihood that an entity (individual or object) will belong to a particular class or group based on
several metric independent variables.
Discriminant analysis might be used to distinguish innovators from non-innovators according to their demographic and psychographic profiles. Other applications include distinguishing heavy product users from light users,
males from females, national-brand buyers from private-label buyers, and good credit risks from poor credit risks.
Even the Internal Revenue Service uses discriminant analysis to compare selected federal tax returns with a composite, hypothetical, normal taxpayer’s return (at different income levels) to identify the most promising returns and
areas for audit.
LoGiStic ReGReSSion
Logistic regression models, often referred to as logit analysis, are a combination of multiple regression and multiple
discriminant analysis. This technique is similar to multiple regression analysis in that one or more independent
variables are used to predict a single dependent variable. What distinguishes a logistic regression model from multiple regression is that the dependent variable is nonmetric, as in discriminant analysis. The nonmetric scale of the
dependent variable requires differences in the estimation method and assumptions about the type of underlying
distribution, yet in most other facets it is quite similar to multiple regression. Thus, once the dependent variable is
correctly specified and the appropriate estimation technique is employed, the basic factors considered in multiple
regression are used here as well. Logistic regression models are distinguished from discriminant analysis primarily
in that they only apply to binary dependent variables, accommodate all types of independent variables (metric and
nonmetric) and do not require the assumption of multivariate normality. However, in many instances, particularly
with more than two levels of the dependent variable, discriminant analysis is the more appropriate technique.
Assume financial advisors were trying to develop a means of selecting emerging firms for start-up investment.
To assist in this task, they reviewed past records and placed firms into one of two classes: successful over a five-year
period, and unsuccessful after five years. For each firm, they also had a wealth of financial and managerial data. They
could then use a logistic regression model to identify those financial and managerial data that best differentiated
between the successful and unsuccessful firms in order to select the best candidates for investment in the future.
StRUctURAL eQUAtion MoDeLinG AnD conFiRMAtoRY FActoR AnALYSiS
Structural equation modeling (SEM) is a technique that allows separate relationships for each of a set of dependent variables. This method of SEM is based on an analysis of only common variance and begins with calculating
the covariance matrix, and is often referred to as covariance-based SEM. In its simplest sense, structural equation
modeling provides the appropriate and most efficient estimation technique for a series of separate multiple regression
equations estimated simultaneously. It is characterized by two basic components: (1) the structural model and (2)
the measurement model. The structural model is the path model, which relates independent to dependent variables.
In such situations, theory, prior experience, or other guidelines enable the researcher to distinguish which independent variables predict each dependent variable. Models discussed previously that accommodate multiple dependent
variables—multivariate analysis of variance and canonical correlation—are not applicable in this situation because
they allow only a single relationship between dependent and independent variables.
The measurement model enables the researcher to use several variables (indicators) for a single independent or
dependent variable. For example, the dependent variable might be a concept represented by a summated scale, such
as self-esteem. In a confirmatory factor analysis (CFA) the researcher can assess the contribution of each scale item
as well as incorporate how well the scale measures the concept (reliability). The scales are then integrated into the
estimation of the relationships between dependent and independent variables in the structural model. This procedure
is similar to performing an exploratory factor analysis (discussed in a later section) of the scale items and using the
factor scores in the regression.
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A study by management consultants identified several factors that affect worker satisfaction: supervisor support,
work environment, and job performance. In addition to this relationship, they noted a separate relationship wherein
supervisor support and work environment were unique predictors of job performance. Hence, they had two separate,
but interrelated relationships. Supervisor support and the work environment not only affected worker satisfaction
directly, but had possible indirect effects through the relationship with job performance, which was also a predictor
of worker satisfaction. In attempting to assess these relationships, the consultants also developed multi-item scales for
each construct (supervisor support, work environment, job performance, and worker satisfaction). SEM provides a
means of not only assessing each of the relationships simultaneously rather than in separate analyses, but also incorporating the multi-item scales in the analysis to account for measurement error associated with each of the scales.
PARtiAL LeASt SQUAReS StRUctURAL eQUAtion MoDeLinG
An alternative approach to structural equation modeling is partial least squares structural equation modeling
(PLS-SEM), often referred to as variance-based SEM. This method of SEM is based on an analysis of total variance
and also includes both a measurement model and a structural model. Theory and prior knowledge or other guidelines
enable the researcher to distinguish which independent variables predict each dependent variable. The initial step in
applying this method examines the measurement model and is referred to as confirmatory composite analysis. As
with CFA, in this step the researcher also identifies the contribution of each measured variable to its construct as well
as evaluating the reliability and validity of the measurement models. After the measurement models are determined
to be valid and reliable, the analyst examines the structural model. The focus of variance-based SEM is primarily on
prediction and explanation of the relationships, whereas with covariance-based SEM the focus is on confirmation
of well-established theory.
cAnonicAL coRReLAtion
Canonical correlation analysis can be viewed as a logical extension of multiple regression analysis. Recall that multiple regression analysis involves a single metric dependent variable and several metric independent variables. With
canonical analysis the objective is to correlate simultaneously several metric dependent variables and several metric
independent variables. Whereas multiple regression involves a single dependent variable, canonical correlation
involves multiple dependent variables. The underlying principle is to develop a linear combination of each set of
variables (both independent and dependent) in a manner that maximizes the correlation between the two sets. Stated
in a different manner, the procedure involves obtaining a set of weights for the dependent and independent variables
that provides the maximum simple correlation between the set of dependent variables and the set of independent
variables.
Assume a company conducts a study that collects information on its service quality based on answers to
50 metrically measured questions. The study uses questions from published service quality research and includes
benchmarking information on perceptions of the service quality of “world-class companies” as well as the company
for which the research is being conducted. Canonical correlation could be used to compare the perceptions of
the world-class companies on the 50 questions with the perceptions of the company. The research could then
conclude whether the perceptions of the company are correlated with those of world-class companies. The technique would provide information on the overall correlation of perceptions as well as the correlation between each
of the 50 questions.
conjoint AnALYSiS
Conjoint analysis is a dependence technique that brings new sophistication to the evaluation of objects, such as
new products, services, or ideas. The most direct application is in new product or service development, allowing for
the evaluation of complex products while maintaining a realistic decision context for the respondent. The market
researcher is able to assess the importance of attributes as well as the levels of each attribute while consumers evaluate
only a few product profiles, which are combinations of product levels.
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Assume a product concept has three attributes (price, quality, and color), each at three possible levels (e.g., red,
yellow, and blue as the three levels of color). Instead of having to evaluate all 27 1 3 3 3 3 3 2 possible combinations,
a subset (9 or more) can be evaluated for their attractiveness to consumers, and the researcher knows not only how
important each attribute is but also the importance of each level (e.g., the attractiveness of red versus yellow versus
blue). Moreover, when the consumer evaluations are completed, the results of conjoint analysis can also be used in
product design simulators, which show customer acceptance for any number of product formulations and aid in the
design of the optimal product.
PeRcePtUAL MAPPinG
In perceptual mapping (also known as multidimensional scaling), the objective is to transform consumer judgments
of similarity or preference (e.g., preference for stores or brands) into distances represented in multidimensional space.
If objects A and B are judged by respondents as being the most similar compared with all other possible pairs of
objects, perceptual mapping techniques will position objects A and B in such a way that the distance between them
in multidimensional space is smaller than the distance between any other pairs of objects. The resulting perceptual
maps show the relative positioning of all objects, but additional analyses are needed to describe or assess which
attributes predict the position of each object.
As an example of perceptual mapping, let’s assume an owner of a Burger King franchise wants to know whether the
strongest competitor is McDonald’s or Wendy’s. A sample of customers is given a survey and asked to rate the pairs
of restaurants from most similar to least similar. The results show that the Burger King is most similar to Wendy’s, so
the owners know that the strongest competitor is the Wendy’s restaurant because it is thought to be the most similar.
Follow-up analysis can identify what attributes influence perceptions of similarity or dissimilarity.
coRReSPonDence AnALYSiS
Correspondence analysis is a recently developed interdependence technique that facilitates the perceptual mapping
of objects (e.g., products, persons) on a set of nonmetric attributes. Researchers are constantly faced with the need
to “quantify the qualitative data” found in nominal variables. Correspondence analysis differs from the interdependence techniques discussed earlier in its ability to accommodate both nonmetric data and nonlinear relationships.
In its most basic form, correspondence analysis employs a contingency table, which is the cross-tabulation of two
categorical variables. It then transforms the nonmetric data to a metric level and performs dimensional reduction
(similar to exploratory factor analysis) and perceptual mapping. Correspondence analysis provides a multivariate
representation of interdependence for nonmetric data that is not possible with other methods.
As an example, respondents’ brand preferences can be cross-tabulated on demographic variables (e.g., gender,
income categories, occupation) by indicating how many people preferring each brand fall into each category of the
demographic variables. Through correspondence analysis, the association, or “correspondence,” of brands and the
distinguishing characteristics of those preferring each brand are then shown in a two- or three-dimensional map of
both brands and respondent characteristics. Brands perceived as similar are located close to one another. Likewise,
the most distinguishing characteristics of respondents preferring each brand are also determined by the proximity
of the demographic variable categories to the brand’s position.

Guidelines for Multivariate Analyses and interpretation
As demonstrated throughout this chapter, multivariate analyses’ diverse character leads to quite powerful analytical
and predictive capabilities. This power becomes especially tempting when the researcher is unsure of the most appropriate analysis design and relies instead on the multivariate technique as a substitute for the necessary conceptual
development. And even when applied correctly, the strengths of accommodating multiple variables and relationships
create substantial complexity in the results and their interpretation.
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Faced with this complexity, we caution the researcher to proceed only when the requisite conceptual foundation
to support the selected technique has been developed. We have already discussed several issues particularly applicable to multivariate analyses, and although no single “answer” exists, we find that analysis and interpretation of
any multivariate problem can be aided by following a set of general guidelines. By no means an exhaustive list of
considerations, these guidelines represent more of a “philosophy of multivariate analysis” that has served us well.
The following sections discuss these points in no particular order and with equal emphasis on all.

eStABLiSH PRActicAL SiGniFicAnce AS WeLL AS StAtiSticAL SiGniFicAnce
The strength of multivariate analysis is its seemingly magical ability of sorting through a myriad number of possible alternatives and finding those with statistical significance. However, with this power must come caution. Many
researchers become myopic in focusing solely on the achieved significance of the results without understanding their
interpretations, good or bad. A researcher must instead look not only at the statistical significance of the results but
also at their practical significance. Practical significance asks the question, “So what?” For any managerial application, the results must offer a demonstrable effect that justifies action. In academic settings, research is becoming
more focused not only on the statistically significant results but also on their substantive and theoretical implications,
which are many times drawn from their practical significance.
For example, a regression analysis is undertaken to predict repurchase intentions, measured as the probability
between 0 and 100 that the customer will shop again with the firm. The study is conducted and the results come back
significant at the .05 significance level. Executives rush to embrace the results and modify firm strategy accordingly.
What goes unnoticed, however, is that even though the relationship was significant, the predictive ability was poor—
so poor that the estimate of repurchase probability could vary by as much as 620 percent at the .05 significance
level. The “statistically significant” relationship could thus have a range of error of 40 percentage points! A customer
predicted to have a 50 percent chance of return could really have probabilities from 30 percent to 70 percent,
representing unacceptable levels upon which to take action. Had researchers and managers probed the practical or
managerial significance of the results, they would have concluded that the relationship still needed refinement before
it could be relied upon to guide strategy in any substantive sense.

RecoGniZe tHAt SAMPLe SiZe AFFectS ALL ReSULtS
The discussion of statistical power demonstrated the substantial impact sample size plays in achieving statistical
significance, both in small and large sample sizes. For smaller samples, the sophistication and complexity of the
multivariate technique may easily result in either (1) too little statistical power for the test to realistically identify
significant results or (2) too easily “overfitting” the data such that the results are artificially good because they fit the
sample yet provide no generalizability.
A similar impact also occurs for large sample sizes, which as discussed earlier, can make the statistical tests overly
sensitive. Any time sample sizes exceed 400 respondents, the researcher should examine all significant results to
ensure they have practical significance due to the increased statistical power from the sample size.
Sample sizes also affect the results when the analyses involve groups of respondents, such as discriminant analysis
or MANOVA. Unequal sample sizes among groups influence the results and require additional interpretation or
analysis. Thus, a researcher or user of multivariate techniques should always assess the results in light of the sample
used in the analysis.

KnoW YoUR DAtA
Multivariate techniques, by their very nature, identify complex relationships that are difficult to represent simply.
As a result, the tendency is to accept the results without the typical examination one undertakes in univariate and
bivariate analyses (e.g., scatterplots of correlations and boxplots of mean comparisons). Such shortcuts can be a
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prelude to disaster, however. Multivariate analyses require an even more rigorous examination of the data because
the influence of outliers, violations of assumptions, and missing data can be compounded across several variables
to create substantial effects.
A wide-ranging set of diagnostic techniques enables discovery of these multivariate relationships in ways quite
similar to the univariate and bivariate methods. The multivariate researcher must take the time to utilize these
diagnostic measures for a greater understanding of the data and the basic relationships that exist. With this understanding, the researcher grasps not only “the big picture,” but also knows where to look for alternative formulations
of the original model that can aid in model fit, such as nonlinear and interactive relationships.
StRiVe FoR MoDeL PARSiMonY
Multivariate techniques are designed to accommodate multiple variables in the analysis. This feature, however,
should not substitute for conceptual model development before the multivariate techniques are applied. Although it
is always more important to avoid omitting a critical predictor variable, termed specification error, the researcher
must also avoid inserting variables indiscriminately and letting the multivariate technique “sort out” the relevant
variables for two fundamental reasons:
1 Irrelevant variables usually increase a technique’s ability to fit the sample data, but at the expense of overfitting
the sample data and making the results less generalizable to the population. We address this issue in more detail
when the concept of degrees of freedom is discussed in Chapter 5.
2 Even though irrelevant variables typically do not bias the estimates of the relevant variables, they can mask
the true effects due to an increase in multicollinearity. Multicollinearity represents the degree to which any
variable’s effect can be predicted or accounted for by the other variables in the analysis. As multicollinearity
rises, the ability to define any variable’s effect is diminished. The addition of irrelevant or marginally significant
variables can only increase the degree of multicollinearity, which makes interpretation of all variables more
difficult.
Thus, including variables that are conceptually not relevant can lead to several potentially harmful effects, even if
the additional variables do not directly bias the model results.
LooK At YoUR eRRoRS
Even with the statistical prowess of multivariate techniques, rarely do we achieve the best prediction in the first analysis. The researcher is then faced with the question, “Where does one go from here?” The best answer is to look at the
errors in prediction, whether they are the residuals from regression analysis, the misclassification of observations in
discriminant analysis, or outliers in cluster analysis. In each case, the researcher should use the errors in prediction
not as a measure of failure or merely something to eliminate, but as a starting point for diagnosing the validity of the
obtained results and an indication of the remaining unexplained relationships.
SiMPLiFY YoUR MoDeLS BY SePARAtion
As you will see in many of the chapters, researchers have at their disposal a wide array of variable transformations
(e.g., polynomial terms for non-linear effects) and variable combinations (e.g., interaction terms for moderation
effects) that can portray just about any characteristic of a variable. Moreover, as research questions become more
complex, more factors must be considered. Yet as we integrate more of these effects into a single model, the interactions among the effects may have unintended impacts on the results or the interpretations of the model. Thus,
we encourage researchers to always try and simplify the model and reduce these interactions among effects. One
common situation is when moderation effects are expected. A moderator is a variable, such as gender, which is
expected to have different model parameters based on the moderator’s value (e.g., different regression coefficients
for males versus females). This situation can be estimated in a single model through interaction terms as we will
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discuss in later chapters, but doing that in a model with even a few independent variables becomes quite complicated
and interpretation of the resulting parameter estimates even more difficult. A more direct approach would be to
estimate separate models for males and then females so that each model can be easily interpreted. Another common
situation is where the research question can be divided into a series of sub-questions, each representing its own
dependence relationship. In these situations you may find that moving to a series of equations, such as structural
equation modeling, helps separate the effects so that they are more easily estimated and understood. In all instances
researchers should avoid building overly complex models with many variable transformations and other effects,
and always attempt to separate the models in some fashion to simplify their basic model form and interpretation.
VALiDAte YoUR ReSULtS
The purpose of validation is to avoid the misleading results that can be obtained from overfitting – the estimation
of model parameters that over-represent the characteristics of the sample at the expense of generalizability to the
population at large. The model fit of any model is an optimistic assessment of how well the model will fit another
sample of the population. We most often encounter overfitting when (a) the size of the data set is small, or (b) when
the number of parameters in the model is large.
Split-Sample Validation The simplest form of validation is the split-sample approach, where the sample is divided
into two sub-samples: one used for estimation (estimation sample) and the other (holdout or validation sample)
for validation by “holding it out” of the estimation process and then seeing how well the estimated model fits this
sample. Since the holdout sample was not used to estimate the model, it provides an independent means of validating
the model. We demonstrate this approach in exploratory factor analysis (Chapter 3).
Cross-validation While it may seem simple to just divide the sample into two sub-samples, many times either
limited sample size or other considerations make this impossible. For these situations cross-validation approaches
have been developed. The basic principle of cross-validation is that the original sample is divided into a number
of smaller sub-samples and the validation fit is the “average” fit across all of the sub-samples. Three of the more
popular cross-validation approaches are k-fold, repeated random/resampling or leave-one-out/jackknife. The K-fold
cross-validation randomly divides the original sample into k sub-samples (k folds) and a single sub-sample is heldout as the validation sample while the other k 2 1 sub-samples are used for estimation. The process is repeated K
times, each time a different sub-sample being the validation sample. An advantage is a smaller validation sample (e.g.,
10%) is possible, thus making it useful for smaller samples. The repeated random/resampling validation approach
randomly draws a number of samples to act as validation samples [39]. Its advantage is that the validation sample can
be of any size and is not dependent on the number of sub-samples as in the k-fold approach. Finally, the leave-oneout (or jackknife) approach is an extreme version of the k-fold approach in that each fold has a single observation
(i.e., one observation at a time is left out). This is repeated until all observations have been used once as a validation
sample. This approach is demonstrated in discriminant analysis (Chapter 7).
Whenever a multivariate technique is employed, the researcher must strive not only to estimate a significant model
but to ensure that it is representative of the population as a whole. Remember, the objective is not to find the best
“fit” just to the sample data but instead to develop a model that best describes the population as a whole.

A Structured Approach to Multivariate Model Building
As we discuss the numerous multivariate techniques available to the researcher and the myriad set of issues involved
in their application, it becomes apparent that the successful completion of a multivariate analysis involves more than
just the selection of the correct method. Issues ranging from problem definition to a critical diagnosis of the results
must be addressed. To aid the researcher or user in applying multivariate methods, a six-step approach to multivariate
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analysis is presented. The intent is not to provide a rigid set of procedures to follow but, instead, to provide a series
of guidelines that emphasize a model-building approach. This model-building approach focuses the analysis on
a well-defined research plan, starting with a conceptual model detailing the relationships to be examined. Once
defined in conceptual terms, the empirical issues can be addressed, including the selection of the specific multivariate
technique and the implementation issues. After obtaining significant results, we focus on their interpretation, with
special attention directed toward the variate. Finally, the diagnostic measures ensure that the model is valid not only
for the sample data but that it is as generalizable as possible. The following discussion briefly describes each step in
this approach.
This six-step model-building process provides a framework for developing, interpreting, and validating any multivariate analysis. Each researcher must develop criteria for “success” or “failure” at each stage, but the discussions of
each technique provide guidelines whenever available. Emphasis on a model-building approach here, rather than just
the specifics of each technique, should provide a broader base of model development, estimation, and interpretation
that will improve the multivariate analyses of practitioner and academician alike.
StAGe 1: DeFine tHe ReSeARcH PRoBLeM, oBjectiVeS, AnD MULtiVARiAte tecHniQUe
to Be USeD
The starting point for any multivariate analysis is to define the research problem and analysis objectives in
conceptual terms before specifying any variables or measures. The role of conceptual model development, or
theory, cannot be overstated. No matter whether in academic or applied research, the researcher must first view
the problem in conceptual terms by defining the concepts and identifying the fundamental relationships to be
investigated.
A conceptual model need not be complex and detailed; instead, it can be just a simple representation of the relationships to be studied. If a dependence relationship is proposed as the research objective, the researcher needs to
specify the dependent and independent concepts. For an application of an interdependence technique, the dimensions of structure or similarity should be specified. Note that a concept (an idea or topic), rather than a specific
variable, is defined in both dependence and interdependence situations. This sequence minimizes the chance that
relevant concepts will be omitted in the effort to develop measures and to define the specifics of the research design.
Readers interested in conceptual model development should see Chapter 9.
With the objective and conceptual model specified, the researcher has only to choose the appropriate multivariate
technique based on the measurement characteristics of the dependent and independent variables. Variables for each
concept are specified prior to the study in its design, but may be respecified or even stated in a different form (e.g.,
transformations or creating dummy variables) after the data have been collected.
StAGe 2: DeVeLoP tHe AnALYSiS PLAn
With the conceptual model established and the multivariate technique selected, attention turns to the implementation
issues. The issues include general considerations such as minimum or desired sample sizes and allowable or required
types of variables (metric versus nonmetric) and estimation methods.
StAGe 3: eVALUAte tHe ASSUMPtionS UnDeRLYinG tHe MULtiVARiAte tecHniQUe
With data collected, the first task is not to estimate the multivariate model but to evaluate its underlying assumptions, both statistical and conceptual, that substantially affect their ability to represent multivariate relationships. For
the techniques based on statistical inference, the assumptions of multivariate normality, linearity, independence of
the error terms, and equality of variances must all be met. Assessing these assumptions is discussed in more detail
in Chapter 2. Each technique also involves a series of conceptual assumptions dealing with such issues as model
formulation and the types of relationships represented. Before any model estimation is attempted, the researcher
must ensure that both statistical and conceptual assumptions are met.
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StAGe 4: eStiMAte tHe MULtiVARiAte MoDeL AnD ASSeSS oVeRALL MoDeL Fit
With the assumptions satisfied, the analysis proceeds to the actual estimation of the multivariate model and an
assessment of overall model fit. In the estimation process, the researcher may choose among options to meet specific
characteristics of the data (e.g., use of covariates in MANOVA) or to maximize the fit to the data (e.g., rotation
of factors or discriminant functions). After the model is estimated, the overall model fit is evaluated to ascertain
whether it achieves acceptable levels on statistical criteria (e.g., level of significance), identifies the proposed relationships, and achieves practical significance. Many times, the model will be respecified in an attempt to achieve
better levels of overall fit and/or explanation. In all cases, however, an acceptable model must be obtained before
proceeding.
No matter what level of overall model fit is found, the researcher must also determine whether the results are
unduly affected by any single or small set of observations that indicate the results may be unstable or not generalizable. Ill-fitting observations may be identified as outliers, influential observations, or other disparate results (e.g.,
single-member clusters or seriously misclassified cases in discriminant analysis).
StAGe 5: inteRPRet tHe VARiAte(S)
With an acceptable level of model fit, interpreting the variate(s) reveals the nature of the multivariate relationship.
The interpretation of effects for individual variables is made by examining the estimated coefficients (weights) for
each variable in the variate. Moreover, some techniques also estimate multiple variates that represent underlying
dimensions of comparison or association. The interpretation may lead to additional respecifications of the variables and/or model formulation, wherein the model is re-estimated and then interpreted again. The objective is
to identify empirical evidence of multivariate relationships in the sample data that can be generalized to the total
population.
StAGe 6: VALiDAte tHe MULtiVARiAte MoDeL
Before accepting the results, the researcher must subject them to one final set of diagnostic analyses that assess the
degree of generalizability of the results by the available validation methods. The attempts to validate the model are
directed toward demonstrating the generalizability of the results to the total population. These diagnostic analyses
add little to the interpretation of the results but can be viewed as “insurance” that the results are the most descriptive
of the data, yet generalizable to the population.
A DeciSion FLoWcHARt
For each multivariate technique, the six-step approach to multivariate model building will be portrayed in a decision
flowchart partitioned into two sections. The first section (Stages 1–3) deals with the issues addressed while preparing
for actual model estimation (i.e., research objectives, research design considerations, and testing for assumptions).
The second section of the decision flowchart (Stages 4–6) deals with the issues pertaining to model estimation, interpretation, and validation. The decision flowchart provides the researcher with a simplified but systematic method
of applying the structural approach to multivariate model building to any application of the multivariate technique.

Databases
To explain and illustrate each of the multivariate techniques more fully, we use hypothetical data sets throughout the
book. The data sets are for HBAT Industries (HBAT), a manufacturer of paper products. Each data set is assumed
to be based on surveys of HBAT customers completed on a secure website managed by an established marketing
research company. The research company contacts purchasing managers and encourages them to participate. To do
so, managers log onto the website and complete the survey. The data sets are supplemented by other information
compiled and stored in HBAT’s data warehouse and accessible through its decision support system.
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PRiMARY DAtABASe
The primary database, consisting of 100 observations on 18 separate variables, is based on a market segmentation
study of HBAT customers. HBAT sells paper products to two market segments: the newsprint industry and the
magazine industry. Also, paper products are sold to these market segments either directly to the customer or indirectly through a broker. Two types of information were collected in the surveys. The first type of information was
perceptions of HBAT’s performance on 13 attributes. These attributes, developed through focus groups, a pretest, and
use in previous studies, are considered to be the most influential in the selection of suppliers in the paper industry.
Respondents included purchasing managers of firms buying from HBAT, and they rated HBAT on each of the 13
attributes using a 0–10 scale, with 10 being “Excellent” and 0 being “Poor.” The second type of information relates to
purchase outcomes and business relationships (e.g., satisfaction with HBAT and whether the firm would consider
a strategic alliance/partnership with HBAT). A third type of information is available from HBAT’s data warehouse
and includes information such as size of customer and length of purchase relationship.
By analyzing the data, HBAT can develop a better understanding of both the characteristics of its customers and
the relationships between their perceptions of HBAT, and their actions toward HBAT (e.g., satisfaction and likelihood
to recommend). From this understanding of its customers, HBAT will be in a good position to develop its marketing
plan for next year. Brief descriptions of the database variables are provided in Figure 1.8, in which the variables are
classified as either independent or dependent, and either metric or nonmetric. Also, a complete listing and electronic
copy of the database are available in the online resources at the text’s websites. A definition of each variable and an
explanation of its coding are provided in the following sections.
Figure 1.8
Description of Database Variables
Variable Description

Variable type

Data Warehouse classification Variables
X1 Customer Type

Nonmetric

X2 Industry Type

Nonmetric

X3 Firm Size

Nonmetric

X4 Region

Nonmetric

X5 Distribution System

Nonmetric

Performance Perceptions Variables
X6 Product Quality

Metric

X7 E-Commerce Activities/Website

Metric

X8 Technical Support

Metric

X9 Complaint Resolution

Metric

X10 Advertising

Metric

X11 Product Line

Metric

X12 Salesforce Image

Metric

X13 Competitive Pricing

Metric

X14 Warranty and Claims

Metric

X15 New Products

Metric

X16 Ordering and Billing

Metric

X17 Price Flexibility

Metric

X18 Delivery Speed

Metric

outcome/Relationship Measures
X19 Satisfaction

Metric

X20 Likelihood of Recommendation

Metric

X21 Likelihood of Future Purchase

Metric

X22 Current Purchase/Usage Level

Metric

X23 Consider Strategic Alliance/Partnership in Future

Nonmetric
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Data Warehouse Classification Variables As respondents were selected for the sample to be used by the marketing

research firm, five variables also were extracted from HBAT’s data warehouse to reflect the basic firm characteristics
and their business relationship with HBAT. The five variables are as follows:
X1

Customer Type

Length of time a particular customer has been buying from HBAT:
1 5 less than 1 year
2 5 between 1 and 5 years
3 5 longer than 5 years

X2

Industry Type

Type of industry that purchases HBAT’s paper products:
0 5 magazine industry
1 5 newsprint industry

X3

Firm Size

Employee size:
0 5 small firm, fewer than 500 employees
1 5 large firm, 500 or more employees

X4

Region

Customer location:
0 5 USA/North America
1 5 outside North America

X5

Distribution System

How paper products are sold to customers:
0 5 sold indirectly through a broker
1 5 sold directly

Perceptions of HBAT Each respondent’s perceptions of HBAT on a set of business functions were measured on a

graphic rating scale, where a 10-centimeter line was drawn between the endpoints, labeled “Poor” and “Excellent,”
shown here.
As part of the survey, respondents indicated their perceptions by making a mark anywhere on the line. The location of the mark was electronically observed and the distance from 0 (in centimeters) was recorded in the database
for that particular survey. The result was a scale ranging from 0 to 10, rounded to a single decimal place. The 13
HBAT attributes rated by each respondent were as follows:
X6

Product Quality

Perceived level of quality of HBAT’s paper products

X7

E-Commerce Activities/

Overall image of HBAT’s website, especially

Website

user-friendliness

X8

Technical Support

Extent to which technical support is offered to help

X9

Complaint Resolution

Extent to which any complaints are resolved in a timely

X10

Advertising

Perceptions of HBAT’s advertising campaigns in all

solve product/service issues
and complete manner
types of media
X11

Product Line

Depth and breadth of HBAT’s product line to meet
customer needs

X12

Salesforce Image

Overall image of HBAT’s salesforce

X13

Competitive Pricing

Extent to which HBAT offers competitive prices

X14

Warranty and Claims

Extent to which HBAT stands behind its product/
service warranties and claims

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 1 Overview of Multivariate Methods

X15

New Products

Extent to which HBAT develops and sells new products

X16

Ordering and Billing

Perception that ordering and billing is handled effi-

X17

Price Flexibility

37

ciently and correctly
Perceived willingness of HBAT sales reps to negotiate
price on purchases of paper products
X18

Delivery Speed

Amount of time it takes to deliver the paper products
once an order has been confirmed

Purchase Outcomes Five specific measures were obtained that reflected the outcomes of the respondent’s purchase
relationships with HBAT. These measures include the following:
X19

Customer Satisfaction

Customer satisfaction with past purchases from HBAT,

X20

Likelihood of Recom-

Likelihood of recommending HBAT to other firms as

mending HBAT

a supplier of paper products, measured on a 10-point

measured on a 10-point graphic rating scale

graphic rating scale
X21
X22

Likelihood of Future

Likelihood of purchasing paper products from HBAT in the

Purchases from HBAT

future, measured on a 10-point graphic rating scale

Percentage of Purchases

Percentage of the responding firm’s paper needs

from HBAT

purchased from HBAT, measured on a 100-point percentage scale

X23

Perception of Future

Extent to which the customer/respondent perceives his

Relationship with HBAT

or her firm would engage in strategic alliance/partnership
with HBAT:
0 5 Would not consider
1 5 Yes, would consider strategic alliance or partnership

otHeR DAtABASeS
Several other specialized databases are used in the text. First, Chapter 6 uses an expanded version of the HBAT
database containing 200 respondents (HBAT200) that provides sufficient sample sizes for more complex MANOVA
analyses. Chapter 2 uses a smaller database (HATMISS) to illustrate the handling of missing data. The SEM chapters
(9, 10, 11, 12, 13) use different databases that meet the unique data requirements for those techniques. In each
instance, the database is described more fully in those chapters. All of the databases used in the text are available
in the online resources at the text’s websites.

organization of the Remaining chapters
The remaining chapters of the text are organized into five sections, each addressing a separate stage in performing
a multivariate analysis.
Section i: PRePARinG FoR A MULtiVARiAte AnALYSiS
The initial section addresses issues that must be resolved before a multivariate analysis can be performed.
Chapter 2 provides a number of methods for addressing a wide range of issues encountered in the dataset,
including accommodating missing data, assurance of meeting the underlying statistical assumptions, identifying
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outliers that might disproportionately affect the results and a set of variable transformations that can be used
to represent unique variable characteristics. These methods enable the researcher to best prepare the data for
further analysis.
Section ii: inteRDePenDence tecHniQUeS
The two chapters in this section provide the researcher with the ability to “search for structure” in the data and
provide some simplification of either the variables or the cases being analyzed. Chapter 3 covers exploratory factor
analysis, a technique particularly suited to examining the relationships among variables and the opportunities for
creating summated scales or other composite measures. These composite measures become especially useful as
the number of variables increases since they provide a means of dimensional reduction. Chapter 4 covers cluster
analysis, a technique that identifies groups of similar observations (i.e., clusters) based on a defined set of variables. In this way the large number of observations can be represented by a smaller set of homogeneous groups
of observations. In both instances, identifying a small set of representative groups of observations or providing
dimensional reduction for a large set of variables can simplify the models so the primary effects become more
easily identified.
SectionS iii AnD iV: DePenDence tecHniQUeS
These sections cover four dependence techniques—multiple regression (Chapter 5), multivariate analysis of
variance (Chapter 6), discriminant analysis (Chapter 7) and logistic regression (Chapter 8). Dependence techniques, as noted earlier, enable the researcher to assess the degree of relationship between dependent and independent variables. The dependence techniques vary in the type and character of the relationship as reflected in
the measurement properties of the dependent and independent variables. Section III contains Chapter 5 (Multiple
regression) and Chapter 6 (MANOVA), both techniques with metric dependent variables. Section IV contains
Chapter 7 (Discriminant analysis) and Chapter 8 (Logistic regression) that examine techniques where the dependent variable is non-metric. Each technique is examined for its unique perspective on assessing a dependence
relationship and its ability to address a particular type of research objective.
Section V: MoVinG BeYonD tHe BASicS
This section introduces the researcher to a widely used advanced multivariate technique, structural equation modeling (SEM). Chapters 9 through 12 provide an overview of covariance-based structural equation modeling, focusing
on the application of a decision process to SEM analyses, and then extends the SEM discussion to two of the most
widely used applications: confirmatory factor analysis (CFA) and structural modeling. In Chapter 13 we provide an
overview of variance-based structural equation modeling and the appropriate research applications for this form of
SEM analysis when compared to covariance-based SEM.
onLine ReSoURceS: ADDitionAL cHAPteRS
Readers familiar with past editions of the text may note that several techniques are not included in this edition –
canonical correlation, conjoint analysis, perceptual mapping and correspondence analysis. Due to the addition of
Chapter 13 covering PLS-SEM and the new material in other chapters, these chapters are now available as online
resources. The complete chapters, including datasets, are available in the online resources at the text’s websites.
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Summary
Multivariate data analysis is a powerful tool for researchers. Proper application of these techniques reveals relationships that
otherwise would not be identified. This chapter introduces you to the major concepts and helps you to do the following:
Explain what multivariate analysis is and when its application is appropriate. Multivariate analysis techniques are
popular because they enable organizations to create knowledge and thereby improve their decision-making. Multivariate
analysis refers to all statistical techniques that simultaneously analyze multiple measurements on individuals or objects
under investigation. Thus, any simultaneous analysis of more than two variables can be considered multivariate analysis.
Some confusion may arise about what multivariate analysis is because the term is not used consistently in the literature. Some researchers use multivariate simply to mean examining relationships between or among more than two
variables. Others use the term only for problems in which all the multiple variables are assumed to have a multivariate
normal distribution. In this book, we do not insist on a rigid definition of multivariate analysis. Instead, multivariate
analysis includes both multivariable techniques and truly multivariate techniques, because we believe that knowledge
of multivariable techniques is an essential first step in understanding multivariate analysis.
Discuss the implications of Big Data, the emergence of algorithmic models and causal inference on multivariate analysis Three emerging factors in the domain of analytics have created a very different and constantly changing
environment for researchers over the past decade and will continue in the future. First, the emergence of Big Data has
fundamentally influenced at least three aspects of analytics. These aspects include the abundance of data (both variables and observations), changes in the fundamental characteristics of data now available, and the increased desire for
data-driven decisions within all types of organizations. As a result, researchers are confronted with a new landscape
demanding some basic changes in how they research and conduct data analysis. Along with the emergence of Big
Data there is more widespread use of algorithmic models where the emphasis is on prediction rather than explanation.
While these models many times provide little insight into the “causes” of the outcomes, they nevertheless can address
complicated problems not readily addressed with the more conventional data models approach. Finally, the abundance of data and the addition of entirely new sets of techniques has compelled researchers to strive for more causal
inference in their analyses in order to avoid capturing spurious correlations that can result in invalid conclusions.
Discuss the nature of measurement scales and their relationship to multivariate techniques. Data analysis
involves the identification and measurement of variation in a set of variables, either among themselves or between a
dependent variable and one or more independent variables. The key word here is measurement because the researcher
cannot identify variation unless it can be measured. Measurement is important in accurately representing the research
concepts being studied and is instrumental in the selection of the appropriate multivariate method of analysis. Data
can be classified into one of two categories—nonmetric (qualitative) and metric (quantitative)—based on the type
of attributes or characteristics they represent. The researcher must define the measurement type for each variable.
To the computer, the values are only numbers. Whether data are metric or nonmetric substantially affects what the
data can represent, how it can be analyzed, and the appropriate multivariate techniques to use.
Understand the nature of measurement error and its impact on multivariate analysis. Use of multiple variables
and reliance on their combination (the variate) in multivariate methods focuses attention on a complementary issue:
measurement error. Measurement error is the degree to which the observed values are not representative of the “true”
values. Measurement error has many sources, ranging from data entry errors to the imprecision of the measurement
and the inability of respondents to accurately provide information. Thus, all variables used in multivariate techniques
must be assumed to have some degree of measurement error. When variables with measurement error are used to
compute correlations or means, the “true” effect is partially masked by the measurement error, causing the correlations to weaken and the means to be less precise.
Examine the researcher options for managing the variate and dependence models The analyst has two decisions
in managing the variate: variable specification and variable selection. Variable specification involves a simple question:
Are the variables used in their original form or is some form of dimensional reduction undertaken for simplification
purposes and as a remedy for multicollinearity. If dimensional reduction is chosen the researcher can often control the
process through exploratory factor analysis or use software options to perform the estimation procedure. For variable
selection, the researcher again has the option to control the variables included in the analysis or allow algorithms to
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find the “best” variables for model fit. In both instances we recommend that researcher judgment be combined with
software control to explore options in the variate being tested. The researcher also has, in addition to the general linear
model which is the foundation for most of the statistical techniques, an additional model form—the generalized linear
model. This model formulation is comparable with the general linear model, but allows for the analysis of outcome
variables that do not exhibit a normal distribution. With this model form the researcher can analyze outcomes such
as percentages, binary outcomes and counts by transforming them to approximate the normal distribution.
Understand the concept of statistical power and the options available to the researcher Any time a statistical
significance test is performed, the researcher should understand the concept of statistical power, which is the
probability of finding an effect (i.e., non-zero parameter) when it is present in the data. While much focus is on
the alpha level, it is only one of three factors that impact statistical power. The other two factors are effect size
(the size of the effect being examined) and the sample size. Sample size plays a critically important role since
increasing or decreasing the sample size impacts the significance level of an estimated parameter. Almost any
parameter can be found to be significant with a large enough sample size and likewise an insufficient sample size
may overlook substantive effects. Through the examination of statistical power the researcher ensures that the
estimated significance level had an adequate probability of recovering a significant effect if it is present in the data.
Determine which multivariate technique is appropriate for a specific research problem. The multivariate
techniques can be classified based on three judgments the researcher must make about the research objective and
nature of the data: (1) Can the variables be divided into independent and dependent classifications based on some
theory? (2) If they can, how many variables are treated as dependent in a single analysis? and (3) How are the variables, both dependent and independent, measured? Selection of the appropriate multivariate technique depends on
the answers to these three questions.
Define the specific techniques included in multivariate analysis. Multivariate analysis is an ever-expanding set of
techniques for data analysis that encompasses a wide range of possible research situations. Among the more established
and emerging techniques are principal components and common factor analysis; multiple regression and multiple
correlation; multiple discriminant analysis and logistic regression; canonical correlation analysis; multivariate analysis
of variance and covariance; conjoint analysis; cluster analysis; perceptual mapping, also known as multidimensional
scaling; correspondence analysis; and structural equation modeling (SEM), which includes confirmatory factor analysis.
Discuss the guidelines for application and interpretation of multivariate analyses. Multivariate analyses have powerful analytical and predictive capabilities. The strengths of accommodating multiple variables and relationships create
substantial complexity in the results and their interpretation. Faced with this complexity, the researcher is cautioned to use
multivariate methods only when the requisite conceptual foundation to support the selected technique has been developed.
The following guidelines represent a “philosophy of multivariate analysis” that should be followed in their application:
●
●
●
●
●
●
●

Establish practical significance as well as statistical significance.
Recognize that sample size affects all results.
Know your data.
Strive for model parsimony.
Look at your errors.
Simplify your models by separation.
Validate your results.

Understand the six-step approach to multivariate model building. The six-step model-building process provides
a framework for developing, interpreting, and validating any multivariate analysis.
1
2
3
4
5
6

Define the research problem, objectives, and multivariate technique to be used.
Develop the analysis plan.
Evaluate the assumptions.
Estimate the multivariate model and evaluate fit.
Interpret the variates.
Validate the multivariate model.
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This chapter introduced the exciting, challenging topic of multivariate data analysis. The following chapters discuss
each of the techniques in sufficient detail to enable the novice researcher to understand what a particular technique
can achieve, when and how it should be applied, and how the results of its application are to be interpreted.

Questions
1 In your own words, define multivariate analysis.

8 Why is validation so important?

2 Name the most important factors contributing to the
increased application of techniques for multivariate
data analysis in the last decade.

9 How does cross-validation work? What are some of
the more popular types?

3 What implications does the emergence of Big Data
have for researchers?
4 What are the differences between data models and
algorithmic models? How do they impact the type of
analysis performed?
5 What is meant by causal inference? How does it
supplement the randomized controlled experiment?
6 What are the two facets of managing the variate? What
role does each play in a typical multivariate analysis?
7 What types of research questions can the generalized
linear model (GLZ) address more directly than the
more traditional general linear model (GLM)?

10 List and describe the multivariate data analysis techniques described in this chapter. Cite examples for
which each technique is appropriate.
11 Explain why and how the various multivariate methods can be viewed as a family of techniques.
12 Why is knowledge of measurement scales important
to an understanding of multivariate data analysis?
13 What are the differences between statistical and practical significance? Is one a prerequisite for the other?
14 What are the implications of low statistical power? How
can the power be improved if it is deemed too low?
15 Detail the model-building approach to multivariate
analysis, focusing on the major issues at each step.

Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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Preparing for
multivariate analysis
2 examining Your Data

SECTION I
oVeRVieW

S

ection I provides a set of tools and analyses that help to prepare the researcher for the increased complexity
of a multivariate analysis. The prudent researcher appreciates the need for a higher level of understanding

of the data, both in statistical and conceptual terms. Although the multivariate techniques discussed in this text
present the researcher with a powerful set of analytical tools, they also pose the risk of further separating the
researcher from a solid understanding of the data and leading to the misplaced notions that the analyses present
a “quick and easy” means of identifying relationships. As the researcher relies more heavily on these techniques to
find the answer and less on a conceptual basis and understanding of the fundamental properties of the data, the
risk increases for serious problems in the misapplication of techniques, violation of statistical properties, or the
inappropriate inference and interpretation of the results. These risks can never be totally eliminated, but the tools
and analyses discussed in this section will improve the researcher’s ability to recognize many of these problems
as they occur and to apply the appropriate remedy.
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cHAPteR in Section i
This section consists of Chapter 2, Examining Your Data, which covers the topics of accommodating missing data,
meeting the underlying statistical assumptions, identifying outliers that might disproportionately affect the results
and useful data transformations. These analyses provide simple empirical assessments that detail the critical statistical properties of the data. The objective of these data examination tasks is as much to reveal what is not apparent
as it is to portray the actual data, because the “hidden” effects are easily overlooked. For example, the biases introduced by nonrandom missing data will never be known unless explicitly identified and remedied by the methods
discussed in a later section of this chapter. As a result, many times the tasks in this chapter should be looked upon
as an “investment” by the researcher that provides some assurance that the “hidden” issues are discovered and not
allowed to unduly influence the results.
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2

Examining Your Data

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Select the appropriate graphical method to examine the characteristics of the data or relationships of interest.

●

Assess the type and potential impact of missing data.

●

Understand the different types of missing data processes.

●

Explain the advantages and disadvantages of the approaches available for dealing with missing data.

●

Identify univariate, bivariate, and multivariate outliers.

●

Test your data for the assumptions underlying most multivariate techniques.

●

Determine the best method of data transformation given a specific problem.

●

Understand how to incorporate nonmetric variables as metric variables.

chapter Preview
Data examination is a time-consuming, but necessary, initial step in any analysis that researchers often overlook. Here
the researcher evaluates the impact of missing data, identifies outliers, and tests for the assumptions underlying most
multivariate techniques. The objective of these data examination tasks is as much to reveal what is not apparent as it
is to portray the actual data, because the “hidden” effects are easily overlooked. For example, the biases introduced by
nonrandom missing data will never be known unless explicitly identified and remedied by the methods discussed in a
later section of this chapter. Moreover, unless the researcher reviews the results on a case-by-case basis, the existence
of outliers will not be apparent, even if they substantially affect the results. Violations of the statistical assumption
may cause biases or nonsignificance in the results that cannot be distinguished from the true results.
Before we discuss a series of empirical tools to aid in data examination, the introductory section of this chapter
offers (1) a summary of various graphical techniques available to the researcher as a means of representing data
and (2) some new measures of association to complement the traditional correlation coefficient. These graphical
techniques provide the researcher with a set of simple yet comprehensive ways to examine both the individual
variables and the relationships among them. They are not meant to replace the empirical tools, but rather provide
a complementary means of portraying the data and its relationships. As you will see, a histogram can graphically
show the shape of a data distribution, just as we can reflect that same distribution with skewness and kurtosis values.
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The empirical measures quantify the distribution’s characteristics, whereas the histogram portrays them in a simple
and visual manner. Likewise, other graphical techniques (i.e., scatterplot and boxplot) show relationships between
variables represented by the correlation coefficient and means difference test, respectively.
The additional measures of association are attempts to overcome one of the primary limitations of the Pearson
correlation coefficient—the requirement of a linear relationship. These measures attempt to measure dependence,
whether it is in a linear or nonlinear form. While they may be less useful in many of our traditional statistical techniques, they still provide the researcher with methods to identify relationships not previously discoverable and then
the researcher can decide how to integrate them into the analysis.
With the graphical techniques and association measures addressed, the next task facing the researcher is how
to assess and overcome pitfalls resulting from the research design (e.g., questionnaire design) and data collection
practices. Specifically, this chapter addresses the following:
●
●
●
●

Evaluation of missing data
Identification of outliers
Testing of the assumptions underlying most multivariate techniques
Transforming data for either improved statistical properties or interpretability.

Missing data are a nuisance to researchers and primarily result from errors in data collection/data entry or from
the omission of answers by respondents. Classifying missing data and the reasons underlying their presence are
addressed through a series of steps that not only identify the impacts of the missing data, but that also provide
remedies for dealing with it in the analysis. Outliers, or extreme responses, may unduly influence the outcome of any
multivariate analysis. For this reason, methods to assess their impact are discussed. Finally, the statistical assumptions
underlying most multivariate analyses are reviewed. Before applying any multivariate technique, the researcher
must assess the fit of the sample data with the statistical assumptions underlying that multivariate technique. For
example, researchers wishing to apply regression analysis (Chapter 5) would be particularly interested in assessing
the assumptions of normality, homoscedasticity, independence of error, and linearity. Each of these issues should be
addressed to some extent for each application of a multivariate technique.
In addition, this chapter introduces the researcher to several methods of data transformations. These range from
incorporating nonmetric variables in applications that require metric variables through the creation of a special
type of metric variable known as dummy variables to such techniques as binning and logarithmic transformations to
represent specific types of relationships. While many forms of transformations are associated with meeting specific
statistical properties, they also represent unique ways to modify the character of the data to enhance interpretation
or applicability to a specific research question.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology used.
Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key term
cross-references are italicized.
All-available approach Imputation method for missing data that computes values based on all-available valid observations, also

known as the pairwise approach.
Binning Process of categorizing a metric variable into a small number of categories/bins and thus converting the variable into

a nonmetric form.
Boxplot Method of representing the distribution of a variable. A box represents the major portion of the distribution, and the

extensions—called whiskers—reach to the extreme points of the distribution. This method is useful in making comparisons
of one or more metric variables across groups formed by a nonmetric variable.
cardinality The number of distinct data values for a variable.
censored data Observations that are incomplete in a systematic and known way. One example occurs in the study of causes of
death in a sample in which some individuals are still living. Censored data are an example of ignorable missing data.
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centering A variable transformation in which a specific value (e.g., the variable mean) is subtracted from each observation’s

value, thus improving comparability among variables.
cold deck imputation Imputation method for missing data that derives the imputed value from an external source (e.g., prior

studies, other samples).
comparison group See reference category.
complete case approach Approach for handling missing data that computes values based on data from complete cases, that is,

cases with no missing data. Also known as the listwise deletion approach.
curse of dimensionality The problems associated with including a very large number of variables in the analysis. Among the

notable problems are the distance measures becoming less useful along with higher potential for irrelevant variables and
differing scales of measurement for the variables.
Data management All of the activities associated with assembling a dataset for analysis. With the arrival of the larger and diverse
datasets from Big Data, researchers may now find they spend a vast majority of their time on this task rather than analysis.
Data quality Generally referring to the accuracy of the information in a dataset, recent efforts have identified eight dimensions
that are much broader in scope and reflect the usefulness in many aspects of analysis and application: completeness, availability and accessibility, currency, accuracy, validity, usability and interpretability, reliability and credibility, and consistency.
Data transformations A variable may have an undesirable characteristic, such as non-normality, that detracts from its use in a
multivariate technique. A transformation, such as taking the logarithm or square root of the variable, creates a transformed
variable that is more suited to portraying the relationship. Transformations may be applied to either the dependent or independent variables, or both. The need and specific type of transformation may be based on theoretical reasons (e.g., transforming
a known nonlinear relationship), empirical reasons (e.g., problems identified through graphical or statistical means) or for
interpretation purposes (e.g., standardization).
dcor A newer measure of association that is distance-based and more sensitive to nonlinear patterns in the data.
Dichotomization Dividing cases into two classes based on being above or below a specified value.
Dummy variable Special metric variable used to represent a single category of a nonmetric variable. To account for L levels of
a nonmetric variable, L 2 1 dummy variables are needed. For example, gender is measured as male or female and could be
represented by two dummy variables (X1 and X2). When the respondent is male, X1 5 1 and X2 5 0. Likewise, when the
respondent is female, X1 5 0 and X2 5 1. However, when X1 5 1, we know that X2 must equal 0. Thus, we need only one
variable, either X1 or X2, to represent the variable gender. If a nonmetric variable has three levels, only two dummy variables
are needed. We always have one dummy variable less than the number of levels for the nonmetric variable. The omitted category is termed the reference category.
effects coding Method for specifying the reference category for a set of dummy variables where the reference category receives a
value of minus one 1 21 2 across the set of dummy variables. With this type of coding, the dummy variable coefficients represent
group deviations from the mean of all groups, which is in contrast to indicator coding.
elasticity Measure of the ratio of percentage change in Y for a percentage change in X. Obtained by using a log-log transformation
of both dependent and independent variables.
eM Imputation method applicable when MAR missing data processes are encountered which employs maximum likelihood
estimation in the calculation of imputed values.
extreme groups approach Transformation method where observations are sorted into groups (e.g., high, medium and low) and
then the middle group discarded in the analysis.
Heat map Form of scatterplot of nonmetric variables where frequency within each cell is color-coded to depict relationships.
Heteroscedasticity See homoscedasticity.
Histogram Graphical display of the distribution of a single variable. By forming frequency counts in categories, the shape of the
variable’s distribution can be shown. Used to make a visual comparison to the normal distribution.
Hoeffding’s D New measure of association/correlation that is based on distance measures between the variables and thus more
likely to incorporate nonlinear components.
Homoscedasticity When the variance of the error terms (e) appears constant over a range of predictor variables, the data are
said to be homoscedastic. The assumption of equal variance of the population error E (where E is estimated from e) is critical
to the proper application of many multivariate techniques. When the error terms have increasing or modulating variance, the
data are said to be heteroscedastic. Analysis of residuals best illustrates this point.
Hot deck imputation Imputation method in which the imputed value is taken from an existing observation deemed similar.
ignorable missing data Missing data process that is explicitly identifiable and/or is under the control of the researcher. Ignorable
missing data do not require a remedy because the missing data are explicitly handled in the technique used.
imputation Process of estimating the missing data of an observation based on valid values of the other variables. The objective
is to employ known relationships that can be identified in the valid values of the sample to assist in representing or even estimating the replacements for missing values.
indicator coding Method for specifying the reference category for a set of dummy variables where the reference category receives
a value of zero across the set of dummy variables. The dummy variable coefficients represent the category differences from
the reference category. Also see effects coding.
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ipsatizing Method of transformation for a set of variables on the same scale similar to centering, except that the variable used

for centering all of the variables is the mean value for the observation (e.g., person-centered).
Kurtosis Measure of the peakedness or flatness of a distribution when compared with a normal distribution. A positive value

indicates a relatively peaked distribution, and a negative value indicates a relatively flat distribution.
Linearity Used to express the concept that the model possesses the properties of additivity and homogeneity. In a simple sense,

linear models predict values that fall in a straight line by having a constant unit change (slope) of the dependent variable for
a constant unit change of the independent variable. In the population model Y 5 b0 1 b1X1 1 e, the effect of a change of
1 in X1 is to add b1 (a constant) units to Y.
Listwise deletion See complete case approach.
Mean substitution Imputation method where the mean value of all valid values is used as the imputed value for missing data.
Mic (mutual information correlation) New form of association/correlation that can represent any form of dependence
(e.g., circular patterns) and not limited to just linear relationships.
Missing at random (MAR) Classification of missing data applicable when missing values of Y depend on X, but not on Y. When
missing data are MAR, observed data for Y are a random sample of the Y values, but the missing values of Y are related to
some other observed variable (X) in the sample. For example, assume two groups based on gender have different levels of
missing data between male and female. The data is MAR if the data is missing at random within each group, but the levels of
missing data depend on the gender.
Missing completely at random (McAR) Classification of missing data applicable when missing values of Y are not dependent on
X. When missing data are MCAR, observed values of Y are a truly random sample of all Y values, with no underlying process
that lends bias to the observed data.
Missing data Information not available for a subject (or case) about whom other information is available. Missing data often
occur, for example, when a respondent fails to answer one or more questions in a survey.
Missing data process Any systematic event external to the respondent (such as data entry errors or data collection problems) or
any action on the part of the respondent (such as refusal to answer a question) that leads to missing data.
Missingness The absence or presence of missing data for a case or observation. Does not relate directly to how that missing data
value might be imputed.
Multiple imputation. Imputation method applicable to MAR missing data processes in which several datasets are created with
different sets of imputed data. The process eliminates not only bias in imputed values, but also provides more appropriate
measures of standard errors.
Multivariate graphical display Method of presenting a multivariate profile of an observation on three or more variables. The
methods include approaches such as glyphs, mathematical transformations, and even iconic representations (e.g., faces).
normal distribution Purely theoretical continuous probability distribution in which the horizontal axis represents all possible
values of a variable and the vertical axis represents the probability of those values occurring. The scores on the variable are
clustered around the mean in a symmetrical, unimodal pattern known as the bell-shaped, or normal, curve.
normal probability plot Graphical comparison of the form of the distribution to the normal distribution. In the normal probability plot, the normal distribution is represented by a straight line angled at 45 degrees. The actual distribution is plotted
against this line so that any differences are shown as deviations from the straight line, making identification of differences
quite apparent and interpretable.
normality Degree to which the distribution of the sample data corresponds to a normal distribution.
outlier An observation that is substantially different from the other observations (i.e., has an extreme value) on one or more
characteristics (variables). At issue is its representativeness of the population.
Reference category The category of a nonmetric variable that is omitted when creating dummy variables and acts as a reference
point in interpreting the dummy variables. In indicator coding, the reference category has values of zero (0) for all dummy
variables. With effects coding, the reference category has values of minus one 1 21 2 for all dummy variables.
Regression imputation Imputation method that employs regression to estimate the imputed value based on valid values of other
variables for each observation.
Residual Portion of a dependent variable not explained by a multivariate technique. Associated with dependence methods that
attempt to predict the dependent variable, the residual represents the unexplained portion of the dependent variable. Residuals
can be used in diagnostic procedures to identify problems in the estimation technique or to identify unspecified relationships.
Response surface A transformation method in which a form of polynomial regression is used to represent the distribution of
an outcome variable in an empirical form that can be portrayed as a surface.
Robustness The ability of a statistical technique to perform reasonably well even when the underlying statistical assumptions
have been violated in some manner.
Scatterplot Representation of the relationship between two metric variables portraying the joint values of each observation in
a two-dimensional graph.
Skewness Measure of the symmetry of a distribution; in most instances the comparison is made to a normal distribution. A
positively skewed distribution has relatively few large values and tails off to the right, and a negatively skewed distribution has
relatively few small values and tails off to the left. Skewness values falling outside the range of 21 to 11 indicate a substantially
skewed distribution.
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Standardization Transformation method where a variable is centered (i.e., variable’s mean value subtracted from each observa-

tion’s value) and then “standardized” by dividing the difference by the variable’s standard deviation. Provides a measure that
is comparable across variables no matter what their original scale.
Variate Linear combination of variables formed in the multivariate technique by deriving empirical weights applied to a set of
variables specified by the researcher.

introduction
The tasks involved in examining your data may seem mundane and inconsequential, but they are an essential part
of any multivariate analysis. Multivariate techniques place tremendous analytical power in the researcher’s hands.
But they also place a greater burden on the researcher to ensure that the statistical and theoretical underpinnings on
which they are based also are supported. By examining the data before the application of any multivariate technique,
the researcher gains several critical insights into the characteristics of the data:
●

●

First and foremost, the researcher attains a basic understanding of the data and relationships between variables.
Multivariate techniques place greater demands on the researcher to understand, interpret, and articulate results
based on relationships that are more complex than encountered before. A thorough knowledge of the variable
interrelationships can aid immeasurably in the specification and refinement of the multivariate model as well as
provide a reasoned perspective for interpretation of the results.
Second, the researcher ensures that the data underlying the analysis meet all of the requirements for a
multivariate analysis. Multivariate techniques demand much more from the data in terms of larger datasets and more complex assumptions than encountered with univariate analyses. Missing data, outliers,
and the statistical characteristics of the data are all much more difficult to assess in a multivariate context.
Thus, the analytical sophistication needed to ensure that these requirements are met forces the researcher
to use a series of data examination techniques that are as complex as the multivariate techniques
themselves.

Both novice and experienced researchers may be tempted to skim or even skip this chapter to spend more time
in gaining knowledge of a multivariate technique(s). The time, effort, and resources devoted to the data examination process may seem almost wasted because many times no corrective action is warranted. The researcher should
instead view these techniques as “investments in multivariate insurance” that ensure the results obtained from the
multivariate analysis are truly valid and accurate. Without such an “investment” it is quite easy, for example, for
several unidentified outliers to skew the results, for missing data to introduce a bias in the correlations between
variables, or for non-normal variables to invalidate the results. And yet the most troubling aspect of these problems is
that they are “hidden,” because in most instances the multivariate techniques will go ahead and provide results. Only
if the researcher has made the “investment” will the potential for catastrophic problems be recognized and corrected
before the analyses are performed. These problems can be avoided by following these analyses each and every time
a multivariate technique is applied. These efforts will more than pay for themselves in the long run; the occurrence
of one serious and possibly fatal problem will make a convert of any researcher. We encourage you to embrace these
techniques before problems that arise during analysis force you to do so.

the challenge of Big Data Research efforts
As first discussed in Chapter 1, the age of “Big Data” is impacting all aspects of both academic and practitioner
research efforts. One area most impacted is data examination, where the issues addressed in this chapter have
substantial impact on the ultimate success or failure of the research effort. While many researchers are still able to
operate within the domain of small, tightly controlled datasets of 50 to 100 variables from a selected sample, many
others are facing the task of dealing with widely disparate data sources (e.g., customer-level data from firms, social
media data, locational data) that change the entire nature of the dataset. And while many researchers, particularly in
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the academic domain, may wish to avoid these complications, the trend is inevitable towards more integration [16].
While it is beyond the scope of this chapter to address all of the issues arising from the emergence of Big Data, there
are two general topics regarding the data itself that are faced by researchers in all areas.
DAtA MAnAGeMent
Perhaps the most daunting challenge when venturing into the world of Big Data is the fundamental task of data
management—assembling a dataset for analysis. So many times researchers focus on the type of technique to be used,
but are then faced with the reality of the data available, its format and structure. A common axiom among Big Data
researchers is that 80 percent or more of the project time is spent on data management. This task, many times referred to
as data wrangling which perhaps describes it best metaphorically, is the principle task of data fusion [14], which is becoming more commonplace as researchers in all areas attempt to combine data from multiple sources. The creation in 1988
of the DAMA, the Data Management Association International, signaled the emergence of a new field within analytics.
The issues associated with using and combining data from multiple sources become complex very quickly. Even
what seems like a simple merging of customer data from a firm database with survey data becomes more complex
with issues of identity management, extracting the appropriate customer data from the firm’s databases, matching
timeframes and a host of other issues. And this is relatively simple compared to merging structured data (e.g., survey
or customer data) with unstructured data, such as social media posts that involve text mining. And these issues do not
even include the technical challenges facing Big data users today in terms of data storage, retrieval and processing.
The end result is that researchers in all fields are going to have become “data managers” as much as data analysts in
the near future as the need and availability of disparate sources of data increases.
DAtA QUALitY
Once the dataset is finally assembled, the task is far from complete. For example, having a value for a variable does
not mean that analysis is ready to begin, since the issue of data quality must be addressed first. Indeed, data quality
is multi-faceted and the era of Big Data has forced an examination of what is actually meant by the term. Researcher
long accustomed to dealing with their own domain of data and its characteristics are now having to reconcile the
notion of data quality, and are finding it quite challenging [51]. Yet this is an issue of extreme importance to the
entire research community [77]. Recent research has attempted to synthesize this diverse set of characteristics of
data quality and has tentatively identified eight dimensions [49]: (1) completeness, (2) availability and accessibility, (3) currency, (4) accuracy, (5) validity, (6) usability and interpretability, (7) reliability and credibility, and
(8) consistency. While the operational definitions of these elements may differ by research domain and even type of
data, today’s researchers must always consider this more comprehensive perspective for any data source being used
in research today. The emergence of books such as the Bad Data Handbook [63] and Data Cleaning Techniques
[19] are both encouraging (since the topics are addressed), but also discouraging because the topic deserves such
prominence.
The topic of data quality is not solely a challenge for Big Data users, but many data sources require close examination. Several disparate examples illustrate the varying challenges faced as the types of data expand. One example is
Mechanical Turk, a service offered by Amazon, that unfortunately has become quite widely used across a number of
research domains. While it offers quick access to a wide range of respondents, its data quality is often compromised
by a number of factors including the type of participants providing data [89]. And even when the “quality” of the
respondents from other sources is controlled, the widespread use of online data collection formats has necessitated
measures of consistency indices and multivariate outlier analysis to identify “carelessness” in the data provided [64].
Finally, a widely used source of customer information comes from “data brokers” or “data aggregators” who collect
extensive data from numerous sources on a household level and then sell this information to a wide array of users—
firms, government entities and even other data brokers. While quality control measures may be performed, many
times even the very nature of the data can be problematic. One example is the widespread use of binary measures of
“interest” which provide a simple indication if that household exhibits a particular interest (e.g., outdoor activities,
political activism, consumer electronics). The list is almost endless and provides firms potential targeting information
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about each unit. Yet there is a fundamental question—the data is coded as a one or blank. Now for those interested
in a specific topic, a value of one indicates potential interest. But what are we to make of the blank—does it equate to
“No Interest” or “Missing.” These are not equivalent for the researcher’s purposes, but may still be beyond the ability
of the data source to distinguish.
SUMMARY
The era of Big Data and the use of data from many sources present researchers with many challenges well before the
first analysis is performed. As we discussed earlier, data examination is somewhat like insurance—an investment
that hopefully pays off with better results. As the nature, scope and volume of data expands, this should point the
researcher toward more data examination versus the too often tendency to be overwhelmed by the scale of the
problem and thus move forward without data examination. The issues covered in this chapter are as applicable to
“Big Data” as “small data” and researchers today have a wider array to techniques and measures to address their data
examination requirements.

Preliminary examination of the Data
As discussed earlier, the use of multivariate techniques places an increased burden on the researcher to understand,
evaluate, and interpret complex results. This complexity requires a thorough understanding of the basic characteristics of the underlying data and relationships. When univariate analyses are considered, the level of understanding is
fairly simple. As the researcher moves to more complex multivariate analyses, however, the need and level of understanding increase dramatically and require even more powerful empirical diagnostic measures. The researcher can
be aided immeasurably in gaining a fuller understanding of what these diagnostic measures mean through the use of
graphical techniques, portraying the basic characteristics of individual variables and relationships between variables
in a simple “picture.” For example, a simple scatterplot represents in a single picture not only the two basic elements
of a correlation coefficient, namely the type of relationship (positive or negative) and the strength of the relationship
(the dispersion of the cases), but also a simple visual means for assessing linearity that would require a much more
detailed analysis if attempted strictly by empirical means. Correspondingly, a boxplot illustrates not only the overall
level of differences across groups shown in a t-test or analysis of variance, but also the differences between pairs
of groups and the existence of outliers that would otherwise take more empirical analysis to detect if the graphical
method was not employed. The objective in using graphical techniques is not to replace the empirical measures, but
to use them as a complement to provide a visual representation of the basic relationships so that researchers can feel
confident in their understanding of these relationships.
But what is to be done when the relationships are nonlinear or more pattern-based? The traditional measures of
correlation based on a linear relationship are not adequate to identify these types of relationships without substantial
data transformations. Recent research in the area of data science has developed new measures of dependence that
can assess not only linear relationships, but nonlinear patterns of many types. In these situations the researcher can
at least be aware of their existence and then decide how they are to be included in the analysis.
The advent and widespread use of statistical programs have increased access to such methods. Most statistical
programs provide comprehensive modules of graphical techniques available for data examination that are augmented
with more detailed statistical measures of data description, including these new measures of association. The following sections detail some of the more widely used techniques for examining the characteristics of the distribution,
bivariate relationships, group differences, and even multivariate profiles.
UniVARiAte PRoFiLinG: exAMininG tHe SHAPe oF tHe DiStRiBUtion
The starting point for understanding the nature of any variable is to characterize the shape of its distribution. A
number of statistical measures are discussed in a later section on normality, but many times the researcher can gain
an adequate perspective of the variable through a histogram. A histogram is a graphical representation of a single
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Figure 2.1
Graphical Representation of
Univariate Distribution
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variable that represents the frequency of occurrences (data values) within data categories. The frequencies are plotted
to examine the shape of the distribution of values. If the integer values ranged from 1 to 10, the researcher could
construct a histogram by counting the number of responses for each integer value. For continuous variables, categories are formed within which the frequency of data values is tabulated. If examination of the distribution is to assess
its normality (see section on testing assumptions for details on this issue), the normal curve can be superimposed
on the distribution to assess the correspondence of the actual distribution to the desired (normal) distribution. The
histogram can be used to examine any type of metric variable.
For example, the responses for X6 from the database introduced in Chapter 1 are represented in Figure 2.1. The
height of the bars represents the frequencies of data values within each category. The normal curve is also superimposed on the distribution. As will be shown in a later section, empirical measures indicate that the distribution of X6
deviates significantly from the normal distribution. But how does it differ? The empirical measure that differs most
is the kurtosis, representing the peakedness or flatness of the distribution. The values indicate that the distribution
is flatter than expected. What does the histogram show? The middle of the distribution falls below the superimposed
normal curve, while both tails are higher than expected. Thus, the distribution shows no appreciable skewness to
one side or the other, just a shortage of observations in the center of the distribution. This comparison also provides
guidance on the type of transformation that would be effective if applied as a remedy for non-normality. All of this
information about the distribution is shown through a single histogram.
BiVARiAte PRoFiLinG: exAMininG tHe ReLAtionSHiP BetWeen VARiABLeS
Whereas examining the distribution of a variable is essential, many times the researcher is also interested in examining relationships between two or more variables. The most popular method for examining bivariate relationships
is the scatterplot, a graph of data points based on two metric variables. One variable defines the horizontal axis and
the other variable defines the vertical axis. Variables may be any metric value. The points in the graph represent
the corresponding joint values of the variables for any given case. The pattern of points represents the relationship
between the variables. A strong organization of points along a straight line characterizes a linear relationship or
correlation. A curved set of points may denote a nonlinear relationship, which can be accommodated in many ways
(see later discussion on linearity). Or a seemingly random pattern of points may indicate no relationship.
Of the many types of scatterplots, one format particularly suited to multivariate techniques is the scatterplot
matrix, in which the scatterplots are represented for all combinations of variables in the lower portion of the matrix.
The diagonal contains histograms of the variables. Scatterplot matrices and individual scatterplots are now available
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Figure 2.2
Bivariate Profiling of Relationships Between
Variables: Scatterplot Matrix of Selected
Metric Variables (X6, X7, X8, X12, and X13)
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in all popular statistical programs. A variant of the scatterplot is discussed in the following section on outlier detection, where an ellipse representing a specified confidence interval for the bivariate normal distribution is superimposed to allow for outlier identification.
Figure 2.2 presents the scatterplots for a set of five variables from the HBAT database (X6, X7, X8, X12, and X13).
For example, the highest correlation can be easily identified as between X7 and X12, as indicated by the observations
closely aligned in a well-defined linear pattern. In the opposite extreme, the correlation just above (X7 versus X8) shows
an almost total lack of relationship as evidenced by the widely dispersed pattern of points and the correlation .001.
Finally, an inverse or negative relationship is seen for several combinations, most notably the correlation of X6 and
X13 1 2.401 2 . Moreover, no combination seems to exhibit a nonlinear relationship that would not be represented in a
bivariate correlation.
The scatterplot matrix provides a quick and simple method of not only assessing the strength and magnitude of
any bivariate relationship, but also a means of identifying any nonlinear patterns that might be hidden if only the
bivariate correlations, which are based on a linear relationship, are examined.
BiVARiAte PRoFiLinG: exAMininG GRoUP DiFFeRenceS
The researcher also is faced with understanding the extent and character of differences of one or more metric variables across two or more groups formed from the categories of a nonmetric variable. Assessing group differences is
done through univariate analyses such as t-tests and analysis of variance and the multivariate techniques of discriminant analysis and multivariate analysis of variance. Another important aspect is to identify outliers (described in
more detail in a later section) that may become apparent only when the data values are separated into groups.
The graphical method used for this task is the boxplot, a pictorial representation of the data distribution of a
metric variable for each group (category) of a nonmetric variable (see example in Figure 2.3). First, the upper and
lower quartiles of the data distribution form the upper and lower boundaries of the box, with the box length being
the distance between the 25th percentile and the 75th percentile. The box contains the middle 50 percent of the data
values and the larger the box, the greater the spread (e.g., standard deviation) of the observations. The median is
depicted by a solid line within the box. If the median lies near one end of the box, skewness in the opposite direction
is indicated. The lines extending from each box (called whiskers) represent the distance to the smallest and the largest
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Figure 2.3 Bivariate Profiling of Group Differences: Boxplots of X6 (Product Quality) and X7 (e-commerce
Activities) with X1 (customer type)
6
11

13

X7 E-Commerce Activities

10
X6 Product Quality

13

9
8
7
6

22
90
57

5

4

3

5

64

2
4

Less than
1 year

1 to 5 years
X1 Customer Type

More than
5 years

Less than
1 year

1 to 5 years

Over
5 years

X1 Customer Type

observations that are less than one quartile range from the box. Outliers (observations that range between 1.0 and
1.5 quartiles away from the box) and extreme values (observations greater than 1.5 quartiles away from the end of
the box) are depicted by symbols outside the whiskers. In using boxplots, the objective is to portray not only the
information that is given in the statistical tests (Are the groups different?), but also additional descriptive information
that adds to our understanding of the group differences.
Figure 2.3 shows the boxplots for X6 and X7 for each of the three groups of X1 (Customer Type). Before examining
the boxplots for each variable, let us first see what the statistical tests tell us about the differences across these groups
for each variable. For X6, a simple analysis of variance test indicates a highly significant statistical difference (F value
of 36.6 and a significance level of .000) across the three groups. For X7, however, the analysis of variance test shows
no statistically significant difference (significance level of .419) across the groups of X1.
Using boxplots, what can we learn about these same group differences? As we view the boxplot of X6, we do see
substantial differences across the groups that confirm the statistical results. We can also see that the primary differences are between groups 1 and 2 versus group 3. Essentially, groups 1 and 2 seem about equal. If we performed more
statistical tests looking at each pair of groups separately, the tests would confirm that the only statistically significant
differences are group 1 versus 3 and group 2 versus 3. Also, we can see that group 2 has substantially more dispersion
(a larger box section in the boxplot), which prevents its difference from group 1. The boxplots thus provide more
information about the extent of the group differences of X6 than just the statistical test.
For X7, we can see that the three groups are essentially equal, as verified by the nonsignificant statistical test. We
can also see a number of outliers in each of the three groups (as indicated by the notations at the upper portion of each
plot beyond the whiskers). Although the outliers do not impact the group differences in this case, the researcher is
alerted to their presence by the boxplots. The researcher could examine these observations and consider the possible
remedies discussed in more detail later in this chapter.
MULtiVARiAte PRoFiLeS
To this point the graphical methods have been restricted to univariate or bivariate portrayals. In many instances,
however, the researcher may desire to compare observations characterized on a multivariate profile, whether it be for
descriptive purposes or as a complement to analytical procedures. To address this need, a number of multivariate
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graphical displays center around one of three types of graphs [34]. The first graph type is a direct portrayal of the
data values, either by (a) glyphs, or metroglyphs, which are some form of circle with radii that correspond to a data
value; or (b) multivariate profiles, which portray a barlike profile for each observation. A second type of multivariate display involves a mathematical transformation of the original data into a mathematical relationship, which can
then be portrayed graphically. The most common technique of this type is Andrew’s Fourier transformation [5].
The final approach is the use of graphical displays with iconic representativeness, the most popular being a face [17].
The value of this type of display is the inherent processing capacity humans have for their interpretation. As noted
by Chernoff [17]:
I believe that we learn very early to study and react to real faces. Our library of responses to faces exhausts a large
part of our dictionary of emotions and ideas. We perceive the faces as a gestalt and our built-in computer is quick to
pick out the relevant information and to filter out the noise when looking at a limited number of faces.

Facial representations provide a potent graphical format but also give rise to a number of considerations that
affect the assignment of variables to facial features, unintended perceptions, and the quantity of information that
can actually be accommodated. Discussion of these issues is beyond the scope of this text, and interested readers are
encouraged to review them before attempting to use these methods [87, 88].
neW MeASUReS oF ASSociAtion
Before discussing some new measures of association, we must also discuss being willing to use our existing set of
measures when appropriate. Recent research using non-normal data compared 12 different measures, including
Pearson correlation, Spearman’s rank-order correlation, various transformations (e.g., nonlinear transformations or
the Rank-Based Inverse Normal Transformation), and resampling approaches (e.g., the permutation test or bootstrapping measures) [11]. While the Pearson correlation worked fairly well, the Rank-Based Inverse Normal Transformation worked well in more situations across samples sizes and degrees of non-normality. The significance of these
results is not to propose using a new method of association per se, but instead to expose researchers to the multiplicity
of existing measures that may be more suited to the task of measuring association across a variety of situations.
The rapid development of data mining, particularly in the arena of Big Data, brought to attention the need for
more sophisticated measures of association than the traditional correlation coefficient [71]. The capability for
close examination of literally thousands of relationships to see if the correlation captured the relationship was
impossible. What was needed were more “robust” measures of association/dependence which could assess the
more complicated patterns that might be encountered. To this end, several new measures have been developed,
including Hoeffding’s D, dCor (the distance correlation) and MIC (mutual information correlation). Hoeffding’s D
is a nonparametric measure of association based on departures from independence and can work [45] with many
types of data [45]. dCor is a distance-based measure of association which also is more sensitive to [84] nonlinear
patterns in the data [84]. Perhaps the most interesting measure is MIC (mutual information correlation) which
has been shown as capable of not only identifying nonlinear relationships, but a wide range of distinct patterns
which are not of the traditional nonlinear type (e.g., two lines intersecting at an angle, a line and parabola, a
pattern like the letter X and an ellipse, along with many others) [54]. Based on pattern matching, it provides a
method for quickly scanning large amounts of data for these more atypical relationships that would otherwise
go undetected.
SUMMARY
The researcher can employ any of these methods when examining multivariate data to provide a format that is many
times more insightful than just a review of the actual data values. Moreover, the multivariate methods enable the
researcher to use a single graphical portrayal to represent a large number of variables, instead of using a large number
of the univariate or bivariate methods to portray the same number of variables. And an expanded set of measures
of association may assist in identifying previously undiscovered relationships, especially as datasets increase in size.
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Missing Data
Missing data, where valid values on one or more variables are not available for analysis, are a fact of life in multivariate analysis. In fact, rarely does the researcher avoid some form of missing data problem. The researcher’s challenge is to address the
issues raised by missing data that affect the generalizability of the results. To do so, the researcher’s primary concern is to identify the patterns and relationships underlying the missing data in order to maintain as close as possible the original distribution
of values when any remedy is applied. The extent of missing data is a secondary issue in most instances, affecting the type of
remedy applied. These patterns and relationships are a result of a missing data process, which is any systematic event external to the respondent (such as data entry errors or data collection problems) or any action on the part of the respondent (such
as refusal to answer) that leads to missing values. The need to focus on the reasons for missing data comes from the fact that
the researcher must understand the processes leading to the missing data in order to select the appropriate course of action.
tHe iMPAct oF MiSSinG DAtA
The effects of some missing data processes are known and directly accommodated in the research plan, as will be
discussed later in this section. More often, the missing data processes, particularly those based on actions by the
respondent (e.g., non-response to a question or set of questions), are rarely known beforehand. To identify any
patterns in the missing data that would characterize the missing data process, the researcher asks such questions as
(1) Are the missing data scattered randomly throughout the observations or are distinct patterns identifiable? and
(2) How prevalent are the missing data? If distinct patterns are found and the extent of missing data is sufficient to
warrant action, then it is assumed that some missing data process is in operation.
Why worry about the missing data processes? Can’t the analysis just be performed with the valid values we do
have? Although it might seem prudent to proceed just with the valid values, both substantive and practical considerations necessitate an examination of the missing data processes.
Practical Impact The practical impact of missing data is the reduction of the sample size available for analysis.
For example, if remedies for missing data are not applied, any observation with missing data on any of the variables
will be excluded from the analysis. In many multivariate analyses, particularly survey research applications, missing
data may eliminate so many observations that what was an adequate sample is reduced to an inadequate sample. For
example, it has been shown that if 10 percent of the data is randomly missing in a set of five variables, on average
almost 60 percent of the cases will have at least one missing value [53]. Thus, when complete data are required, the
sample is reduced to 40 percent of the original size. In such situations, the researcher must either gather additional
observations or find a remedy for the missing data in the original sample.

From a substantive perspective, any statistical results based on data with a nonrandom missing data
process could be inaccurate. This inaccuracy can occur either in biased parameter estimates or inaccurate hypothesis
tests due to incorrect standard errors or the reduction in statistical power [66]. But in both instances the missing data
process “causes” certain data to be missing and these missing data lead to erroneous results. For example, what if we
found that individuals who did not provide their household income tended to be almost exclusively those in the higher
income brackets? Wouldn’t you be suspect of the results knowing this specific group of people were excluded? Enders [31]
provides an excellent discussion of the interplay of missing data and parameter estimates, while Newman and Cottrell [67]
demonstrate that the impact of missing data on a correlation is a combination of its degree of nonrandom missingness
with each variable and the relative variances of the missing versus complete cases. The effects of missing data are sometimes termed hidden due to the fact that we still get results from the analyses even without the missing data. The researcher
could consider these biased results as valid unless the underlying missing data processes are identified and understood.

Substantive Impact

The concern for missing data processes is similar to the need to understand the causes of
non-response in the data collection process. Just as we are concerned about who did not respond during data collection
and any subsequent biases, we must also be concerned about the non-response or missing data among the collected

Need for Concern
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data. The researcher thus needs to not only remedy the missing data if possible, but also understand any underlying
missing data processes and their impacts. Yet, too often, researchers either ignore the missing data or invoke a remedy
without regard to the effects of the missing data. The next section employs a simple example to illustrate some of these
effects and some simple, yet effective, remedies. Then, a four-step process of identifying and remedying missing data
processes is presented. Finally, the four-step process is applied to a small data set with missing data.
Recent DeVeLoPMentS in MiSSinG DAtA AnALYSiS
The past decade has seen a resurgence in interest in missing data analysis due not only to the increasing need in light
of the new types of data being analyzed, but also from the expanded availability and improved usability of model-based
methods of imputation, such as maximum likelihood and multiple imputation. Limited in use until this time due to a
lack of understanding and the complexity of use, these methods, which might be termed “Missing Data Analysis 2.0,”
represent a new generation of approaches to addressing issues associated with missing data. As will be discussed in a
later section, these methods provide alternatives to “traditional” methods which required that researchers make strict
assumptions about the missing data and potentially introduced biases into the analysis when remedying missing data.
Accompanying this increased use of model-based approaches is a renewed interest among the academic community in missing data analysis. As a result, a series of excellent tests or chapters have emerged [31, 59, 4, 93, 2] along
with interest in every academic discipline, including health sciences [93, 57]; education research [22, 15]; psychology
[60, 32]; data management/data fusion [69]; genetics [24]; management research [66, 35] and marketing [56]. And
while the primary focus of these efforts has been within the academic community, the practitioner sector, with the
increased emphasis on analytics and Big Data, has also recognized the need for addressing these issues [9, 82, 86]
and even proposed the use of data mining methods techniques such as CART for missing data analysis [41].
As a result of this increased interest, these model-based approaches have become widely available in the major
software packages (e.g., SAS, IBM SPSS, and Stata) as well as R and other software platforms. Researchers now have
at their disposal these more advanced methods which require fewer assumptions as to the nature of the missing data
process and provide a means for imputation of missing values without bias.
A SiMPLe exAMPLe oF A MiSSinG DAtA AnALYSiS
To illustrate the substantive and practical impacts of missing data, Figure 2.4 contains a simple example of missing
data among 20 cases. As is typical of many datasets, particularly in survey research, the number of missing data varies
widely among both cases and variables.
In this example, we can see that all of the variables (V1 to V5) have some missing data, with V3 missing more than
one-half (55%) of all values. Three cases (3, 13, and 15) have more than 50 percent missing data and only five cases
have complete data. Overall, 23 percent of the data values are missing.
Practical Impact From a practical standpoint, the missing data in this example can become quite problematic in

terms of reducing the sample size. For example, if a multivariate analysis was performed that required complete
data on all five variables, the sample would be reduced to only the five cases with no missing data (cases 1, 7, 8, 12,
and 20). This sample size is too few for any type of analysis. Among the remedies for missing data that will be discussed
in detail in later sections, an obvious option is the elimination of variables and/or cases. In our example, assuming
that the conceptual foundations of the research are not altered substantially by the deletion of a variable, eliminating
V3 is one approach to reducing the number of missing data. By just eliminating V3, seven additional cases, for a total
of 12, now have complete information. If the three cases (3, 13, 15) with exceptionally high numbers of missing data
are also eliminated, the total number of missing data is now reduced to only five instances, or 7.4 percent of all values.
Substantive Impact The substantive impact, however, can be seen in these five that are still missing data; all occur
in V4. By comparing the values of V2 for the remaining five cases with missing data for V4 (cases 2, 6, 14, 16, and
18) versus those cases having valid V4 values, a distinct pattern emerges. The five cases with missing values for V4
have the five lowest values for V2, indicating that missing data for V4 are strongly associated with lower scores on V2.
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Figure 2.4
Hypothetical example of Missing Data
Missing Data by Case
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This systematic association between missing and valid data directly affects any analysis in which V4 and V2 are
both included. For example, the mean score for V2 will he higher if cases with missing data on V4 are excluded
1 mean 5 8.4 2 than if those five cases are included 1 mean 5 7.8 2 . In this instance, the researcher must always scrutinize results including both V4 and V2 for the possible impact of this missing data process on the results.
Overall Impact As we have seen in the example, finding a remedy for missing data (e.g., deleting cases or variables)

can be a practical solution for missing data. Yet the researcher must guard against applying such remedies without
diagnosis of the missing data processes. Avoiding the diagnosis may address the practical problem of sample size,
but only cover up the substantive concerns. What is needed is a structured process of first identifying the presence
of missing data processes and then applying the appropriate remedies. In the next section we discuss a four-step
process to address both the practical and substantive issues arising from missing data.
A FoUR-SteP PRoceSS FoR iDentiFYinG MiSSinG DAtA AnD APPLYinG ReMeDieS
As seen in the previous discussions, missing data can have significant impacts on any analysis, particularly those of
a multivariate nature. Moreover, as the relationships under investigation become more complex, the possibility also
increases of not detecting missing data processes and their effects. These factors combine to make it essential that
any multivariate analysis begin with an examination of the missing data processes. To this end, a four-step process
(see Figure 2.5) is presented, which addresses the types and extent of missing data, identification of missing data
processes, and available remedies for accommodating missing data into multivariate analyses.
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Figure 2.5
A Four-Step Process for identifying Missing Data and Applying Remedies
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Step 1: Determine the Type of Missing Data The first step in any examination of missing data is to determine the

type of missing data involved. Here the researcher is concerned whether the missing data are part of the research design
and under the control of the researcher or whether the “causes” and impacts are truly unknown. Also, researchers should
understand the “levels” of missingness present in their data so that the most effective missing data strategies can be developed. Let’s start with the missing data that are part of the research design and can be handled directly by the researcher.
Many times missing data are expected and part of the research design. In these instances, the
missing data are termed ignorable missing data, meaning that specific remedies for missing data are not needed
because the allowances for missing data are inherent in the technique used [62, 83]. The justification for designating missing data as ignorable is that the missing data process is operating at random (i.e., the observed values are a
random sample of the total set of values, observed and missing) or explicitly accommodated in the technique used.
There are three instances in which a researcher most often encounters ignorable missing data.

iGnoRABLe MiSSinG DAtA

A Sample as Missing Data The first example encountered in almost all surveys and most other datasets is the ignorable
missing data process resulting from taking a sample of the population rather than gathering data from the entire
population. In these instances, the missing data are those observations in a population that are not included when
taking a sample. The purpose of multivariate techniques is to generalize from the sample observations to the entire
population, which is really an attempt to overcome the missing data of observations not in the sample. The researcher
makes these missing data ignorable by using probability sampling to select respondents. Probability sampling enables
the researcher to specify that the missing data process leading to the omitted observations is random and that the
missing data can be accounted for as sampling error in the statistical procedures. Thus, the missing data of the
non-sampled observations are ignorable.
Part of Data Collection A second instance of ignorable missing data is due to the specific design of the data collection
process. Certain non-probability sampling plans are designed for specific types of analysis that accommodate the
nonrandom nature of the sample. Much more common are missing data due to the design of the data collection
instrument, such as through skip patterns where respondents skip sections of questions that are not applicable.
For example, in examining customer complaint resolution, it might be appropriate to require that individuals make
a complaint before asking questions about how complaints are handled. For those respondents not making a complaint,
they do not answer the questions on the process and thus create missing data. The researcher is not concerned about these
missing data, because they are part of the research design and would be inappropriate to attempt to remedy.
Censored Data A third type of ignorable missing data occurs when the data are censored. Censored data are observations not complete because of their stage in the missing data process. A typical example is an analysis of the causes
of death. Respondents who are still living cannot provide complete information (i.e., cause or time of death) and
are thus censored. Another interesting example of censored data is found in the attempt to estimate the heights of
the U.S. general population based on the heights of armed services recruits (as cited in [62]). The data are censored
because in certain years the armed services had height restrictions that varied in level and enforcement. Thus, the
researchers face the task of estimating the heights of the entire population when it is known that certain individuals (i.e., all those below the height restrictions) are not included in the sample. In both instances the researcher’s
knowledge of the missing data process allows for the use of specialized methods, such as event history analysis, to
accommodate censored data [62].
In each instance of an ignorable missing data process, the researcher has an explicit means of accommodating the
missing data into the analysis. It should be noted that it is possible to have both ignorable and non-ignorable missing
data in the same data set when two different missing data processes are in effect.

Missing data that cannot be classified as ignorable occur for many
reasons and in many situations. In general, these missing data fall into two classes based on their source: known
versus unknown processes.
MiSSinG DAtA PRoceSSeS tHAt ARe not iGnoRABLe

Known Processes Many missing data processes are known to the researcher in that they can be identified due to
procedural factors, such as errors in data entry that create invalid codes, disclosure restrictions (e.g., small counts
in US Census data), failure to complete the entire questionnaire, or even the morbidity of the respondent. In these
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situations, the researcher has little control over the missing data processes, but some remedies may be applicable if
the missing data are found to be random.
Unknown Processes These types of missing data processes are less easily identified and accommodated. Most often
these instances are related directly to the respondent. One example is the refusal to respond to certain questions,
which is common in questions of a sensitive nature (e.g., income or controversial issues) or when the respondent
has no opinion or insufficient knowledge to answer the question. The researcher should anticipate these problems
and attempt to minimize them in the research design and data collection stages of the research. However, they still
may occur, and the researcher must now deal with the resulting missing data. But all is not lost. When the missing
data occur in a random pattern, remedies may be available to mitigate their effect.
In most instances, the researcher faces a missing data process that cannot be classified as ignorable. Whether the
source of this non-ignorable missing data process is known or unknown, the researcher must still proceed to the
next step of the process and assess the extent and impact of the missing data.

In addition to the distinction between ignorable and not ignorable missing data, the researcher
should understand what forms of missing data are likely to impact the research. Note that the missing data process
refers to whether a case has a missing value or not, but does not relate to the actual value that is missing. Thus,
missingness is concerned with the absence or presence of a missing/valid value. Determining how that missing data
value might be imputed is addressed once the type of missing data process is determined. Newman [66] proposed
three levels of missingness described below that follow a hierarchical arrangement:

LeVeLS oF MiSSinGneSS

Item-level The level of missingness first encountered, this is when a value is not available (i.e., a respondent does not
answer a question, a data field is missing in a customer record, etc.). This is the level at which remedies for missing
data (e.g., imputation) are identified and performed.

This level of missingness is when item-level missing data acts to create a missing value for an entire
construct of interest. A common example is when a respondent has missing data on all of the items for a scale,
although it could also apply to single-item scales as well. Since constructs are the level of interest in most research
questions, the missing data become impactful on the results through its actions at the construct level.
Construct-level

Person-level this final level is when a participant does not provide responses to any part of the survey. Typically also
known as non-response, it potentially represents influences from both characteristics of the respondent (e.g., general reluctance to participate) as well as possible data collection errors (e.g., poorly designed or administered survey instrument).
While most missing data analysis occurs at the item level, researchers should still be aware of the impact at the
construct-level (e.g., the impact on scale scores when using only valid data [66]) and the factors impacting personlevel missingness and how they might be reflected in either item-level and even construct-level missing data. For
example, person-level factors may make individuals unresponsive to all items of a particular construct, so while we
might think of them as item-level issues, they are actually of a different order.

Step 2: Determine the Extent of Missing Data Given that some of the missing data are not ignorable and we understand

the levels of missingness in our data, the researcher must next examine the patterns of the missing data and determine the
extent of the missing data for individual variables, individual cases, and even overall (e.g., by person). The primary issue
in this step of the process is to determine whether the extent or amount of missing data is low enough to not affect the results,
even if it operates in a nonrandom manner. If it is sufficiently low, then any of the approaches for remedying missing data
may be applied. If the missing data level is not low enough, then we must first determine the randomness of the missing data
process before selecting a remedy (step 3). The unresolved issue at this step is this question: What is low enough? In making
the assessment as to the extent of missing data, the researcher may find that the deletion of cases and/or variables will reduce
the missing data to levels that are low enough to allow for remedies without concern for creating biases in the results.
ASSeSSinG tHe extent AnD PAtteRnS oF MiSSinG DAtA The most direct means of assessing the extent of missing data is by
tabulating (1) the percentage of variables with missing data for each case and (2) the number of cases with missing
data for each variable. This simple process identifies not only the extent of missing data, but any exceptionally high
levels of missing data that occur for individual cases or observations. The researcher should look for any nonrandom
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patterns in the data, such as concentration of missing data in a specific set of questions, attrition in not completing
the questionnaire, and so on. Finally, the researcher should determine the number of cases with no missing data on
any of the variables, which will provide the sample size available for analysis if remedies are not applied.
With this information in hand, the important question is: Is the missing data so high as to warrant additional
diagnosis? At issue is the possibility that either ignoring the missing data or using some remedy for substituting values
for the missing data can create a bias in the data that will markedly affect the results. Even though most discussions
of this issue require researcher judgment, the two guidelines below apply:
●

●

10 percent or less generally acceptable. Cases or observations with up to 10 percent missing data are generally
acceptable and amenable to any imputation strategy. Notable exceptions are when nonrandom missing data
processes are known to be operating and then they must be dealt with [62, 70].
Sufficient minimum sample. Be sure that the minimum sample with complete data (i.e., no missing data across
all the variables), is sufficient for model estimation.

If it is determined that the extent is acceptably low and no specific nonrandom patterns appear, then the researcher
can employ any of the imputation techniques (step 4) without biasing the results in any appreciable manner. If the
level of missing data is too high, then the researcher must consider specific approaches to diagnosing the randomness
of the missing data processes (step 3) before proceeding to apply a remedy.
Before proceeding to the formalized methods of diagnosing randomness in
step 3, the researcher should consider the simple remedy of deleting offending case(s) and/or variable(s) with excessive
levels of missing data. The researcher may find that the missing data are concentrated in a small subset of cases and/or
variables, with their exclusion substantially reducing the extent of the missing data. Moreover, in many cases where
a nonrandom pattern of missing data is present, this solution may be the most efficient. Again, no firm guidelines
exist on the necessary level for exclusion (other than the general suggestion that the extent should be “large”), but any
decision should be based on both empirical and theoretical considerations, as listed in Rules of Thumb 2-1.
Ultimately the researcher must compromise between the gains from deleting variables and/or cases with missing
data versus the reduction in sample size and variables to represent the concepts in the study. Obviously, variables or

DeLetinG inDiViDUAL cASeS AnD/oR VARiABLeS

Rules of thumb 2-1
How Much Missing Data is too Much?
●

●

Missing data under 10 percent for an individual case or observation can generally be ignored, except when the
missing data occurs in a specific nonrandom fashion (e.g., concentration in a specific set of questions, attrition at
the end of the questionnaire, etc.) [62, 70].
The number of cases with no missing data must be sufficient for the selected analysis technique if replacement
values will not be substituted (imputed) for the missing data.

Deletions Based on Missing Data
●

●
●

●

●

Variables with as little as 15 percent missing data are candidates for deletion [43], but higher levels of missing data
(20% to 30%) can often be remedied.
Be sure the overall decrease in missing data is large enough to justify deleting an individual variable or case.
Cases with missing data for dependent variable(s) typically are deleted to avoid any artificial increase in relationships
with independent variables.
When deleting a variable, ensure that alternative variables, hopefully highly correlated, are available to represent the
intent of the original variable.
Always consider performing the analysis both with and without the deleted cases or variables to identify
any marked differences.
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cases with 50 percent or more missing data should be deleted, but as the level of missing data decreases, the researcher
must employ more judgment and “trial and error.” As we will see when discussing imputation methods, assessing
multiple approaches for dealing with missing data is preferable.
Step 3: Diagnose the Randomness of the Missing Data Processes Having determined that the extent of missing data
is substantial enough to warrant action, the next step is to ascertain the degree of randomness present in the missing data,
which then determines the appropriate remedies available. Assume for the purposes of illustration that information on two
variables (X and Y) is collected. X has no missing data, but Y has some missing data. A nonrandom missing data process
is present between X and Y when significant differences in the values of X occur between cases that have valid data for Y
versus those cases with missing data on Y. Any analysis must explicitly accommodate any nonrandom missing data process
(i.e., missingness) between X and Y or else bias is introduced into the results.

Missing data processes can be classified into one of three types
[62, 31, 59, 93, 74]. Two features distinguish the three types: (a) the randomness of the missing values among the
values of Y and (b) the degree of association between the missingness of one variable (in our example Y) and other
observed variable(s) in the dataset (in our example X). Figure 2.6 provides a comparison between the various missing
data patterns. Using Figure 2.6 as a guide, let’s examine these three types of missing data processes.
LeVeLS oF RAnDoMneSS oF tHe MiSSinG DAtA PRoceSS

Missing data are termed missing at random (MAR) if the missing values of Y depend
on X, but not on Y. In other words, the observed Y values represent a random sample of the actual Y values for
each value of X, but the observed data for Y do not necessarily represent a truly random sample of all Y values.
In Figure 2.6, the missing values of Y are random (i.e., spread across all values), but having a missing value on
Y does relate to having low values of X (e.g., only values 3 or 4 of X correspond to missing values on Y). Thus, X
is associated with the missingness of Y, but not the actual values of Y that are missing. Even though the missing
data process is random in the sample, its values are not generalizable to the population. Most often, the data are
missing randomly within subgroups, but differ in levels between subgroups. The researcher must determine the
factors determining the subgroups and the varying levels between groups.
For example, assume that we know the gender of respondents (the X variable) and are asking about household
income (the Y variable). We find that the missing data are random for both males and females but occur at a much
Missing Data at Random (MAR)

Figure 2.6
Missing Data Processes: McAR, MAR and MnAR
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higher frequency for males than females. Even though the missing data process is operating in a random manner
within the gender variable, any remedy applied to the missing data will still reflect the missing data process because
gender affects the ultimate distribution of the household income values.
Most missing data processes are in some manner MAR, thus necessitating a thorough missing data analysis whenever missing data is present. In years past, MAR missing data processes presented a dilemma for the
researcher as the available remedies typically resulted in some form of bias in the results. But recent development
of the model-based methods of imputation have provided imputation options that can easily accommodate MAR
missing data processes.
A higher level of randomness is termed missing completely at random
(MCAR). In these instances the observed values of Y are truly a random sample of all Y values, with no underlying association to the other observed variables, characterized as “purely haphazard missingness” [31]. In Figure
2.6, the missing values of Y are random across all Y values and there is no relationship between missingness on
Y and the X variable (i.e., missing Y values occur at all different values of X). Thus, MCAR is a special condition
of MAR since the missing values of Y are random, but it differs in that there is no association with any other
observed variable(s). This also means that the cases with no missing data are simply a random subset of the total
sample. In simple terms, the cases with missing data are indistinguishable from cases with complete data, except
for the presence of missing data.
From our earlier example, an MCAR situation would be shown by the fact that the missing data for household
income were randomly missing in equal proportions for both males and females. In this missing data process,
any of the remedies can be applied without making allowances for the impact of any other variable or missing
data process.
Missing Completely at Random (MCAR)

Not Missing at Random (MNAR) The third type of missing data process is missing not at random (MNAR), which as
the name implies, has a distinct nonrandom pattern of missing values. What distinguishes MNAR from the other
two types is that the nonrandom pattern is among the Y values and the missingness of the Y values may or may not
be related to the X values. This is the most problematic missing data process for several reasons. First, it is generally
undetectable empirically and only becomes apparent through subjective analysis. In Figure 2.6, all of the missing
values of Y were the lowest values (e.g., values 1, 2, 3, and 4). Unless we knew from other sources, we would not
suspect that valid values extended below the lowest observed value of 5. Only researcher knowledge of the possibility of values lower than 5 might indicate that this was a nonrandom process. Second, there is no objective method
to empirically impute the missing values. Researchers should be very careful when faced with MNAR situations as
biased results can be substantial and threats to generalizability are serious.
Referring back to our household income example, an MNAR process would be indicated if all individuals with
high incomes, whether male or female, would not report their income level. Thus, all the observed values for income
would be biased downwards since no high income values were in the dataset.
Defining The Type of Missing Data Process Two of the types exhibit levels of randomness for the missing data of Y. One
type requires special methods to accommodate a nonrandom component (MAR) while the second type (MCAR) is
sufficiently random to accommodate any type of missing data remedy [62, 31, 37, 79]. Although both types seem to
indicate that they reflect random missing data patterns, only MCAR allows for the use of any remedy desired. The
distinction between these two types is in the generalizability to the population in their original form. The third type,
MNAR, has a substantive nonrandom pattern to the missing data that precludes any direct imputation of the values.
Since MNAR requires subjective judgment to identify, researchers should always be aware of the types of variables
(e.g., sensitive personal characteristics or socially desirable responses) that may fall into this type of missing data
pattern.

As previously noted, the researcher must ascertain whether the missing
data process occurs in a completely random manner (MCAR) or with some relationship to other variables (MAR).
When the dataset is small, the researcher may be able to visually see such patterns or perform a set of simple

DiAGnoStic teStS FoR LeVeLS oF RAnDoMneSS
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calculations (such as in our simple example at the beginning of the chapter). However, as sample size and the number
of variables increases, so does the need for empirical diagnostic tests. Some statistical programs add techniques
specifically designed for missing data analysis (e.g., Missing Value Analysis in IBM SPSS), which generally include
one or both diagnostic tests.
t Tests of Missingness The first diagnostic assesses the missing data process of a single variable Y by forming two
groups: observations with missing data for Y and those with valid values of Y. The researcher can create an indicator
variable with a value of 1 if there is a missing value for Y and a zero if Y has a valid value. Thus, the indicator value just
measures missingness—presence or absence. Statistical tests are then performed between the missingness indicator
and other observed variables—t tests for metric variables and chi-square tests for nonmetric variables. Significant
differences between the two groups indicates a relationship between missingness and the variable being tested—an
indication of a MAR missing data process.
Let us use our earlier example of household income and gender, plus a measure of life satisfaction. We would first
form two groups of respondents, those with missing data on the household income question and those who answered
the question. First, we would compare the percentages of gender for each group. If one gender (e.g., males) was found
in greater proportion in the missing data group (i.e., a significant chi-square value), we would suspect a nonrandom
missing data process. If the variable being compared is metric (e.g., life satisfaction) instead of categorical (gender),
then t tests are performed to determine the statistical significance of the difference in the variable’s mean between
the two groups. The researcher should examine a number of variables to see whether any consistent pattern emerges.
Remember that some differences will occur by chance, but either a large number or a systematic pattern of differences
may indicate an underlying nonrandom pattern.

A second approach is an overall test of randomness that determines whether the missing data can
be classified as MCAR [58]. This test analyzes the pattern of missing data on all variables and compares it with the
pattern expected for a random missing data process. If no significant differences are found, the missing data can be
classified as MCAR. If significant differences are found, however, the researcher must use the approaches described
previously to identify the specific missing data processes that are nonrandom.
Little’s MCAR Test

Is it MAR or MCAR? As a result of these tests, the missing data process is classified as either MAR or MCAR, which
then determines the appropriate types of potential remedies. In reality, a researcher is most likely faced with a combination of missing data processes within any given set of variables. The need for distinguishing between MCAR and
MAR used to be more impactful when the imputation methods were limited and most of them created bias in the
imputed values. But the emergence of the model-based methods that can provide unbiased imputed values for MCAR
or MAR data has alleviated the necessity of these distinctions. It is still useful for the researcher to understand what
types of missing data processes are operating in the data being analyzed and to also ensure that any variables involved
in MAR relationships are included in the model-based methods.

Step 4: Select the Imputation Method At this step of the process, the researcher must select the approach used
for accommodating missing data in the analysis. This decision is based primarily on whether the missing data are
MAR or MCAR, but in either case the researcher has several options for imputation [42, 62, 73, 78, 31, 37, 21].
Imputation is the process of estimating the missing value based on valid values of other variables and/or cases in
the sample. The objective is to employ known relationships that can be identified in the valid values of the sample
to assist in estimating the missing values. However, the researcher should carefully consider the use of imputation
in each instance because of its potential impact on the analysis [27]:

The idea of imputation is both seductive and dangerous. It is seductive because it can lull the user into the pleasurable state of believing that the data are complete after all, and it is dangerous because it lumps together situations
where the problem is sufficiently minor that it can be legitimately handled in this way and situations where standard
estimators applied to the real and imputed data have substantial biases.
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All of the imputation methods discussed in this section are used primarily with metric variables; nonmetric
variables are left as missing unless a specific modeling approach is employed [e.g., 92]. Nonmetric variables are not
amenable to imputation because even though estimates of the missing data for metric variables can be made with
such values as a mean of all valid values, no comparable measures are available for nonmetric variables. As such,
nonmetric variables require an estimate of a specific value rather than an estimate on a continuous scale. It is different to estimate a missing value for a metric variable, such as an attitude or perception—even income—than it is to
estimate the respondent’s gender when missing.
In the following sections we divide the imputation techniques into two classes: those that require an MCAR missing data process and those appropriate when facing a MAR situation. We should note that most of the “traditional”
imputation methods require MCAR and were generally applied whether the MCAR was indicated or not since there
were no other options available. The advantages and disadvantages of these methods are discussed to provide a more
reasoned approach to selecting one of these methods if necessary. But as is discussed in the methods suitable for
MAR situations, these methods are generally preferable to all other methods and have become available in all of the
major software packages. So even if a missing data process is MCAR there are substantial benefits from using the
model-based methods discussed in the MAR section.
If the researcher determines that the missing data process can be classified as
MCAR, either of two basic approaches be used: using only valid data or defining replacement values for the missing
data. We will first discuss the two methods that use only valid data, and then follow with a discussion of the methods
based on using replacement values for the missing data.
Some researchers may question whether using only valid data is actually a form of imputation, because no data
values are actually replaced. The intent of this approach is to represent the entire sample with those observations
or cases with valid data. As seen in the two following approaches, this representation can be done in several ways.
The underlying assumption in both is that the missing data are in a random pattern and that the valid data are an
adequate representation.

iMPUtAtion oF McAR USinG onLY VALiD DAtA

Complete Case Approach The simplest and most direct approach for dealing with missing data is to include only
those observations with complete data, also known as the complete case approach. This method, also known as the
LISTWISE method in IBM SPSS, is available in all statistical programs and is the default method in many programs.
Yet the complete case approach has two distinct disadvantages. First, it is most affected by any nonrandom missing
data processes, because the cases with any missing data are deleted from the analysis. Thus, even though only valid
observations are used, the results are not generalizable to the population. Second, this approach also results in the
greatest reduction in sample size, because missing data on any variable eliminates the entire case. It has been shown
that with only two percent randomly missing data, more than 18 percent of the cases will have some missing data.
Thus, in many situations with even very small amounts of missing data, the resulting sample size is reduced to an
inappropriate size when this approach is used. As a result, the complete case approach is best suited for instances in
which the extent of missing data is small, the sample is sufficiently large to allow for deletion of the cases with missing
data, and the relationships in the data are so strong as to not be affected by any missing data process. But even in
these instances, most research suggests avoiding the complete case approach if at all possible [e.g., 66].
Using All-Available Data The second imputation method using only valid data also does not actually replace the missing data, but instead imputes the distribution characteristics (e.g., means or standard deviations) or relationships
(e.g., correlations) from every valid value. For example, assume that there are three variables of interest (V1, V2,
and V3). To estimate the mean of each variable, all of the valid values are used for each respondent. If a respondent
is missing data for V3, the valid values for V1 and V2 are still used to calculate the means. Correlations are calculated
in the same manner, using all valid pairs of data. Assume that one respondent has valid data for only V1 and V2,
whereas a second respondent has valid data for V2 and V3. When calculating the correlation between V1 and V2,
the values from the first respondent will be used, but not for correlations of V1 and V3 or V2 and V3. Likewise, the
second respondent will contribute data for calculating the correlation of V2 and V3, but not the other correlations.
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Known as the all-available approach, this method (e.g., the PAIRWISE option in SPSS) is primarily used to estimate correlations and maximize the pairwise information available in the sample. The distinguishing characteristic
of this approach is that the characteristic of a variable (e.g., mean, standard deviation) or the correlation for a pair of
variables is based on a potentially unique set of observations. It is to be expected that the number of observations used
in the calculations will vary for each correlation. The imputation process occurs not by replacing the missing data,
but instead by using the obtained correlations on just the cases with valid data as representative for the entire sample.
Even though the all-available method maximizes the data utilized and overcomes the problem of missing data on a
single variable eliminating a case from the entire analysis, several problems can arise. First, correlations may be calculated
that are “out of range” and inconsistent with the other correlations in the correlation matrix [65]. Any correlation between
X and Y is constrained by their correlation to a third variable Z, as shown in the following formula:
Range of rXY 5 rXZrYZ 6 " 1 12r 2XZ 2 1 12r 2YZ 2

The correlation between X and Y can range only from 21 to 11 if both X and Y have zero correlation with all
other variables in the correlation matrix. Yet rarely are the correlations with other variables zero. As the correlations
with other variables increase, the range of the correlation between X and Y decreases, which increases the potential
for the correlation in a unique set of cases to be inconsistent with correlations derived from other sets of cases.
For example, if X and Y have correlations of .6 and .4, respectively, with Z, then the possible range of correlation
between X and Y is .24 6 .73, or from 2.49 to .97. Any value outside this range is mathematically inconsistent,
yet may occur if the correlation is obtained with a differing number and set of cases for the two correlations in the
all-available approach.
An associated problem is that the eigenvalues in the correlation matrix can become negative, thus altering the variance properties of the correlation matrix. Although the correlation matrix can be adjusted to eliminate this problem,
many procedures do not include this adjustment process. In extreme cases, the estimated variance/covariance matrix
is not positive definite [53]. Finally, while the all-available approach does generate the distributional characteristics
to allow for estimation of models (e.g., regression) it does not provide for any case-level diagnostics (e.g., residuals,
influential cases) that may be useful in model diagnostics. All of these problems must be considered when selecting
the all-available approach.
iMPUtAtion oF McAR BY USinG KnoWn RePLAceMent VALUeS The second form of imputation for MCAR missing data
processes involves replacing missing values with estimated values based on other information available in the sample.
The principal advantage is that once the replacement values are substituted, all observations are available for use in the
analysis. The options vary from the direct substitution of values to estimation processes based on relationships among
the variables. This section focuses on the methods that use a known replacement value, while the following section
addresses the most widely used methods that calculate a replacement value from the observations [62, 73, 78, 93, 22].
The common characteristic in methods is to identify a known value, most often from a single observation, that is used
to replace the missing data. The observation may be from the sample or even external to the sample. A primary consideration is identifying the appropriate observation through some measure of similarity. The observation with missing data
is “matched” to a similar case, which provides the replacement values for the missing data. The trade-off in assessing
similarity is between using more variables to get a better “match” versus the complexity in calculating similarity.
Hot or Cold Deck Imputation In this approach, the researcher substitutes a value from another source for the missing
values. In the “hot deck” method, the value comes from another observation in the sample that is deemed similar. Each observation with missing data is paired with another case that is similar on a variable(s) specified by the
researcher. Then, missing data are replaced with valid values from the similar observation. Recent advances in
computer software have advanced this approach to more widespread use [65]. “Cold deck” imputation derives the
replacement value from an external source (e.g., prior studies, other samples). Here the researcher must be sure that
the replacement value from an external source is more valid than an internally generated value. Both variants of this
method provide the researcher with the option of replacing the missing data with actual values from similar observations that may be deemed more valid than some calculated value from all cases, such as the mean of the sample.
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Case Substitution In this method, entire observations with missing data are replaced by choosing another non-sampled observation. A common example is to replace a sampled household that cannot be contacted or that has extensive missing data with another household not in the sample, preferably similar to the original observation. This
method is most widely used to replace observations with complete missing data, although it can be used to replace
observations with lesser amounts of missing data as well. At issue is the ability to obtain these additional observations
not included in the original sample.
iMPUtAtion oF McAR BY cALcULAtinG RePLAceMent VALUeS The second basic approach involves calculating a replacement
value from a set of observations with valid data in the sample. The assumption is that a value derived from all other
observations in the sample is the most representative replacement value. These methods, particularly mean substitution, are more widely used due to their ease in implementation versus the use of known values discussed previously.
Mean Substitution One of the most widely used methods, mean substitution replaces the missing values for a variable with the mean value of that variable calculated from all valid responses. The rationale of this approach is that
the mean is the best single replacement value. This approach, although it is used extensively, has several disadvantages. First, it understates the variance estimates by using the mean value for all missing data. Second, the actual
distribution of values is distorted by substituting the mean for the missing values. Third, this method depresses the
observed correlation because all missing data will have a single constant value. It does have the advantage, however,
of being easily implemented and providing all cases with complete information. A variant of this method is group
mean substitution, where observations with missing data are grouped on a second variable, and then mean values
for each group are substituted for the missing values within the group. It is many times the default missing value
imputation method due to its ease of implementation, but researchers should be quite cautious in its use, especially
as the extent of missing data increases. The impact of substituting a single value will be demonstrated in the HBAT
example that follows.
Regression Imputation In this method, regression analysis (described in Chapter 5) is used to predict the missing
values of a variable based on its relationship to other variables in the dataset. First, a predictive equation is formed
for each variable with missing data and estimated from all cases with valid data. Then, replacement values for each
missing value are calculated from that observation’s values on the variables in the predictive equation. Thus, the
replacement value is derived based on that observation’s values on other variables shown to relate to the missing value.
Although it has the appeal of using relationships already existing in the sample as the basis of prediction, this method
also has several disadvantages. First, it reinforces the relationships already in the data. As the use of this method increases,
the resulting data become more characteristic of the sample and less generalizable. Second, unless stochastic terms are
added to the estimated values, the variance of the distribution is understated. Third, this method assumes that the
variable with missing data has substantial correlations with the other variables. If these correlations are not sufficient to
produce a meaningful estimate, then other methods, such as mean substitution, are preferable. Fourth, the sample must
be large enough to allow for a sufficient number of observations to be used in making each prediction. Finally, the regression procedure is not constrained in the estimates it makes. Thus, the predicted values may not fall in the valid ranges
for variables (e.g., a value of 11 may be predicted for a 10-point scale) and require some form of additional adjustment.
Even with all of these potential problems, the regression method of imputation holds promise in those instances
for which moderate levels of widely scattered missing data are present and for which the relationships between
variables are sufficiently established so that the researcher is confident that using this method will not affect the
generalizability of the results.
oVeRVieW oF McAR iMPUtAtion MetHoDS The methods for MCAR imputation are those most widely used in past research
and are well known to researchers. They vary in their impact on the results (e.g., the variance reducing properties of
listwise deletion or the potential statistical inconsistencies of the all-available approach), but they still provide unbiased results if the missing data process can be classified as MCAR. The widespread availability of these approaches
makes them the method of choice in most research. But in many of these situations, testing for the assumption of
MCAR was not made and little was achieved, thus resulting in potential biases in the final results. The objective of
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most researchers in these instances was to select the least impactful approach from those available and attempt to
control any impacts by reducing the extent of missing data. As we will discuss in the next section, the availability of
model-based approaches that accommodate MAR missing data processes provides a new avenue for researchers to
deal with the issues surrounding missing data.
iMPUtAtion oF A MAR MiSSinG DAtA PRoceSS If a nonrandom or MAR missing data pattern is found, the researcher should
apply only one remedy—the modeling approach specifically designed to deal with this [62, 31, 37, 59, 2]. Application
of any other method introduces bias into the results. This set of procedures explicitly incorporates the MAR missing
data process into the analysis and exemplifies what has been termed the “inclusive analysis strategy” [31] which also
includes auxiliary variables into the missing data handling procedure, as will be discussed later. As a result, this set of
procedures is comparable to “Missing Data 2.0” since it provides a greatly expanded and efficient manner for handling
missing data. As noted by Allison [3] the limited use of MAR-appropriate methods is primarily because of lack of
awareness of most researchers and the lack of software availability. But as these methods become available in all of
the software platforms, their use should increase. Their inclusion in recent versions of the popular software programs
(e.g., the Missing Value Analysis module of IBM SPSS and the PROC MI procedure in SAS) should increase its use.
Comparable procedures employ structural equation modeling (Chapter 9) to estimate the missing data [6, 13, 28], but
detailed discussion of these methods is beyond the scope of this chapter.

The first approach involves maximum likelihood estimation techniques that attempt to
model the processes underlying the missing data and to make the most accurate and reasonable estimates possible
[40, 62]. Maximum likelihood is not a technique, but a fundamental estimation methodology. However, its application in missing data analysis has evolved based on two approaches. The first approach is the use of maximum
likelihood directly in the estimation of the means and covariance matrix as part of the model estimation in covariance-based SEM. In these applications missing data estimation and model estimation are combined in a single step.
There is no imputation of missing data for individual cases, but the missing data process is accommodated in the
“imputed” matrices for model estimation. The primary drawback to this approach is that imputed datasets are not
available and it takes more specialized software to perform [3, 31].
A variation of this method employs maximum likelihood as well, but in an iterative process. The EM method
[39, 31, 74] is a two-stage method (the E and M stages) in which the E stage makes the best possible estimates of the
missing data and the M stage then makes estimates of the parameters (means, standard deviations, or correlations)
assuming the missing data were replaced. The process continues going through the two stages until the change in the
estimated values is negligible and they replace the missing data. One notable feature is that this method can produce
an imputed dataset, although it has been shown to underestimate the standard errors in estimated models [31, 37].
Maximum Likelihood and EM

Multiple Imputation The procedure of multiple imputation is, as the name implies, a process of generating multiple datasets with the imputed data differing in each dataset, to provide in the aggregate, both unbiased parameter
estimates and correct estimates of the standard errors [75, 31, 32, 57, 35]. As we will see in the following discussion,
multiple imputation overcomes the issues associated with MAR missing data processes while still generating complete
data sets that can be used with conventional analytical techniques. The only additional condition is that after all of
the datasets have been used to estimate models, the parameter estimates and standard errors must be combined to
provide a final set of results. The result is a three-step process of multiple imputation:

1 Generate a set of imputed datasets. This stage is somewhat similar to some of the single imputation methods
described earlier (i.e., stochastic regression imputation), but differs in both how many datasets are imputed
(multiple versus only one) and how the model parameter estimates are generated for each dataset. The two
most widely used methods for generating the model parameter estimates are forms of Bayesian estimation,
either the Markov chain Monte Carlo (MCMC) method [80] or the fully conditional specification (FCS)
method [79]. The objective in each method is to provide a set of imputed values that capture not only the
“true” imputed values, but also their variability. The FCS has some advantages in terms of the nature of the
imputed values, but both methods are widely employed.
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A primary consideration in any model-based approach is what variables to be included in the multiple
imputation procedure? Obviously, all of the variables to be used in any of the subsequent analyses, including
those that have complete data, should be included, as well as outcome variables. Any variable that is thought to
be part of the MAR process has to be included or the missing data process risks taking on qualities associated
with MNAR [31]. So it is important that all of the associations in the dataset be represented in the imputation
process. Some researchers wonder if it is appropriate if the outcome measure is included, but multiple imputation does not make any distinction between the roles of the variables [59]. The number of variables included
in the analysis has little impact on the imputation process, so there is no need for variable selection before the
imputation proceeds. As we will discuss in the next section, auxiliary variables provide additional information
to the imputation process even if not used in subsequent analyses.
A common question is “How many datasets should be generated?” While theoretically the optimum number
would be an infinite number, practical considerations have shown that a minimum of five imputed datasets will
suffice [75, 80, 79]. Recent research has indicated, however, that a considerably larger number of datasets, as large as
20 datasets, will provide safeguards against some potential issues [31, 38]. While this is not a trivial consideration if
the datasets being analyzed are extremely large in size, today’s computational power makes this less of an issue than in
years past. And the number of imputed datasets does not impact the combination of results in any substantive fashion.
2 Estimate the model. This second step is estimation of the desired analysis. One of the primary advantages of
multiple imputation is that it can be used with almost all of the most widely used linear models – t tests, the
general linear model (e.g., multiple regression and ANOVA/MANOVA) and the generalized linear model (e.g.,
logistic regression). Thus, the researcher can perform any of these methods as they would a single dataset with
no missing data. Each imputed dataset is analyzed separately, comparable to what is performed in IBM SPSS
(SPLIT FILES) or SAS (BY command) with an imputation variable defining the separate imputed datasets.
3 Combining results from multiple imputed datasets. The final step is to combine the results from the individual
imputed datasets into a final set of “combined” results. Procedures are available (e.g., PROC MIANALYZE
in SAS) for combining the parameter estimates so that the researcher now has the unbiased estimate of the
parameters and the standard errors.
An additional consideration that is particularly useful in multiple imputation is inclusion of auxiliary variables. Auxiliary variables are variables that will not be used in the analysis, but in some way may relate to missingness and thus be
representative of the MAR process [21]. And while some research has suggested that in a few instances irrelevant variables
may cause issues [85], the general consensus is that there is little harm caused by including a wide array of auxiliary variables, even if they ultimately have little impact [21]. An interesting approach to reduce the number of auxiliary variables
while still incorporating their effects is to employ principal components analysis and include the component scores as
the auxiliary variables [46]. No matter the approach used, the inclusion of auxiliary variables provides the researcher
additional variables, outside those in the analysis, to represent and then accommodate the MAR process.
Maximum Likelihood versus Multiple Imputation The choice between the two approaches is more a matter of researcher
preference, as both methods provide equal results in large sample (e.g., . 200 for simpler models) situations where
equivalent variables and models of imputation are used (e.g., where auxiliary variables used in both). Some researchers
may prefer maximum likelihood because of its integrated nature (e.g., imputation of dataset and estimation in single
step), but others may desire an imputed dataset that has limitations in maximum likelihood. On the other hand, multiple imputation may be preferred due to it use of a wide range of conventional techniques and seemingly straightforward
approach, but it still has issues such as the results vary each time it is performed since the imputed datasets are randomly
generated and there is not a single dataset for which additional diagnostics (e.g., casewise analysis) is performed.

The range of possible imputation methods varies from the conservative (complete data method) to those
that attempt to replicate the MAR missing data as much as possible (e.g., model-based methods like maximum likelihood/EM and multiple imputation). What should be recognized is that each method has advantages and disadvantages, such that the researcher must examine each missing data situation and select the most appropriate imputation
method. Figure 2.7 provides a brief comparison of the imputation method, but a quick review shows that no single
SUMMARY
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Figure 2.7
comparison of imputation techniques for Missing Data
Imputation Method

Advantages

Disadvantages

Best Used When:

Methods for McAR Missing Data Processes
imputation Using only Valid Data
Complete Data

●
●

Simplest to implement
Default for many statistical
programs

●

●
●

All Available Data

●
●

Maximizes use of valid data
Results in largest sample size
possible without replacing
values

●

●

Most affected by nonrandom
processes
Greatest reduction in sample size
Lowers statistical power

●

Varying sample sizes for every
imputation
Can generate “out of range”
values for correlations and
eigenvalues

●

●

●

●

Large sample size
Strong relationships among
variables
Low levels of missing data
Relatively low levels of missing data
Moderate relationships
among variables

imputation Using Known Replacement Values
Case Substitution

Hot and Cold Deck
Imputation

●

●

Provides realistic replacement
values (i.e., another actual
observation) rather than calculated values

●

Replaces missing data with
actual values from the most
similar case or best known
value

●

●

Must have additional cases not
in the original sample
Must define similarity measure
to identify replacement case

●

Must define suitably similar
cases or appropriate external
values

●

●

●

Additional cases are available
Able to identify appropriate
replacement cases
Established replacement
values are known, or
Missing data process indicates variables upon which to
base similarity

imputation by calculating Replacement Values
Mean Substitution

●
●

Easily implemented
Provides all cases with
complete information

●

●
●

Regression
Imputation

●

●

●

Employs actual relationships
among the variables
Replacement values calculated
based on an observation’s own
values on other variables
Unique set of predictors can
be used for each variable with
missing data

●

●

●

●

Reduces variance of the
distribution
Distorts distribution of the data
Depresses observed
correlations

●

Reinforces existing relationships
and reduces generalizability
Must have sufficient relationships among variables to generate valid predicted values
Understates variance unless
error term added to replacement value
Replacement values may be
“out of range”

●

●

●

●

Relatively low levels of missing data
Relatively strong relationships
among variables
Moderate to high levels of
missing data
Relationships sufficiently
established so as to not
impact generalizability
Software availability

Model-Based Methods for MAR Missing Data Processes
Maximum
Likelihood/EM

●

●

●

●

Multiple Imputation

●

●

●

●

Accommodates both MCAR
and MAR
“Single-step” imputation
and model estimation
Best statistical results (unbiased
and efficient)
Directly estimates interaction
effects

●

Can be used with wide array of
statistical techniques
Imputed datasets allow for
casewise diagnostics
Accommodates both metric
and nonmetric data
Allows for large number
of auxiliary variables

Requires specialized statistical
routines
Limited in statistical methods
available
Harder to incorporate large
number of auxiliary variables

●

●

Requires more decisions and
steps for imputation, then
combination of results

●

●

Results can vary slightly due to
random sampling process in
creating imputed datasets

●

●

●

●

●

MAR process well-defined
Fewest decisions required by
researcher

Less well-defined MAR
process
Need for large number of
auxiliary variables
Use of several statistical
models on same dataset
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Rules of thumb 2-2
imputation of Missing Data Based on extent
of Missing Data
●

Under 10%

Any of the imputation methods can be applied when missing data are this low, although the complete case

●

10% to 20%

The increased presence of missing data makes the all-available, hot deck case substitution, and regres-

method has been shown to be the least preferred
sion methods most preferred for MCAR data, whereas model-based methods are necessary with MAR
missing data processes
●

Over 20%

If it is deemed necessary to impute missing data when the level is over 20 percent, the preferred
methods are:
●

The regression method for MCAR situations

●

Model-based methods when MAR missing data occur

●

Possible missing data process, but requires strict conditions not generally met

●

Any imputation method can provide unbiased estimates if MCAR conditions met, but the model-based

imputation Method By type of Missing Data Process
MCAR

methods also provide protection against unidentified MAR relationships and provide appropriate estimates of standard errors
MAR

●

Most likely missing data process

●

Only the model-based methods (maximum likelihood/EM and multiple imputation) can provide imputed
data which results in unbiased estimates and correct standard errors

method is best in all situations. However, some general suggestions (see Rules of Thumb 2-2) can be made based on
the extent of missing data.
Given the many imputation methods available, the researcher should also strongly consider following a multiple
imputation strategy if the MCAR methods are used, whereby a combination of several methods is used. In this
approach, two or more methods of imputation are used to derive a composite estimate—usually the mean of the
various estimates—for the missing value. The rationale is that the use of multiple approaches minimizes the specific
concerns with any single method and the composite will be the best possible estimate. The choice of this approach is
primarily based on the trade-off between the researcher’s perception of the potential benefits versus the substantially
higher effort required to make and combine the multiple estimates. The model-based methods, however, provide the
best approaches to avoid biased estimates due to any underlying MAR missing data processes.
An iLLUStRAtion oF MiSSinG DAtA DiAGnoSiS WitH tHe FoUR-SteP PRoceSS
To illustrate the four-step process of diagnosing the patterns of missing data and the application of possible
remedies, a new dataset is introduced (a complete listing of the observations and an electronic copy are available
online). This dataset was collected during the pretest of a questionnaire used to collect the data described in
Chapter 1. The pretest involved 70 individuals and collected responses on 14 variables (9 metric variables, V1 to
V9, and 5 nonmetric variables, V10 to V14). The variables in this pretest do not coincide directly with those in the
HBAT dataset, so they will be referred to just by their variable designation (e.g., V3).
In the course of pretesting, however, missing data occurred. The following sections detail the diagnosis of the
missing data through the four-step process. All of the major software programs, including R, have missing data
routines for performing both the descriptive analyses and the various imputation methods. The analyses described
in these next sections were performed with the Missing Value Analysis module in IBM SPSS, but all of the analyses
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can be replicated by data manipulation and conventional analysis. Examples are available in the online resources at
the text’s websites.
Step 1: Determine the Type of Missing Data All the missing data in this example are unknown and not ignorable
because they are due to non-response by the respondent. As such, the researcher is forced to proceed in the examination of the missing data processes.

The objective in this step is to determine whether the extent of the
missing data is sufficiently high enough to warrant a diagnosis of examining cases and variables for possible deletion
or at a low enough level to proceed directly to ascertaining the randomness of the missing data process (step 3).
Thus, the researcher is interested in the level of missing data on a case and variable basis, plus the overall extent of
missing data across all cases.
Table 2.1 contains the descriptive statistics for the observations with valid values, including the percentage of
cases with missing data on each variable. Viewing the metric variables (V1 to V9), we see that the lowest amount of
missing data is six cases for V6 (9% of the sample), ranging up to 30 percent missing (21 cases) for V1. This frequency
makes V1 and V3 possible candidates for deletion in an attempt to reduce the overall amount of missing data. All of
the nonmetric variables (V10 to V14) have low levels of missing data and are acceptable.
Step 2: Determine the Extent of Missing Data

table 2.1 Summary Statistics of Missing Data for original Sample
Missing Data
number

Standard

Variable

of cases

Mean

Deviation

number

Percent

V1

49

4.0

93

21

30

V2

57

1.9

93

13

19

V3

53

8.1

1.41

17

24

V4

63

5.2

1.17

7

10

V5

61

2.9

78

9

13

V6

64

2.6

72

6

9

V7

61

6.8

1.68

9

13

V8

61

46.0

9.36

9

13

V9

63

4.8

.83

7

10

V10

68

NA

NA

2

3

V11

68

NA

NA

2

3

V12

68

NA

NA

2

3

V13

69

NA

NA

1

1

V14

68

NA

NA

2

3

NA 5 Not ap p licab le to n on m etric variab les
Summary of Cases
number of Missing
Data per case

number of cases

0

26

37

1

15

21

2

19

27

3

4

6

7
total

Percent of Sample

6

9

70

100%
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Moreover, the amount of missing data per case is also tabulated. Although 26 cases have no missing data, it is also
apparent that six cases have 50 percent missing data, making them likely to be deleted because of an excessive number of
missing values. Table 2.2 shows the missing data patterns for all the cases with missing data, and these six cases are listed
at the bottom of the table. As we view the patterns of missing data, we see that all the missing data for the nonmetric
variables occurs in these six cases, such that after their deletion there will be only valid data for these variables.
table 2.2 Patterns of Missing Data by case
Missing Data Patterns
case

# Missing

% Missing

205
202
250
255
269
238
240
253
256
259
260
228
246
225
267
222
241
229
216
218
232
248
237
249
220
213
257
203
231
219
244
227
224
268
235
204
207
221
245
233
261
210
263
214

1
2
2
2
2
1
1
1
1
1
1
2
1
2
2
2
2
1
2
2
2
2
1
1
1
2
2
2
1
2
1
2
3
1
2
3
3
3
7
7
7
7
7
7

7.1
14.3
14.3
14.3
14.3
7.1
7.1
7.1
7.1
7.1
7.1
14.3
7.1
14.3
14.3
14.3
14.3
7.1
14.3
14.3
14.3
14.3
7.1
7.1
7.1
14.3
14.3
14.3
7.1
14.3
7.1
14.3
21.4
7.1
14.3
21.4
21.4
21.4
50.0
50.0
50.0
50.0
50.0
50.0

V1

V2

V3

S
S
S
S

S

V5

V6

V7

V8

V10

V11

V12

V13

V14

S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S

S
S
S
S
S

S
S

S
S
S
S
S
S
S
S

S
S
S
S
S
S
S
S
S

V9

S
S
S
S
S

S
S
S
S
S
S
S
S
S
S
S

S
S
S
S

V4

S
S
S
S
S
S

S
S
S
S
S

S
S

S
S
S
S
S
S
S

S
S
S
S

S
S
S
S
S

S
S
S

S
S

S
S

S
S
S
S

S

Note: Only cases with missing data are shown.
S = missing data.
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Even though it is obvious that deleting the six cases will improve the extent of missing data, the researcher must
also consider the possibility of deleting a variable(s) if the missing data level is high. The two most likely variables
for deletion are V1 and V3, with 30 percent and 24 percent missing data, respectively. Table 2.3 provides insight into
the impact of deleting one or both by examining the patterns of missing data and assessing the extent that missing
data will be decreased. For example, the first pattern (first row) shows no missing data for the 26 cases. The pattern
of the second row shows missing data only on V3 and indicates that only one case has this pattern. The far right
column indicates the number of cases having complete information if this pattern is eliminated (i.e., these variables deleted or replacement values imputed). In the case of this first pattern, we see that the number of cases with

table 2.3 Missing Data Patterns
Missing Data Patterns
number of complete
cases if Variables
Missing in Pattern Are

number
of cases

V1

V2

V3

V4

V5

V6

V7

V8

V9

V10

V11

V12

V13

V14

26

not Used
26

1
4

X

6

X

1

X

X

27

X

37
32

1
2

X

2

X

X

34

X

27

X

30

1
2

X

2

X

X

30

X

27

X

35

X

37

3

X

29

2

X

1

X

X

32
X

1

X

1

X

1
1
1

X

31
27
X

29

X

27

X

X

31

X

X

1
1

X

40
X

27

X

28

2

X

X

X

40

1

X

X

X

39

1

X

X

X

1

X

X

X

X

1

X

X

X

X

X

X

X

X

X

X

X

X

X

X

1
1

X
X

X

X
X

X

X

X

X

X

X

X

X

47

X

X

38

X

40

X

34

X

37
X

X

38

Notes: Represents the number of cases with each missing data pattern. For example, reading down the column for the first three values
(26, 1, and 4), 26 cases are not missing data on any variable. Then, one case is missing data on V3. Then, four cases are missing data
on two variables (V1 and V3).
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complete data would increase by one, to 27, by deleting V3 because only one case was missing data on only V3 . If
we look at the fourth row, we see that six cases are missing data on only V1 , so that if we delete V1 32 cases will have
complete data. Finally, row 3 denotes the pattern of missing data on both V1 and V3 , and if we delete both variables
the number of cases with complete data will increase to 37. Thus, deleting just V3 adds one case with complete data,
just deleting V1 increases the total by six cases, and deleting both variables increases the cases with complete data
by 11, to a total of 37.
For purposes of illustration, we will delete just V1, leaving V3 with a fairly high amount of missing data to demonstrate
its impact in the imputation process. The result is a sample of 64 cases with now only eight metric variables. Table 2.4
contains the summary statistics on this reduced sample. The extent of missing data decreased markedly just by deleting six
cases (less than 10% of the sample) and one variable. Now, one-half of the sample has complete data, only two variables have
more than 10 percent missing data, and the nonmetric variables now have all complete data. Moreover, the largest number
of missing values for any case is two, which indicates that imputation should not affect any case in a substantial manner.
Having deleted six cases and one variable, we move on to step 3 and diagnosing the randomness of the missing
data patterns. This analysis will be limited to the metric variables because the nonmetric variables now have no
missing data.
The next step is an empirical examination
of the patterns of missing data to determine whether the missing data are distributed randomly across the cases
and the variables. Hopefully the missing data will be judged MCAR, thus allowing a wider range of remedies in the
imputation process. We will first employ a test of comparison between groups of missing and non-missing cases and
then conduct an overall test for randomness.

Step 3: Diagnosing the Randomness of the Missing Data Process

table 2.4 Summary Statistics for Reduced Sample (Six cases and V1 Deleted)
Missing Data
number of

Standard

cases

Mean

Deviation

number

Percent

V2

54

1.9

.86

10

16

V3

50

8.1

1.32

14

22

V4

60

5.1

1.19

4

6

V5

59

2.8

.75

5

8

V6

63

2.6

.72

1

2

V7

60

6.8

1.68

4

6

V8

60

46.0

9.42

4

6

V9

60

4.8

.82

4

6

V10

64

0

0

V11

64

0

0

V12

64

0

0

V13

64

0

0

V14

64

0

0

Summary of Cases
number of Missing

total

Data per case

number of cases

Percent of Sample

0

32

50

1

18

28

2

14

22

64

100
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The first test for assessing randomness is to compare the observations with and without missing data for each
variable on the other variables. For example, the observations with missing data on V2 are placed in one group and
those observations with valid responses for V2 are placed in another group. Then, these two groups are compared to
identify any differences on the remaining metric variables (V3 through V9). Once comparisons have been made on all
of the variables, new groups are formed based on the missing data for the next variable 1 V3 2 and the comparisons are
performed again on the remaining variables. This process continues until each variable (V2 through V9; remember V1 has
been excluded) has been examined for any differences. The objective is to identify any systematic missing data process
that would be reflected in patterns of significant differences.
Table 2.5 contains the results for this analysis of the 64 remaining observations. The only noticeable pattern of
significant t values occurs for V2, for which three of the eight comparisons (V4, V5, and V6) found significant
differences between the two groups. Moreover, only one other instance (groups formed on V4 and compared on V2)
showed a significant difference. This analysis indicates that although significant differences can be found due to
the missing data on one variable 1 V2 2 , the effects are limited to only this variable, making it of marginal concern. If
later tests of randomness indicate a nonrandom pattern of missing data, these results would then provide a starting
point for possible remedies.
The final test is an overall test of the missing data for being missing completely at random (MCAR). The test
makes a comparison of the actual pattern of missing data with what would be expected if the missing data were totally
randomly distributed. The MCAR missing data process is indicated by a nonsignificant statistical level (e.g., greater
than .05), showing that the observed pattern does not differ from a random pattern. This test is performed in the
Missing Value Analysis module of SPSS as well as several other software packages dealing with missing value analysis.
In this instance, Little’s MCAR test has a significance level of .583, indicating a nonsignificant difference between
the observed missing data pattern in the reduced sample and a random pattern. This result, coupled with the earlier
analysis showing minimal differences in a nonrandom pattern, allow for the missing data process to be considered
MCAR for all of the variables except for V2 and perhaps V4. As a result, the researcher may employ any of the remedies for missing data, because the extent of potential biases seems to be minimal in the patterns of missing data.
Step 4: Selecting an Imputation Method As discussed earlier, numerous imputation methods are available for

both MAR and MCAR missing data processes. In this instance, the presence of both MCAR and MAR missing data
processes allows researchers to apply all of the imputation methods and then compare their results. The other factor
to consider is the extent of missing data. As the missing data level increases, methods such as the complete information method become less desirable due to restrictions on sample size, and the all-available method, regression, and
model-based methods become more preferred.
The first option is to use only observations with complete data. The advantage of this approach in maintaining
consistency in the correlation matrix is offset in this case, however, by its reduction of the sample to such a small
size (32 cases) that it is not useful in further analyses. The next options are to still use only valid data through
the all-available method or calculate replacement values through such methods as the mean substitution, the
regression-based method (with or without the addition of residuals or error), or the model-building approaches
(e.g., EM or multiple imputation without auxiliary variables and multiple imputation with auxiliary variables).
All of these methods will be employed and then compared to assess the differences that arise between methods.
They could also form the basis for a multiple imputation strategy where all the results are combined into a single
overall result.
We will start by examining how the values for individual cases are imputed across the various methods. Then we
will examine the distributional characteristics (i.e., means and standard deviations) across methods to see how the
aggregate results differ. Finally, we will compare empirical results, first with a set of correlations and then with regression
coefficients, to assess how these types of results vary across the various methods. We should note that this comparison
is not to select the “best” imputation method, but instead to understand how each imputation method operates and that
by choosing a particular method the researcher is impacting the imputed results. We should also note that the multiple
imputation method was performed both with V10 through V14 as auxiliary variables in the imputation process and also
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table 2.5 Assessing the Randomness of Missing Data through Group comparisons of observations with Missing
Versus Valid Data
Groups Formed
by Missing Data on:
V2

t value

V4

V7

V8

V9

22.4

21.2

21.1

21.2

.044

.001

.034

.260

.318

.233

42

50

49

53

51

52

50

Number of cases (missing data)

0

8

10

10

10

9

8

10

Mean of cases (valid data)

1.9

8.2

5.0

2.7

2.5

6.7

45.5

4.8

Mean cases (missing data)

.

7.9

5.9

3.5

3.1

7.4

49.2

5.0

t value

1.4

.

1.1

2.0

.2

.0

1.9

.9

Significance

.180

.

.286

.066

.818

.965

.073

.399

Number of cases (valid data)

42

50

48

47

49

47

46

48

Number of cases (missing data)

12

0

12

12

14

13

14

12

Mean of cases (valid data)

2.0

8.1

5.2

2.9

2.6

6.8

47.0

4.8

Mean cases (missing data)

1.6

.

4.8

2.4

2.6

6.8

42.5

4.6

t value

2.6

2.3

.

.2

1.4

1.5

.2

22.4

.046

.785

.

.888

.249

.197

.830

.064

50

48

60

55

59

56

56

56

Mean of cases (valid data)

4

2

0

4

4

4

4

4

1.9

8.1

5.1

2.8

2.6

6.8

46.0

4.8
5.4

Mean cases (missing data)

1.3

8.4

.

2.8

2.3

6.2

45.2

t value

2.3

.8

.4

.

2.9

2.4

.5

.6

Significance

.749

.502

.734

.

.423

.696

.669

.605

49

47

55

59

58

55

55

55

Number of cases (valid data)
Number of cases (missing data)

5

3

5

0

5

5

5

5

Mean of cases (valid data)

1.9

8.2

5.2

2.8

2.6

6.8

46.2

4.8

Mean cases (missing data)

2.0

7.1

5.0

.

2.9

7.1

43.6

4.6

t value

.9

.2

22.1

.9

21.5

.

.5

.4

.440

.864

.118

.441

.193

.

.658

.704

Number of cases (valid data)

51

47

56

55

59

60

57

56

Number of cases (missing data)

3

3

4

4

4

0

3

4

1.9

8.1

5.1

2.9

2.6

6.8

46.1

4.8

Significance

Mean of cases (valid data)
Mean cases (missing data)

V9

V6

24.2

.528

Number of cases (missing data)

V8

V5

22.2

.

Number of cases (valid data)

V7

V4

.7

54

Significance

V5

V3

.

Number of cases (valid data)

Significance

V3

V2

1.5

8.0

6.2

2.5

2.9

.

42.7

4.7

t value

21.4

2.2

21.1

2.9

21.8

1.7

.

1.6

Significance

.384

.101

.326

.401

.149

.128

.

.155

Number of cases (valid data)

52

46

56

55

59

57

60

56

Number of cases (missing data)

2

4

4

4

4

3

0

4

Mean of cases (valid data)

1.9

8.3

5.1

2.8

2.6

6.8

46.0

4.8

Mean cases (missing data)

3.0

6.6

5.6

3.1

3.0

6.3

.

4.5

t value

.8

22.1

2.5

2.7

1.3

.9

2.4

.

.463

.235

.076

.056

.302

.409

.066

.

Number of cases (valid data)

50

48

56

55

60

56

56

60

Number of cases (missing data)

4

2

4

4

3

4

4

0

Mean of cases (valid data)

1.9

8.1

5.2

2.9

2.6

6.8

46.4

4.8

Mean cases (missing data)

1.6

9.2

3.9

2.1

2.2

6.3

39.5

.

Significance

Notes: Each cell contains six values: (1) t value for the comparison of the means of the column variable across the groups formed
between group a (cases with valid data on the row variable) and group b (observations with missing data on the row variable); (2) significance of the t value for group comparisons; (3) and (4) number of cases for group a (valid data) and group b (missing data); (5) and (6)
mean of column variable for group a (valid data on row variable) and group b (missing data on row variable).

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

79

Chapter 2 Examining Your Data

without the auxiliary variables. The auxiliary variables, after deletion of the six cases earlier, did not have any missing
data to be imputed. But they were included in the imputation method to demonstrate how auxiliary variables could be
incorporated and to compare to the results obtained without using them as well. As a result the imputed values for the
multiple imputation method with the auxiliary variables may differ somewhat from the other methods as it explicitly
incorporates the additional information related to missingness available in these variables.
We start by examining the actual imputed values for a set of selected cases. In this example,
the focus is on V2 and V3 since these two variables have the largest extent of missing data. Moreover, V2 was the variable that most likely had a MAR missing data process. As shown in Table 2.6, three cases were selected with missing
data on V3, three cases with missing data on V2 and then the two cases that had missing data on both V2 and V3.
As we can see from the results, the mean substitution method imputed missing data for V3 as a value of 8.1 and a
value of 1.9 for missing data on V2. As we will see when we examine these results graphically, some distinct patterns
are formed. Also, while the various methods all used different approaches, there is a general consistency in the
imputed values for the other methods for both V2 and V3. Finally, when we view any single case we see the variation
across the five imputed data values in multiple imputation, which demonstrates how the method attempts to estimate
a range of imputed values that would cover the range of possible values, versus just a single point estimate.
Figure 2.8 provides a graphical perspective on the imputation process by comparing the different imputed values
for the entire data set for V2 and V3 across the various methods. Part A shows the cases with valid values for V2 and
inDiViDUAL iMPUteD VALUeS

table 2.6 imputed Values for Selected cases with Missing Data on V2 and V3
imputed Data Values
Mean

Regression Regression

iD Variable Values substitution w/o error

imputation imputation imputation imputation imputation

with error eM

1

2

3

4

5

Missing Data on V3
202

204

250

V2

0.4

V3

Missing

V2

1.5

V3

Missing

8.1

7.9

8.0

8.0

7.9

9.2

8.4

7.4

6.8

8.1

7.8

7.5

7.7

7.6

7.4

5.6

7.5

5.7

8.2

9.1

7.5

9.1

8.2

9.3

V2

3.7

V3

Missing

8.1

8.4

8.9

V2

Missing

1.9

2.7

2.9

2.7

4.6

4.1

3.5

3.8

3.2

V3

5.7

V2

Missing

1.9

2.6

2.4

3.2

3.7

4.2

4.0

3.4

3.8

V3

7.4

V2

Missing

1.9

2.4

2.7

2.6

3.2

3.7

3.6

4.6

2.9

V3

9.1

Missing Data on V2
227

237

203

Missing Data on V2 and V 3
213

257

V2

Missing

1.9

2.6

2.1

2.5

2.7

3.6

4.9

3.4

4.4

V3

Missing

8.1

6.7

6.0

6.8

6.0

7.3

5.3

5.7

7.5

V2

Missing

1.9

2.6

2.4

3.0

4.8

4.1

3.4

3.1

3.9

V3

Missing

8.1

7.0

8.1

7.1

7.5

6.7

5.8

5.8

8.4

Note: Multiple imputation values estimated using auxiliary values.
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Figure 2.8
comparing imputed Values for Missing Data on V2 and V3
A. Valid and Missing Values for V2 and V3
10.00
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missing data for V2
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8.00
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V3, plus the cases missing data only on V2 (arrayed on the left side of the chart indicating their valid values on V3).
In addition, the cases with data missing on V3 are arrayed across the bottom indicating their valid value on V2, and
the cases at the bottom left that are missing on both V2 and V3. This illustrates the pattern of cases with valid values
as well as the missing data being imputed for both V2 and V3.
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The other parts of Figure 2.7 show the imputed values for the various imputation techniques. Perhaps most striking is the pattern seen with mean substitution, where the vertical pattern of cases at the value of 1.9 for V2 and the
horizontal pattern at 8.1 for V3 indicate the single imputed value for missing values on those variables. Moreover,
the two cases with missing data on both variables are at the intersection on those patterns. It becomes apparent how
the mean substitution method decreases the correlations since there is no variation across the imputed values. This
also illustrates how a large number of cases with missing data on both variables would decrease the correlation since
all of those points would appear at one location —the mean values of V2 and V3—and therefore have no covariance
at all to impact the correlation.
The patterns of points are generally consistent across the other imputation methods, although they differ somewhat from
the multiple imputation method that used the auxiliary variables (V10 to V14). While we do not know what the actual values
are for the imputed values and thus cannot select the “best” method, we can see the need for consideration in the imputation
method chosen as the results do vary across methods. This should emphasize the notion that there is not any “single best”
imputation method and that using multiple imputation methods and noting any differences in the results is warranted. This
will be demonstrated in a later section when we view some regression results from each imputation method.
The next form of comparison is to examine the distributional characteristics (i.e.,
mean and standard deviation) for each imputation method. Table 2.7 details the results of estimating means and

DiStRiBUtionAL cHARActeRiSticS

table 2.7 comparing the estimates of the Means and Standard Deviations Across the complete case and Six
imputation Methods
V2

V3

V4

V5

V6

V7

V8

V9

Complete Case (Listwise)

2.003

8.338

5.172

2.881

2.544

6.716

47.719

4.850

All Available (Pairwise)

1.896

8.130

5.147

2.839

2.602

6.790

45.967

4.798

Mean Substitution

1.896

8.130

5.147

2.839

2.602

6.790

45.967

4.798

Regression without error

1.971

8.107

5.139

2.835

2.585

6.844

45.679

4.776

Regression with error

2.014

8.094

5.160

2.833

2.596

6.780

45.578

4.799

EM

1.993

8.108

5.136

2.832

2.583

6.836

45.810

4.768

Multiple Imputation without auxiliary variablesa

1.964

8.118

5.136

2.844

2.582

6.833

45.702

4.781

Multiple Imputation with auxiliary variablesa

2.104

8.017

5.154

2.835

2.589

6.802

45.549

4.753

Imputation 1

2.079

8.078

5.177

2.827

2.591

6.827

45.409

4.769

Imputation 2

2.126

8.096

5.168

2.827

2.582

6.769

45.556

4.779

Imputation 3

2.111

7.981

5.137

2.837

2.597

6.782

45.389

4.725

Imputation 4

2.084

7.969

5.137

2.838

2.589

6.816

45.594

4.751

Imputation 5

2.120

7.960

5.149

2.848

2.586

6.815

45.796

4.740

Mean

Standard Deviation

a

Complete Case (Listwise)

0.840

1.214

1.112

0.685

0.721

1.689

9.669

0.878

All Available (Pairwise)

0.859

1.319

1.188

0.754

0.719

1.675

9.420

0.819

Mean Substitution

0.788

1.164

1.149

0.724

0.713

1.621

9.116

0.793

Regression without error

0.815

1.221

1.151

0.744

0.726

1.641

9.224

0.804

Regression with error

0.848

1.251

1.155

0.747

0.715

1.697

9.327

0.804

EM

0.873

1.260

1.162

0.749

0.730

1.673

9.284

0.814

Multiple Imputation without auxiliary variablesa

NC

NC

NC

NC

NC

NC

NC

NC

Multiple Imputation with auxiliary variablesa

NC

NC

NC

NC

NC

NC

NC

NC

Imputation 1

1.014

1.283

1.171

0.769

0.718

1.658

9.404

0.825

Imputation 2

0.993

1.263

1.154

0.752

0.730

1.628

9.298

0.805

Imputation 3

1.001

1.337

1.176

0.759

0.715

1.692

9.506

0.856

Imputation 4

0.959

1.303

1.151

0.754

0.721

1.686

9.354

0.820

Imputation 5

0.974

1.346

1.160

0.749

0.724

1.641

9.276

0.850

Combined results of the five imputations.

NC: Not computed by IBM SPSS.
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standard deviations for the complete case approach and then seven imputation methods (mean substitution,
all-available, regression imputation with and without stochastic error, EM, and multiple imputation with and without
auxiliary variables). In comparing the means, we find a general consistency between the methods, with no noticeable patterns. For the standard deviations, however, we can see the variance reduction associated with the mean
substitution method. Across all variables, it consistently provides the smallest standard deviation, attributable to the
substitution on the constant value. The other methods again show a consistency in the results, except that multiple
imputation with auxiliary variables for V2, which has the greatest extent of missing data, is higher than the other
methods. Again, this is indicative of the use of the auxiliary variables in the imputation process.
Finally, Table 2.8 contains the correlations for four selected variables (V2, V3, V4, and V5) obtained
using the valid and imputed values from the complete case and the six other imputation methods. These variables
were selected since they include the variables with the greatest extent of missing data (V2 and V3) as well as two other
variables with little missing data (V4 and V5). In most instances the correlations are similar, but several substantial
eMPiRicAL ReSULtS

table 2.8 comparison of correlations Across imputation Methods for Selected Variables (V2, V3, V4, and V5)
V2
V2

Complete Case (Listwise)

1.000

All Available (Pairwise)

1.000

Mean Substitution

1.000

Regression without error

1.000

Regression with error

1.000

EM

1.000

Multiple Imputation without auxiliary variablesa

1.000

Multiple Imputation with auxiliary variablesa
V3

V5

a

V4

V5

1.000

Complete Case (Listwise)

20.286

1.000

All Available (Pairwise)

20.357

1.000

Mean Substitution

20.289

1.000

Regression without error

20.332

1.000

Regression with error

20.270

1.000

EM

20.343

1.000

Multiple Imputation without auxiliary variablesa

20.298

1.000

Multiple Imputation with auxiliary variables

20.292

1.000

Complete Case (Listwise)

0.285

20.075

1.000

All Available (Pairwise)

0.299

20.065

1.000

Mean Substitution

0.245

20.057

1.000

Regression without error

0.307

20.094

1.000

Regression with error

0.305

EM

0.317

20.076
20.092

Multiple Imputation without auxiliary variablesa

0.288

20.102

1.000

Multiple Imputation with auxiliary variablesa

0.351

20.049

1.000

a

V4

V3

1.000
1.000

Complete Case (Listwise)

0.285

0.248

0.259

1.000

All Available (Pairwise)

0.440

0.047

0.432

1.000

Mean Substitution

0.382

0.042

0.422

1.000

Regression without error

0.481

0.064

0.413

1.000

Regression with error

0.466

0.097

0.410

1.000

EM

0.511

0.078

0.413

1.000

Multiple Imputation without auxiliary variablesa

0.455

0.036

0.400

1.000

Multiple Imputation with auxiliary variablesa

0.539

0.126

0.387

1.000

Combined results of the five imputations.
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differences arise. First is a consistency between the correlations obtained with the all-available, mean substitution,
EM and multiple imputation without auxiliary variables. Consistent differences occur, however, between these values
and the values from the complete case approach. Second, the notable differences are concentrated in the correlations
with V2 and V3, the two variables with the greatest amount of missing data in the reduced sample (refer back to
Table 2.6). These differences may indicate the impact of a missing data process, even though the overall randomness test showed no significant pattern. Finally, the multiple imputation method with auxiliary variables also has
some noticeable differences between V2 and V4, V5, and V3 with V5. Again, these differences from all of the other
approaches relates to the use of the auxiliary variables. Although the researcher has no proof of greater validity for any
of the approaches, these results demonstrate the marked differences sometimes obtained between the approaches.
Whichever approach is chosen, the researcher should examine the correlations obtained by alternative methods to
understand the range of possible values.
As a final form of comparison, a multiple regression equation was estimated with V9 as the dependent variable and
V2 through V8 as independent variables. The purpose was to see if any differences occurred when a formal model
was estimated. As before, the complete case method and then the various imputation method results were used in
model estimation. Table 2.9 contains the regression coefficients and model R2, while Figure 2.9 portrays the regression coefficients graphically to illustrate values that differ markedly. Outside of the estimates of the intercept, all of
the estimated coefficients were quite similar except for (1) the complete case and all-available methods for V3 and (2)
the mean substitution and all-available methods for V5. It is interesting to note that in both instances the methods
that differ are those only using available data, or conversely, all of the imputation methods that involve some form
of model are all very consistent. Even the multiple imputation with auxiliary variables, which has some differences
on several variables and correlations, was similar to all of the other methods with models.
table 2.9 Regression Results for complete case and Six imputation Methods
intercept
Complete Case (Listwise)

V2

V6

V7

V8

R2

V3

V4

V5

0.483

0.311

0.492

20.015 20.153

20.018

0.809

0.140

20.204

20.238

20.195

0.508

0.271

0.823

0.514

20.213

0.306

0.258

0.346

20.103 20.072 20.037
0.013
20.091 20.072

0.897

Mean Substitution
Regression without Error

0.159

20.209

0.371

0.318

0.588

20.168 20.080

20.007

0.803

Regression with Error

0.456

20.195

0.351

0.299

0.509

20.126 20.085

20.004

0.758

EM

0.110

20.194

0.348

0.322

0.559

20.180 20.072

20.001

0.794

Multiple Imputation with Auxiliary

0.419

20.159

0.304

0.351

0.537

20.208 20.090

0.001

0.774

imputation Methods
All Available (Pairwise)

0.715

Variables
Note: Dependent measure: V9.
Bolded items: significant at .05.
SUMMARY The task for the researcher is to coalesce the missing data patterns with the strengths and weaknesses of
each approach and then select the most appropriate method. In the instance of differing estimates, the more conservative approach of combining the estimates into a single estimate (the multiple imputation approach) may be the
most appropriate choice. Whichever approach is used, the dataset with replacement values should be saved for further
analysis. The model-based approaches, especially multiple imputation, provides a means to assess a wider range of
imputed values and then make combined estimates of the results across these ranges of variables.

A Recap of the Missing Value Analysis Evaluation of the issues surrounding missing data in the dataset can be

summarized in four conclusions:
1 The missing data process is primarily MCAR. All of the diagnostic techniques support the conclusion that
no systematic missing data process exists for any of the variables except V2 and possibly V4, making the missing
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Figure 2.9
Regression Parameter estimates for complete case and Six imputation Methods
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Dependent Variable: V9 Independent Variables: V2, V3, V4, V5, V6, V7, V8
data process primarily MCAR (missing completely at random). Such a finding provides two advantages to the
researcher. First, it should not involve any hidden impact on the results that need to be considered when interpreting the results except in one instance. Second, any of the imputation methods can be applied as remedies
for the missing data with no marked biases expected. And the application of the model-based methods of EM
and multiple imputation are appropriate for both MCAR and MAR Thus, the selection need not be based on
their ability to handle nonrandom processes, but instead on the applicability of the process and its impact on
the results.
2 Imputation is the most logical course of action. Even given the benefit of deleting cases and variables, the
researcher is precluded from the simple solution of using the complete case method, because it results in an
inadequate sample size. Some form of imputation is therefore needed to maintain an adequate sample size for
any multivariate analysis.
3 Imputed correlations differ across techniques. When estimating correlations among the variables in
the presence of missing data, the researcher can choose from any number of imputation techniques. In
this situation, however, there are differences in the results among these methods. First, there are general
consistencies among the all-available information, mean substitution, regression with and without
error, EM and multiple imputation method without auxiliary variables methods. There are differences,
however, with the complete case approach and the multiple imputation with auxiliary variable methods
Even though the complete information approach would seem the most “safe” and conservative, in this
case it is not recommended due to the small sample used (only 26 observations) and its marked differences from the other methods. The differences with the multiple imputation method with auxiliary
variables can be attributed to the impact of the auxiliary variables, since multiple imputation without the
auxiliary variables is consistent with the other methods. Interestingly, all of these approaches result is
comparable regression coefficients except in a few instances for the complete case, all-available and mean
substitution methods. Only in the instance of the complete case were the differences substantive enough
to warrant concern.
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4 Multiple methods for replacing the missing data are available and appropriate. As already mentioned,
there are several methods that employ more of a model-based approach and provide comparable results.
Moreover, the more complex model-based methods of EM and multiple imputation, while able to also accommodate MAR missing data processes, are readily available as needed. Researchers should consider employing
several imputation methods and compare the results to ensure that no single method generates unique results.
Moreover, multiple imputation provides a direct means of assessing a range of imputed values which are then
combined for overall results, thus not making the imputation dependent on a single set of imputed values.
Finally, EM and multiple imputation provide the methods needed to address MAR missing data processes that
were not available in past years. Hopefully their use will spread to those instances in which MAR may bias
imputed values from other methods and even be used in MCAR situations to provide additional assurance for
the best imputation results possible.
In conclusion, the analytical tools and the diagnostic processes presented in the earlier section provide an adequate
basis for understanding and accommodating the missing data found in the pretest data. As this example demonstrates, the researcher need not fear that missing data will always preclude a multivariate analysis or always limit the
generalizability of the results. Instead, the possibly hidden impact of missing data can be identified and actions taken
to minimize the effect of missing data on the analyses performed.

outliers
Outliers, or anomalies in the parlance of data mining, are observations with a unique combination of characteristics
identifiable as distinctly different from what is “normal.” All of the analyses focused on outlier detection are based on
establishing the norms of comparison so that individual observations can then be evaluated and outlier detection
can be objective and routinized. This becomes critically important as the amount and diversity of the types of data
being used increases. In this era of Big Data and continuous, real-time analytics, the ability to detect an outlier/
anomaly must be formalized [29]. As a result, particularly with longitudinal data, the researcher must be constantly
defining the “context” of the data to establish what is “normal.” Consider a classic example where we are viewing an
electrocardiogram—the series of spikes depicting heartbeats. Now if we focus on a very small timeframe, the spikes
might seem like outliers and cause concern. But as we watch over time, we detect that they are part of a more general
pattern and that they are the “normal” which we should expect. Here the researcher must be sure to correctly define
the context upon which “normal” is defined.
tWo DiFFeRent contextS FoR DeFininG oUtLieRS
So how do we specify the context for defining outliers? It is perhaps easiest to distinguish contexts as pre-analysis and
post-analysis, where “normal” is based on quite different criteria—comparison to the population versus comparison
to the model expectations. We discuss these two contexts in the following sections.
Here the focus is on each case as compared to the other
observations under study. The examination involves the characteristics of the observations and how any particular observation(s) vary markedly from the other observations. Outliers are generally those observations that
have extremely different values on one or a combination of variables. The objective at this stage is to ensure a
representative sample of the population for analysis and identify observations that are truly unique in terms of
their representativeness of the population. Thus, observations must be evaluated before any type of analysis has
begun. This requires extensive domain knowledge of the research situation to ensure that observations are truly
evaluated on what is unique in that context (e.g., our electrocardiogram example from before). Once the designation is made, the researcher must decide if the observation is retained as a member of a representative sample
or designated as an outlier.

Pre-analysis Context: A Member of a Population

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

86

Section I Preparing for Multivariate Analysis

Post-analysis: Meeting Analysis Expectations The second perspective defines “normal” as the expectations (e.g.,

predicted values, group membership predictions, etc.) generated by the analysis of interest. Here the outlier designation occurs only after the analysis has been performed and we identify those observations for which the analysis
did not perform well. The objective at this stage is model understanding and improvement. Outliers provide a
basis for identifying what observations were not well predicted so that the model can be improved. For example, in
regression we define outliers as those cases with large residuals, and residuals are defined as the difference between
the observation’s value of the dependent value and that predicted by the regression model. So while the observation’s
characteristics are inputs to the model, “normal” in this perspective is defined by the model predictions, not the
overall characteristics of the observations. Moreover, an observation may be an outlier in one model application but
may be considered “normal” in another model application.
Summary The designation of an outlier occurs in two distinct stages of the analysis: pre-analysis and post-analysis.
The criteria employed in defining “normal” vary in each stage as the objectives of outlier designation change. Our
discussions in this chapter are focused on the pre-analysis stage, while the post-analysis designation of outliers will
be addressed in the chapters for each statistical technique.

iMPActS oF oUtLieRS
In assessing the impact of outliers, we must consider the practical and substantive considerations along with whether
we should designate outliers as “good or bad.”
Practical Impacts From a practical standpoint, outliers can have a marked effect on any type of empirical analysis.
For example, assume that we sample 20 individuals to determine the average household income. In our sample we
gather responses that range between $20,000 and $100,000, so that the average is $45,000. But assume that the 21st
person has an income of $1 million. If we include this value in the analysis, the average income increases to more
than $90,000. Obviously, the outlier is a valid case, but what is the better estimate of the average household income:
$45,000 or $90,000? The researcher must assess whether the outlying value is retained or eliminated due to its undue
influence on the results.

In substantive terms, the outlier must be viewed in light of how representative it is of the
population. Again, using our example of household income, how representative of the more wealthy segment is the
millionaire? If the researcher feels that it is a small, but viable segment in the population, then perhaps the value
should be retained. If, however, this millionaire is the only one in the entire population and truly far above everyone
else (i.e., unique) and represents an extreme value, then it may be deleted.

Substantive Impacts

Outliers cannot be categorically characterized as either beneficial or problematic,
but instead must be viewed within the context of the analysis and should be evaluated by the types of information they may provide. When beneficial, outliers—although different from the majority of the sample—may be
indicative of characteristics of the population that would not be discovered in the normal course of analysis.
In contrast, problematic outliers are not representative of the population, are counter to the objectives of the
analysis, and can seriously distort statistical tests. As such, they do not meet the framework of the analysis being
conducted. While they may provide feedback for necessary adjustments to the analysis, they also provide the
researcher a means of focusing the analysis and results on the intended population rather than being impacted
by observations not even intended for inclusion. In these discussions, outliers are placed in a framework particularly suited for assessing the influence of individual observations and determining whether this influence is
helpful or harmful.

Are Outliers Good or Bad?
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cLASSiFYinG oUtLieRS
While the classification of outliers can take many forms, this discussion focuses on two perspectives: the impact on
the analysis (i.e., the role they play for the researcher) and the basic nature/character of the outlier. While there is
some overlap between the two perspectives, they each provide some different insights into how the researcher may
wish to characterize outliers and then ultimately accommodate them in the analysis.
Types of Impacts on the Analysis A recent literature review [1] in the field of organizational science provided some
interesting insights into the definition, identification and handling of outliers in this field. From 46 different academic
sources, they identified 14 different outlier definitions, 39 identification techniques and 20 methods for handling
outliers in the analysis. While it is beyond the scope of this chapter to review all these findings (we encourage the
interested reader to read the article as it provides much greater detail on these issues), they did classify outliers into
three types based on their contribution to the analysis:
●

●

●

Error outliers. These are observations/cases that differ from the “normal” because of inaccuracies in data collection, etc. The remedy for this type of outlier is to correct the error or if not possible, remove the observation
from the analysis.
Interesting outliers. These observations are different and/or unique such that they may bring new insight
into the analysis. The suggestion to study these observations underscores the need for domain knowledge
of the context of the analysis to understand whether these observations add to existing knowledge of the
context.
Influential outliers. These observations are defined in terms of their impact on the analysis and are identified in
the post-analysis stage. At this point, they had already been considered representative of the population in the
pre-analysis stage, thus the researcher must either accommodate them in the analysis (perhaps through some
robust methodology) or delete them from the analysis.

A second classification framework focuses on the basic nature/character of the
observations and what makes them different from “normal.” In understanding the source of their uniqueness, this
approach focuses on the fundamental characteristics of observations and how they singly or perhaps in combination
create that uniqueness for the observation. The four classes are:

Reasons for Outlier Designation

●

●

●

Procedural error. The first class arises from a procedural error, such as a data entry error or a mistake in coding.
These outliers should be identified in the data cleaning stage, but if overlooked they should be eliminated or
recorded as missing values.
Extraordinary event. The second class of outlier is the observation that occurs as the result of an extraordinary event, which accounts for the uniqueness of the observation. For example, assume we are tracking
average daily rainfall, when we have a hurricane that lasts for several days and records extremely high rainfall
levels. These rainfall levels are not comparable to anything else recorded in the normal weather patterns.
If included, they will markedly change the pattern of the results. The researcher must decide whether the
extraordinary event fits the objectives of the research. If so, the outlier should be retained in the analysis. If
not, it should be deleted.
Extraordinary observations. The third class of outlier comprises extraordinary observations for which
the researcher has no explanation. In these instances, a unique and markedly different profile emerges.
Although these outliers are the most likely to be omitted, they may be retained if the researcher feels they
represent a valid element of the population. Perhaps they represent an emerging element, or an untapped
element previously not identified. Here the researcher must use judgment in the retention/deletion
decision.
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Unique combinations. The fourth and final class of outlier contains observations that fall within the ordinary
range of values on each of the variables. These observations are not particularly high or low on the variables,
but are unique in their combination of values across the variables. In these situations, the researcher should
retain the observation unless specific evidence is available that discounts the outlier as a valid member of the
population.

Summary Hopefully our discussion to this point has illustrated the basic purpose of outliers—to provide “check-

points” on first the sample to be analyzed and then on the analysis performed. The identification of outliers in relationship to the sample being analyzed requires that the researcher take a “big picture” perspective in making sure
that the context being analyzed is understood and the observations of the sample are representative of this context.
Once the analysis is complete, outliers provide feedback on what ‘didn’t work” versus all of the other effort to understand the analysis results and the conclusions that can be drawn. Many times it is this form of examination that
provides the researcher with insights that can truly improve the analysis so that it addresses all of the observations
within the sample.
DetectinG AnD HAnDLinG oUtLieRS
The following sections detail the methods used in detecting outliers in univariate, bivariate, and multivariate situations. Once identified, they may be profiled to aid in placing them into one of the four classes just described. Finally,
the researcher must decide on the retention or exclusion of each outlier, judging not only from the characteristics
of the outlier but also from the objectives of the analysis. As noted earlier, these methods are applicable to the preanalysis designation of outliers.
Methods of Detecting Outliers Outliers can be identified from a univariate, bivariate, or multivariate perspective

based on the number of variables (characteristics) considered. The researcher should utilize as many of these perspectives as possible, looking for a consistent pattern across perspectives to identify outliers. The following discussion
details the processes involved in each of the three perspectives.
The univariate identification of outliers examines the distribution of observations for each
variable in the analysis and selects as outliers those cases falling at the outer ranges (high or low) of the distribution. The primary issue is establishing the threshold for designation of an outlier. The typical approach first
converts the data values to standard scores, which have a mean of 0 and a standard deviation of 1. Because the
values are expressed in a standardized format, comparisons across variables can be made easily. An outlier
designation then occurs when an observation falls well to the outer boundaries of the distribution of values,
many times identified as cases with standardized values of 63, which makes them quite unique in terms of that
characteristic.
In either case, the researcher must recognize that a certain number of observations may occur normally in these
outer ranges of the distribution. The researcher should strive to identify only those truly distinctive observations
and designate them as outliers.
UniVARiAte Detection

In addition to the univariate assessment, pairs of variables can be assessed jointly through a
scatterplot. Cases that fall markedly outside the range of the other observations will be seen as isolated points in
the scatterplot. To assist in determining the expected range of observations in this two-dimensional portrayal, an
ellipse representing a bivariate normal distribution’s confidence interval (typically set at the 90% or 95% level) is
superimposed over the scatterplot. This ellipse provides a graphical portrayal of the confidence limits and facilitates
identification of the outliers. A variant of the scatterplot is termed the influence plot, with each point varying in size
in relation to its influence on the relationship.
Each of these methods provides an assessment of the uniqueness of each observation in relationship to the other
observation based on a specific pair of variables. A drawback of the bivariate method in general is the potentially

BiVARiAte Detection
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large number of scatterplots that arise as the number of variables increases. For three variables, it is only three graphs
for all pairwise comparisons. But for five variables, it takes 10 graphs, and for 10 variables it takes 45 scatterplots!
As a result, the researcher should limit the general use of bivariate methods to specific relationships between variables, such as the relationship of the dependent versus independent variables in regression. The researcher can then
examine the set of scatterplots and identify any general pattern of one or more observations that would result in
their designation as outliers.
Because most multivariate analyses involve more than two variables, the bivariate methods
quickly become inadequate for several reasons. First, they require a large number of graphs, as discussed previously,
when the number of variables reaches even moderate size. Second, they are limited to two dimensions (variables) at
a time. Yet when more than two variables are considered, the researcher needs a means to objectively measure the
multidimensional position of each observation relative to some common point. This issue is addressed by the Mahalanobis D2 measure, a multivariate assessment of each observation across a set of variables. This method measures each
observation’s distance in multidimensional space from the mean center of all observations, providing a single value
for each observation no matter how many variables are considered. Higher D2 values represent observations farther
removed from the general distribution of observations in this multidimensional space. This method, however, also
has the drawback of only providing an overall assessment, such that it provides no insight as to which particular
variables might lead to a high D2 value.
For interpretation purposes, the Mahalanobis D2 measure has statistical properties that allow for significance
testing. The D2 measure divided by the number of variables involved 1 D2/df 2 is approximately distributed as a t value.
Given the nature of the statistical tests, it is suggested that conservative levels of significance (e.g., .005 or .001) be
used as the threshold value for designation as an outlier. Thus, observations having a D2/df value exceeding 2.5 in
small samples and 3 or 4 in large samples can be designated as possible outliers. Once identified as a potential outlier
on the D2 measure, an observation can be re-examined in terms of the univariate and bivariate methods discussed
earlier to more fully understand the nature of its uniqueness.
The Mahalanobis D2 measure is encountered across the entire spectrum of multivariate techniques, either as a
component in the analysis or as a diagnostic (e.g., in operationalizing the concept of leverage in multiple regression).
One feature of the Mahalanobis D2 measure is that it many times is not readily available for general use, but instead
is found within a specific technique (e.g., multiple regression). Researchers are encouraged to identify sources of
calculating the Mahalanobis D2 measure within their favored software package as it is a quite useful measure in
many types of situations.
MULtiVARiAte Detection

Impact of Dimensionality As researchers develop analyses with an increased number of variables, whether
it be due to more constructs and the movement to multi-item scales or embracing Big Data, the analysis and
identification of outliers becomes markedly more difficult. Many times the “Curse of Dimensionality” is
ascribed to Big Data because as the number of variables considered increases dramatically, so do the attendant
issues, and outlier detection is certainly included in this set. For purposes of outlier identification, at least
three issues emerge:

1 Distance measures become less useful. One characteristic of high dimensionality (i.e., a large number of variables) is that in most samples the observations become widely dispersed and the distance measures generally
used in multivariate detection become less distinctive among those observations. Research has demonstrated
that as the number of dimensions increases the ability of these distance measures to identify the truly unique
observations diminishes.
2 Impact of Irrelevant Variables. As the number of variables increases, the potential for irrelevant variables
increases. As a result, the characterization of observations is “clouded” as measures that ultimately have no
impact in the relationship are considered when identifying uniqueness. Researchers are cautioned to truly
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understand what characteristics make an observation unique and if that uniqueness is due to factors of substantive interest to the research.
3 Comparability of dimensions. With an increase in the number of variables, and particularly different types of
variables, the researcher must be aware of the potential impact of differing scales of measurement and variation
across the variables may impact outlier detection. When facing this issue, standardization may be required
so that comparability is maintained. An associated issue is outlier detection when nonmetric variables are
included, which requires a different methodology [94].
Researchers will face these issues in even a small scale study to some extent, but the impact become magnified as
the number of variables increases. Our HBAT example involves just a small number of variables, but imagine if you
were employing hundreds or thousands of variables and had to first identify outliers in the sample. New techniques
are being developed with the field of data mining that may provide researchers with more adaptable tools for this
difficult task.
Outlier Designation With these univariate, bivariate, and multivariate diagnostic methods, the researcher has a
complementary set of perspectives with which to examine observations as to their status as outliers. Each of these
methods can provide a unique perspective on the observations and be used in a concerted manner to identify outliers
(see Rules of Thumb 2-3).
When observations have been identified by the univariate, bivariate, and multivariate methods as possible outliers, the researcher must then select only observations that demonstrate real uniqueness in comparison with the
remainder of the population across as many perspectives as possible. The researcher must refrain from designating
too many observations as outliers and not succumb to the temptation of eliminating those cases not consistent with
the remaining cases just because they are different.
Outlier Description and Profiling Once the potential outliers are identified, the researcher should generate profiles
of each outlier observation and identify the variable(s) responsible for its being an outlier. In addition to this visual
examination, the researcher can also employ multivariate techniques such as discriminant analysis (Chapter 7) or
multiple regression (Chapter 5) to identify the differences between outliers and the other observations. If possible the

Rules of thumb 2-3
outlier Detection
●

Univariate methods: Examine all metric variables to identify unique or extreme observations:
●

●
●

●

For larger sample sizes, increase the threshold value of standard scores up to 4.
If standard scores are not used, identify cases falling outside the ranges of 2.5 versus 4 standard deviations,
depending on the sample size.

Bivariate methods: Focus their use on specific variable relationships, such as the independent versus dependent
variables:
●

●

For small samples (80 or fewer observations), outliers typically are defined as cases with standard scores of 2.5
or greater.

Use scatterplots with confidence intervals at a specified alpha level.

Multivariate methods: Best suited for examining a complete variate, such as the independent variables in regression
or the variables in exploratory factor analysis:
●

Threshold levels for the D2/df measure should be conservative (.005 or .001), resulting in values of 2.5 (small
samples) versus 3 or 4 in larger samples.
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researcher should assign the outlier to one of the four classes described earlier to assist in the retention or deletion
decision to be made next. The researcher should continue this analysis until satisfied with understanding the aspects
of the case that distinguish the outlier from the other observations.
After the outliers are identified, profiled and categorized, the researcher
must decide on the retention or deletion of each one. Many philosophies among researchers offer guidance
as to how to deal with outliers. Our belief is that they should be retained unless demonstrable proof indicates
that they are truly aberrant and not representative of any observations in the population. If they do portray a
representative element or segment of the population, they should be retained to ensure generalizability to the
entire population. As outliers are deleted, the researcher runs the risk of improving the multivariate analysis but
limiting its generalizability.
If outliers are problematic in a particular technique, many times they can be accommodated in the analysis in a
manner in which they do not seriously distort the analysis. Techniques such as robust regression allow for the retention of outliers, but reduce their impact on the model results. Moreover, research has shown that employing more
nonparametric tests can also reduce the influence of outliers [7].

Retention or Deletion of the Outlier

An iLLUStRAtiVe exAMPLe oF AnALYZinG oUtLieRS
As an example of outlier detection, the observations of the HBAT database introduced in Chapter 1 are examined
for outliers. The variables considered in the analysis are the metric variables X6 through X19, with the context of our
examination being a regression analysis, where X19 is the dependent variable and X6 through X18 are the independent
variables. The outlier analysis will include univariate, bivariate, and multivariate diagnoses. When candidates for
outlier designation are found, they are examined, and a decision on retention or deletion is made.
The first step is examination of all the variables from a univariate perspective. Bivariate methods will then be employed to examine the relationships between the dependent variable 1 X19 2 and each of the
independent variables. From each of these scatterplots, observations that fall outside the typical distribution can be
identified and their impact on that relationship ascertained. Finally, a multivariate assessment will be made on all of
the independent variables collectively. Comparison of observations across the three methods will hopefully provide
the basis for the deletion/retention decision.
Outlier Detection

UniVARiAte Detection The first step is to examine the observations on each of the variables individually. Table 2.10
contains the observations with standardized variable values exceeding 62.5 on each of the variables (X6 to X19).
From this univariate perspective, only observations 7, 22, and 90 exceed the threshold on more than a single
variable. Moreover, none of these observations had values so extreme as to affect any of the overall measures
of the variables, such as the mean or standard deviation. We should note that the dependent variable had one
outlying observation (22), which may affect the bivariate scatterplots because the dependent variable appears in
each scatterplot. The three observations will be noted to see whether they appear in the subsequent bivariate and
multivariate assessments.

For a bivariate perspective, 13 scatterplots are formed for each of the independent variables
(X6 through X18) with the dependent variable 1 X19 2 . An ellipse representing the 95 percent confidence interval of
a bivariate normal distribution is then superimposed on the scatterplot. Figure 2.10 contains examples of two such
scatterplots involving X6 and X7. As we can see in the scatterplot for X6 with X19, the two outliers fall just outside
the ellipse and do not have the most extreme values on either variable. This result is in contrast to the scatterplot of
X7 with X19, where observation 22 is markedly different from the other observations and shows the highest values
on both X7 and X19. The second part of Table 2.10 contains a compilation of the observations falling outside this
ellipse for each variable. Because it is a 95 percent confidence interval, we would expect some observations normally
to fall outside the ellipse. Only four observations (2, 22, 24, and 90) fall outside the ellipse more than two times.
BiVARiAte Detection
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Figure 2.10
Selected Scatterplots for Bivariate Detection of outliers: X6 (Product
Quality) and X7 (e-commerce Activities) with X19 (customer Satisfaction)
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table 2.10 Univariate, Bivariate, and Multivariate outlier Detection Results
UNIVARIATE OUTLIERS

BIVARIATE OUTLIERS

Cases with Standardized Values

Cases Outside the 95%

Exceeding 62.5

Confidence Interval Ellipse
X19 with:

a

MULTIVARIATE OUTLIERS
Cases with a Value of
2

D /df Greater than 2.5 (df = 13)a
case

D2

D2/df

X6

No cases

X6

44, 90

98

40.0

3.08

X7

13, 22, 90

X7

13, 22, 24, 53, 90

36

36.9

2.84

X8

8, 7

X8

22, 87

X9

No cases

X9

2, 22, 45, 52

X10

No cases

X10

22, 24, 85

X11

7

X11

2, 7, 22, 45

X12

90

X12

22, 44, 90

X13

No cases

X13

22, 57

X14

77

X14

22, 77, 84

X15

6, 53

X15

6, 22, 53

X16

24

X16

22, 24, 48, 62, 92

X17

No cases

X17

22

X18

7, 84

X18

2, 7, 22, 84

X19

22

Mahalanobis D2 value based on the 13 HBAT perceptions (X6 to X18).
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Observation 22 falls outside in 12 of the 13 scatterplots, mostly because it is an outlier on the dependent variable.
Of the remaining three observations, only observation 90 was noted in the univariate detection.
The final diagnostic method is to assess multivariate outliers with the Mahalanobis D2
measure (see Table 2.10). This analysis evaluates the position of each observation compared with the center of all
observations on a set of variables. In this case, all the metric independent variables were used. The calculation of
the D2/df value 1 df 5 13 2 allows for identification of outliers through an approximate test of statistical significance. Because the sample has only 100 observations, a threshold value of 2.5 will be used rather than the value of
3.5 or 4.0 used in large samples. With this threshold, two observations (98 and 36) are identified as significantly
different. It is interesting that these observations were not seen in earlier univariate and bivariate analyses but
appear only in the multivariate tests. This result indicates they are not unique on any single variable but instead
are unique in combination.
MULtiVARiAte Detection

Retention or Deletion of the Outliers As a result of these diagnostic tests, no observations demonstrate the charac-

teristics of outliers that should be eliminated. Each variable has some observations that are extreme, and they should
be considered if that variable is used in an analysis. No observations are extreme on a sufficient number of variables
to be considered unrepresentative of the population. In all instances, the observations designated as outliers, even
with the multivariate tests, seem similar enough to the remaining observations to be retained in the multivariate
analyses. However, the researcher should always examine the results of each specific multivariate technique to identify
observations that may become outliers in that particular application. In the case of regression analysis, Chapter 5
will provide additional methods to assess the relative influence of each observation and provide more insight into
the possible deletion of an observation as an outlier.

testing the Assumptions of Multivariate Analysis
The final step in examining the data involves testing for the assumptions underlying the statistical bases for multivariate analysis. The earlier steps of missing data analysis and outlier detection attempted to clean the data to a format
most suitable for multivariate analysis. Testing the data for compliance with the statistical assumptions underlying
the multivariate techniques now deals with the foundation upon which the techniques make statistical inferences
and results. Some techniques are less affected by violating certain assumptions, which is termed robustness, but in
all cases meeting some of the assumptions will be critical to a successful analysis. Thus, it is necessary to understand
the role played by each assumption for every multivariate technique.
The need to test the statistical assumptions is increased in multivariate applications because of two characteristics of multivariate analysis. First, the complexity of the relationships, owing to the typical use of a large
number of variables, makes the potential distortions and biases more potent when the assumptions are violated,
particularly when the violations compound to become even more detrimental than if considered separately.
Second, the complexity of the analyses and results may mask the indicators of assumption violations apparent
in the simpler univariate analyses. In almost all instances, the multivariate procedures will estimate the multivariate model and produce results even when the assumptions are severely violated. Thus, the researcher must
be aware of any assumption violations and the implications they may have for the estimation process or the
interpretation of the results.
ASSeSSinG inDiViDUAL VARiABLeS VeRSUS tHe VARiAte
Multivariate analysis requires that the assumptions underlying the statistical techniques be tested twice: first for the
separate variables, akin to the tests for a univariate analysis, and second for the multivariate model variate, which acts
collectively for the variables in the analysis and thus must meet the same assumptions as individual variables. This
chapter focuses on the examination of individual variables for meeting the assumptions underlying the multivariate
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procedures. Discussions in each chapter address the methods used to assess the assumptions underlying the variate
for each multivariate technique.
FoUR iMPoRtAnt StAtiSticAL ASSUMPtionS
Multivariate techniques and their univariate counterparts are all based on a fundamental set of assumptions representing the requirements of the underlying statistical theory. Although many assumptions or requirements come
into play in one or more of the multivariate techniques we discuss in the text, four of them potentially affect every
univariate and multivariate statistical technique.
Normality The most fundamental assumption in multivariate analysis is normality, referring to the shape of the

data distribution for an individual metric variable and its correspondence to the normal distribution, the benchmark
for statistical methods. If the variation from the normal distribution is sufficiently large, all resulting statistical tests are
invalid, because normality is required to use the F and t statistics. Both the univariate and the multivariate statistical
methods discussed in this text are based on the assumption of univariate normality, with the multivariate methods
also assuming multivariate normality.
UniVARiAte VeRSUS MULtiVARiAte noRMALitY Univariate normality for a single variable is easily tested, and a number of
corrective measures are possible, as shown later. In a simple sense, multivariate normality (the combination of two
or more variables) means that the individual variables are normal in a univariate sense and that their combinations
are also normal. Thus, if a variable is multivariate normal, it is also univariate normal. However, the reverse is not
necessarily true (two or more univariate normal variables are not necessarily multivariate normal). Thus, a situation
in which all variables exhibit univariate normality will help gain, although not guarantee, multivariate normality.
Multivariate normality is more difficult to test [36, 83], but specialized tests are available in the techniques most
affected by departures from multivariate normality. In most cases assessing and achieving univariate normality for
all variables is sufficient, and we will address multivariate normality only when it is especially critical. Even though
large sample sizes tend to diminish the detrimental effects of nonnormality, the researcher should always assess the
normality for all metric variables included in the analysis.
ASSeSSinG tHe iMPAct oF VioLAtinG tHe noRMALitY ASSUMPtion The severity of non-normality is based on two dimensions: the shape of the offending distribution and the sample size. As we will see in the following discussion, the
researcher must not only judge the extent to which the variable’s distribution is non-normal, but also the sample
sizes involved. What might be considered unacceptable at small sample sizes will have a negligible effect at larger
sample sizes.

How can we describe the distribution if it differs from the normal distribution? The shape of any distribution can be described by two measures: kurtosis and skewness. Kurtosis refers to the
“peakedness” or “flatness” of the distribution compared with the normal distribution. Distributions that are taller
or more peaked than the normal distribution are termed leptokurtic, whereas a distribution that is flatter is termed
platykurtic. Whereas kurtosis refers to the height of the distribution, skewness is used to describe the balance of the
distribution; that is, is it unbalanced and shifted to one side (right or left) or is it centered and symmetrical with about
the same shape on both sides? If a distribution is unbalanced, it is skewed. A positive skew denotes a distribution
shifted to the left, whereas a negative skewness reflects a shift to the right.
Knowing how to describe the distribution is followed by the issue of how to determine the extent or amount to
which it differs on these characteristics? Both skewness and kurtosis have empirical measures that are available in all
statistical programs. In most programs, the skewness and kurtosis of a normal distribution are given values of zero.
Then, values above or below zero denote departures from normality. For example, negative kurtosis values indicate
a platykurtic (flatter) distribution, whereas positive values denote a leptokurtic (peaked) distribution. Likewise,
positive skewness values indicate the distribution shifted to the left, and the negative values denote a rightward
shift. To judge the “Are they large enough to worry about?” question for these values, the following discussion on
Impacts Due to the Shape of the Distribution
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statistical tests shows how the kurtosis and skewness values can be transformed to reflect the statistical significance
of the differences and provide guidelines as to their severity.
Even though it is important to understand how the distribution departs from normality
in terms of shape and whether these values are large enough to warrant attention, the researcher must also consider
the effects of sample size. As discussed in Chapter 1, sample size has the effect of increasing statistical power by
reducing sampling error. It results in a similar effect here, in that larger sample sizes reduce the detrimental effects
of non-normality. In small samples of 50 or fewer observations, and especially if the sample size is less than 30
or so, significant departures from normality can have a substantial impact on the results. For sample sizes of 200
or more, however, these same effects may be negligible. Moreover, when group comparisons are made, such as in
ANOVA, the differing sample sizes between groups, if large enough, can even cancel out the detrimental effects.
Thus, in most instances, as the sample sizes become large, the researcher can be less concerned about non-normal
variables, except as they might lead to other assumption violations that do have an impact in other ways (e.g., see
the following discussion on homoscedasticity).
Impacts Due to Sample Size

Researchers have a number of different approaches to assess normality, but they primarily can
be classified as either graphical or statistical. Graphical methods were developed to enable normality assessment
without the need for complex computations. They provide the researcher with a more “in depth” perspective of the
distributional characteristics than a single quantitative value, but they are also limited in making specific distinctions
since graphical interpretations are less precise that statistical measures.

teStS oF noRMALitY

Graphical Analyses The simplest diagnostic test for normality is a visual check of the histogram that compares the
observed data values with a distribution approximating the normal distribution (see Figure 2.1). Although appealing
because of its simplicity, this method is problematic for smaller samples, where the construction of the histogram
(e.g., the number of categories or the width of categories) can distort the visual portrayal to such an extent that the
analysis is useless. A more reliable approach is the normal probability plot, which compares the cumulative distribution of actual data values with the cumulative distribution of a normal distribution. The normal distribution forms
a straight diagonal line, and the plotted data values are compared with the diagonal. If a distribution is normal, the
line representing the actual data distribution closely follows the diagonal.
Figure 2.11 shows several departures from normality and their representation in the normal probability in
terms of kurtosis and skewness. First, departures from the normal distribution in terms of kurtosis are easily
seen in the normal probability plots. When the line falls below the diagonal, the distribution is flatter than
expected. When it goes above the diagonal, the distribution is more peaked than the normal curve. For example,
in the normal probability plot of a peaked distribution (Figure 2.11d), we see a distinct S-shaped curve. Initially
the distribution is flatter, and the plotted line falls below the diagonal. Then the peaked part of the distribution
rapidly moves the plotted line above the diagonal, and eventually the line shifts to below the diagonal again as
the distribution flattens. A non-peaked distribution has the opposite pattern (Figure 2.11c). Skewness is also
easily seen, most often represented by a simple arc, either above or below the diagonal. A negative skewness
(Figure 2.11e) is indicated by an arc below the diagonal, whereas an arc above the diagonal represents a positively
skewed distribution (Figure 2.11f). An excellent source for interpreting normal probability plots, showing the
various patterns and interpretations, is Daniel and Wood [26]. These specific patterns not only identify nonnormality but also tell us the form of the original distribution and the appropriate remedy to apply.

In addition to examining the normal probability plot, one can also use statistical tests to assess
normality. A simple test is a rule of thumb based on the skewness and kurtosis values (available as part of the basic
descriptive statistics for a variable computed by all statistical programs). The statistic value (z) for the skewness value
is calculated as:
Statistical Tests

zskewness 5

skewness
6
ÅN
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Figure 2.11 normal Probability Plots and corresponding Univariate Distributions
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where N is the sample size. A z value can also be calculated for the kurtosis value using the following formula:
zkurtosis 5

kurtosis
24
ÅN

If either calculated z value exceeds the specified critical value, then the distribution is non-normal in terms of
that characteristic. The critical value is from a z distribution, based on the significance level we desire. The most
commonly used critical values are 62.58 (.01 significance level) and 61.96, which corresponds to a .05 error
level. With these simple tests, the researcher can easily assess the degree to which the skewness and peakedness of
the distribution vary from the normal distribution.
Specific statistical tests for normality are also available in all the statistical programs. The two most common are
the Shapiro-Wilks test and a modification of the Kolmogorov–Smirnov test. Each calculates the level of significance
for the differences from a normal distribution. The researcher should always remember that tests of significance
are less useful in small samples (fewer than 30) and quite sensitive in large samples (exceeding 1,000 observations).
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Thus, the researcher should always use both the graphical plots and any statistical tests to assess the actual degree
of departure from normality.
A number of data transformations available to accommodate non-normal distributions are discussed later in the chapter. This chapter confines the discussion to univariate normality tests and
transformations. However, when we examine other multivariate methods, such as multivariate regression or
multivariate analysis of variance, we discuss tests for multivariate normality as well. Moreover, many times when
non-normality is indicated, it also contributes to other assumption violations; therefore, remedying normality
first may assist in meeting other statistical assumptions as well. For those interested in multivariate normality,
see references [36, 50, 88].
ReMeDieS FoR non-noRMALitY

The next assumption is related primarily to dependence relationships between variables.
Homoscedasticity refers to the assumption that dependent variable(s) exhibit equal levels of variance across the
range of predictor variable(s). Homoscedasticity is desirable because the variance of the dependent variable being
explained in the dependence relationship should not be concentrated in only a limited range of the independent values.
In most situations, we have many different values of the dependent variable at each value of the independent variable.
For this relationship to be fully captured, the dispersion (variance) of the dependent variable values must be relatively
equal at each value of the predictor variable. If this dispersion is unequal across values of the independent variable,
the relationship is said to be heteroscedastic.

Homoscedasticity

tYPe oF inDePenDent VARiABLe Although the dependent variables must be metric, this concept of an equal spread of
variance across independent variables can be applied when the independent variables are either metric or nonmetric.
The type of independent variable dictates how homoscedasticity is assessed.

The concept of homoscedasticity is based on the spread of dependent variable variance
across the range of independent variable values, which is encountered in techniques such as multiple regression.
The dispersion of values for the dependent variable should be as large for small values of the independent values
as it is for moderate and large values. In a scatterplot, it is seen as an elliptical distribution of points.
Metric Independent Variables

In these analyses (e.g., ANOVA and MANOVA) the focus now becomes the equality
of the variance (single dependent variable) or the variance/covariance matrices (multiple dependent variables) across
the groups formed by the nonmetric independent variables. The equality of variance/covariance matrices is also seen
in discriminant analysis, but in this technique the emphasis is on the spread of the independent variables across the
groups formed by the nonmetric dependent measure.
Nonmetric Independent Variables

In each of these instances, the purpose is the same: to ensure that the variance used in
explanation and prediction is distributed across the range of values, thus allowing for a “fair test” of the relationship
across all values of the nonmetric variables. The two most common sources of heteroscedasticity are the following:

SoURceS oF HeteRoSceDASticitY

Variable Type Many types of variables have a natural tendency toward differences in dispersion. For example, as
a variable increases in value (e.g., units ranging from near zero to millions) a naturally wider range of answers is
possible for the larger values. Also, when percentages are used the natural tendency is for many values to be in the
middle range, with few in the lower or higher values.
Skewed Distribution of One or Both Variables In Figure 2.12a, the scatterplots of data points for two variables
(V1 and V2) with normal distributions exhibit equal dispersion across all data values (i.e., homoscedasticity).
However, in Figure 2.12b we see unequal dispersion (heteroscedasticity) caused by skewness of one of the variables
1 V3 2 . For the different values of V3, there are different patterns of dispersion for V1.
The result of heteroscedasticity is to cause the predictions to be better at some levels of the independent variable
than at others. This variability affects the standard errors and makes hypothesis tests either too stringent or too
insensitive. The effect of heteroscedasticity is also often related to sample size, especially when examining the variance
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V2

V3

Figure 2.12 Scatterplots of Homoscedastic and Heteroscedastic Relationships

V1
(a) Homoscedasticity

V1
(b) Heteroscedasticity

dispersion across groups. For example, in ANOVA or MANOVA the impact of heteroscedasticity on the statistical
test depends on the sample sizes associated with the groups of smaller and larger variances. In multiple regression
analysis, similar effects would occur in highly skewed distributions where there were disproportionate numbers of
respondents in certain ranges of the independent variable.
As we found for normality, there are a series of graphical and statistical tests for
identifying situations impacted by heteroscedasticity. The researcher should employ both methods where the graphical methods provide a more in-depth understanding of the overall relationship involved and the statistical tests
provide increased precision.

teStS FoR HoMoSceDASticitY

Graphical Tests of Equal Variance Dispersion The test of homoscedasticity for two metric variables is best examined
graphically. Departures from an equal dispersion are shown by such shapes as cones (small dispersion at one side
of the graph, large dispersion at the opposite side) or diamonds (a large number of points at the center of the distribution). The most common application of graphical tests occurs in multiple regression, based on the dispersion of
the dependent variable across the values of either the metric independent variables. We will defer our discussion of
graphical methods until we reach Chapter 5, which describes these procedures in much more detail.
Boxplots work well to represent the degree of variation between groups formed by a categorical variable. The
length of the box and the whiskers each portray the variation of data within that group. Thus, heteroscedasticity
would be portrayed by substantial differences in the length of the boxes and whiskers between groups representing
the dispersion of observations in each group.
Statistical Tests for Homoscedasticity The statistical tests for equal variance dispersion assess the equality of variances
within groups formed by nonmetric variables. The most common test, the Levene test, is used to assess whether the
variances of a single metric variable are equal across any number of groups. If more than one metric variable is being
tested, so that the comparison involves the equality of variance/covariance matrices, the Box’s M test is applicable.
The Box’s M test is available in both multivariate analysis of variance and discriminant analysis and is discussed in
more detail in later chapters pertaining to these techniques.

Heteroscedastic variables can be remedied through data transformations similar to
those used to achieve normality. As mentioned earlier, many times heteroscedasticity is the result of non-normality
of one of the variables, and correction of the non-normality also remedies the unequal dispersion of variance. A later
section discusses data transformations of the variables to “spread” the variance and make all values have a potentially
equal effect in prediction.

ReMeDieS FoR HeteRoSceDASticitY
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We should also note that the issue of heteroscedasticity can be remedied directly in some statistical techniques
without the need for transformation. For example, in multiple regression the standard errors can be corrected for
heteroscedasticity to produce heteroscedasticity-consistent standard errors (HCSE) [90]. This method does not
impact the coefficients, only the standard errors, thus leaving the coefficients to be interpreted in their original form.
See Chapter 5 for more discussion of this feature in multiple regression.
An implicit assumption of all multivariate techniques based on correlational measures of association,
including multiple regression, logistic regression, factor analysis, and structural equation modeling, is linearity. Because correlations represent only the linear association between variables, nonlinear effects will not be
represented in the correlation value. This omission results in an underestimation of the actual strength of the
relationship. It is always prudent to examine all relationships to identify any departures from linearity that may
affect the correlation.

Linearity

The most common way to assess linearity is to examine scatterplots of the variables and to identify any nonlinear patterns in the data. Many scatterplot programs can show the straight line depicting the linear relationship, enabling the researcher to better identify any nonlinear characteristics. An alternative
approach is to run a simple regression analysis (the specifics of this technique are covered in Chapter 5) and to
examine the residuals. The residuals reflect the unexplained portion of the dependent variable; thus, any nonlinear
portion of the relationship will show up in the residuals. A third approach is to explicitly model a nonlinear relationship by the testing of alternative model specifications (also know as curve fitting) that reflect the nonlinear elements.
A discussion of this approach and residual analysis is found in Chapter 5.
iDentiFYinG nonLineAR ReLAtionSHiPS

If a nonlinear relationship is detected, the most direct approach is to transform one or
both variables to achieve linearity. A number of available transformations are discussed later in this chapter. An alternative to data transformation is the creation of new variables to represent the nonlinear portion of the relationship.
The process of creating and interpreting these additional variables, which can be used in all linear relationships, is
discussed in Chapter 5.

ReMeDieS FoR nonLineARitY

Absence of Correlated Errors Predictions in any of the dependence techniques are not perfect, and we will
rarely find a situation in which they are. However, we do attempt to ensure that any prediction errors are uncorrelated with each other. For example, if we found a pattern that suggests every other error is positive while the
alternative error terms are negative, we would know that some unexplained systematic relationship exists in the
dependent variable. If such a situation exists, we cannot be confident that our prediction errors are independent
of the levels at which we are trying to predict. Some other factor is affecting the results, but is not included in
the analysis.

One of the most common violations of the assumption that errors are uncorrelated
is due to the data collection process. Similar factors that affect one group may not affect the other. If the groups
are analyzed separately, the effects are constant within each group and do not impact the estimation of the
relationship. But if the observations from both groups are combined, then the final estimated relationship must
be a compromise between the two actual relationships. This combined effect leads to biased results because an
unspecified cause is affecting the estimation of the relationship. The common example used is the collection of
data within classes or other groups of respondents, where some form of group dynamic may impact each group
differently. This situation is addressed in our discussion of multilevel models in Chapter 5.
Another common source of correlated errors is time series data. As we would expect, the data for any time
period is highly related to the data at time periods both before and afterward. Thus, any predictions and any
prediction errors will necessarily be correlated. This type of data led to the creation of specialized programs
specifically for time series analysis and this pattern of correlated observations (see Chapter 5 for discussion of
panel models).

iDentiFYinG coRReLAteD eRRoRS
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Rules of thumb 2-4
testing Statistical Assumptions
●

●

●

●

Normality can have serious effects in small samples (fewer than 50 cases), but the impact effectively diminishes
when sample sizes reach 200 cases or more.
Most cases of heteroscedasticity are a result of non-normality in one or more variables; thus, remedying normality
may not be needed due to sample size, but may be needed to equalize the variance.
Nonlinear relationships can be well defined, but seriously understated unless the data are transformed to a linear
pattern or explicit model components are used to represent the nonlinear portion of the relationship.
Correlated errors arise from a process that must be treated much like missing data; that is, the researcher must
first define the causes among variables either internal or external to the dataset; if they are not found and remedied,
serious biases can occur in the results, many times unknown to the researcher.

To identify correlated errors, the researcher must first identify possible causes. Values for a variable should be
grouped or ordered on the suspected variable and then examined for any patterns. In our earlier example of grouped
data, once the potential cause is identified the researcher could see whether differences did exist between the groups.
Finding differences in the prediction errors in the two groups would then be the basis for determining that an
unspecified effect was “causing” the correlated errors. For other types of data, such as time series data, we can see any
trends or patterns when we order the data (e.g., by time period for time series data). This ordering variable (time in
this case), if not included in the analysis in some manner, would cause the errors to be correlated and create substantial
bias in the results.
ReMeDieS FoR coRReLAteD eRRoRS Correlated errors must be corrected by including the omitted causal factor into the
multivariate analysis. In our earlier example, the researcher would add a variable indicating in which class the respondents
belonged. The most common remedy is the addition of a variable(s) to the analysis that represents the omitted factor.
The key task facing the researcher is not the actual remedy, but rather the identification of the unspecified effect and a
means of representing it in the analysis. But beyond just including the variable, the intercorrelation among observations
is best handled in some form of multi-level or panel model. Chapter 5 presents a discussion of these extensions of multiple regression which can accommodate grouped/clustered observations or time series data in a structured framework.

Overview of Testing for Statistical Assumptions The researcher is faced with what may seem to be an impossible
task: satisfy all of these statistical assumptions or risk a biased and flawed analysis. We want to note that even though
these statistical assumptions are important, the researcher must use judgment in how to interpret the tests for each
assumption and when to apply remedies. Even analyses with small sample sizes can withstand small, but significant,
departures from normality. What is more important for the researcher is to understand the implications of each
assumption with regard to the technique of interest, striking a balance between the need to satisfy the assumptions
versus the robustness of the technique and research context. The above guidelines in Rules of Thumb 2-4 attempt to
portray the most pragmatic aspects of the assumptions and the reactions that can be taken by researchers.

Data transformations
Data transformations provide the researcher a wide range of methods to achieve one of four basic outcomes: (1)
enhancing statistical properties; (2) ease of interpretation; (3) representing specific relationship types; and (4) simplification. In each case, the original variable and its values are transformed in some manner to alter its characteristics
so that it represents a different facet of the underlying information contained in the values. Data transformations
may be based on reasons that are either theoretical (transformations whose appropriateness is based on the nature
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of the data) or data derived (where the transformations are suggested strictly by an examination of the data). Yet in
either case the researcher must proceed many times by trial and error, monitoring the improvement versus the need
for additional transformations.
All the transformations described here are easily carried out by simple commands in the popular statistical
packages. We focus on transformations that can be computed in this manner, although more sophisticated and
complicated methods of data transformation are available (e.g., see Box and Cox [12]).
tRAnSFoRMAtionS ReLAteD to StAtiSticAL PRoPeRtieS
As discussed in the prior section, transformations play a pivotal role in ensuring that the variables in any statistical
techniques meet the assumptions needed for statistical inference. For our purposes we will discuss two basic forms
of transformations: normality/homoscedasticity and linearity.
Data transformations provide the principal means of correcting
non-normality and heteroscedasticity. In both instances, patterns of the variables suggest specific transformations.
For non-normal distributions, the two most common patterns are flat distributions and skewed distributions. For
the flat distribution, the most common transformation is the inverse (e.g., 1/Y or 1/X). Skewed distributions can
be transformed by taking the square root, logarithms, squared, or cubed (X2 or X3) terms or even the inverse of
the variable. Usually negatively skewed distributions are best transformed by employing a squared or cubed transformation, whereas the logarithm or square root typically works best on positive skewness. In many instances, the
researcher may apply all of the possible transformations and then select the most appropriate transformed variable.
Heteroscedasticity is an associated problem, and in many instances “curing” this problem will deal with
normality problems as well. Heteroscedasticity is also a problem with the distribution of the variable(s). When
examining the scatterplot, the most common pattern is the cone-shaped distribution. If the cone opens to the
right, take the inverse; if the cone opens to the left, take the square root. Some transformations can be associated
with certain types of data. For example, frequency counts suggest a square root transformation; proportions are

Achieving Normality and Homoscedasticity

best transformed by the arcsin transformation AXnew 5 2 arcsin"xold 2 and proportional change is best handled by
taking the logarithm of the variable. In all instances, once the transformations have been performed, the transformed data should be tested to see whether the desired remedy was achieved.

Numerous procedures are available for achieving linearity between two variables, but most
simple nonlinear relationships can be placed in one of four categories (see Figure 2.13). In each quadrant, the potential transformations for both dependent and independent variables are shown. For example, if the relationship looks
like Figure 2.13a, then either variable can be squared to achieve linearity. When multiple transformation possibilities
are shown, start with the top method in each quadrant and move downward until linearity is achieved. An alternative
approach is to use additional variables, termed polynomials, to represent the nonlinear components. This method is
discussed in more detail in Chapter 5.
Achieving Linearity

tRAnSFoRMAtionS ReLAteD to inteRPRetAtion
Transformations can also assist in improving the interpretation of a variable. The two most commonly used
approaches in this category are standardization and centering. The objective in each case is to make the values of
each observation relative to some specific value. This common reference value then allows for more direct comparison of the values across observations.
Standardization Standardization actually takes many forms, but the most commonly used is the z score
or standard score. In this transformation each value is first differenced from the variable mean (i.e., value 2 variable mean)
and then the difference is made relative to the variable’s standard deviations (i.e., difference divided by the standard
deviation). The result is a set of values with a mean of zero and a standard deviation of 1. A z score of zero means that
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Figure 2.13
Selecting transformations to Achieve Linearity
Source: F. Mosteller and j. W. tukey, Data Analysis and
Regression. Reading, MA: Addison-Wesley, 1977.

the observation had a value exactly equal to the variable mean. Values above or below zero indicate the observation’s
difference from the variable mean in terms of standard deviations. So a value of .8 represents an observation whose
original value was .8 standard deviations above the variable mean.
Standardization is widely used to directly compare observations on variables with different distributional characteristics (i.e., means and standard deviations). For example, a z score value of .8 has the same interpretation across
variables on widely varying scales. As an example, standardization underlies the concept of Beta coefficients in
multiple regression (see Chapter 5), and is also quite useful in cluster analysis to allow direct comparisons between
disparate clustering variables.
A variant of standardization is centering, either on a variable or person basis. Centering is typically
associated with variable-based methods, the most common being subtracting the mean value from each observation’s
actual value. This is equivalent to standardization without the division by the standard deviation. The objective is to
retain the original variation among the values, but make all variable relative to their mean. Centering is associated
with improvements in interpretation of moderation and interaction effects in multiple regression, especially as a
correction for multicollinearity [e.g., 72], but more recent research has cast doubt on the claims of these benefits even
though it is still thought to improve interpretation of the moderation/interaction term [25, 55].
Another form of centering is ipsatizing, which is a person-centered form of centering. In this method, the value
subtracted from each value of an observation is the observation’s mean, thus making the values now different from
the observation’s mean value. This form of centering is limited to a set of variables with the same scale, but has been
used to deal with response bias across a set of questions [23, 18]. While more limited in its applications, it represents a
unique way to make responses relative to the observation rather than a population-derived value (e.g., variable mean).
One other application of centering is in multi-level modeling to improve interpretation of effects at all levels [33].

Centering

tRAnSFoRMAtionS ReLAteD to SPeciFic ReLAtionSHiP tYPeS
Many times transformations are performed with the sole objective being an empirical outcome (e.g., meeting a
statistical property) or to improve relationships with other variables (e.g., linearity or polynomials). But sometimes
a transformation can lead to a specific concept that has both empirical consequences and conceptual meaning. This
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is the case with the log transformation, which is well known for its ability to address nonlinear relationships. But
beyond the empirical impact is a substantive meaning that translates into the concept of elasticity in its many forms.
Elasticity in general is a ratio of the percentage change in two variables. It is widely used in a number of settings
where some causal relationship exists between the two variables (e.g., elasticity of demand which details how demand
changes relative to changes in price).
But elasticity is just one of a set of log-related transformations which extend past just empirical outcomes to
represent specific concepts. Consider the relationship of dependent variable Y and independent variable X. We know
that the coefficient in an untransformed regression equation would provide the change in Y (in units) for each unit
change in X. But what about when we introduce log transformations of the dependent and independent variables,
or both? Each of the combinations of transformations results in quite different interpretations [44].
●

●

●

Log-linear: a log of the Y variable with an untransformed X variable provides an estimate of the percentage
change in Y given a one unit change in X.
Linear-log: a log of the X variable with an untransformed Y variable provides an estimate of the unit change in
Y for a percentage change in X
Log-log: a log of both X and Y provides the ratio of the percentage change of Y given a percentage change in X,
the definition of elasticity.

The use of the log transformation extends past an empirical transformation to represent concepts with substantive
implications. This example suggests that researchers always be ready to “look beyond” just the empirical outcomes
of their transformations to the substantive meanings represented in these transformations.

tRAnSFoRMAtionS ReLAteD to SiMPLiFicAtion
Many times the examination phase of data analysis presents the researcher with a simple problem—How do I make
the data simple? Faced with thousands or even millions of cases, each with their own unique values on certain
variables (e.g., income), how does the researcher gain some perspective on the data? Researchers today have several
approaches that can be characterized as either some form of binning or smoothing.
Binning Distributional characteristics such as the mean and standard deviation tell us some basic characteristics,

but don’t describe the pattern of the distribution (e.g., bi-modal, relatively flat or peaked, etc.). We can use some
additional measures (e.g., skewness and kurtosis) to provide empirical assessments, but many times a graphical
examination is revealing. This is where the concept of binning comes into play. Binning is the categorization of values
into “bins” or categories. We saw this earlier when we displayed the data in a frequency distribution and overlayed
the normal distribution. The need for binning comes into play due to the cardinality of a variable – the number of
unique data values for that variable across the observations. Nonmetric variables generally do not have issues with
cardinality since they are already discrete values that represent a set of observations for each value (e.g., gender or
occupational categories). Metric variables, however, in their attempt to provide more detailed information about
each case, can result in potentially unique values for each observation (e.g., genomes in the study of DNA). Now
while that may be quite useful in models, it creates problems in any form of data examination. How do we view the
multitude of values and even relate them to just a single other variable?
Thus, as one might suspect, the process of binning can be quite complex—how many categories/bins, equal size
in value or frequency, etc.? The emergence of Big Data has necessitated many routines in most software packages
to automate the binning process to provide the researcher with an alternative means to examine data. The binning
processes can either be performed to best describe the data distribution or it can be “optimized” to make the binned
variable most predictive in some form of model. And the problem becomes even more difficult when trying to assess
the relationship between two variables. How to avoid a scatterplot with just a large mass of points, making any form
of relationship indistinguishable? Cross-tabulating binned variables and then color-coding the resulting bins creates
a heat map that can distinguish magnitude and allow for relationships to emerge. So techniques are emerging that
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enable researchers to handle these variables with high cardinality in ways that make them amenable to both data
examination and analysis.
Researchers have also attempted to simplify variables for analysis by two other approaches: dichotomization and
extreme groups. While they are quite distinct from the binning methods we just discussed, they still are based on
the same principle: categorize observations into a much smaller number of discrete groups.
The use of dichotomization—dividing cases into two classes based on being above or below a
specified value—is generally discouraged because it is arbitrary and non-scientific, but still widely used. We have
all heard from our basic statistics course not to move down in measurement level—don’t transform a metric to a
nonmetric variable—and lose the information in the metric variable. But we see it done all the time as a means
of simplification (e.g., forming groups that are high vs low) or as a first step in assessing moderation (e.g., divide
the observations into groups and then estimate separate models for each group). Yet in most research contexts
dichotomization is not recommended. There are certain situations in which the independent variables are not
correlated that dichotomization can be useful [48], but in most situations there is caution in their use because of
unintended results and loss of statistical power [61, 76]. If researchers want dichotomization a much better approach
is to apply cluster analysis to find the natural groupings.

DicHotoMiZAtion

A variation of dichotomization is the extreme groups approach where observations are formed into
perhaps three groups (e.g., high, medium and low) and then the middle group is discarded for analytical purposes.
The objective is to highlight the directionality of the relationship and provide for a more easily understood interpretation. While appealing in its basic objective, the approach has generally been seen as less useful for a number
of reasons. It has a tendency to make nonlinear relationships hard to identify, reduces the statistical power of the
analysis, in essence reducing analyses to bivariate relationships, and can lead to erroneous conclusions in certain
situations [68]. Thus, researchers are cautioned in the use of the extreme groups approach unless the relationship is
considered strong and the group-level comparison provides the most appropriate approach.
extReMe GRoUPS

Smoothing A somewhat opposite approach to simplification is smoothing—fitting a relationship to the distribution

that represents its shape. For many years a method used in time series analysis and also as a form of data reduction,
smoothing is the underlying principle in tackling such problems as areal/geographic extent of a market area [47], the
analysis of difference scores [30, 81] or the representation of a variable in a spatial setting (e.g., a surface of values
across a map). In each of these instances an equation is used to describe the pattern of points that can be represented
as a surface. An interesting application is response surface methodology, which is the application of polynomial
regression to estimate a surface that best describes a multivariate response surface. Used in many multifactor experiments to provide a basis for optimization of the various factors [52], it also is used in fields as diverse as analytical
chemistry [10] to process and product optimization [8]. Here the response surface is used to identify a functional
form that can be analyzed by an optimization process to identify the optimal combination of input factors.
But in all of its forms, smoothing provides a mathematical formulation that can be used to describe the distribution of values, either as portrayal as a response surface or used in other analyses. As researchers face outcomes that
have more complex patterns in the outcome values, some form of smoothing may be appropriate.
GeneRAL GUiDeLineS FoR tRAnSFoRMAtionS
Even our brief discussion above illustrates all of the potential transformations that researchers have at their disposal.
Many times the type of transformation is dictated by quantitative or statistical demands, but in a wide number of
situations the research can selectively employ some of these transformations to dramatically improve both the empirical results and the interpretability of those results.
One caveat for transformations:
When explanation is important, beware of transformations!

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 2 Examining Your Data

105

Rules of thumb 2-5
transforming Data
●

●
●

●

●

To judge the potential impact of a transformation, calculate the ratio of the variable’s mean to its standard deviation:
●

Noticeable effects should occur when the ratio is less than 4.

●

When the transformation can be performed on either of two variables, select the variable with the smallest ratio.

Transformations should be applied to the independent variables except in the case of heteroscedasticity.
Heteroscedasticity can be remedied only by the transformation of the dependent variable in a dependence relationship; if a heteroscedastic relationship is also nonlinear, the dependent variable, and perhaps the independent variables, must be transformed.
Transformations may change the interpretation of the variables; for example, transforming variables by taking their
logarithm translates the relationship into a measure of proportional change (elasticity); always be sure to explore
thoroughly the possible interpretations of the transformed variables.
Use variables in their original (untransformed) format when profiling or interpreting results.

If the purpose of the analysis is only prediction, then obviously any type of transformation that improves the
outcome is acceptable. But when explanation of the results is also desired, be cautious about the number of types
of transformations employed. Some transformations, such as the log transformation described earlier, can have
substantive meaning. But even just an inverse transformation, perhaps as a variance stabilizing measure, still impacts
the interpretation as the direction of the relationship switches and the scale of the parameter is now not directly
interpretable. We just caution researchers to strive for a balance in the use of transformations in order to achieve
the best results possible from both empirical and interpretation perspectives. Apart from the technical issues of the
type of transformation, several points to remember when performing data transformations are presented in Rules
of Thumb 2-5.

An illustration of testing the Assumptions Underlying
Multivariate Analysis
To illustrate the techniques involved in testing the data for meeting the assumptions underlying multivariate analysis
and to provide a foundation for use of the data in the subsequent chapters, the dataset introduced in Chapter 1 will be
examined. In the course of this analysis, the assumptions of normality, homoscedasticity, and linearity will be covered.
The fourth basic assumption, the absence of correlated errors, can be addressed only in the context of a specific
multivariate model; this assumption will be covered in later chapters for each multivariate technique. Emphasis will
be placed on examining the metric variables, although the nonmetric variables will be assessed where appropriate.
noRMALitY
The assessment of normality of the metric variables involves both empirical measures of a distribution’s shape characteristics (skewness and kurtosis) and the normal probability plots. The empirical measures provide a guide as to the
variables with significant deviations from normality, and the normal probability plots provide a visual portrayal of the
shape of the distribution. The two portrayals complement each other when selecting the appropriate transformations.
Table 2.11 and Figure 2.14 contain the empirical measures and normal probability plots for the metric variables in our data set. Our first review concerns the empirical measures reflecting the shape of the distribution
(skewness and kurtosis) as well as a statistical test for normality (the modified Kolmogorov–Smirnov test). Of
the 17 metric variables, only 6 (X6, X7, X12, X13, X16, and X17) show any deviation from normality in the overall
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Figure 2.14 normal Probability Plots (nPP) of non-normal Metric Variables (X6, X7, X12, X13, X16, and X17)
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normality tests. When viewing the shape characteristics, significant deviations were found for skewness 1 X7 2
and kurtosis 1 X6 2 . One should note that only two variables were found with shape characteristics significantly
different from the normal curve, while six variables were identified with the overall tests. The overall test provides
no insight as to the transformations that might be best, whereas the shape characteristics provide guidelines for
possible transformations. The researcher can also use the normal probability plots to identify the shape of the
distribution. Figure 2.14 contains the normal probability plots for the six variables found to have the non-normal
distributions. By combining information, from the empirical and graphical methods, the researcher can characterize the non-normal distribution in anticipation of selecting a transformation (see Table 2.11 for a description
of each non-normal distribution).
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Table 2.11 also suggests the appropriate remedy for each of the variables. Two variables (X6 and X16) were transformed by taking the square root. X7 was transformed by logarithm, whereas X17 was squared and X13 was cubed.
Only X12 could not be transformed to improve on its distributional characteristics. For the other five variables, their
tests of normality were now either nonsignificant (X16 and X17) or markedly improved to more acceptable levels
(X6, X7, and X13). Figure 2.15 demonstrates the effect of the transformation on X17 in achieving normality. The
transformed X17 appears markedly more normal in the graphical portrayals, and the statistical descriptors are
also improved. The researcher should always examine the transformed variables as rigorously as the original
variables in terms of their normality and distribution shape.
In the case of the remaining variable 1 X12 2 , none of the transformations could improve the normality. This variable
will have to be used in its original form. In situations where the normality of the variables is critical, the transformed
variables can be used with the assurance that they meet the assumptions of normality. But the departures from
normality are not so extreme in any of the original variables that they should never be used in any analysis in their
original form. If the technique has a robustness to departures from normality, then the original variables may be
preferred for the comparability in the interpretation phase.
HoMoSceDASticitY
All statistical packages have tests to assess homoscedasticity on a univariate basis (e.g., the Levene test in SPSS) where
the variance of a metric variable is compared across levels of a nonmetric variable. For our purposes, we examine
each of the metric variables across the five nonmetric variables in the dataset. These analyses are appropriate in
preparation for analysis of variance or multivariate analysis of variance, in which the nonmetric variables are the
independent variables, or for discriminant analysis, in which the nonmetric variables are the dependent measures.
Table 2.12 contains the results of the Levene test for each of the nonmetric variables. Among the performance
factors, only X4 (Region) has notable problems with heteroscedasticity. For the 13 firm characteristic variables,
only X6 and X17 show patterns of heteroscedasticity on more than one of the nonmetric variables. Moreover, in no
instance do any of the nonmetric variables have more than two problematic metric variables. The actual implications
of these instances of heteroscedasticity must be examined whenever group differences are examined using these
nonmetric variables as independent variables and these metric variables as dependent variables. The relative lack of
either numerous problems or any consistent patterns across one of the nonmetric variables suggests that heteroscedasticity problems will be minimal. If the assumption violations are found, variable transformations are available to
help remedy the variance dispersion.
The ability for transformations to address the problem of heteroscedasticity for X17, if desired, is also shown in
Figure 2.15. Before a logarithmic transformation was applied, heteroscedastic conditions were found on three of the
five nonmetric variables. The transformation not only corrected the nonnormality problem, but also eliminated the
problems with heteroscedasticity. It should be noted, however, that several transformations “fixed” the normality
problem, but only the logarithmic transformation also addressed the heteroscedasticity, which demonstrates the
relationship between normality and heteroscedasticity and the role of transformations in addressing each issue.
The tests for homoscedasticity of two metric variables, encountered in methods such as multiple regression,
are best accomplished through graphical analysis, particularly an analysis of the residuals. The interested reader
is referred to Chapter 5 for a complete discussion of residual analysis and the patterns of residuals indicative of
heteroscedasticity.
LineARitY
The final assumption to be examined is the linearity of the relationships. In the case of individual variables, this
linearity relates to the patterns of association between each pair of variables and the ability of the correlation coefficient to adequately represent the relationship. If nonlinear relationships are indicated, then the researcher can either
transform one or both of the variables to achieve linearity or create additional variables to represent the nonlinear
components. For our purposes, we rely on the visual inspection of the relationships to determine whether nonlinear
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relationships are present. The reader can also refer to Figure 2.2, the scatterplot matrix containing the scatterplot
for selected metric variables in the dataset. Examination of the scatterplots does not reveal any apparent nonlinear
relationships. Review of the scatterplots not shown in Figure 2.2 also did not reveal any apparent nonlinear patterns.
Thus, transformations are not deemed necessary. The assumption of linearity will also be checked for the entire
multivariate model, as is done in the examination of residuals in multiple regression.
SUMMARY
The series of graphical and statistical tests directed toward assessing the assumptions underlying the multivariate
techniques revealed relatively little in terms of violations of the assumptions. Where violations were indicated, they
were relatively minor and should not present any serious problems in the course of the data analysis. The researcher is
encouraged always to perform these simple, yet revealing, examinations of the data to ensure that potential problems
can be identified and resolved before the analysis begins.

incorporating nonmetric Data With Dummy Variables
A critical factor in choosing and applying the correct multivariate technique is the measurement properties of
the dependent and independent variables (see Chapter 1 for a more detailed discussion of selecting multivariate
techniques). Some of the techniques, such as discriminant analysis or multivariate analysis of variance, specifically
require nonmetric data as dependent or independent variables. In many instances, metric variables must be used as
independent variables, such as in regression analysis, discriminant analysis, and canonical correlation. Moreover,
the interdependence techniques of factor and cluster analysis generally require metric variables. To this point, all
discussions assumed metric measurement for variables. What can we do when the variables are nonmetric, with two
or more categories? Are nonmetric variables, such as gender, marital status, or occupation, precluded from use in
many multivariate techniques? The answer is no, and we now discuss how to incorporate nonmetric variables into
many of these situations that require metric variables.
concePt oF DUMMY VARiABLeS
The researcher has available a method for using dichotomous variables, known as dummy variables, which act as
replacement variables for the nonmetric variable. A dummy variable is a dichotomous variable that represents one
category of a nonmetric independent variable. Any nonmetric variable with k categories can be represented as k 2 1
dummy variables. The following example will help clarify this concept.
First, assume we wish to include gender, which has two categories, female and male. We also have measured
household income level by three categories (see Figure 2.16). To represent the nonmetric variable gender, we would
create two new dummy variables (X1 and X2), as shown in Figure 2.16. X1 would represent those individuals who are
Figure 2.16 Representing nonmetric Variables with Dummy Variables
Nonmetric Variable with

Nonmetric Variable with Three Categories

Two Categories (Gender)

(Household Income Level)

Gender

Dummy Variables

Household income Level

Dummy Variables

Female

X1 5 1, else X1 5 0

if , $15,000

X3 5 1, else X3 5 0

Male

X2 5 1, else X2 5 0

if . $15,000 & #$25,000

X4 5 1, else X4 5 0

if . $25,000

X5 5 1, else X5 5 0
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female with a value of 1 and would give all males a value of 0. Likewise, X2 would represent all males with a value of
1 and give females a value of 0. Both variables (X1 and X2) are not necessary, however, because when X1 5 0, gender
must be female by definition. Thus, we need include only one of the variables (X1 or X2) to test the effect of gender.
Correspondingly, if we had also measured household income with three levels, as shown in Figure 2.16, we would
first define three dummy variables (X3, X4, and X5). In the case of gender, we would not need the entire set of dummy
variables, and instead use k 2 1 dummy variables, where k is the number of categories. Thus, we would use two of
the dummy variables to represent the effects of household income.
DUMMY VARiABLe coDinG
In constructing dummy variables, two approaches can be used to represent the categories, and more importantly,
the category that is omitted, known as the reference category or comparison group.
The first approach, known as indicator coding, uses three ways to represent the household
income levels with two dummy variables, as shown in Figure 2.17. An important consideration is the reference category or comparison group, the category that received all zeros for the dummy variables. For example, in regression
analysis, the regression coefficients for the dummy variables represent deviations from the comparison group on the
dependent variable. The deviations represent the differences between the dependent variable mean score for each
group of respondents (represented by a separate dummy variable) and the comparison group. This form is most
appropriate in a logical comparison group, such as in an experiment. In an experiment with a control group acting as
the comparison group, the coefficients are the mean differences on the dependent variable for each treatment group
from the control group. Any time dummy variable coding is used, we must be aware of the comparison group and
remember the impacts it has in our interpretation of the remaining variables.

Indicator Coding

Figure 2.17 Alternative Dummy Variable coding Patterns for a three-category nonmetric Variable
Pattern 1

Pattern 2

Pattern 3

Household income Level

X1

X2

X1

X2

X1

X2
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1

0

1

0

0

0

If , $15,000 and #$25,000

0

1

0

0

1

0

If . $25,000

0

0

0

1

0

1

Effects Coding An alternative method of dummy variable coding is termed effects coding. It is the same as indica-

tor coding except that the comparison group (the group that got all zeros in indicator coding) is now given the value
of 21 instead of 0 for the dummy variables. Now the coefficients represent differences for any group from the mean
of all groups rather than from the omitted group. Both forms of dummy variable coding will give the same results;
the only differences will be in the interpretation of the dummy variable coefficients.
USinG DUMMY VARiABLeS
Dummy variables are used most often in regression and discriminant analysis, where the coefficients have direct
interpretation. Their use in other multivariate techniques is more limited, especially for those that rely on correlation
patterns, such as exploratory factor analysis, because the correlation of a binary variable is not well represented by
the traditional Pearson correlation coefficient. However, special considerations can be made in these instances, as
discussed in the appropriate chapters.
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Summary
Researchers should examine and explore the nature of the data and the relationships among variables before the
application of any of the multivariate techniques. This chapter helps the researcher to do the following:
Select the appropriate graphical method to examine the characteristics of the data or relationships of interest.
Use of multivariate techniques places an increased burden on the researcher to understand, evaluate, and interpret the
more complex results. It requires a thorough understanding of the basic characteristics of the underlying data and relationships. The first task in data examination is to determine the character of the data. A simple, yet powerful, approach
is through graphical displays, which can portray the univariate, bivariate, and even multivariate qualities of the data
in a visual format for ease of display and analysis. The starting point for understanding the nature of a single variable
is to characterize the shape of its distribution, which is accomplished with a histogram. The most popular method for
examining bivariate relationships is the scatterplot, a graph of data points based on two variables. Researchers also
should examine multivariate profiles. Three types of graphs are used. The first graph type is a direct portrayal of the
data values, either by glyphs that display data in circles or multivariate profiles that provide a barlike profile for each
observation. A second type of multivariate display involves a transformation of the original data into a mathematical relationship, which can then be portrayed graphically. The most common technique of this type is the Fourier
transformation. The third graphical approach is iconic representativeness, the most popular being the Chernoff face.
Assess the type and potential impact of missing data. Although some missing data can be ignored, missing data
is still one of the most troublesome issues in most research settings. At its best, it is a nuisance that must be remedied
to allow for as much of the sample to be analyzed as possible. In more problematic situations, however, it can cause
serious biases in the results if not correctly identified and accommodated in the analysis. The four-step process for
identifying missing data and applying remedies is as follows:
1
2
3
4

Determine the type of missing data and whether or not it can be ignored.
Determine the extent of missing data and decide whether respondents or variables should be deleted.
Diagnose the randomness of the missing data.
Select the imputation method for estimating missing data.

Understand the different types of missing data processes. A missing data process is the underlying cause for
missing data, whether it be something involving the data collection process (poorly worded questions, etc.) or the
individual (reluctance or inability to answer, etc.). When missing data are not ignorable, the missing data process can
be classified into one of two types. The first is MCAR, which denotes that the effects of the missing data process are
randomly distributed in the results and can be remedied without incurring bias. The second is MAR, which denotes
that the underlying process results in a bias (e.g., lower response by a certain type of consumer) and any remedy
must be sure to not only “fix” the missing data, but not incur bias in the process.
Explain the advantages and disadvantages of the approaches available for dealing with missing data. The
remedies for missing data can follow one of two approaches: using only valid data or calculating replacement data for
the missing data. Even though using only valid data seems a reasonable approach, the researcher must remember that
doing so assures the full effect of any biases due to nonrandom (MAR) data processes. Therefore, such approaches
can be used only when random (MCAR) data processes are present, and then only if the sample is not too depleted
for the analysis in question (remember, missing data excludes a case from use in the analysis). The calculation of
replacement values attempts to impute a value for each missing value, based on criteria ranging from the sample’s
overall mean score for that variable to specific characteristics of the case used in a predictive relationship. Again,
the researcher must first consider whether the effects are MCAR or MAR, and then select a remedy balancing the
specificity of the remedy versus the extent of the missing data and its effect on generalizability.
Identify univariate, bivariate, and multivariate outliers. Outliers are observations with a unique combination
of characteristics indicating they are distinctly different from the other observations. These differences can be on a
single variable (univariate outlier), a relationship between two variables (bivariate outlier), or across an entire set of
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variables (multivariate outlier). Although the causes for outliers are varied, the primary issue to be resolved is their
representativeness and whether the observation or variable should be deleted or included in the sample to be analyzed.
Test your data for the assumptions underlying most multivariate techniques. Because our analyses involve
the use of a sample and not the population, we must be concerned with meeting the assumptions of the statistical
inference process that is the foundation for all multivariate statistical techniques. The most important assumptions
include normality, homoscedasticity, linearity, and absence of correlated errors. A wide range of tests, from graphical
portrayals to empirical measures, is available to determine whether assumptions are met. Researchers are faced with
what may seem to be an impossible task: satisfy all of these statistical assumptions or risk a biased and flawed analysis. These statistical assumptions are important, but judgment must be used in how to interpret the tests for each
assumption and when to apply remedies. Even analyses with small sample sizes can withstand small, but significant,
departures from normality. What is more important for the researcher is to understand the implications of each
assumption with regard to the technique of interest, striking a balance between the need to satisfy the assumptions
versus the robustness of the technique and research context.
Determine the best method of data transformation given a specific problem. When the statistical assumptions
are not met, it is not necessarily a “fatal” problem that prevents further analysis. Instead, the researcher may be able to
apply any number of transformations to the data in question that will solve the problem and enable the assumptions to
be met. Data transformations provide a means of modifying variables for one of two reasons: (1) to correct violations
of the statistical assumptions underlying the multivariate techniques, or (2) to improve the relationship (correlation)
between variables. Most of the transformations involve modifying one or more variables (e.g., compute the square
root, logarithm, or inverse) and then using the transformed value in the analysis. It should be noted that the underlying
data are still intact, just their distributional character is changed so as to meet the necessary statistical assumptions.
Understand how to incorporate nonmetric variables as metric variables. An important consideration in choosing and applying the correct multivariate technique is the measurement properties of the dependent and independent
variables. Some of the techniques, such as discriminant analysis or multivariate analysis of variance, specifically
require nonmetric data as dependent or independent variables. In many instances, the multivariate methods require
that metric variables be used. Yet nonmetric variables are often of considerable interest to the researcher in a particular analysis. A method is available to represent a nonmetric variable with a set of dichotomous variables, known
as dummy variables, so that it may be included in many of the analyses requiring only metric variables. A dummy
variable is a dichotomous variable that has been converted to a metric distribution and represents one category of a
nonmetric independent variable.
Considerable time and effort can be expended in these activities, but the prudent researcher wisely invests the
necessary resources to thoroughly examine the data to ensure that the multivariate methods are applied in appropriate situations and to assist in a more thorough and insightful interpretation of the results.

Questions
1 Explain how graphical methods can complement the
empirical measures when examining data.
2 List potential underlying causes of outliers. Be sure to
include attributions to both the respondent and the
researcher.
3 Discuss why outliers might be classified as beneficial
and as problematic.
4 Distinguish between data that are missing at random
(MAR) and missing completely at random (MCAR).
Explain how each type affects the analysis of missing
data.

5 Describe the conditions under which a researcher
would delete a case with missing data versus the
conditions under which a researcher would use an
imputation method.
6 Evaluate the following statement: In order to run
most multivariate analyses, it is not necessary to meet
all the assumptions of normality, linearity, homoscedasticity, and independence.
7 Discuss the following statement: Multivariate analyses can be run on any data set, as long as the sample
size is adequate.
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Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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4
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SECTION II

oVeRVieW

t

he dependence methods described in Sections 3 and 4 provide the researcher with several methods for
assessing relationships between one or more dependent variables and a set of independent variables. Many

methods are discussed that accommodate all types (metric and nonmetric) and potentially large numbers of
both dependent and independent variables that could be applied to sets of observations. Yet what if the variables
or observations are related in ways not captured by the dependence relationships? What if the assessment of
interdependence (i.e., structure) is missing? One of the most basic abilities of human beings is to classify and
categorize objects and information into simpler schema, such that we can characterize the objects within the
groups in total rather than having to deal with each individual object. The objective of the methods in this section is
to identify the structure among a defined set of variables, observations, or objects. The identification of structure
offers not only simplicity, but also a means of description and even discovery.
Interdependence techniques, however, are focused solely on the definition of structure, assessing
interdependence without any associated dependence relationships. None of the interdependence techniques
will define structure to optimize or maximize a dependence relationship. It is the researcher’s task to first utilize
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these methods in identifying structure and then to employ it where appropriate. The objectives of dependence
relationships are not “mixed” in these interdependence methods—they assess structure for its own sake and no
other.

cHAPteRS in Section ii
Section 2 is comprised of two chapters, which cover techniques for assessing structure among variables and cases/
objects. The first interdependence technique, Exploratory Factor Analysis (Chapter 3) provides us with a tool for
understanding the relationships among variables, a knowledge fundamental to all of our multivariate analyses. The
issues of multicollinearity and model parsimony are reflective of the underlying structure of the variables, and factor
analysis provides an objective means of assessing the groupings of variables and the ability to incorporate composite
variables reflecting these variable groupings into other multivariate techniques.
It is not only variables that have structure, however. Although we assume independence among the observations
and variables in our estimation of relationships, we also know that most populations have subgroups sharing general
characteristics. Marketers look for target markets of differentiated groups of homogeneous consumers, strategy
researchers look for groups of similar firms to identify common strategic elements, and financial modelers look for
stocks with similar fundamentals to create stock portfolios. These and many other situations require techniques that
find these groups of similar objects based on a set of characteristics.
This goal is met by cluster analysis, the topic of Chapter 4. Cluster analysis is ideally suited for defining groups of
objects with maximal similarity within the groups while also having maximum heterogeneity between the groups—
determining the most similar groups that are also most different from each other. As we show, cluster analysis has
a rich tradition of application in almost every area of inquiry. Yet, its ability to define groups of similar objects is
countered by its rather subjective nature and the instrumental role played by the researcher’s judgment in several key
decisions. This subjective aspect does not reduce the usefulness of the technique, but it does place a greater burden on
the researcher to fully understand the technique and the impact of certain decisions on the ultimate cluster solution.
These techniques provide the researcher with methods that bring order to the data in the form of structure
among the observations or variables. In this way, the researcher can better understand the basic structures of the
data, not only facilitating the description of the data, but also providing a foundation for a more refined analysis of
the dependence relationships.
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3

Exploratory Factor Analysis

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Differentiate exploratory factor analysis techniques from other multivariate techniques.

●

Distinguish between exploratory and confirmatory uses of factor analytic techniques.

●

Understand the seven stages of applying exploratory factor analysis.

●

Distinguish between R and Q factor analysis.

●

Identify the differences between principal component analysis and common factor analysis models.

●

Describe how to determine the number of factors to extract.

●

Explain the concept of rotation of factors.

●

Describe how to name a factor.

●

Explain the additional uses of exploratory factor analysis.

●

State the major limitations of exploratory factor analytic techniques.

chapter Preview
Use of the multivariate statistical technique of exploratory factor analysis increased during the past decade in all
fields of social sciences research, particularly business. Yet the technique gained even greater use in the era of “Big
Data” outside of academia as analysts in every sector of the economy are faced with an explosion in the number
of variables being analyzed (see more detailed discussion in Chapter 1). This increase in the number of variables
to be considered increases the need for improved knowledge of the structure and interrelationships of variables.
This chapter describes exploratory factor analysis, a technique particularly suitable for analyzing the patterns of
complex, multidimensional relationships encountered by researchers. It defines and explains in broad, conceptual
terms the fundamental aspects of factor-analytic techniques. Exploratory factor analysis can be utilized to examine
the underlying patterns or relationships for a large number of variables and to determine whether the information
can be condensed or summarized in a smaller set of factors or components. To further clarify the methodological
concepts, basic guidelines for presenting and interpreting the results of these techniques are also included.
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Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology used.
Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key term
cross-references are italicized.
1 2 R 2 ratio Diagnostic measure employed in variable clustering to assess whether variables are singularly represented by a cluster

component or have a substantive cross-loading.
Anti-image correlation matrix Matrix of the partial correlations among variables after factor analysis, representing the degree to

which the factors explain each other in the results. The diagonal contains the measures of sampling adequacy for each variable,
and the off-diagonal values are partial correlations among variables.
A priori criterion A stopping rule for determining the number of factors. This rule is determined solely on the researcher’s
judgment and experience. The researcher may know the desired structure, be testing a specific structure or other conceptually-based considerations so that the number of factors can be predetermined.
Bartlett test of sphericity Statistical test for the overall significance of all correlations within a correlation matrix.
cluster analysis Multivariate technique with the objective of grouping respondents or cases with similar profiles on a defined
set of characteristics. Similar to Q factor analysis.
cluster component A principal component extracted in variable clustering which contains only a subset of the complete variable
set.
common factor analysis Factor model in which the factors are based on a reduced correlation matrix. That is, communalities
are inserted in the diagonal of the correlation matrix, and the extracted factors are based only on the common variance, with
specific and error variance excluded.
common variance Variance shared with other variables in the factor analysis (i.e., shared variance represented by the squared
correlation).
commonality See communality.
communality Total amount of variance an original variable shares with all other variables included in the factor analysis. Calculated as the sum of the squared loadings for a variable across the factors.
component See factor.
component analysis See principal component analysis.
composite measure See summated scales.
conceptual definition Specification of the theoretical basis for a concept that is represented by a factor.
confirmatory approach An approach to factor analysis, typically associated with structural equation modeling, that assesses
the extent to which a pre-defined structure fits the data. This approach contrasts with an exploratory approach, which is data
driven and the analysis reveals the structure.
convergent validity The degree to which two measures (scales) of the same concept are correlated. One aspect of construct
validity.
construct validity Broad approach to ensure the validity of a set of items as representative of a conceptual definition. Includes
specific sub-elements of convergent validity, discriminant validity and nomological validity.
content validity Assessment of the degree of correspondence between the items selected to constitute a summated scale and its
conceptual definition.
correlation matrix Table showing the intercorrelations among all variables.
cronbach's alpha Measure of reliability that ranges from 0 to 1, with values of .60 to .70 deemed the lower limit of acceptability.
cross-loading A variable has two or more factor loadings exceeding the threshold value deemed necessary for significance in
the factor interpretation process.
Discriminant validity One element of construct validity focusing on the degree to which two concepts are distinct. Every scale in
the analysis must be shown to have discriminant validity from all other scales.
Dummy variable Binary metric variable used to represent a single category of a nonmetric variable.
eigenvalue Represents the amount of variance accounted for by a factor. Calculated as the column sum of squared loadings for
a factor; also referred to as the latent root.
eQUiMAx One of the orthogonal factor rotation methods that is a “compromise” between the VARIMAX and QUARTIMAX
approaches, but is not widely used.
error variance Variance of a variable due to measurement error (e.g., errors in data collection or measurement).
exploratory approach An approach to factor analysis in which the objective is to define the structure within a set of variables,
with no pre-specification of number of factors or which variables are part of a factor. Contrasted to a confirmatory approach
where the structure is pre-defined.
Face validity See content validity.
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Factor Linear combination (variate) of the original variables. Factors also represent the underlying dimensions (constructs) that

summarize or account for the original set of observed variables.
Factor indeterminacy Characteristic of common factor analysis such that several different factor scores can be calculated for a

respondent, each fitting the estimated factor model. It means the factor scores are not unique for each individual.
Factor loadings Correlation between the original variables and the factors, and the key to understanding the nature of a partic-

ular factor. Squared factor loadings indicate what percentage of the variance in an original variable is explained by a factor.
Factor matrix Table displaying the factor loadings of all variables on each factor.
Factor pattern matrix One of two factor matrices found in an oblique rotation that is most comparable to the factor matrix in

an orthogonal rotation.
Factor rotation Process of manipulation or adjusting the factor axes to achieve a simpler and pragmatically more meaningful

factor solution.
Factor score Composite measure created for each observation on each factor extracted in the factor analysis. The factor weights

are used in conjunction with the original variable values to calculate each observation’s score. The factor score then can be used
to represent the factor(s) in subsequent analyses. Factor scores are standardized to have a mean of 0 and a standard deviation
of 1. Similar in nature to a summated scale.
Factor structure matrix A factor matrix found in an oblique rotation that represents the simple correlations between variables
and factors, incorporating the unique variance and the correlations between factors. Most researchers prefer to use the factor
pattern matrix when interpreting an oblique solution.
indicator Single variable used in conjunction with one or more other variables to form a composite measure.
item See indicator.
Kaiser rule See latent root criterion.
Latent root See eigenvalue.
Latent root criterion One of the stopping rules to determine how many factors to retain in the analysis. In this rule, all factors
with eigenvalues (latent roots) greater than 1.0 are retained.
Measure of sampling adequacy (MSA) Measure calculated both for the entire correlation matrix and each individual variable.
MSA values above .50 for either the entire matrix or an individual variable indicate appropriateness for performing factor
analysis on the overall set of variables or specific variables respectively.
Measurement error Inaccuracies in measuring the “true” variable values due to the fallibility of the measurement instrument
(i.e., inappropriate response scales), data entry errors, or respondent errors. One portion of unique variance.
Multicollinearity Extent to which a variable can be explained by the other variables in the analysis.
nomological validity An element of construct validity focusing on the extent to which the scale makes accurate predictions of
other concepts in a theoretically-based model.
oblique factor rotation Factor rotation computed so that the extracted factors are correlated. Rather than arbitrarily constraining
the factor rotation to an orthogonal solution, the oblique rotation identifies the extent to which each of the factors is correlated.
optimal scaling Process of transforming nonmetric data (i.e., nominal and ordinal) to a form suitable for use in principal
component analysis.
orthogonal Mathematical independence (no correlation) of factor axes to each other (i.e., at right angles, or 90 degrees).
orthogonal factor rotation Factor rotation in which the factors are extracted so that their axes are maintained at 90 degrees.
Each factor is independent of, or orthogonal to, all other factors (i.e., correlation between the factors is constrained to be zero).
Parallel analysis A stopping rule based on comparing the factor eigenvalues to a set of eigenvalues generated from random
data. The basic premise is to retain factors that have eigenvalues exceeding those which would be generated by random data.
Percentage of variance criterion A stopping rule for the number of factors to retain which is based on the amount of total
variance accounted for in a set of factors, or the communality of each of the variables. The threshold value is specified by the
researcher based on the objectives of the research and judgments about the quality of the data being analyzed.
Principal component analysis Factor model in which the factors are based on the total variance. With principal component
analysis, unities (1s) are used in the diagonal of the correlation matrix; this procedure computationally implies that all the
variance is common or shared.
Q factor analysis Forms groups of respondents or cases based on their similarity on a set of characteristics (also see the discussion
of cluster analysis in Chapter 4).
QUARtiMAx A type of orthogonal factor rotation method focusing on simplifying the columns of a factor matrix. Generally
considered less effective than the VARIMAX rotation.
R factor analysis Analyzes relationships among variables to identify groups of variables forming latent dimensions (factors).
Reliability Extent to which a variable or set of variables is consistent in what is being measured. If multiple measurements are
taken, reliable variables will all be consistent in their values. It differs from validity in that it does not relate to what should be
measured, but instead to how it is measured.
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Reverse scoring Process of reversing the scores of a variable, while retaining the distributional characteristics, to change the

relationships (correlations) between two variables. Used in summated scale construction to avoid a canceling out between
variables with positive and negative factor loadings on the same factor.
Scale development A specific process, usually involving both exploratory and confirmatory factor analyses, that attempts to
define a set of variables which represent a concept that cannot be adequately measured by a single variable. For more details,
see Chapters 9 and 10.
Scoring procedure Saves the scoring coefficients from the factor matrix and then allows them to be applied to new datasets to
generate factor scores as a form of replication of the original results.
Scree test A stopping rule based on the pattern of eigenvalues of the extracted factors. A plot of the eigenvalues is examined to
find an “elbow” in the pattern denoting subsequent factors that are not distinctive.
Specific variance Variance of each variable unique to that variable and not explained or associated (correlations) with other
variables in the factor analysis. One portion of unique variance.
Stopping rule A criterion for determining the number of factors to retain in the final results, including the latent root criterion,
a priori criterion, percentage of variance criterion, scree test and parallel analysis.
Summated scales Method of combining several variables that measure the same concept into a single variable in an attempt
to increase the reliability of the measurement. In most instances, the separate variables are summed and then their total or
average score is used in the analysis.
Surrogate variable Selection of a single proxy variable with the highest factor loading to represent a factor in the data reduction
stage instead of using a summated scale or factor score.
trace Represents the total amount of variance on which the factor solution is based. The trace is equal to the number of variables,
based on the assumption that the variance in each variable is equal to 1.
Unidimensional A characteristic of the set of variables forming a summated scale where these variables are only correlated with
the hypothesized factor (i.e., have a high factor loading only on this factor).
Unique variance Portion of a variable’s total variance that is not shared variance (i.e., not correlated with any other variables in
the analysis. Has two portions—specific variance relating to the variance of the variable not related to any other variables and
error variance attributable to the measurement errors in the variable’s value.
Validity Extent to which a single variable or set of variables (construct validity) correctly represents the concept of study—the
degree to which it is free from any systematic or nonrandom error. Validity is concerned with how well the concept is defined
by the variable(s), whereas reliability relates to the consistency of the variables(s).
Variable clustering A variant of principal component analysis which estimates components with only subsets of the original variable set (cluster components). These cluster components are typically estimated in a hierarchical fashion by “splitting” a cluster
component when two principal components can be extracted. This splitting process continues until some threshold is achieved.
Variate Linear combination of variables formed by deriving empirical weights applied to a set of variables specified by the
researcher.
VARiMAx The most popular orthogonal factor rotation method focusing on simplifying the columns in a factor matrix. Generally
considered superior to other orthogonal factor rotation methods in achieving a simplified factor structure.

What is exploratory Factor Analysis?
Exploratory factor analysis, often referred to as EFA, is an interdependence technique, as defined in Chapter 1, whose
primary purpose is to define the underlying structure among the variables in the analysis. Obviously, variables play a
key role in any multivariate analysis. Whether we are making a sales forecast with regression, predicting success or
failure of a new firm with discriminant analysis, grouping observations with cluster analysis or using any of the other
multivariate techniques discussed in Chapter 1, we must have a set of variables upon which to form relationships
(e.g., What variables best predict sales or success/failure? How do we compare observations for grouping purposes?).
As such, variables are the building blocks of relationships.
As we employ multivariate techniques, by their very nature the number of variables increases and the ability to
incorporate multiple variables is one of their fundamental benefits. Univariate techniques are limited to a single
variable, but multivariate techniques can have tens, hundreds, thousands, or even millions of variables. But how do
we describe and represent all of these variables? Certainly, if we have only a few variables, they may all be distinct
and different. As we add more and more variables, more and more overlap (i.e., correlation) is likely among the
variables. In some instances, such as when we are using multiple measures to overcome measurement error by multivariable measurement (see Chapter 1 for a more detailed discussion), the researcher even strives for correlations
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among the variables. As the variables become correlated, the researcher now needs ways in which to manage these
variables—grouping highly correlated variables together, labeling or naming the groups, and perhaps even creating
a new composite measure that can represent each group of variables.
These issues all impact the task of “Managing the Variate” as introduced in Chapter 1. In this regard, the researcher
employs techniques to (a) reduce the number of variables to be analyzed, and (b) select the appropriate variables to be
included in the multivariate analyses. Exploratory factor analysis plays a critical role in this first task—reducing the
number of variables—by providing the analyst direct control over this process (see Figure 3.1). Various techniques
(e.g., principal components regression) provide comparable approaches to data reduction, but EFA provides the only
“user-controlled” method of achieving this objective.
We introduce exploratory factor analysis as our first multivariate technique because it can play a unique role in
the application of other multivariate techniques. Broadly speaking, factor analysis provides the tools for analyzing
the structure of the interrelationships (correlations) among a large number of variables (e.g., test scores or items,
questionnaire responses, social media usage patterns, digital tracking) by defining sets of variables that are highly
interrelated, known as factors or components. These groups of variables (factors or components), which are by
definition highly intercorrelated, are assumed to represent dimensions within the data. If we are only concerned with
reducing the number of variables, then the dimensions can guide in creating new composite measures. However, if
we have a conceptual basis for understanding the relationships between variables, then the dimensions may actually
have meaning for what they collectively represent. In the latter case, these dimensions may correspond to concepts
that cannot be adequately described by a single measure (e.g., store atmosphere is defined by many sensory elements
that must be measured separately but are all interrelated). Exploratory factor analysis presents several ways of representing these groups of variables for use in other multivariate techniques.
We should note at this point that factor-analytic techniques can achieve their purposes from either an exploratory or confirmatory perspective. A continuing debate concerns its appropriate role, where many researchers
consider it only an exploratory approach, useful in searching for structure among a set of variables or as a data
reduction method. In this perspective, exploratory factor analytic techniques “take what the data give you” and
do not set any a priori constraints on the estimation of components or the number of components to be extracted.
For many—if not most—applications, this use of factor analysis is appropriate. In other situations, however, the
researcher has preconceived thoughts on the actual structure of the data, based on theoretical support or prior
research. For example, the researcher may wish to test hypotheses involving issues such as which variables should
be grouped together on a factor (i.e., multiple items were specifically collected to represent store image) or the

Figure 3.1
Variable Reduction Methods in Managing the Variate
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precise number of factors. In these instances, the researcher requires that factor analysis take a confirmatory
approach—that is, assess the degree to which the data meet the expected theoretical structure. The methods
we discuss in this chapter do not directly provide the necessary structure for formalized hypothesis testing. We
explicitly address the confirmatory perspective of factor analysis in Chapter 9 and 10, and confirmatory composite
analysis in Chapter 13. In this chapter, however, we view factor analytic techniques principally from an exploratory
or non-confirmatory viewpoint.

A Hypothetical example of exploratory Factor Analysis
Assume that through qualitative research a retail firm identified 80 different characteristics of retail stores and their
service that consumers mentioned as influencing their patronage choice among stores. The retailer wants to understand how consumers make decisions but feels that it cannot evaluate 80 separate characteristics or develop action
plans for this many variables, because they are too specific. At the same time, the problem is particularly complex
since the retailer must understand both in-store and online issues. As a result, the retailer would like to know
whether consumers think in more general evaluative dimensions rather than in just the specific items. For example,
consumers may consider salespersons to be a more general evaluative dimension that is composed of many more
specific characteristics, such as knowledge, courtesy, likeability, sensitivity, friendliness, helpfulness, and so on. At
the same time, in-store dimensions are likely to be distinct from online dimensions.
To identify these broader dimensions, the retailer could conduct a survey asking for consumer evaluations on
each of the 80 specific items. Exploratory factor analysis would then be used to identify the broader underlying
evaluative dimensions. Specific items that correlate highly are assumed to be a member of that broader dimension.
These dimensions form the basis for creating composites of specific variables, which in turn allow the dimensions
to be interpreted and described. In our example, the exploratory factor analysis might identify such dimensions as
product assortment, product quality, prices, store personnel, service, website ease of use, and store atmosphere as the
broader evaluative dimensions used by the respondents. Each of these dimensions contains specific items that are a
facet of the broader evaluative dimension. From these findings, the retailer may then use the dimensions (factors)
to define broad areas for planning and action.
An illustrative example of an application of factor analysis is shown in Figure 3.2, which represents the
correlation matrix for nine store image elements. Included in this set are measures of the product offering, store
personnel, price levels, and in-store service and experiences. The question a researcher may wish to address is:
Are all of these elements separate in their evaluative properties or do they group into some more general areas
of evaluation? For example, do all of the product elements group together? Where does price level fit, or is it
separate? Do the in-store features (e.g., store personnel, service, and atmosphere) relate to one another? Visual
inspection of the original correlation matrix (Figure 3.2, Part 1) does not easily reveal any specific pattern. Among
scattered high correlations, variable groupings are not apparent. The application of factor analysis results in
the grouping of variables as reflected in Part 2 of Figure 3.2. Here some interesting patterns emerge. First, four
variables all relating to the in-store experience of shoppers are grouped together. Then, three variables describing the product assortment and availability are grouped together. Finally, product quality and price levels are
grouped. Each group represents a set of highly interrelated variables that may reflect a more general evaluative
dimension. In this case, we might label the three variable groupings by the labels in-store experience, product
offerings, and value.
This example of exploratory factor analysis demonstrates its basic objective of grouping highly intercorrelated
variables into distinct sets (factors). In many situations, these factors can provide a wealth of information about the
interrelationships of the variables. In this example, exploratory factor analysis identified for store management a
smaller set of concepts to consider in any strategic or tactical marketing plans, while still providing insight into what
constitutes each general area (i.e., the individual variables defining each factor).
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Figure 3.2
illustrative example of the Use of exploratory Factor Analysis to identify Structure Within a Group of Variables
PART 1: ORIGINAL CORRELATION MATRIX

V1 Price Level
V2 Store Personnel
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PART 2: CORRELATION MATRIX OF VARIABLES AFTER GROUPING ACCORDING TO FACTOR ANALYSIS
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Factor Analysis Decision Process
We center the discussion of exploratory factor analysis on the six-stage model-building paradigm introduced in
Chapter 1. Figure 3.3 shows the first three stages of the structured approach to multivariate model building, and
Figure 3.5 details the final three stages, plus an additional stage (stage 7) beyond the estimation, interpretation, and
validation of the factor models, which aids in selecting surrogate variables, computing factor scores, or creating
summated scales for use in other multivariate techniques. A discussion of each stage follows.

Stage 1: objectives of Factor Analysis
The starting point in factor analysis, as with other statistical techniques, is the research problem. The general purpose
of exploratory factor analytic techniques is to find a way to condense (summarize) the information contained in a
number of original variables into a smaller set of new, composite dimensions or variates (factors) with a minimum
loss of information—that is, to search for and define the fundamental constructs or dimensions assumed to underlie
the original variables [25, 49]. In meeting its objectives, exploratory factor analysis focuses on four issues: specifying
the unit of analysis, achieving data summarization and/or data reduction, variable selection, and using exploratory
factor analysis results with other multivariate techniques.
SPeciFYinG tHe Unit oF AnALYSiS
Up to now, we have defined exploratory factor analysis solely in terms of identifying structure among a set of variables.
Exploratory factor analysis is actually a more general model in that it can identify the structure of relationships
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Figure 3.3
Stages 1–3 in the exploratory Factor Analysis Decision Diagram
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among either variables or cases (e.g., respondents) by examining either the correlations between the variables or the
correlations between the cases.
●

●

If the objective of the research is to summarize the characteristics (i.e., variables), factor analysis would be applied
to a correlation matrix of the variables. This most common type of factor analysis, referred to as R factor analysis, analyzes a set of variables to identify the dimensions for the variables that are latent (not easily observed).
Exploratory factor analysis also can be applied to a correlation matrix of the individual cases based on their
characteristics. Referred to as Q factor analysis, this method combines or condenses large numbers of cases
into distinctly different groups within a larger population. The Q factor analysis approach is not utilized
frequently because of computational difficulties. Instead, most researchers utilize some type of cluster analysis
(see Chapter 4) to group individual cases. Also see Stewart [55] for other possible combinations of groups and
variable types.

Thus, the researcher must first select the unit of analysis for factor analysis: variables or cases. Even though we
will focus primarily on structuring variables, the option of employing factor analysis among cases as an alternative to
cluster analysis is also available. The implications in terms of identifying similar variables or cases will be discussed
in stage 2 when the correlation matrix is defined.
AcHieVinG DAtA SUMMARiZAtion VeRSUS DAtA ReDUction
Exploratory factor analysis provides the researcher with two distinct, but complementary, outcomes: data summarization and data reduction. In summarizing the data, exploratory factor analysis derives underlying dimensions that
describe the data in a much smaller number of concepts than the original individual variables. The researcher may
extend this process by modifying the original dimensions (factors) to obtain more interpretable and better understood factors. Data reduction extends this process by deriving an empirical value (factor or summated scale score)
for each dimension (factor) and then substituting this value for the original values.
Data Summarization The fundamental concept involved in data summarization is the definition of structure.
Through structure, the researcher can view the set of variables at various levels of generalization, ranging from
the most detailed level (individual variables themselves) to the more generalized level, where individual variables
are grouped and then viewed not for what they represent individually, but for what they represent collectively in
expressing a concept. As we will discuss below, this stage can occur either with a focus on interpretability or without
any attempt at interpretation. But before discussing these two approaches, let us consider exactly what exploratory
factor analysis attempts to accomplish.
Exploratory factor analysis, as an interdependence technique, differs from the dependence techniques discussed
in the next sections (i.e., multiple regression, discriminant analysis, multivariate analysis of variance, or logistic
regression) where one or more variables are explicitly considered the criterion or dependent variable(s) and all others
are the predictor or independent variables. In exploratory factor analysis, all variables are simultaneously considered
with no distinction as to dependent or independent variables. Factor analysis still employs the concept of the variate,
the linear composite of variables, but in exploratory factor analysis, the variates (factors) are formed to maximize
their explanation of the entire variable set, not to predict a dependent variable(s). The goal of data summarization is
achieved by defining a small number of factors that adequately represent the original set of variables.
If we were to draw an analogy to dependence techniques, it would be that each of the observed (original) variables
is a dependent variable that is a function of some underlying and latent set of factors (dimensions) that are themselves
made up of all other variables. Thus, each variable is predicted by all of the factors, and indirectly by all the other
variables. Conversely, one can look at each factor (variate) as a dependent variable that is a function of the entire set
of observed variables. Either analogy illustrates the differences in purpose between dependence (prediction) and
interdependence (identification of structure) techniques. Structure is defined by the interrelatedness among variables
allowing for the specification of a smaller number of dimensions (factors) representing the original set of variables.
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DAtA SUMMARiZAtion WitHoUt inteRPRetAtion In the most basic form, exploratory factor analysis which are based solely
on the intercorrelations among variables, with no regard as to whether they represent interpretable dimensions of
not. Such methods as principal components regression employ this procedure strictly to reduce the number of variables in the analysis with no specific regard as to what these dimensions represent. This is not to detract from this
valuable benefit which can ultimately represent a large number of variables in a much smaller set of dimensions. In
doing so, exploratory factor analysis provides a much more parsimonious set of variables for the analysis which can
aid in model development and estimation.
DAtA SUMMARiZAtion WitH inteRPRetAtion Yet in many other instances, researchers may wish to interpret and label the
dimensions for managerial purposes or even utilize the procedure to assist in scale development. Scale development
is a specific process focused on the identification of a set of items that represent a construct (e.g., store image) in a
quantifiable and objective manner. As will be discussed extensively in later sections, researchers can examine each
dimension and “fine tune” the variables included on that dimension to be more interpretable and useful in a managerial setting. This provides a straightforward method of achieving the benefits of data summarization while also
creating factors for data reduction (see next section) which have substantive managerial impact.
Exploratory factor analysis is also crucial in the process of scale development, where a set of individual variables
are selected for their relationship to a more general concept. For example, individual variables might be: “I shop
for specials,” “I usually look for the lowest possible prices,” “I shop for bargains,” “National brands are worth more
than store brands.” Collectively, these variables might be used to identify consumers who are “price conscious” or
“bargain hunters.” The distinguishing feature in this use of exploratory factor analysis is that there is a prespecified
structure that is hopefully revealed in the analysis. We will discuss such issues as conceptual definitions, reliability
and validity in a later section as they are all issues by which an exploratory factor analysis is evaluated in the scale
development process.
The choice of data summarization with or without interpretation will have an impact on the factor extraction
method applied—principal components analysis or common factor analysis. In brief, principal components analysis is based on extracting as much as possible of the total variance in the set of variables and is thus ideally suited
for use with data summarization with less emphasis on interpretation. When the objective involves interpretation
however, the researcher has a choice of methods. Common factor analysis is most applicable to interpretability since
it analyzes only the shared variation among the variables, focusing on what is in common among the variables. Yet
principal components analysis is widely used in this manner as well and we will discuss the pros and cons of each
approach in a later section.

Data Reduction Once exploratory factor analysis has been evaluated in the data summarization process, research-

ers generally also use data reduction techniques to (1) identify representative variables from the much larger set of
variables represented by each factor for use in subsequent multivariate analyses, or (2) create an entirely new set of
variables, representing composites of the variables represented by each factor, to replace the original set of variables.
In both instances, the purpose is to retain the nature and character of the original variables, but reduce the number
of actual values included in the analysis (i.e., one per factor) to simplify the subsequent multivariate analysis. Even
though the multivariate techniques were developed to accommodate multiple variables, the researcher is always
looking for the most parsimonious set of variables to include in the analysis. As discussed in Chapter 1, both conceptual and empirical issues support the creation of composite measures while “Managing the Variate” (see Figure 3.1).
Exploratory factor analysis provides the empirical basis for assessing the structure of variables and the potential for
creating these composite measures or selecting a subset of representative variables for further analysis.
Data summarization makes the identification of the underlying dimensions or factors as the ends in themselves.
Thus, estimates of the factors and the contributions of each variable to the factors (termed loadings) provide the basis
for finalizing the content of each factor. Then, any of the data reduction approaches can be used with the results of the
data summarization process. The combination of data summarization and data reduction can create many options.
For example, it might involve simplified data summarization without interpretation, and the creation of factor scores
by the software. But it also could involve a more complex scale development process whereby data summarization
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plays a critical role in determining the final variables to be retained in each factor, and then some type of score (e.g.,
summated scales) is created to represent each factor. We will discuss in more detail the issues underlying both data
summarization and data reduction in later sections, but have summarized these basic options to acquaint the reader
with the analysis alternatives provided by exploratory factor analysis.
VARiABLe SeLection
Whether exploratory factor analysis is used for data reduction and/or summarization, the researcher should always
consider the conceptual underpinnings of the variables and use judgment as to the appropriateness of the variables
for factor analysis.
In both uses of exploratory factor analysis, the researcher implicitly specifies the potential
dimensions that can be identified through the character and nature of the variables submitted to factor analysis. For
example, in assessing the dimensions of store image, if no questions on store personnel were included, factor analysis
would not be able to identify this dimension.

Variable Specification

Factors Are Always Produced The researcher also must remember that exploratory factor analysis will always
produce factors. Thus, exploratory factor analysis is always a potential candidate for the “garbage in, garbage out”
phenomenon. If the researcher indiscriminately includes a large number of variables and hopes that factor analysis
will “figure it out,” then the possibility of poor results is high. The quality and meaning of the derived factors reflect
the conceptual underpinnings of the variables included in the analysis. Thus, researchers should use judgment on
which set of variables to analyze together and understand that the researcher dictates the structure being examined.
For example, a set of variables representing attitudes and opinions would in most instances not be analyzed with
another set of variables representing actual behaviors as these are distinctly different sets of variables. This is particularly true when one set may be independent variables and another set will be dependent variables. Exploratory factor
analysis cannot distinguish between these sets as can be done in confirmatory factor analysis, so the researcher is
best suited to analyze each set separately for their unique structure rather than in a combined analysis.
Factors Require Multiple Variables The researcher has ultimate control on which variables are subjected to factor

analysis. In some cases, there may only be single variable that measures a concept that is available and thus no need
to place that variable in a factor analysis (e.g., probably only a single measure of employee turnover—Yes or No).
So these individual variables should not be put into the exploratory factor analysis, but instead “mixed” with the
composite scores from data reduction as needed.
Obviously, the use of exploratory factor analysis as a data summarization technique is based on some conceptual
basis for the variables analyzed. But even if used primarily for data reduction with no interpretation in the data
summarization process, factor analysis is most efficient when conceptually defined dimensions can be represented
by the derived factors.
USinG FActoR AnALYSiS WitH otHeR MULtiVARiAte tecHniQUeS
Exploratory factor analysis, by providing insight into the interrelationships among variables and the underlying structure of the data, is an excellent starting point for many other multivariate techniques. From the data summarization
perspective, exploratory factor analysis provides the researcher with a clear understanding of which variables may
act in concert and how many variables may actually be expected to have an impact in the analysis.
●

●

Variables determined to be highly correlated and belonging to the same factor would be expected to have similar profiles of differences across groups in multivariate analysis of variance or in discriminant analysis.
Highly correlated variables, such as those within a single factor, affect the stepwise procedures of multiple
regression and discriminant analysis that sequentially enter variables based on their incremental predictive
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power over variables already in the model. As one variable from a factor is entered, it becomes less likely that
additional variables from that same factor would also be included due to their high correlations with variable(s)
already in the model, meaning that they have little incremental predictive power. It does not mean that the
other variables of the factor are less important or have less impact, but instead their effect is already represented
by the included variable from the factor. Thus, knowledge of the structure of the variables by itself would give
the researcher a better understanding of the reasoning behind the entry of variables in this technique. High
correlations among independent variables in multiple regression or discriminant analysis are thus an excellent
reason for performing data reduction with exploratory factor analysis.
The insight provided by data summarization can be directly incorporated into other multivariate techniques
through any of the data reduction techniques. Factor analysis provides the basis for creating a new set of variables that
incorporate the character and nature of the original variables in a much smaller number of new variables, whether
using representative variables, factor scores, or summated scales. In this manner, problems associated with large
numbers of variables or high intercorrelations among variables can be substantially reduced by substitution of the
new variables. The researcher can benefit from both the empirical estimation of relationships and the insight into
the conceptual foundation and interpretation of the results.

Stage 2: Designing an exploratory Factor Analysis
The design of an exploratory factor analysis involves three basic decisions: (1) design of the study in terms of the
number of variables, measurement properties of variables, and the types of allowable variables; (2) the sample size
necessary, both in absolute terms and as a function of the number of variables in the analysis; and (3) calculation of
the input data (a correlation matrix) to meet the specified objectives of grouping variables or respondents.
VARiABLe SeLection AnD MeASUReMent iSSUeS
Two specific questions must be answered at this point: (1) What types of variables can be used in factor analysis? and
(2) How many variables should be included? In terms of the types of variables included, the primary requirement is
that a correlation value can be calculated among all variables. Metric variables are easily measured by several types of
correlations. Nonmetric variables, however, are more problematic because they cannot use the same types of correlation measures used by metric variables. Although some specialized methods calculate correlations among nonmetric
variables, the most prudent approach is to avoid nonmetric variables. If a nonmetric variable must be included, one
approach is to develop dummy variables (coded 0–1) to represent categories of nonmetric variables. One drawback
of this approach, however, is that there is no way for the program to ensure that all of the dummy variables created
for a single multi-category variable are represented in a single factor. If all the variables are dummy variables, then
specialized forms of factor analysis, such as Boolean factor analysis, are more appropriate [5].
The researcher should also consider the number of variables to include, but still maintain a reasonable number of
variables per factor. If a study is being designed to assess a proposed structure (i.e., scale development), the researcher
should be sure to include several variables (five or more) that may represent each proposed factor. The strength of
exploratory factor analysis lies in finding patterns among groups of variables, and it is of little use in identifying
factors composed of only a single variable. Finally, when designing a study to be factor analyzed, the researcher
should, if possible, identify several key variables (sometimes referred to as key indicants or marker variables) that
closely reflect the hypothesized underlying factors. This identification will aid in validating the derived factors and
assessing whether the results have practical significance.
SAMPLe SiZe
Regarding the sample size question, there are guidelines based on (1) the absolute size of the dataset, (2) the ratio of
cases to variables and (3) the “strength” of the factor analysis results. In terms of absolute size, researchers generally
would not factor analyze a sample of fewer than 50 observations, and preferably the sample size should be 100 or
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larger. Researchers have suggested much larger samples (200 and larger) as the number of variables and expected
number of factors increases. In terms of the ratio of observations to variables, the general rule is to have a minimum
of five times as many observations as the number of variables to be analyzed, and a more acceptable sample size would
have a 10:1 ratio. Some researchers even propose a minimum of 20 cases for each variable. Finally, if the objective of
the exploratory factor analysis is to assess preliminary structural patterns, such as in a pilot test for a questionnaire,
these ratios can be adjusted downward.
The final guidelines on sample size are based on the “strength” of the exploratory factor analysis results. One
measure of how well a variable is accounted for in the retained factors is communality—the amount of a variable’s
variance explained by its loadings on the factors. The communality is calculated as the sum of the squared loadings
across the factors. We will discuss communality later as a measure for retaining variables, but communality also
helps identify the “strength” of the factors in explaining each variable. Communalities of .70, for example, can only
occur with at least one fairly high loading (e.g., the square root of .70 is .83), so high communalities generally denote
factor results that exhibit a series of high loadings for each variable. Fabrigar and Wegener propose the following
sample size guidelines: (a) a sample size of 100 is sufficient if all the communalities are .70 or above and there are at
least three variables with high loadings on each factor; (b) as the communalities fall to the range of .40 to .70 then
the sample size should be at least 200; and (c) if the communalities are below .40 and there are few high loadings per
factor, sample sizes of up to 400 are appropriate [23].
In each of these guidelines we can see that the necessary sample size increases as the complexity of the factor
analysis increases [46, 27]. For example, 30 variables requires computing 435 correlations in the factor analysis.
At a .05 significance level, perhaps even 20 of those correlations would be deemed significant and appear in the
factor analysis just by chance. Thus, the researcher should always try to obtain the highest cases-per-variable ratio
to minimize the chances of overfitting the data (i.e., deriving factors that are sample-specific with little generalizability). In order to do so, the researcher may employ the most parsimonious set of variables, guided by conceptual
and practical considerations, and then obtain an adequate sample size for the number of variables examined. When
dealing with smaller sample sizes and/or a lower cases-to-variables ratio, the researcher should always interpret any
findings cautiously. The issue of sample size will also be addressed in a later section on interpreting factor loadings.
coRReLAtionS AMonG VARiABLeS oR ReSPonDentS
The final decision in the design of an exploratory factor analysis focuses on calculating the input data for the analysis.
We discussed earlier the two forms of factor analysis: R-type versus Q-type factor analysis. Both types of factor analysis utilize a correlation matrix as the basic data input. With R-type factor analysis, the researcher would use a traditional correlation matrix (correlations among variables) as input, but an alternative correlation matrix with Q-type.
The researcher could also elect to derive the correlation matrix from the correlations between the individual
respondents. In this Q-type factor analysis, the results would be a factor matrix that would identify similar individuals. For example, if the individual respondents are identified by number, the resulting factor pattern might tell us
that individuals 1, 5, 6, and 7 are similar. Similarly, respondents 2, 3, 4, and 8 would perhaps load together on another
factor, and we would label these individuals as similar. From the results of a Q factor analysis, we could identify groups
or clusters of individuals that exhibit a similar pattern on the variables included in the analysis.
A logical question at this point would be: How does Q-type factor analysis differ from cluster analysis, because
both approaches compare the pattern of responses across a number of variables and place the respondents in groups?
The answer is that Q-type factor analysis is based on the intercorrelations between the respondents, whereas cluster analysis forms groupings based on a distance-based similarity measure between the respondents’ scores on the
variables being analyzed.
To illustrate this difference, consider Figure 3.4, which contains the scores of four respondents over three different
variables. A Q-type factor analysis of these four respondents would yield two groups with similar covariance structures, consisting of respondents A and C versus B and D. In contrast, the clustering approach would be sensitive to
the actual distances between the respondents’ scores and would lead to a grouping of the closest pairs. Thus, with
a cluster analysis approach, respondents A and B would be placed in one group and C and D in the other group.
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Figure 3.4
comparisons of Score Profiles for Q-type Factor Analysis and cluster Analysis
8
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D
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8
2
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Respondent A

7
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6
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6

Respondent B

5
4
3

Respondent C

2
1
0

Respondent D
V1

V2

V3

If the researcher decides to employ Q-type factor analysis, these distinct differences from traditional cluster analysis techniques should be noted. With the availability of other grouping techniques and the widespread use of factor
analysis for data reduction and summarization, the remaining discussion in this chapter focuses on R-type factor
analysis, the grouping of variables rather than respondents.
Issues in the design of factor analysis are of equally critical importance whether an exploratory or confirmatory perspective is taken. In either perspective, the researcher is relying on the technique to provide insights into
the structure of the data, but the structure revealed in the analysis is dependent on decisions by the researcher in
such areas as variables included in the analysis, sample size, theoretical foundation, and so on. As such, several key
considerations are listed in Rules of Thumb 3-1.

SUMMARY

Rules of thumb 3-1
exploratory Factor Analysis Design
●

●

●

Exploratory factor analysis is performed most often only on metric variables, although specialized methods
exist for the use of dummy variables; a limited number of “dummy variables” can be included in a set of
metric variables that are factor analyzed as long as they represent binary attributes.
If a study is being designed to reveal factor structure, strive to have at least five variables for each proposed
factor.
For sample size:
●
●

●

●

●

The sample must have more observations than variables.
The minimum absolute sample size should be 50 observations, with 100 observations the preferred
minimum.
Increase the sample as the complexity of the factor analysis increases (i.e., number of variables and/or
factors retained).
Strive to maximize the number of observations per variable, with a desired ratio of at least 5
observations per variable.
Higher communalities among the variables provides support for smaller samples sizes, all other
things equal.
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Stage 3: Assumptions in exploratory Factor Analysis
The critical assumptions underlying exploratory factor analysis are more conceptual than statistical. The researcher
is always concerned with meeting the statistical requirement for any multivariate technique, but in exploratory factor
analysis the overriding concerns center as much on the character and composition of the variables included in the
analysis as on their statistical qualities.
concePtUAL iSSUeS
The conceptual assumptions underlying factor analysis relate to the set of variables selected and the sample chosen.
A basic assumption of factor analysis is that some underlying structure does exist in the set of selected variables. The
presence of correlated variables and the subsequent definition of factors do not guarantee relevance, even if they
meet the statistical requirements. It is the responsibility of the researcher to ensure that the observed patterns are
conceptually valid and appropriate to study with exploratory factor analysis, because the technique has no means
of determining appropriateness other than the correlations among variables. For example, mixing dependent and
independent variables in a single factor analysis and then using the derived factors to support dependence relationships is not appropriate.
The researcher must also ensure that the sample is homogeneous with respect to the underlying factor structure.
For example, it is inappropriate to apply exploratory factor analysis to a sample of males and females for a set of
items known to differ because of gender. When the two subsamples (males and females) are combined, the resulting
correlations and factor structure will be a poor representation (and likely incorrect) of the unique structure of each
group. Thus, whenever groups are included in the sample that are expected to have different items measuring the
same concepts, separate factor analyses should be performed, and the results should be compared to identify differences not reflected in the results of the combined sample.
StAtiSticAL iSSUeS
From a statistical standpoint, departures from normality, homoscedasticity, and linearity apply only to the extent that
they diminish the observed correlations. Only normality is necessary if a statistical test is applied to the significance
of the factors, but these tests are rarely used. And some degree of multicollinearity is desirable, because the objective
is to identify interrelated sets of variables.
Assuming the researcher has met the conceptual requirements for the variables included in the analysis, the next
step is to ensure that the variables are sufficiently intercorrelated to produce representative factors. As we will see, we
can assess this degree of interrelatedness from the perspectives of both the overall correlation matrix and individual
variables. The following are several empirical measures to aid in diagnosing the factorability of the correlation matrix.
In addition to the statistical bases for the correlations of the data matrix, the
researcher must also ensure that the data matrix has sufficient correlations to justify the application of exploratory
factor analysis. If it is found that all of the correlations are low, or that all of the correlations are equal (denoting that
no structure exists to group variables), then the researcher should question the application of exploratory factor
analysis. To this end, several approaches are available:

Overall Measures of Intercorrelation

ViSUAL inSPection If visual inspection reveals a small number of correlations among the variables greater than .30,
then exploratory factor analysis is probably inappropriate. The correlations among variables can also be analyzed by
computing the partial correlations among variables. A partial correlation is the correlation that is unexplained when
the effects of other variables are taken into account. If “true” factors exist in the data, the partial correlation should
be small, because the variable can be explained by the variables loading on the factors. If the partial correlations are
high, indicating no underlying factors, then exploratory factor analysis is not appropriate.
The one exception regarding high correlations as indicative of a correlation matrix that is not appropriate occurs
when two variables are highly correlated and have substantially higher loadings than other variables on that factor.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

136

Section II Interdependence Techniques

Then, their partial correlation may be high because they are not explained to any great extent by the other variables,
but do explain each other. This exception is also to be expected when a factor has only two variables loading highly.
A high partial correlation is one with practical and statistical significance, and a rule of thumb would be to
consider partial correlations above .7 as high. Major software programs (e.g., IBM SPSS, SAS, Stata, and R) provide
the anti-image correlation matrix, which is just the negative value of the partial correlation. In each case, larger
partial or anti-image correlations (shown on the off-diagonal portion of the matrix) are indicative of variables not
suited to this factor analysis.
BARtLett teSt Another method of determining the appropriateness of exploratory factor analysis examines the entire

correlation matrix. The Bartlett test of sphericity is a statistical test for the presence of correlations among the variables. It provides the statistical significance indicating the correlation matrix has significant correlations among at
least some of the variables. The researcher should note, however, that increasing the sample size causes the Bartlett
test to become more sensitive in detecting correlations among the variables.
A third measure to quantify the degree of intercorrelations among the variables and
the appropriateness of exploratory factor analysis is the measure of sampling adequacy (MSA). This index ranges
from 0 to 1, reaching 1 when each variable is perfectly predicted without error by the other variables. The measure
can be interpreted with the following guidelines: .80 or above, meritorious; .70 or above, middling; .60 or above,
mediocre; .50 or above, miserable; and below .50, unacceptable [34, 35]. The MSA increases as (1) the sample size
increases, (2) the average correlations increase, (3) the number of variables increases, or (4) the number of factors
decreases [35]. The researcher should always have an overall MSA value of above .50 before proceeding with the
factor analysis. If the MSA value falls below .50, then the variable-specific MSA values (see the following discussion)
can identify variables for deletion to achieve an overall value of .50.
MeASURe oF SAMPLinG ADeQUAcY

In addition to a visual examination of a variable’s correlations with the other variables in the analysis, the MSA guidelines should be extended to individual variables. The
researcher should examine the MSA values for each variable and exclude those falling in the unacceptable range
(, 0.50, shown on the diagonal of the matrix). In deleting variables, the researcher should first delete the variable
with the lowest MSA and then recalculate the factor analysis. Continue this process of deleting the variable with the
lowest MSA value under .50 until all variables have an acceptable MSA value. Once the individual variables achieve
an acceptable level, then the overall MSA can be evaluated and a decision made on continuance of the factor analysis.
The purpose of eliminating individual variables with MSA values under .5 is that these variables typically are
poorly represented by the extracted factors. Most often variables with a low MSA end up as single variables on a
factor, the result of their lack of association with any of the other variables. We should note that they are not “bad”
in some manner, just that they are not correlated highly enough with other variables in the analysis to be suitable
for exploratory factor analysis.

Variable-Specific Measures of Intercorrelation

SUMMARY
Exploratory factor analysis is in many ways more impacted by not meeting its underlying conceptual assumptions
than by the statistical assumptions. The researcher must be sure to thoroughly understand the implications of ensuring that the data meet the statistical requirements as well as having the conceptual foundation to support the results.
In doing so, the researcher should consider several key guidelines as listed in Rules of Thumb 3-2.

Stage 4: Deriving Factors and Assessing overall Fit
Once the variables are specified and the correlation matrix is prepared, the researcher is ready to apply exploratory
factor analysis to identify the underlying structure of relationships (see Figure 3.5). In doing so, decisions must be
made concerning (1) the method of extracting the factors (common factor analysis versus principal components
analysis) and (2) the number of factors selected to represent the underlying structure in the data.
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Rules of thumb 3-2
testing Assumptions of exploratory Factor Analysis
●

●

●

A strong conceptual foundation needs to support the assumption that a structure does exist before the exploratory
factor analysis is performed.
A statistically significant Bartlett's test of sphericity (sig. , 0.50) indicates that sufficient correlations exist among the
variables to proceed.
Measure of sampling adequacy (MSA) values must exceed .50 for both the overall test and each individual variable;
variables with values less than .50 should be omitted from the factor analysis one at a time, with the smallest one being
omitted each time.

SeLectinG tHe FActoR extRAction MetHoD
The researcher can choose from two similar, yet unique, methods for defining (extracting) the factors to represent
the structure of the variables in the analysis. This decision must combine the objectives of the exploratory factor
analysis with knowledge about some basic characteristics of the relationships between variables. Before discussing
the two methods available for extracting factors, a brief introduction to partitioning a variable’s variance is presented.
In order to select between the two methods of factor extraction, the
researcher must first have some understanding of the variance for a variable and how it is divided or partitioned.
First, remember that variance is a value (i.e., the square of the standard deviation) that represents the total amount
of dispersion of values for a single variable about its mean. When a variable is correlated with another variable, we
often say it shares variance with the other variable, and the amount of sharing between just two variables is simply
the squared correlation. For example, if two variables have a correlation of .50, each variable shares 25 percent 1 .502 2
of its variance with the other variable.
In exploratory factor analysis, we group variables by their correlations, such that variables in a group (factor) have
high correlations with each other. Thus, for the purposes of exploratory factor analysis, it is important to understand how much of a variable’s variance is shared with other variables in that factor versus what cannot be shared
(e.g., unexplained). The total variance of any variable can be divided (partitioned) into three types of variance:
Partitioning the Variance of a Variable

The first partitioning is between common and unique variance. Common variance is that variance in a variable that is shared with all other variables in the analysis. This variance is accounted
for (shared) based on the variable’s correlations with all other variables in the analysis. A variable’s communality is
the estimate of its shared, or common, variance among the variables as represented by the derived factors. Unique
variance is that variance associated with only a specific variable and is not represented in the correlations among
variables. Variables with high common variance are more amenable to exploratory factor analysis since they correlate
more with the other variables in the analysis. The amount of common variance is what is measured in the MSA values
and provides an objective manner in which to assess the degree of common variance.

coMMon VeRSUS UniQUe VARiAnce

While unique variance is not the primary basis for extracting factors, it is useful to try and understand its two potential sources—specific and error—so as to understand ways
in which the common variance may be increased or the error variance mitigated in some fashion. Specific variance
cannot be explained by the correlations to the other variables but is still associated uniquely with a single variable. It
reflects the unique characteristics of that variable apart from the other variables in the analysis. Error variance is also
variance that cannot be explained by correlations with other variables, but it is due to unreliability in the data-gathering
process, measurement error, or a random component in the measured phenomenon. While making a precise estimate
of the breakdown of unique variance into specific and error variance is not required for the analysis, understanding
the sources of unique variance is important for assessing a variable in the factor results, particularly in the scale development process.

UniQUe VARiAnce coMPoSeD oF SPeciFic AnD eRRoR VARiAnce
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Figure 3.5
Stages 4–7 in the exploratory Factor Analysis Decision Diagram
From
Stage
3
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No
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Validation of the Factor Matrix
Split/multiple samples
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Thus, the total variance of any variable is has two basic sources—common and unique, with unique variance having
two sub-parts—specific and error. As a variable is more highly correlated with one or more variables, the common variance
(communality) increases. However, if unreliable measures or other sources of extraneous error variance are introduced,
then the amount of possible common variance and the ability to relate the variable to any other variable are reduced.
With a basic understanding of how variance can
be partitioned, the researcher is ready to address the differences between the two methods, known as common factor
analysis and principal component analysis. The selection of one method over the other is based on two criteria:
(1) the objectives of the factor analysis and (2) the amount of prior knowledge about the variance in the variables.
Principal component analysis is used when the objective is to summarize most of the original information (variance)
in a minimum number of factors for prediction purposes. In contrast, common factor analysis is used primarily to
identify underlying factors or dimensions that reflect what the variables share in common. The most direct comparison between the two methods is by their use of the explained versus unexplained variance:

Common Factor Analysis Versus Principal Component Analysis

PRinciPAL coMPonentS AnALYSiS Also known as components analysis, it considers the total variance and derives factors

that contain small proportions of unique variance and, in some instances, error variance. However, the first few factors
do not contain enough unique or error variance to distort the overall factor structure. Specifically, with principal
component analysis, unities (values of 1.0) are inserted in the diagonal of the correlation matrix, so that the full
variance is brought into the factor matrix. Figure 3.6 portrays the use of the total variance in principal component
analysis and the differences when compared to common factor analysis.
coMMon FActoR AnALYSiS In contrast, it considers only the common or shared variance, assuming that both the unique
and error variance are not of interest in defining the structure of the variables. To employ only common variance in the
estimation of the factors, communalities (instead of unities) are inserted in the diagonal. Thus, factors resulting from
common factor analysis are based only on the common variance. As shown in Figure 3.6, common factor analysis
excludes a portion of the variance included in a principal component analysis.
How is the researcher to choose between the two methods? First, the common factor and principal component analysis models are both widely used. As a practical matter, the principal components model is the typical
default method of most statistical programs when performing factor analysis. Beyond the program defaults, distinct
instances indicate which of the two methods is most appropriate.

Principal component analysis is most appropriate when:
●

data reduction is a primary concern, focusing on the minimum number of factors needed to account for
the maximum portion of the total variance represented in the original set of variables,

Figure 3.6
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●

●

prior knowledge suggests that specific and error variance represent a relatively small proportion of the
total variance, or
the principal component results are used as a preliminary step in the scale development process.

Common factor analysis is most appropriate when:
●

●

the primary objective is to identify the latent dimensions or constructs represented in the common variance
of the original variables, as typified in the scale development process, and
the researcher has little knowledge about the amount of specific and error variance and therefore wishes to
eliminate this variance.

Common factor analysis, with its more restrictive assumptions and use of only the latent dimensions (shared
common variance), is often viewed as more theoretically-based and generally associated with scale development.
Although theoretically sound, however, common factor analysis has several problems. First, common factor analysis suffers from factor indeterminacy, which means that for any individual respondent, several different factor
scores can be calculated from a single factor model result [40]. No single unique solution is found, as in principal
component analysis, but in most instances the differences are not substantial. The second issue involves the calculation of the estimated communalities used to represent the shared variance. Sometimes the communalities are
not estimable or may be invalid (e.g., values greater than 1 or less than 0), requiring the deletion of the variable
from the analysis.
Does the choice of one model or the other really affect the results? The complications of common factor analysis
have contributed to the widespread use of principal component analysis. But the base of proponents for the common
factor model is strong. Cliff [16] characterizes the dispute between the two sides as follows:
Some authorities insist that component analysis is the only suitable approach, and that the common factor methods
just superimpose a lot of extraneous mumbo jumbo, dealing with fundamentally unmeasurable things, the common
factors. Feelings are, if anything, even stronger on the other side. Militant common-factorists insist that components
analysis is at best a common factor analysis with some error added and at worst an unrecognizable hodgepodge of
things from which nothing can be determined. Some even insist that the term “factor analysis” must not be used
when a components analysis is performed.

Although debate remains over which factor model is the more appropriate [6, 26, 39, 54], empirical research
demonstrates similar results in many instances [58, 27, 17, 28, 42]. In most applications, both principal component
analysis and common factor analysis arrive at essentially identical results if the number of variables exceeds 30
[25] or the communalities exceed .60 for most variables. If the researcher is concerned with the assumptions of
principal components analysis, then common factor analysis should also be applied to assess its representation
of structure.
When a decision has been made on the factor extraction method, the researcher is ready to extract the initial unrotated factors. By examining the unrotated factor matrix, the researcher can explore the potential for data reduction
and obtain a preliminary estimate of the number of factors to extract. Final determination of the number of factors
must wait, however, until the results are rotated and the factors are interpreted.
StoPPinG RULeS: cRiteRiA FoR tHe nUMBeR oF FActoRS to extRAct
How do we decide on the number of factors to extract? Both factor analysis methods are interested in the best linear
combination of variables—best in the sense that the particular combination of original variables accounts for more
of the variance in the data as a whole than any other linear combination of variables. Therefore, the first factor may
be viewed as the single best summary of linear relationships exhibited in the data. The second factor is defined as
the second-best linear combination of the variables, subject to the constraint that it is orthogonal to the first factor.
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To be orthogonal to the first factor, the second factor must be derived only from the variance remaining after the
first factor has been extracted. Thus, the second factor may be defined as the linear combination of variables that
accounts for the most variance that is still unexplained after the effect of the first factor has been removed from the
data. The process continues extracting factors accounting for smaller and smaller amounts of variance until all of
the variance is explained. For example, the components method actually extracts n factors, where n is the number
of variables in the analysis. Thus, if 30 variables are in the analysis, 30 factors are extracted.
So, what is gained by exploratory factor analysis? In our example of 30 store image variables where 30 factors
are extracted, the first factors will hopefully account for a substantial enough portion of the variance so that the
researcher can retain only a small number of factors to adequately represent the variance of the entire set of variables.
The key question is: How many factors to extract or retain?
In deciding when to stop factoring (i.e., how many factors to extract), the researcher must combine a conceptual
foundation (How many factors should be in the structure?) with some empirical evidence (How many factors can
be reasonably supported?). The researcher generally begins with some predetermined criteria, such as the general
number of factors plus some general thresholds of practical relevance (e.g., required percentage of variance explained).
These criteria are combined with empirical measures of the factor structure. A definitive quantitative basis for deciding the number of factors to extract has not been developed. However, the following stopping rules for the number
of factors to extract are currently being utilized.
A Priori Criterion The a priori criterion is a simple yet reasonable criterion under certain circumstances. When
applying it, the researcher already knows how many factors to extract before undertaking the factor analysis. The
researcher simply instructs the computer to stop the analysis when the desired number of factors has been extracted.
This approach is useful when testing a theory or hypothesis about the number of factors to be extracted. It also can
be justified in attempting to replicate another researcher’s work and extract the same number of factors that was
previously found.
Latent Root Criterion The most commonly used technique is the latent root criterion, also known as the Kaiser
rule. This technique is simple to apply, the rationale being that any individual factor should account for the variance of at least a single variable if it is to be retained for interpretation. With principal component analysis each
variable by itself contributes a value of 1 (i.e., the value on the diagonal of the correlation matrix) to the total
eigenvalue for all variables. The eigenvalue of a single factor is simply the sum of the squared loadings of variables
on that factor. The simple rule is: Don’t retain any factors which account for less variance than a single variable.
Thus, only the factors having latent roots or eigenvalues greater than 1 are considered significant; all factors with
latent roots less than 1 are considered insignificant and are disregarded. This rule is most applicable to principal
components analysis where the diagonal value representing the amount of variance for each variable is 1.0. In
common factor analysis the diagonal value is replaced with the communality (amount of variance explained) of
the variable. In most instances this is a value less than 1.0, so using the latent root criterion on this form of the
correlation matrix would be less appropriate. So in common factor analysis many times the latent root criterion
is applied to the factor results before the diagonal value is replaced by the communality. Another approach is to
extract factors with an eigenvalue less than one, with the level being chosen as approximately the average of the
communalities of the items.
This stopping rule has been criticized as being too simplistic and certainly has its drawbacks, working less accurately with a small number of variables or lower communalities. The latent root criterion is most reliable when the
number of variables is between 20 and 50 and communalities above .40. If the number of variables is less than 20,
the tendency is for this method to extract a conservative number of factors (too few). In contrast, if more than 50
variables are involved, it is not uncommon for too many factors to be extracted [7, 37]. In most instances, the latent
root criterion is applied as a first step, and then other criteria are considered in combination with this initial criterion.
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Percentage of Variance Criterion The percentage of variance criterion is an approach based on achieving a
specified cumulative percentage of total variance extracted by successive factors. The purpose is to ensure practical
significance for the derived factors by ensuring that they explain at least a specified amount of variance. No absolute
threshold has been adopted for all applications. However, in the natural sciences the factoring procedure usually
should not be stopped until the extracted factors account for at least 95 percent of the variance, or until the last factor
accounts for only a small portion (less than 5%). In contrast, in the social sciences, where information is often less
precise, it is not uncommon to consider a solution that accounts for 60 percent of the total variance as satisfactory,
and in some instances even less.
A variant of this criterion involves selecting enough factors to achieve a prespecified communality for each of
the variables. If theoretical or practical reasons require a certain communality for each variable, then the researcher
will include as many factors as necessary to adequately represent each of the original variables. This approach differs
from focusing on just the total amount of variance explained, which may diminish the degree of explanation for the
individual variables.
Scree Test Criterion Recall that with the component analysis factor model the later factors extracted contain both

common and unique variance. Although all factors contain at least some unique variance, the proportion of unique
variance is substantially higher in later factors. The scree test is used to identify the optimum number of factors that
can be extracted before the amount of unique variance begins to dominate the common variance structure [12].
The scree test is derived by plotting the latent roots against the number of factors in their order of extraction, and
the shape of the resulting curve is used to evaluate the cut-off point. Figure 3.7 plots the first 18 factors extracted in
a study. Starting with the first factor, the plot slopes steeply downward initially and then slowly becomes an approximately horizontal line—an inflection point termed by many as the “elbow.” This point at which the curve first begins
to straighten out is considered to represent those factors containing more unique rather than common variance and
thus are less suitable for retention. Most researchers do not include the elbow, but rather retain all of the preceding
factors. So in this instance if the elbow was at 10 factors, then 9 factors would be retained. Some researchers advocate including the elbow (inflection point). In either case, identifying the elbow is many times difficult and thus the
scree test is considered more subjective than other methods. Note that in using the latent root criterion only eight
factors would have been considered. In contrast, using the scree test results in one or two more factors being retained.
Figure 3.7
eigenvalue Plot for Scree test criterion
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As a general rule, the scree test results in at least one and sometimes two or three more factors being considered for
inclusion than does the latent root criterion [12].
All of the previous stopping rules have been ad hoc criteria that are generalized across all situations. Parallel analysis was developed [31] to form a stopping rule based on the specific characteristics (i.e.,
number of variables and sample size) of the dataset being analyzed. This procedure generates a large number (e.g.,
500 or 1000) simulated datasets with random values for the same number of variables and sample size. Each of
these simulated datasets is then factor analyzed, either with principal components or common factor methods,
and the eigenvalues are averaged for each factor across all the datasets. The result is the average eigenvalue for the
first factor, the second factor and so on across the set of simulated datasets. These values are then compared to the
eigenvalues extracted for the original data and all factors with eigenvalues above those of the simulated datasets
are retained. Variants of this rule suggest taking the upper bound (95th percentile) of the simulated eigenvalues as
a more conservative threshold. When used with principal components analysis, parallel analysis may prove to be a
“stricter” threshold than the latent root criterion as the number of factors increases (i.e., indicate fewer factors than
the latent root criterion). With common factor analysis, the opposite has been observed and it may support later
factors that other stopping rules eliminate [9].
While there is still emerging research on the efficacy of parallel analysis, recent efforts have found it quite accurate
across a wide range of situations [23, 50, 43, 57]. An extension, the comparative data approach, has recently been
posed which incorporates more of the distributional characteristics of the original dataset [50]. While parallel analysis
has not been incorporated into the major statistical packages, macros are available to perform this procedure in each
package [43] as well as links on our website: http://www.mvstats.com.

Parallel Analysis

Heterogeneity of the Respondents An assumption of all factor models that impacts the number of factors retained

is that the shared variance among variables extends across the entire sample. If the sample is heterogeneous with
regard to at least one subset of the variables, then the first factors will represent those variables that are more homogeneous across the entire sample. Variables that are better discriminators between the subgroups of the sample will
load on later factors, many times those not selected by the criteria discussed previously [22]. When the objective
is to identify factors that discriminate among the subgroups of a sample, the researcher should extract additional
factors beyond those indicated by the methods just discussed and examine the additional factors’ ability to discriminate among the groups. If they prove less beneficial in discrimination, the solution can be run again and these later
factors eliminated.
In practice, most researchers seldom use a single criterion in determining
how many factors to extract. Instead, they initially use a criterion such as the latent root as a guideline for the first
attempt at interpretation. Recent research has shown that most research efforts have employed only a single stopping
rule rather than looking for a convergence across a number of stopping rules [30]. Yet no matter what set of stopping rules are used, the researcher must also strive for interpretability if data summarization includes any form of
interpretation. After the factors are interpreted, as discussed in the following sections, the practicality of the factors
is assessed. Factors identified by other criteria are also interpreted. Selecting the number of factors is interrelated
with an assessment of structure, which is revealed in the interpretation phase. Thus, several factor solutions with
differing numbers of factors are examined before the structure is well defined. In making the final decision on the
factor solution to represent the structure of the variables, the researcher should remember the considerations listed
in Rules of Thumb 3-3.
One word of caution in selecting the final set of factors: Negative consequences arise from selecting either too
many or too few factors to represent the data. If too few factors are used, then the correct structure is not revealed,
and important dimensions may be omitted. If too many factors are retained, then the interpretation becomes more
difficult when the results are rotated (as discussed in the next section). Although the factors are independent, you
can just as easily have too many factors as too few [62]. By analogy, choosing the number of factors is something
Summary of Factor Selection Criteria
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Rules of thumb 3-3
choosing Factor Models and number of Factors
●

●

Although both component and common factor analysis models yield similar results in common research
settings (30 or more variables or communalities of .60 for most variables):
●

The component analysis model is most appropriate when data reduction is paramount.

●

The common factor model is best in well-specified theoretical applications.

Any decision on the number of factors to be retained should be based on several considerations:
●

Use of several stopping criteria to determine the initial number of factors to retain:
●

Factors with eigenvalues greater than 1.0.

●

A predetermined number of factors based on research objectives and/or prior research.

●

Enough factors to meet a specified percentage of variance explained, usually 60 percent or higher.

●

●
●
●

Factors shown by the scree test to have substantial amounts of common variance (i.e., factors
before inflection point).
Factors above the threshold established by parallel analysis.

More factors when heterogeneity is present among sample subgroups.
Consideration of several alternative solutions (one more and one less factor than the initial solution) to
ensure the best structure is identified.

like focusing a microscope. Too high or too low an adjustment will obscure a structure that is obvious when the
adjustment is just right. Therefore, by examining a number of different factor structures derived from several trial
solutions, the researcher can compare and contrast to arrive at the best representation of the data.
As with other aspects of multivariate models, parsimony is important. The notable exception is when exploratory
factor analysis is used strictly for data summarization without interpretation with a specified level of variance to be
extracted (i.e., no researcher judgment involved). In all other situations the researcher must balance representativeness and interpretability against parsimony in determining the final set of factors.
ALteRnAtiVeS to PRinciPAL coMPonentS AnD coMMon FActoR AnALYSiS
Our discussion to this point has focused on the two approaches most commonly associated with exploratory factor
analysis. But as with all multivariate methods, there are always alternative approaches being developed for specialized
situations or as an alternative to the traditional methods. In this regard, we will discuss briefly two additional exploratory factor methods that are in use: factor analysis for ordinal/categorical data, which eliminates the requirement
for metric data; and variable clustering which uses an extraction approach somewhat similar to cluster analysis.
As we have discussed throughout this chapter, the fundamental element
of exploratory factor analysis is the correlation among variables. We use these interrelationships to identify factors
and assess which variables are most representative of each factor. But what are we to do when the data we wish to
analyze are not conducive to calculating correlations—Can we perform these same analyses on nonmetric data?
This question becomes increasingly important in this era of “Big Data” where data is obtained from many sources
and more often is nonmetric in nature rather than the orderly responses we are many times accustomed to in survey
data. We discussed earlier representing categorical variables as a series of binary variables, but that is problematic as
each category is considered separately and categories from the same variable may load on different factors. Moreover,
even academicians face questions of appropriateness of correlations among the items they use, such as the continued
debate on whether Likert-type questions (i.e., Agree–Disagree) are metric or nonmetric [32, 11].

Factor Analysis of Categorical Data
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Optimal scaling is a process to derive interval measurement properties for variables which were originally nominal or ordinal measures. Each original variable is “scaled” so as to achieve maximal fit with the other variables in the
analysis. This results in two characteristics to always remember: (a) optimal scaling works within the variable set
specified (e.g., maximizes the correlations among the variables in the analysis), but this scaling may change in other
analyses, and (b) the researcher sets a series of allowable transformations (e.g., retain ordinality or not) and constraints
that impact this process. So while in most situations we feel that metric measures are fairly consistent (even with transformations), optimal scaling may result in more variation in the relationships based on the variables in the analysis.
Originally conceptualized by Fisher [24] and extended by a number of researchers [20, 36, 61, 60, 59], this process
is now available in all major statistical packages (e.g., CATPCA, Categorical Principal Components Analysis in SPSS;
and PROC PRINQUAL, Principal Components of Qualitative Data in SAS). Once the optimal scaling process is
specified and the data transformed, the process proceeds in a manner quite similar to principal components analysis.
Variable Clustering As the number of variables increases dramatically, principal components analyses become
more difficult in a number of ways. A variant of PCA, termed variable clustering, has emerged to address several of
these issues and is available in the PROC VARCLUS of SAS [51]. This alternative method of factor extraction using
principal components has several distinct benefits:
●
●
●

It is not impacted by the number of variables included like PCA.
It is based on a hierarchical process of component formation similar to that seen in cluster analysis.
It introduces additional diagnostics for selecting the most representative variable(s) for each component.

The procedure employs principal components analysis as the basic factor model in the initial step, but then “splits”
each component sequentially, much like divisive hierarchical cluster analysis, to generate “clusters” of variables
within non-orthogonal principal components (called cluster components). The cluster components provide a much
“cleaner” interpretation as they consist of only a subset of the original variables, i.e., the variables in each cluster. To
better understand this process, let us examine the basic steps in performing variable clustering:
1 Use principal components analysis to generate a two-component solution and perform an oblique rotation.
2 Assign each variable to one of the rotated components based on the highest factor loading, forming what are
termed cluster components (i.e., only those variables assigned to that component). These cluster components
now contain only those assigned variables.
3 Then, for each cluster component, apply principal components again and assess if the cluster component can be
“split” into two more components. If so, assign the variables to their respective cluster components.
4 Continue the process by examining each cluster component to see if it can be split into two components. Stop
the process when all cluster components can no longer be split.
This process results in a disjoint hierarchical solution where each variable is contained in a single cluster component. To understand how well each cluster component represents each of its variables, the loading of each variable on
its cluster component is compared to the next highest loading on another component. The 1 2 R2 ratio is calculated
for each variable, with lower values indicating a “cleaner” solution:
1 2 R2 ratio 5

1 2 R2 own cluster
1 2 R2 next closest cluster

There are several options the researcher can employ to change the procedure (e.g., the threshold determining if a
cluster component will split, methods of assigning variables to clusters and even the maximum number of clusters).
Variable clustering does, however, have some limitations, particularly in light of its recent development:
●

●

It is considered more subjective than PCA, with fewer objective standards used in estimation of the final
solution.
You must use PROC SCORE to generate cluster/component scores for each observation.
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Variable clustering provides an alternative to principal components analysis that researchers are exploring given
the dramatic increase in the number of variables being examined for data reduction. It provides an efficient process
of generating solutions which many times are found to be “cleaner” than principal components analysis, and the
hierarchical nature of the process sometimes provides insights in the interpretation process.
Summary Categorical principal components analysis and variable clustering are just two of the increasing number
of methods being developed for variable reduction, particularly with large datasets. The ever-increasing number of
variables available for analysis in all types of research questions, academic and commercial, are pushing the development of these and other methods. Researchers are encouraged to be attuned to developments in techniques for
“Managing The Variate,” both in variable reduction and variable selection (see more discussion in Chapters 1 and 5).

Stage 5: interpreting the Factors
As discussed earlier, most applications of exploratory factor analysis involve data summarization with interpretation.
Although no unequivocal processes or guidelines determine the interpretation of factors, the researcher with a strong
conceptual foundation for the anticipated structure and its rationale has the greatest chance of success. We cannot
state strongly enough the importance of a strong conceptual foundation, whether it comes from prior research,
theoretical paradigms, qualitative research, or commonly accepted principles. As you will see, the researcher must
repeatedly make subjective judgments in decisions such as to the number of factors to extract, the sufficient number
of relationships to warrant grouping variables, and how to identify the groupings. As the experienced researcher
can attest, almost anything can be uncovered if one tries long and hard enough (e.g., using different factor models,
extracting different numbers of factors, using various forms of rotation). It is therefore up to the researcher to be
the final arbitrator as to the form and appropriateness of a factor solution, and such decisions are best guided by
conceptual rather than empirical bases.
To assist in the process of interpreting a factor structure and selecting a final factor solution, three fundamental
processes are described. Within each process, several substantive issues (factor rotation, factor-loading significance,
and factor interpretation) are encountered. Thus, after each process is briefly described, each of these processes will
be discussed in more detail.
tHe tHRee PRoceSSeS oF FActoR inteRPRetAtion
Factor interpretation is circular in nature. The researcher first evaluates the initial results, then makes a number
of judgments in viewing and refining these results, with the distinct possibility that the analysis is respecified, and
therefore requires a return to the initial step. Thus, the researcher should not be surprised that several iterations are
necessary before a final solution is achieved.
First, the initial unrotated factor matrix is computed, containing the factor loadings for each variable on each factor. Factor loadings are the correlation of each variable and the factor. Loadings
indicate the degree of correspondence between the variable and the factor, with higher loadings making the variable
representative of the factor. In exploratory factor analysis, each variable has loadings on all factors. Factor loadings
are the means of interpreting the role each variable plays in defining each factor.
In those situations in which exploratory factor analysis is used strictly for data reduction, there is no need for
any interpretation processes. The researcher extracts the factors and determines the number of factors to retain and
then proceeds to the data reduction process of creating factors scores, etc. This is illustrated in SAS that has PROC
PRINCOMP, a procedure devoted only to principal components and data reduction options. It does not have any
of the interpretation methods we will discuss next (i.e., rotation methods), just data summarization without interpretation and data reduction.

1. Estimate the Factor Matrix
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2. Factor Rotation If interpretation is desired, the unrotated factor solutions achieve the objective of data reduction,
but the researcher must ask whether the unrotated factor solution (which fulfills desirable mathematical requirements) will provide information that offers the most adequate interpretation of the variables under examination. In
most instances the answer to this question is no, because factor rotation (a more detailed discussion follows in the
next section) should simplify the factor structure (i.e., have each variable load highly on only one factor). Therefore, the researcher next employs a rotational method to achieve simpler and theoretically more meaningful factor
solutions. In most cases rotation of the factors improves the interpretation by reducing some of the ambiguities that
often accompany initial unrotated factor solutions.
3. Factor Interpretation and Respecification As a final process, the researcher evaluates the (rotated) factor load-

ings for each variable in order to determine that variable’s role and contribution in determining the factor structure.
In the course of this evaluative process, the need may arise to respecify the factor model owing to (1) the deletion
of a variable(s) from the analysis, (2) the desire to employ a different rotational method for interpretation, (3) the
need to extract a different number of factors, or (4) the desire to change from one extraction method to another.
Respecification of a factor model involves returning to the extraction stage (stage 4), extracting factors, and then
beginning the process of interpretation once again.
FActoR extRAction
The process of actually estimating the factors and loadings for each variable primarily involve the selection of the
principal components versus common factor approach (see earlier discussion). While principal components analysis
is most often the default approach in most software, there are a number of options for forms of common factor analysis. For example, both IBM SPSS and SAS have principal axis factor/iterated principal factor analysis (most often
used for common factor) along with alpha factoring and image factoring. The researcher is encouraged to explore
the different common factor options available as each has a slightly different approach in estimating communalities
and extracting factors.
One issue in extraction of the common factor model is the estimation of communalities of each variable. Many
times the process identifies variables in which the communality estimates exceed 1.0 and these variables must
be eliminated. The researcher is encouraged to utilize the diagnostic information provided by the MSA values
as well as identifying any variables with very high bivariate correlations as these many times are problematic at
this stage.
RotAtion oF FActoRS
Perhaps the most important tool in interpreting factors is factor rotation. The term rotation means exactly what
it implies. Specifically, the reference axes of the factors are turned about the origin until some other position has
been reached. As indicated earlier, unrotated factor solutions extract factors in the order of their variance extracted.
The first factor tends to be a general factor with almost every variable loading significantly, and it accounts for
the largest amount of variance. The second and subsequent factors are then based on the residual amount of
variance. Each accounts for successively smaller portions of variance. We should note that the first factor is not
necessarily more “important” than the subsequent factors for any other purposes (e.g., prediction), but just that it
represents the most variance accounted for in the set of variables. The ultimate effect of rotating the factor matrix
is to redistribute the variance from earlier factors to later ones to achieve a simpler, theoretically more meaningful
factor pattern.
Orthogonal Versus Oblique Rotation The simplest case of rotation is an orthogonal factor rotation, in which the

axes are maintained at 90 degrees. It is also possible to rotate the axes and not retain the 90-degree angle between
the reference axes. When not constrained to being orthogonal, the rotational procedure is called an oblique factor
rotation. Orthogonal and oblique factor rotations are demonstrated in Figures 3.8 and 3.9, respectively.
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Figure 3.8, in which five variables are depicted in a two-dimensional factor diagram, illustrates factor rotation. The
vertical axis represents unrotated factor II, and the horizontal axis represents unrotated factor I. The axes are labeled
with 0 at the origin and extend outward to 11.0 or 21.0. The numbers on the axes represent the factor loadings.
The five variables are labeled V1, V2, V3, V4 and V5. The factor loading for variable 2 (V2) on unrotated factor II is
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determined by drawing a dashed line horizontally from the data point to the vertical axis for factor II. Similarly, a
vertical line is drawn from variable 2 to the horizontal axis of unrotated factor I to determine the loading of variable
2 on factor I. A similar procedure followed for the remaining variables determines the factor loadings for the unrotated and rotated solutions, as displayed in Table 3.1 for comparison purposes. On the unrotated first factor, all the
variables load fairly high. On the unrotated second factor, variables 1 and 2 are very high in the positive direction.
Variable 5 is moderately high in the negative direction, and variables 3 and 4 have considerably lower loadings in
the negative direction.
From visual inspection of Figure 3.8, two clusters of variables are obvious. Variables 1 and 2 go together, as do
variables 3, 4, and 5. However, such patterning of variables is not so obvious from the unrotated factor loadings,
particularly variable 5 which loads somewhat equally on the two unrotated axes. By rotating the original axes clockwise, as indicated in Figure 3.8, the axes are maintained at 90 degrees. This procedure signifies that the factors are
mathematically independent and that the rotation has been orthogonal. The rotated loadings portray a much more
simplified factor-loading pattern with variables loading highly only on a single factor. Variables 3, 4, and 5 now load
high on factor I, and variables 1 and 2 load high on factor II. Thus, the clustering or patterning of these variables
into two groups is more obvious after the rotation than before, even though the relative position or configuration of
the variables remains unchanged.
The same general principles of orthogonal rotations pertain to oblique rotations. The oblique rotational method
is more flexible, however, because the factor axes need not be orthogonal. It is also more realistic because the theoretically important underlying dimensions are not assumed to be uncorrelated with each other. In Figure 3.9 the
two rotational methods are compared. Note that the oblique factor rotation represents the clustering of variables
even more accurately. This accuracy is a result of the fact that each rotated factor axis is now closer to the respective
group of variables. Also, the oblique solution provides information about the extent to which the factors are actually
correlated with each other.
Most researchers agree that unrotated solutions are not sufficient. That is, in most cases some form of
rotation will improve the interpretation by reducing some of the ambiguities that often accompany the
preliminary analysis. The ultimate goal of any rotation is to obtain some theoretically meaningful factors and,
if possible, the simplest factor structure. Orthogonal rotational approaches are more widely used because all
computer packages with factor analysis contain orthogonal rotation options and they retain orthogonality
among the factors. This is particularly useful if data reduction methods are used to create scores for each
factor, as these scores are also orthogonal (i.e., no multicollinearity) which may be beneficial in other multivariate techniques. Orthogonal rotations are also utilized more frequently because the analytical procedures
for performing oblique rotations are not as well developed and are still subject to some controversy. As a
result, the oblique methods are not nearly as widely applied. Several different approaches are available for
performing either orthogonal or oblique rotations. However, only a limited number of oblique rotational
procedures are available in most statistical packages. Thus, the researcher will probably have to accept the
one that is provided.

table 3.1 comparison Between Rotated and Unrotated Factor Loadings
Unrotated Factor Loadings
ii

Rotated Factor Loadings

Variables

i

i

ii

V1

.50

.80

.03

.94

V2

.60

.70

.16

.90

V3

.90

2.25

.95

.24

V4

.80

2.30

.84

.15

V5

.60

2.50

.76

2.13
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In practice, the objective of all methods of rotation is to simplify the rows and
columns of the factor matrix to facilitate interpretation. In a factor matrix, columns represent factors, with each row
corresponding to a variable’s loading across the factors. By simplifying the rows, we mean making as many values
in each row as close to zero as possible (i.e., maximizing a variable’s loading on a single factor). By simplifying the
columns, we mean making as many values in each column as close to zero as possible (i.e., making the number of
high loadings as few as possible). Three major orthogonal approaches have been developed:

Orthogonal Rotation Methods

VARiMAx The VARIMAX criterion centers on simplifying the columns of the factor matrix. With the VARIMAX
rotational approach, the maximum possible simplification is reached if there are only 1s and 0s in a column.
That is, the VARIMAX method maximizes the sum of variances of required loadings of the factor matrix. The
result is some high loadings (i.e., close to 4 21 or 11) along with some loadings near 0 in each column of the
matrix. The logic is that interpretation is easiest when the variable-factor correlations are (1) close to either 11
or 21 thus indicating a clear positive or negative association between the variable and the factor; or (2) close to
0, indicating a clear lack of association. This structure is fundamentally simple. While the QUARTIMAX solution (discussed in the next section) focuses on simplifying rows and is analytically simpler than the VARIMAX
solution, VARIMAX seems to give a clearer separation of the factors. In general, Kaiser’s experiment [34, 35]
indicates that the factor pattern obtained by VARIMAX rotation tends to be more invariant than that obtained by
the QUARTIMAX method when different subsets of variables are analyzed. The VARIMAX method has proved
successful as an analytic approach to obtaining an orthogonal rotation of factors, and is the most widely used
orthogonal rotation method.

In contrast to VARIMAX, the goal of a QUARTIMAX rotation is to simplify the rows of a factor matrix;
that is, QUARTIMAX focuses on rotating the initial factor so that a variable loads high on one factor and as low as
possible on all other factors. In these rotations, many variables can load high or near high on the same factor because
the technique centers on simplifying the rows. The QUARTIMAX method has not proved especially successful in
producing simpler structures. The difficulty is that the method tends to produce a general factor as the first factor on
which most, if not all, of the variables have high loadings. Regardless of one’s concept of a simpler structure, inevitably
it involves dealing with clusters of variables. A method that tends to create a large general factor (i.e., QUARTIMAX)
is not consistent with the goals of rotation.

QUARtiMAx

eQUiMAx The EQUIMAX approach is a compromise between the QUARTIMAX and VARIMAX approaches. Rather
than concentrating either on simplification of the rows or on simplification of the columns, it tries to accomplish
some of each. EQUIMAX has not gained widespread acceptance and is used infrequently.

Oblique rotations are similar to orthogonal rotations, except that oblique rotations
allow correlated factors instead of maintaining independence between the rotated factors. Where several choices are
available among orthogonal approaches, however, most statistical packages typically provide only limited choices for
oblique rotations. For example, IBM SPSS provides OBLIMIN and SAS has PROMAX and ORTHOBLIQUE. The
objectives of simplification are comparable to the orthogonal methods, with the added feature of correlated factors.
With the possibility of correlated factors, the factor researcher must take additional care to validate obliquely rotated
factors, because they have an additional way (non-orthogonality) of becoming specific to the sample and not generalizable, particularly with small samples or a low cases-to-variable ratio.

Oblique Rotation Methods

Selecting Among Rotational Methods No specific rules have been developed to guide the researcher in selecting a particular orthogonal or oblique rotational technique and recent research demonstrated the variation in
solutions based on the rotation method [52]. In most instances, the researcher simply utilizes the rotational
technique provided by the computer program. Most programs have the default rotation of VARIMAX, but all the
major rotational methods are widely available. However, no compelling analytical reason suggests favoring one

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 3 Exploratory Factor Analysis

151

rotational method over another. The choice of an orthogonal or oblique rotation should be made on the basis
of the particular needs of a given research problem. Many times, however, the researcher performs both types
of rotations to better assess the underlying structure under the assumption of orthogonality versus relaxing this
assumption. To this end, several considerations (in Rules of Thumb 3-4) should guide in selecting the rotational
method.
jUDGinG tHe SiGniFicAnce oF FActoR LoADinGS
In interpreting factors, a decision must be made regarding the factor loadings worth consideration and attention. The
following discussion details issues regarding practical and statistical significance, as well as the number of variables,
that affect the interpretation of factor loadings.
Ensuring Practical Significance The first guideline is not based on any mathematical proposition but relates more

to practical significance by making a preliminary examination of the factor matrix in terms of the factor loadings.
Because a factor loading is the correlation of the variable and the factor, the squared loading is the amount of the
variable’s total variance accounted for by the factor. Thus, a .30 loading translates to approximately 10 percent explanation, and a .50 loading denotes that 25 percent of the variance is accounted for by the factor. The loading must
exceed .70 for the factor to account for 50 percent of the variance of a variable. Thus, the larger the absolute size of
the factor loading, the more important the loading in interpreting the factor matrix. Using practical significance as
the criteria, we can assess the loadings as follows:
●
●
●
●

Factor loadings less than 6.10 can be considered equivalent to zero for purposes of assessing simple structure.
Factor loadings in the range of 6.30 to 6.40 are considered to meet the minimal level for interpretation of structure.
Loadings 6.50 or greater are considered practically significant.
Loadings exceeding 6.70 are considered indicative of well-defined structure and are the goal of any factor analysis.

The researcher should realize that extremely high loadings (.90 and above) are not typical and that the practical
significance of the loadings is an important criterion. These guidelines are applicable when the sample size is 100 or
larger and where the emphasis is on practical, not statistical, significance.
Assessing Statistical Significance As previously noted, a factor loading represents the correlation between an
original variable and its factor. In determining a significance level for the interpretation of loadings, an approach
similar to determining the statistical significance of correlation coefficients could be used. However, research [18]

Rules of thumb 3-4
choosing Factor Rotation Methods
●

Orthogonal rotation methods:
●
●

●

Are the preferred method when the research goal is data reduction to either a smaller number of variables or a set of uncorrelated measures for subsequent use in other multivariate techniques.

Oblique rotation methods:
●

●

Are the most widely used rotational methods.

Are best suited to the goal of obtaining several theoretically meaningful factors or constructs, because,
realistically, few constructs in the real world are uncorrelated.

If interpretation is important, performing both rotational methods provides useful information on the
underlying structure of the variables and the impact of orthogonality on the interpretation of the factors.
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has demonstrated that factor loadings have substantially larger standard errors than typical correlations. Thus, factor
loadings should be evaluated at considerably stricter levels. The researcher can employ the concept of statistical power
discussed in Chapter 1 to specify factor loadings considered significant for differing sample sizes. With the stated
objective of obtaining a power level of 80 percent, the use of a .05 significance level, and the proposed inflation of
the standard errors of factor loadings, Table 3.2 contains the sample sizes necessary for each factor loading value to
be considered significant.
For example, in a sample of 100 respondents, factor loadings of .55 and above are significant. However, in a sample
of 50, a factor loading of .75 is required for significance. In comparison with the prior rule of thumb, which denoted
all loadings of .30 as having practical significance, this approach would consider loadings of .30 significant only for
sample sizes of 350 or greater.
These guidelines are quite conservative when compared with the guidelines of the previous section or even the
statistical levels associated with conventional correlation coefficients. Thus, these guidelines should be used as a
starting point in factor-loading interpretation, with lower loadings considered significant and added to the interpretation based on other considerations. The next section details the interpretation process and the role that other
considerations can play.
Adjustments Based on the Number of Variables A disadvantage of both of the prior approaches is that the number
of variables being analyzed and the specific factor being examined are not considered. It has been shown that as
the researcher moves from the first factor to later factors, the acceptable level for a loading to be judged significant
should increase. The fact that unique variance and error variance begin to appear in later factors means that some
upward adjustment in the level of significance should be included [34]. The number of variables being analyzed is
also important in deciding which loadings are significant. As the number of variables being analyzed increases, the
acceptable level for considering a loading significantly decreases. Adjustment for the number of variables is increasingly important as one moves from the first factor extracted to later factors.
Rules of Thumb 3-5 summarizes the criteria for the practical or statistical significance of factor loadings.

table 3.2 Guidelines for identifying Significant Factor
Loadings Based on Sample Size
Sample Size needed
Factor Loading

a

for Significancea

.30

350

.35

250

.40

200

.45

150

.50

120

.55

100

.60

85

.65

70

.70

60

.75

50

Significance is based on a .05 significance level (α), a power

level of 80 percent, and standard errors assumed to be twice
those of conventional correlation coefficients.
Source: Computations made with SOLO Power Analysis, BMDP
Statistical Software, Inc., 1993.
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Rules of thumb 3-5
Assessing Factor Loadings
●

●

Although factor loadings of 6.30 to 6.40 are minimally acceptable, values greater than 6 are generally considered
necessary for practical significance.
To be considered significant:
●
●

●

A smaller loading is needed given either a larger sample size or a larger number of variables being analyzed.
A larger loading is needed given a factor solution with a larger number of factors, especially in evaluating the
loadings on later factors.

Statistical tests of significance for factor loadings are generally conservative and should be considered only as starting
points needed for including a variable for further consideration.

inteRPRetinG A FActoR MAtRix
The task of interpreting a factor-loading matrix to identify the structure among the variables can at first seem overwhelming. The researcher must sort through all the factor loadings (remember, each variable has a loading on each
factor) to identify those most indicative of the underlying structure. Even a fairly simple analysis of 15 variables on
four factors necessitates evaluating and interpreting 60 factor loadings. Using the criteria for interpreting loadings
described in the previous section, the researcher finds those distinctive variables for each factor and looks for a
correspondence to the conceptual foundation or the managerial expectations for the research to assess practical
significance.
In previous discussions we have used the term simple structure as an easily interpretable factor solution. There is
no single best way to define simple structure, but Thurstone [56] laid out some general guidelines which if achieved
provide an easily interpreted factor solution:
1 Each variable: should have at least one very low loading (under ± .10).
2 Each factor: should have at least as many very low loadings as there are factors.
3 Each pair of factors:
a. Some variables have a significant loading (greater than .3 or .4) on one factor and very low on the other.
b. A substantial percentage of very low loadings on each factor when there are four or more factors.
c. Relatively few cross-loadings (i.e., variables with significant loadings on each factor).
In short, the basic idea of simple structure is:
●
●

each variable has a high/significant loading on one factor only, and
each factor has high/significant loadings for only a subset of items.

Achieving simple structure in many cases is not totally achieved, but is always a desired objective to improve
interpretability. In all instances it requires a combination of applying objective criteria with managerial judgment.
By following the five-step procedure outlined next, the process can be simplified considerably. After the process is
discussed, a brief example will be used to illustrate the process.
Step 1: Examine the Factor Matrix of Loadings The factor-loading matrix contains the factor loading of each

variable on each factor. They may be either rotated or unrotated loadings, but as discussed earlier, rotated loadings
are usually used in factor interpretation unless data reduction is the sole objective. Typically, the factors are arranged
as columns; thus, each column of numbers represents the loadings of a single factor.
If an oblique rotation has been used, two matrices of factor loadings are provided. The first is the factor pattern
matrix, which has loadings that represent the unique contribution of each variable to the factor. The second is
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the factor structure matrix, which has simple correlations between variables and factors, but these loadings contain
both the unique variance between variables and factors and the correlation among factors. As the correlation among
factors becomes greater, it becomes more difficult to distinguish which variables load uniquely on each factor in the
factor structure matrix. Thus, most researchers report the results of the factor pattern matrix.
The search for simple structure should start with
the first variable on the first factor and move horizontally from left to right, looking for the highest loading for that
variable on any factor. When the highest loading (largest absolute factor loading) is identified, it should be underlined (highlighted) if significant as determined by the criteria discussed earlier. Attention then focuses on the second
variable and, again moving from left to right horizontally, looking for the highest loading for that variable on any
factor and underlining it. This procedure should continue for each variable until all variables have been reviewed
for their highest loading on a factor.
Most factor solutions, however, do not result in a simple structure solution (a single high loading for each variable
on only one factor). Thus, the researcher will, after identifying the highest loading for a variable, continue to evaluate
the factor matrix by underlining all significant loadings for a variable on all the factors. The process of interpretation
would be greatly simplified if each variable had only one significant variable. In practice, however, the researcher may
find that one or more variables each has moderate-size loadings on several factors, all of which are significant, and
the job of interpreting the factors is much more difficult. When a variable is found to have more than one significant
loading, it is termed a cross-loading.
The difficulty arises because a variable with several significant loadings (a cross-loading) must be used in labeling all the factors on which it has a significant loading. Yet how can the factors be distinct and potentially represent
separate concepts when they “share” variables? This is particularly problematic when engaged in scale development
where variables are considered members of only one scale (represented by a factor). Ultimately, the objective is to
minimize the number of significant loadings on each row of the factor matrix (i.e., make each variable associate
with only one factor). The researcher may find that different rotation methods eliminate any cross-loadings and thus
define a simple structure. If simple structure is the objective (i.e., variable interpretation is important), and a variable
persists in having cross-loadings, it becomes a candidate for deletion.
So when does a cross-loading represent enough of a problem that an item needs to be considered for removal? While
there is mention of the cross-loading problem in almost every discussion on factor interpretation, no frameworks have
been developed for identifying and then quantifying their impact. We propose a set of guidelines that help identify which
cross-loadings substantively detract from a simple structure objective. The guidelines are based on two basic principles:

Step 2: Identify the Significant Loading(s) for Each Variable

The fundamental objective of factor extraction is to account for as much of a
variable’s variance as possible and is represented as the squared loading. Variances also have the benefit of being
a constant measure for comparison (i.e., a difference in variance of .10 is the same across any comparison),
but this is not found by directly comparing loadings. For example, the variance represented by a difference in
loadings of .1 varies based on the size of the loadings. Comparing loadings of .7 and .6 (a difference of .10)
represents a difference in variance of .13 1 .72 2 .62 5 .13 2 . Yet when we compare loadings of .4 and .3, the difference
is only a variance of .07 1 .42 2 .32 5 .07 2 . So when we want to truly understand the impact of one loading compared
to another, we should compare the differences in variance rather than just the difference in loadings.
coMPARe VARiAnceS, not LoADinGS

The most direct measure is the ratio of two variances (larger variance / smaller
variance) which “scales” the variance difference to the size of the two variances. Just as we noted that a difference in
loadings is not equal to the differences in variance as loadings change, the same holds true for the relative magnitude
of the variance difference. As an example, assume a variance difference of 10 percent. This variance difference seems
much more problematic when the two variances are 50 percent and 40 percent (i.e., loadings of .71 and .63) versus
when the two variances are 20 percent and 10 percent (i.e., loadings of .44 and .31). So what would illustrate this
difference more precisely—a ratio of the larger variance to the smaller variance. In the first case, the ratio would be
coMPARe AS A RAtio oF VARiAnceS

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

155

Chapter 3 Exploratory Factor Analysis

1.25, while in the second it would be 2.0. Thus, as the ratio increases, the distinctiveness of the relative magnitude
increases.
Building upon these two principles, a simple three-step process emerges for each potential cross-loading:
1 Both loadings for a variable must be above the threshold for significance (e.g., .30 or .40)
2 Square each of the loadings and then compute the ratio of the larger loading to the smaller loading.
3 Designate the pair of loadings as follows based on the ratio:
a. Between 1.0 and 1.5—problematic cross-loading and the variable with smaller loading a strong candidate for
elimination to achieve simple structure.
b. Between 1.5 and 2.0—potential cross-loading, with deletion of a variable based on interpretability of resulting
factors.
c. Greater than 2.0—ignorable cross-loading, where smaller loading, while significant, can be ignored for
purposes of interpretation.
Figure 3.10 provides a simple example of applying these guidelines to a set of factor results for a selected set of
loadings from a larger factor matrix. Of the four potential cross-loadings, two were deemed ignorable (Var 1, factors 2
and 3; Var 3, factors 1 and 3), one was deemed potential (Var 2, factors 1 and 2) and one found to be problematic (Var 4,
factors 2 and 3). If simple structure and interpretability was desired, then Var 4 would likely be eliminated from the
analysis, while Var 2 would be considered a candidate for deletion based on the larger set of variables. Variables 1
and 3 do not have any cross-loadings of note and are strong representative variables of their respective factors.
There are several observations to note about this process. First, in all cases, as the loadings become larger, any
problematic cross-loadings become much more unlikely since there is little unaccounted for variance across the
remaining variables. For example, a loading of .80 leaves only 34 percent variance (1.0 2 .82 5 34%) for all of the
variables other loadings. In a similar manner, as the maximum loading for a variable approaches the lower bounds
of significance, there is the potential for many other loadings to be problematic since there is substantial remaining
variance for the other factors. The authors encourage researchers to always keep the objective of simplicity of structure and interpretability as foremost considerations when applying this process. But it does represent a systematic
framework for identifying problematic cross-loadings.
Figure 3.10
example: identifying cross-loading Problems
cross-loading
Factor Loadings Matrix

Squared Loadings

Ratio

classification

0.16

2.25

Ignorable

0.12

1.59

Potential

0.14

0.22

2.55

Ignorable

0.28

0.40

1.41

Problematic

Factor 1

Factor 2

Factor 3

Factor 2

Var 1

0.30

0.60

0.40

0.09

0.36

Var 2

0.68

0.54

0.35

0.46

0.29

Var 3

0.75

0.37

0.47

0.56

Var 4

0.37

0.53

0.63

0.14

1

Factor 1

1

Factor 3

Ratio of larger to smaller squared loadings, designated by shaded values in table

Step 3: Assess the Communalities of the Variables Once all the significant loadings and cross-loading issues
have been identified, the researcher should look for any variables that are not adequately accounted for by the factor
solution. One simple approach is to identify any variable(s) lacking at least one significant loading. Another approach
is to examine each variable’s communality, representing the amount of variance accounted for by the factor solution
for each variable. The researcher should view the communalities to assess whether the variables meet acceptable
levels of explanation. For example, a researcher may specify that at least one-half of the variance of each variable
must be taken into account. Using this guideline, the researcher would identify all variables with communalities less
than .50 as not having sufficient explanation.
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Step 4: Respecify the Factor Model if Needed When all the significant loadings and cross-loading issues have

been identified, and the communalities examined, the researcher may find any one of several problems: (a) a variable
has no significant loadings; (b) even with a significant loading, a variable’s communality is deemed too low; or (c)
a variable has a cross-loading. In this situation, the researcher can take any combination of the following remedies,
listed from least to most extreme:
●

●

●
●

●

Ignore those problematic variables and interpret the solution as is, which is appropriate if the objective is solely
data reduction, but the researcher must still note that the variables in question are poorly represented in the
factor solution.
Evaluate each of those variables for possible deletion, depending on the variable’s overall contribution to the
research as well as its communality index. If the variable is of minor importance to the study’s objective or has
an unacceptable communality value, it may be eliminated and then the factor model respecified by deriving a
new factor solution with those variables eliminated.
Employ an alternative rotation method, particularly an oblique method if only orthogonal methods had been used.
Decrease/increase the number of factors retained to see whether a smaller/larger factor structure will represent
those problematic variables.
Modify the type of factor model used (principal component versus common factor) to assess whether varying
the type of variance considered affects the factor structure.

No matter which of these options are chosen by the researcher, the ultimate objective should always be to obtain a
factor structure with both empirical and conceptual support. As we have seen, many “tricks” can be used to improve
upon the structure, but the ultimate responsibility rests with the researcher and the conceptual foundation underlying the analysis.
When an acceptable factor solution has been obtained in which all variables have a
significant loading on a factor, the researcher attempts to assign some meaning to the pattern of factor loadings.
Variables with higher loadings are considered more important and have greater influence on the name or label
selected to represent a factor. Thus, the researcher will examine all the significant variables for a particular factor
and, placing greater emphasis on those variables with higher loadings, will attempt to assign a name or label to a
factor that accurately reflects the variables loading on that factor. The signs are interpreted just as with any other
correlation coefficients. For each factor, like signs mean the variables are positively related, and opposite signs mean
the variables are negatively related. In orthogonal solutions the factors are independent of one another. Therefore,
the signs for factor loading relate only to the factor on which they appear, not to other factors in the solution.
This label is not derived or assigned by the factor analysis computer program. Rather, the label is intuitively
developed by the researcher based on its appropriateness for representing the underlying dimensions of a particular
factor. This procedure is followed for each extracted factor. The final result will be a name or label that is meaningful
and represents each of the derived factors as accurately as possible.
As discussed earlier, the selection of a specific number of factors and the rotation method are interrelated. Several
additional trial rotations may be undertaken, and by comparing the factor interpretations for several different trial
rotations the researcher can select the number of factors to extract. In short, the ability to assign some meaning to
the factors, or to interpret the nature of the variables, becomes an extremely important consideration in determining
the number of factors to extract.
Step 5: Label the Factors

To serve as an illustration of factor interpretation, nine measures were
obtained in a pilot test based on a sample of 202 respondents. After estimation of the initial results, further analysis
indicated that a three-factor solution was appropriate. Thus, the researcher now has the task of interpreting the factor
loadings of the nine variables.
Table 3.3 contains a series of factor-loading matrices. The first to be considered is the unrotated factor matrix
(Part a). We will examine the unrotated and rotated factor-loading matrices through the five-step process described
earlier.
An Example of Factor Interpretation
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StePS 1 AnD 2: exAMine tHe FActoR-LoADinG MAtRix AnD iDentiFY SiGniFicAnt LoADinGS Given the sample size of 202,
factor loadings of .40 and higher will be considered significant for interpretative purposes. Using this threshold
for the factor loadings, we can see that the unrotated matrix does little to identify any form of simple structure.
Five of the nine variables appear to have problematic cross-loadings, and for many of the other variables the
significant loadings are fairly low. In this situation, rotation may improve our understanding of the relationship
among variables.
As shown in Table 3.3b, the VARIMAX rotation improves the structure considerably in two noticeable ways. First,
the loadings are improved for almost every variable, with the loadings more closely aligned to the objective of having
a high loading on only a single factor. Second, now only one variable 1 V1 2 meets the first condition for a cross-loading with two loadings greater than .40. When we compare the squared loadings (.5052 5 .255 and .4622 5 .213),
the difference is quite small, the first indicator of perhaps a problematic cross-loading. When the ratio of squared
loadings is calculated (.255 / .213), the value of 1.19 definitely indicates a problematic cross-loading.
SteP 3: ASSeSS coMMUnALitieS Only V3 has a communality that is low (.299). For our purposes V3 will be retained, but
a researcher may consider the deletion of such variables in other research contexts. This illustrates an instance in
which a variable has a significant loading, but may still be poorly accounted for by the factor solution.

table 3.3 interpretation of a Hypothetical Factor-Loading Matrix
(a) Unrotated Factor-Loading Matrix

(b) VARiMAx Rotated Factor-Loading Matrix

Factor

Factor

1

2

3

V1

.611

.250

2.204

V1

V2

.614

2.446

.264

V3

.295

2.447

.107

V4

.561

2.176

V5

.589

V6

.630

V7

.498

.611

V8

.310

V9

.492

1

Communality

.505

.477

V2

.101

.778

.173

.644

V3

2.134

.517

.114

.299

2.550

V4

2.005

.184

.784

.648

2.467

.314

V5

.087

.801

.119

.664

2.102

2.285

V6

.180

.302

.605

.489

.160

V7

.795

2.032

.120

.647

.300

.649

V8

.623

.293

2.366

.608

.597

2.094

V9

.694

2.147

.323

.608

(d) Rotated Factor-Loading Matrix with V1
Deleted2

Factor
1

2

Factor

3
1

.795

V9

.694

V8

.623

V2

.807

2

3

V5

.803

V5

.801

V3

.524

V2

.778

V7

.802

V3

.517

V9

.686

.784

V8

.655

.605

V4

.851

V6

.717

V4
V6
V1
1

3

.099

(c) Simplified Rotated Factor-Loading Matrix1

V7

2

.462

.462

.505

Loadings less than .40 are not shown and variables

are sorted by highest loading.

2

V 1 deleted from the analysis, loadings less than

.40 are not shown, and variables are sorted by
highest loading.
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SteP 4: ReSPeciFY tHe FActoR MoDeL iF neeDeD If we set a threshold value of .40 for loading significance and rearrange
the variables according to loadings, the pattern shown in Table 3.3c emerges. Variables V7, V9, and V8 all load
highly on factor 1; factor 2 is characterized by variables V5, V2, and V3; and factor 3 has two distinctive characteristics
(V4 and V6). Only V1 has a problematic cross-loading, with significant loadings on both factors 1 and 3. Given that
at least two variables are given on both of these factors, V1 is deleted from the analysis and the loadings recalculated.

As shown in Table 3.3d, the factor structure for the remaining eight variables is now
very well defined, representing three distinct groups of variables that the researcher may now utilize in further
research.
As the preceding example shows, the process of factor interpretation involves both objective and subjective judgments. The researcher must consider a wide range of issues, all the time never losing sight of the ultimate goal of
defining the best structure of the set of variables. Although many details are involved, some of the general principles
are found in Rules of Thumb 3-6.
SteP 5: LABeL tHe FActoRS

Stage 6: Validation of exploratory Factor Analysis
The sixth stage involves assessing the degree of generalizability of the results to the population and the potential
influence of individual cases or respondents on the overall results. The issue of generalizability is critical for each of
the multivariate methods, but it is especially relevant for the interdependence methods of exploratory factor analysis and cluster analysis because they describe a data structure that should be representative of the population as a
whole. In the validation process, the researcher must address a number of issues in the area of research design and
data characteristics as discussed next.
USe oF RePLicAtion oR A conFiRMAtoRY PeRSPectiVe
The most direct methods of validating the results are (a) to assess the replicability/generalizability of the results,
either with a split sample in the original dataset or with a separate sample, or (b) pursue a confirmatory analysis.
If replication is performed, the comparison of two or more factor model results has always been problematic.
Several methods have been proposed, ranging from a simple matching index [13] to programs (FMATCH) designed

Rules of thumb 3-6
interpreting the Factors
●

●

An optimal factor structure, many times termed simple structure, exists when all variables have high loadings only on
a single factor and very low loadings on all other factors.
Cross-loadings of a variable (loadings on two factors) can be evaluated by the ratio of their squared loadings and
classified as problematic (ratio between 1.0 and 1.5), potential (ratio between 1.5 and 2.0) or ignorable (ratio
greater than 2.0). Problematic and perhaps even potential cross-loadings are deleted unless theoretically justified or
the objective is strictly data reduction

●

Variables should generally have communalities of greater than .50 to be retained in the analysis

●

Respecification of a exploratory factor analysis results can include such options as the following:
●

Deleting a variable(s)

●

Changing rotation methods

●

Increasing or decreasing the number of factors
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specifically to assess the correspondence between factor matrices [53]. These methods have had sporadic use, due
in part to (1) their perceived lack of sophistication, and (2) the unavailability of software or analytical programs to
automate the comparisons. Even given these issues, these methods provide some objective basis for comparison
when a confirmatory approach is not pursued. The emergence of confirmatory factor analysis (CFA) through structural equation modeling has provided a second approach where direct comparisons are possible. This approach is
more complicated, requires specialized software and is discussed in greater detail in Chapters 9 and 10.
ASSeSSinG FActoR StRUctURe StABiLitY
Another aspect of generalizability is the stability of the factor model results. Factor stability is primarily dependent
on the sample size and on the number of cases per variable. The researcher is always encouraged to obtain the largest
sample possible and develop parsimonious models to increase the cases-to-variables ratio. If sample size permits,
the researcher may wish to randomly split the sample into two subsets and estimate factor models for each subset
(see discussion in prior section). Comparison of the two resulting factor matrices will provide an assessment of the
robustness of the solution across the sample.
DetectinG inFLUentiAL oBSeRVAtionS
In addition to generalizability, another issue of importance to the validation of exploratory factor analysis is the
detection of influential observations. Discussions in Chapter 2 on the identification of outliers and in Chapter 5 on
the influential observations in regression both have applicability in factor analysis. The researcher is encouraged to
estimate the model with and without observations identified as outliers to assess their impact on the results. If omission of the outliers is justified, the results should have greater generalizability. Also, as discussed in Chapter 5, several
measures of influence that reflect one observation’s position relative to all others (e.g., covariance ratio) are applicable
to factor analysis as well. Finally, the complexity of methods proposed for identifying influential observations specific
to factor analysis [14] limits the application of these methods.

Stage 7: Data Reduction—Additional Uses of exploratory Factor
Analysis Results
Up to this point in the chapter we have focused on the data summarization process, involving the selection of the
factor model to be used, the number of factors to retain, and potentially the interpretation process. There may be
instances where data summarization will suffice by providing an empirical basis for judging the structure of the
variables and the impact of this structure when interpreting the results from other multivariate techniques. One such
use is as initial examination of the data preceding a confirmatory factor analysis. But in most other situations, the
researcher will engage in data summarization and then proceed to data reduction. Here the purpose is to generally
extend the factor results by creating appropriate “replacement” variables representing each factor for subsequent
application to other statistical techniques. The two options include the following:
●

●

Selecting the variable with the highest factor loading as a surrogate representative for a particular factor
dimension.
Replacing the original set of variables with an entirely new, smaller set of variables created either from summated
scales or factor scores.

Either option will provide new variables for use, for example, as the independent variables in a regression or
discriminant analysis, as dependent variables in multivariate analysis of variance, or even as the clustering variables
in cluster analysis. We discuss each of these options for data reduction in the following sections.
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SeLectinG SURRoGAte VARiABLeS FoR SUBSeQUent AnALYSiS
If the researcher’s objective is simply to identify appropriate variables for subsequent application with other statistical
techniques, the researcher has the option of examining the factor matrix and selecting the variable with the highest
factor loading on each factor to act as a surrogate variable that is representative of that factor. This approach is simple
and direct only when one variable has a factor loading that is substantially higher than all other factor loadings. In
many instances, however, the selection process is more difficult because two or more variables have loadings that are
significant and fairly close to each other, yet only one is chosen as representative of a particular dimension. This decision should be based on the researcher’s a priori knowledge of theory that may suggest that one variable more than
the others would logically be representative of the dimension. Also, the researcher may have knowledge suggesting
that a variable with a loading slightly lower is in fact more reliable than the highest-loading variable. In such cases, the
researcher may choose the variable that is loading slightly lower as the best variable to represent a particular factor.
The approach of selecting a single surrogate variable as representative of the factor—although simple and maintaining the original variable—has several potential disadvantages.
●

●

It does not address the issue of measurement error encountered when using single measures (see the following
section for a more detailed discussion).
It also runs the risk of potentially misleading results by selecting only a single variable to represent a perhaps more
complex result. For example, assume that variables representing price competitiveness, product quality, and
value were all found to load highly on a single factor. The selection of any one of these separate variables would
create substantially different interpretations in any subsequent analysis, yet all three may be so closely related as
to make any definitive distinction impossible.

In instances where several high loadings complicate the selection of a single variable, the researcher may have
no choice but to employ factor analysis as the basis for calculating a summed scale or factor scores instead of the
surrogate variable. The objective, just as in the case of selecting a single variable, is to best represent the basic nature
of the factor or component.
cReAtinG SUMMAteD ScALeS
Chapter 1 introduced the concept of a summated scale, which is formed by combining several individual variables
into a single composite measure. In simple terms, all of the variables loading highly on a factor are combined, and
the total—or more commonly the average score of the variables—is used as a replacement variable. A summated
scale provides two specific benefits.
Reducing Measurement Error First, it provides a means of overcoming to some extent the measurement error inher-

ent in all measured variables. Measurement error is the degree to which the observed values are not representative of
the actual values due to any number of reasons, ranging from actual errors (e.g., data entry errors) to the inability of
individuals to accurately provide information. The impact of measurement error is to partially mask any relationships
(e.g., correlations or comparison of group means) and make the estimation of multivariate models more difficult.
The summated scale reduces measurement error by using multiple indicators (variables) to reduce the reliance on
a single response. By using the average or typical response to a set of related variables, the measurement error that
might occur in a single question will be reduced.
Represent Multiple Aspects of a Concept in a Single Measure Many times we employ more variables in our
multivariate models in an attempt to represent the many facets of a concept that we know is quite complex. But in
doing so, we complicate the interpretation of the results because of the redundancy in the items (i.e., multicollinearity)
associated with the concept. Thus, we would like not only to accommodate the richer descriptions of concepts by
using multiple variables, but also to maintain parsimony in the number of variables in our multivariate models. The
summated scale, when properly constructed, does combine the multiple indicators into a single measure representing
what is held in common across the set of measures.
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The process of scale development has theoretical and empirical foundations in a number of disciplines, including psychometric theory, sociology, and marketing. Although a complete treatment of the techniques and issues
involved are beyond the scope of this chapter, a number of excellent sources are available for further reading on this
subject [1, 15, 29, 45, 48] and there is further discussion in Chapters 9 and 10. Additionally, a series of compilations
of existing scales may be applied in a number of situations [3, 8, 47]. We discuss here, however, four issues basic to
the construction of any summated scale: conceptual definition, dimensionality, reliability, and construct validity.
concePtUAL DeFinition The starting point for creating any summated scale is its conceptual definition. The conceptual
definition specifies the theoretical basis for the summated scale by defining the concept being represented in terms
applicable to the research context. In academic research, theoretical definitions are based on prior research that defines
the character and nature of a concept. In a managerial setting, specific concepts may be defined that relate to proposed
objectives, such as image, value, or satisfaction. In either instance, creating a summated scale is always guided by the
conceptual definition specifying the type and character of the items that are candidates for inclusion in the scale.
Content validity is the assessment of the correspondence of the variables to be included in a summated scale and
its conceptual definition. Also known as face validity, this form of construct validity (see discussion later in this
section) subjectively assesses the correspondence between the individual items and the concept through ratings by
expert judges, pretests with multiple subpopulations, or other means. The objective is to ensure that the selection
of scale items extends past just empirical issues to also match the conceptual definition and include theoretical and
practical considerations [15, 48].

An underlying assumption and essential requirement for creating a summated scale is that the items
are unidimensional, meaning that they are strongly associated with each other and represent a single concept [29, 38].
Factor analysis plays a pivotal role in making an empirical assessment of the dimensionality of a set of items by determining
the number of factors and the loadings of each variable on the factor(s). The test of unidimensionality is that each summated
scale should consist of items loading highly on a single factor [2, 29, 38, 41]. If a summated scale is proposed to have multiple
dimensions, each dimension should be reflected by a separate factor. The researcher can assess unidimensionality with either
exploratory factor analysis, as discussed in this chapter, or confirmatory factor analysis, as described in Chapters 9 and 10.

DiMenSionALitY

ReLiABiLitY Reliability is an assessment of the degree of consistency between multiple measurements of a variable.
One form of reliability is test–retest. For this method, the consistency is measured between the responses for an
individual at two points in time. The objective is to ensure that responses are not too varied across time periods so
that a measurement taken at any point in time is reliable. A second and more commonly used measure of reliability
is internal consistency, which applies to the consistency among the variables in a summated scale. The rationale for
internal consistency is that the individual items or indicators of the scale should all be measuring the same construct
and thus be highly intercorrelated [15, 41].
Because no single item is a perfect measure of a concept, we must rely on a series of diagnostic measures to assess
internal consistency.
Single Items The first measures we consider relate to each separate item, including the item-to-total correlation (the
correlation of the item to the summated scale score) and the inter-item correlation (the correlation among items). Rules
of thumb suggest that the item-to-total correlations exceed .50 and that the inter item correlations exceed .30 [48].
Cronbach’s Alpha The second type of diagnostic measure is the reliability coefficient, which assesses the consistency of
the entire scale, with Cronbach’s alpha [19, 41, 44] being the most widely used measure. The generally agreed-upon
lower limit for Cronbach’s alpha is .70 [48, 47], although it may decrease to .60 in exploratory research [48]. One issue
in assessing Cronbach’s alpha is its positive relationship to the number of items in the scale. Because increasing the
number of items, even with the same degree of intercorrelation, will increase the reliability value, researchers must
place more stringent requirements for scales with large numbers of items.
CFA Measures Also available are reliability measures derived from confirmatory factor analysis. Included in these
measures are the composite reliability and the average variance extracted, both discussed in greater detail in
Chapter 10.
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Each of the major statistical programs now has reliability assessment modules or programs, such that the
researcher is provided with a complete analysis of both item-specific and overall reliability measures. Any summated
scale should be analyzed for reliability to ensure its appropriateness before proceeding to an assessment of its validity.
Having ensured that a scale (1) conforms to its conceptual definition, (2) is unidimensional,
and (3) meets the necessary levels of reliability, the researcher must make one final assessment: construct validity.
Construct validity is the extent to which a scale or set of measures accurately represents the concept of interest. We
already described one form of construct validity—content or face validity—in the discussion of conceptual definitions.
Other forms of validity are measured empirically by the correlation between theoretically defined sets of variables.
The three most widely accepted forms of validity are convergent, discriminant, and nomological validity [10, 45].
conStRUct VALiDitY

Convergent Validity Assess the degree to which two measures of the same concept are correlated. Here the researcher
may look for alternative measures of a concept and then correlate them with the summated scale. High correlations
here indicate that the scale is measuring its intended concept.
Discriminant Validity The degree to which two conceptually similar concepts are distinct. The empirical test is again the
correlation among measures, but this time the summated scale is correlated with a similar, but conceptually distinct,
measure. Now the correlation should be low, demonstrating that the summated scale is sufficiently different from
the other similar concept.

Refers to the degree that the summated scale makes accurate predictions of other concepts in a
theoretically-based model. The researcher must identify theoretically supported relationships from prior research
or accepted principles and then assess whether the scale has corresponding relationships. In summary, convergent
validity confirms that the scale is correlated with other known measures of the concept; discriminant validity ensures
that the scale is sufficiently different from other similar concepts to be distinct; and nomological validity determines
whether the scale demonstrates the relationships shown to exist based on theory or prior research.
A number of differing methods are available for assessing validity, ranging from the multitrait, multimethod
(MTMM) matrices to structural equation-based approaches. Although beyond the scope of this text, numerous
available sources address both the range of methods available and the issues involved in the specific techniques
[10, 33, 45] as well as SEM analyses (see Chapters 9–13).
Nomological Validity

Calculating a summated scale is a straightforward process whereby the items
comprising the summated scale (i.e., the items with high loadings from the factor analysis) are summed or averaged.
The most common approach is to take the average of the items in the scale, which provides the researcher with
complete control over the calculation and facilitates ease of use in subsequent analyses.
Whenever variables have both positive and negative loadings within the same factor, either the variables with
the positive or the negative loadings must have their data values reversed. Typically, the variables with the negative
loadings are reverse scored so that the correlations, and the loadings, are now all positive within the factor. Reverse
scoring is the process by which the data values for a variable are reversed so that its correlations with other variables are reversed (i.e., go from negative to positive). For example, on our scale of 0 to 10, we would reverse score a
variable by subtracting the original value from 10 (i.e., reverse score 5 10 2 original value). In this way, original
scores of 10 and 0 now have the reversed scores of 0 and 10. All distributional characteristics are retained; only the
distribution is reversed.
The purpose of reverse scoring is to prevent a canceling out of variables with positive and negative loadings. Let
us use as an example of two variables with a negative correlation.
We are interested in combining V1 and V2, with V1 having a positive loading and V2 a negative loading. If
10 is the top score on V1, the top score on V2 would be 0. Now assume two cases. In case 1, V1 has a value of
10 and V2 has a value of 0 (the best case). In the second case, V1 has a value of 0 and V2 has a value of 10 (the
worst case). If V2 is not reverse scored, then the scale score calculated by adding the two variables for both cases
1 and 2 is 10, showing no difference, whereas we know that case 1 is the best and case 2 is the worst. If we reverse
Calculating Summated Scales
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score V2, however, the situation changes. Now case 1 has values of 10 and 10 on V1 and V2, respectively, and case
2 has values of 0 and 0. The summated scale scores are now 20 for case 1 and 0 for case 2, which distinguishes
them as the best and worst situations.
Summary Summated scales, one of the recent developments in academic research, has experienced increased appli-

cation in applied and managerial research as well. The ability of the summated scale to portray complex concepts
in a single measure while reducing measurement error makes it a valuable addition in any multivariate analysis.
Exploratory factor analysis provides the researcher with an empirical assessment of the interrelationships among
variables, essential in forming the conceptual and empirical foundation of a summated scale through assessment of
content validity and scale dimensionality (see Rules of Thumb 3-7).
coMPUtinG FActoR ScoReS
The third option for creating a smaller set of variables to replace the original set is the computation of factor
scores. Factor scores are also composite measures of each factor computed for each subject. Conceptually the
factor score represents the degree to which each individual scores high on the group of items with high loadings on a factor. Thus, higher values on the variables with high loadings on a factor will result in a higher factor
score. The one key characteristic that differentiates a factor score from a summated scale is that the factor score
is computed-based on the factor loadings of all variables on the factor, whereas the summated scale is calculated by
combining only selected variables. Therefore, although the researcher is able to characterize a factor by the variables
with the highest loadings, consideration must also be given to the loadings of other variables, albeit lower, and
their influence on the factor score.
Most statistical programs can easily compute factor scores for each respondent. By selecting the factor score option,
these scores are saved for use in subsequent analyses. The one disadvantage of factor scores has long been that they are
not easily replicated across studies because they are based on the factor matrix, which is derived separately in each study.
This issue, however, has been substantially reduced by the emergence of scoring procedures in the major software
packages. A scoring procedure is a process which saves the scoring coefficients from the factor matrix and then allows
them to be applied to new datasets. In this manner, exploratory factor analysis can be replicated to generate factor
scores across any number of datasets, all based on the original analysis. Facilitated by procedures such as PROC SCORE
in SAS and similar procedures in SPSS and other packages, replication is now widely available with minimum effort.

Rules of thumb 3-7
Summated Scales
●

●

●

A summated scale is only as good as the items used to represent the construct; even though it may pass all empirical
tests, it is useless without theoretical justification.
Never create a summated scale without first assessing its unidimensionality with exploratory or confirmatory factor
analysis.
Once a scale is deemed unidimensional, its reliability score, as measured by Cronbach's alpha:
●
●

●

should exceed a threshold of .70, although a .60 level can be used in exploratory research;
the threshold should be raised as the number of items increases, especially as the number of items approaches
10 or more.

With reliability established, validity should be assessed in terms of:
●

convergent validity scale correlates with other like scales;

●

discriminant validity scale is sufficiently different from other related scales;

●

nomological validity scale “predicts” as theoretically suggested.
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SeLectinG AMonG tHe tHRee MetHoDS
To select among the three data reduction options, the researcher must make a series of decisions, weighing the
advantages and disadvantages of each approach with the research objectives. The guidelines in Rules of Thumb 3-8
address the fundamental trade-offs associated with each approach.
The decision rule, therefore, would be as follows:
●

●

●

If data are used only in the original sample, interpretation is less important or orthogonality must be maintained, factor scores are suitable.
If generalizability or transferability is desired, then summated scales or surrogate variables are more appropriate. If the summated scale is a well-constructed, valid, and reliable instrument, then it is probably the best
alternative.
If the summated scale is untested and exploratory, with little or no evidence of reliability or validity, surrogate
variables should be considered if additional analysis is not possible to improve the summated scale.

Rules of thumb 3-8
Data Reduction—Representing Factor Analysis
in other Analyses
the Single Surrogate Variable
Advantages:
●

simple to administer and interpret.

Disadvantages:
●

does not represent all “facets” of a factor;

●

prone to measurement error.

Factor Scores
Advantages:
●

represent all variables loading on the factor;

●

best method for complete data reduction;

●

are by default orthogonal and can avoid complications caused by multicollinearity.

Disadvantages:
●

interpretation more difficult because all variables contribute through loadings;

●

requires additional procedures to replicate across studies.

Summated Scales
Advantages:
●

compromise between the surrogate variable and factor score options;

●

reduce measurement error;

●

represent multiple facets of a concept;

●

easily replicated across studies.

Disadvantages:
●

include only the variables that load highly on the factor and excludes those having little or marginal impact;

●

not necessarily orthogonal;

●

require extensive analysis of reliability and validity issues.
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An illustrative example
In the preceding sections, the major questions concerning the application of exploratory factor analysis were
discussed within the model-building framework introduced in Chapter 1. To clarify these topics further, we use
an illustrative example of the application of exploratory factor analysis based on data from the database presented
in Chapter 1. Our discussion of the empirical example also follows the six-stage model-building process. The first
three stages, common to either principal component or common factor analysis, are discussed first. Then, stages 4–6
for principal component analysis will be discussed, along with examples of the additional use of factor results. We
conclude with an examination of the differences for common factor analysis in stages 4 and 5.
StAGe 1: oBjectiVeS oF FActoR AnALYSiS
Exploratory factor analysis can identify the structure of a set of variables as well as provide a process for data
reduction. In our example, the perceptions of HBAT on 13 attributes (X6 to X18) are examined for the following reasons:
●

●

Data Summarization with Interpretation—Understand whether these perceptions can be “grouped.” Even the relatively small number of perceptions examined here presents a complex picture of 78 separate correlations. By
grouping the perceptions and then engaging in the steps of factor interpretation, HBAT will be able to see the
big picture in terms of understanding its customers and what dimensions the customers think about HBAT.
Data Reduction—Reduce the 13 variables to a smaller number of composite factors. If the 13 variables can be
represented in a smaller number of composite variables, then the other multivariate techniques can be made
more parsimonious. Of course, this approach assumes that a certain degree of underlying order exists in the
data being analyzed.

Either or both objectives are typical research questions, making factor analysis applicable to a wide range of research
situations. Moreover, as the basis for summated scale development, it has gained much wider use in recent years.
StAGe 2: DeSiGninG A FActoR AnALYSiS
Understanding the structure of the perceptions of variables requires R-type factor analysis and a correlation matrix
between variables, not respondents. All the variables are metric and constitute a homogeneous set of perceptions
appropriate for exploratory factor analysis.
The sample size in this example is an 8:1 ratio of observations to variables, which falls within acceptable limits.
Also, the sample size of 100 provides an adequate basis for the calculation of the correlations between variables.
StAGe 3: ASSUMPtionS in FActoR AnALYSiS
The underlying statistical assumptions influence exploratory factor analysis to the extent that they affect the derived
correlations. Departures from normality, homoscedasticity, and linearity can diminish correlations between variables.
These assumptions are examined in Chapter 2, and the reader is encouraged to review the findings. The researcher
must also assess the factorability of the correlation matrix.
Visual Examination of the Correlations Table 3.4 shows the correlation matrix for the 13 perceptions of HBAT.
Inspection of the correlation matrix reveals that 29 of the 78 correlations (37%) are significant at the .01 level, which
provides an adequate basis for proceeding to an empirical examination of adequacy for factor analysis on both an
overall basis and for each variable. Tabulating the number of significant correlations per variable finds a range from
0 (X1 5 ) to 9 (X1 7 ). Although no limits are placed on what is too high or low, variables that have no significant
correlations may not be part of any factor, and if a variable has a large number of correlations, it may be part of several
factors. We can note these patterns and see how they are reflected as the analysis proceeds.
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1.000
1.000

2.137

X7

1.000

.001

.096

X8

1.000

.097

.140

.106

X9
.430

1.000

.197

2.063

2.152

.477
2.053

2.053

Significance: .000

Bartlett Test of Sphericity: 948.9

Overall Measure of Sampling Adequacy: .609

1.000
2.061
1.000
1.000

1.000

2.245

.107

1.000

.035

.023

.032

.046

.273

.265

.059

2.495

.140

2.074

.797
.084

.134

2.027

.027

X15

.052

.088

X14

.011

2.128

.230
.542

.561
2.012

2.271

.017

.229

2.401

X13

.193

.792

X12

X11

X10

Note: Bolded values indicate correlations significant at the .01 significance level.

X18 Delivery Speed

X17 Price Flexibility

X16 Order & Billing

X15 Packaging

X14 Warranty & Claims

X13 Competitive Pricing

X12 Salesforce Image

X11 Product Line

X10 Advertising

X9 Complaint Resolution

X8 Technical Support

X7 E-Commerce

X6 Product Quality

X6

Correlations Among Variables

1.000

6

4
9

.751
.497

.407
1.000

1.000

0

.106

3

6

6

7

4

5

2

3

3

at .01 Level

Significant

.094

2.170

2.073

.471

.109

.272

.602

.276

.865

.025

.192

.028

X18

.352

2.378

.334

.395

2.186

.271

2.493

X17

.069

.197

2.115

.195

.424

.184

.757

.080

.156

.104

X16

correlations

table 3.4 Assessing the Appropriateness of exploratory Factor Analysis: correlations, Measures of Sampling Adequacy, and Partial correlations Among
Variables
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.136

2.134

2.105

.091

.091

2.018

2.729

2.157

.002

.117

2.060

.620

X7

2.028

.031

.160

.143

2.792

.125

.077

.067

.049

2.150

.527

X8

2.081

2.143

2.312

.061

.123

.049

2.154

2.152

.092

.890

X9

.064

2.151

.044

2.026

2.020

.090

2.333

2.101

.807

X10

2.941

.953

.044

2.118

2.103

2.088

.273

.448

X11

Note: Measures of sampling adequacy (MSA) are on the diagonal, partial correlations in the off-diagonal.

.013

X18 Delivery Speed

.124

X14 Warranty & Claims

.135

.054

X13 Competitive Pricing

X17 Price Flexibility

2.006

X12 Salesforce Image

2.189

2.023

X11 Product Line

2.076

2.122

X10 Advertising

X16 Order & Billing

2.082

X15 Packaging

2.049

X9 Complaint Resolution

X7 E-Commerce

X8 Technical Support

.873

.038

X6 Product Quality

X6

Measures of Sampling Adequacy and Partial Correlations

2.254

.241

.100

2.054

2.172

2.138

.586

X12

.126

2.212

.106

.015

2.019

.879

X13

.070

2.029

2.250

2.138

.529

X14

.090

2.137

.031

.314

X15

2.109

2.037

.859

X16

2.922

.442

X17

.533

X18
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The researcher can assess the overall significance of the correlation matrix with
the Bartlett test and the factorability of the overall set of variables and individual variables using the measure
of sampling adequacy (MSA). Because exploratory factor analysis will always derive factors, the objective is to
ensure a base level of statistical correlation within the set of variables, such that the resulting factor structure has
some objective basis.
In this example, the Bartlett’s test finds that the correlations, when taken collectively, are significant at the .0001
level (see Table 3.4). But this test only indicates the presence of non-zero correlations, not the pattern of these correlations. More specific measures related to the patterns of variables and even specific variables are required.
The measure of sampling adequacy (MSA) looks not only at the correlations, but also at patterns between
variables. In this situation the overall MSA value falls in the acceptable range (above .50) with a value of .609.
Examination of the values for each variable, however, identifies three variables (X11, X15, and X17) with MSA values
under .50. Because X15 has the lowest MSA value, it will be omitted in the attempt to obtain a set of variables that
can exceed the minimum acceptable MSA levels. Recalculating the MSA values after excluding X15 finds that X17
still has an individual MSA value below .50, so it is also deleted from the analysis. We should note at this point
that X15 and X17 were the two variables with the lowest and highest number of significant correlations, respectively.
Table 3.5 contains the correlation matrix for the revised set of variables ( X15 and X17 deleted) along with the
measures of sampling adequacy and the Bartlett test value. In the reduced correlation matrix, 20 of the 55 correlations are statistically significant. As with the full set of variables, the Bartlett test shows that non-zero correlations
exist at the significance level of .0001. The reduced set of variables collectively meets the necessary threshold of
sampling adequacy with an MSA value of .653. Each of the variables also exceeds the threshold value, indicating
that the reduced set of variables meets the fundamental requirements for factor analysis. Finally, examining the
partial correlations shows only five with values greater than .50 ( X6–X11, X7–X12, X8–X14, X9–X18, and X11–X18),
which is another indicator of the strength of the interrelationships among the variables in the reduced set. It is
of note that both X11 and X18 are involved in two of the high partial correlations. Collectively, these measures all
indicate that the reduced set of variables is appropriate for factor analysis, and the analysis can proceed to the
next stages.
Bartlett's Test and MSA Values

PRinciPAL coMPonent FActoR AnALYSiS: StAGeS 4–7
As noted earlier, factor analysis procedures are based on the initial computation of a complete table of intercorrelations
among the variables (correlation matrix). The correlation matrix is then transformed through estimation of a factor
model to obtain a factor matrix that contains factor loadings for each variable on each derived factor. The loadings of
each variable on the factors are then interpreted to identify the underlying structure of the variables, in this example
the perceptions of HBAT. These steps of factor analysis, contained in stages 4–7, are examined first for principal
component analysis. Then, a common factor analysis is performed and comparisons made between the two factor
models.
Given that the principal components method of extraction
will be used first, the next decision is to select the number of components to be retained for further analysis. As
discussed earlier, the researcher should employ a number of different criteria in determining the number of factors
to be retained for interpretation, ranging from the more subjective (e.g., selecting a number of factors a priori or
specifying the percentage of variance extracted) to the more objective (latent root criterion, scree test or parallel
analysis) criteria.

Stage 4: Deriving Factors and Assessing Overall Fit

Table 3.6 contains the information regarding the 11 possible factors and their relative explanatory
power as expressed by their eigenvalues. In addition to assessing the importance of each component, we can also use
the eigenvalues to assist in selecting the number of factors.
StoPPinG RULeS

●

A priori criterion. The researcher is not bound by preconceptions as to the number of factors that should be
retained, but practical reasons of desiring multiple measures per factor (at least 2 and preferably 3) dictate that
between three and five factors would be best given the 11 variables to be analyzed.
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1.000

X6
.001

1.000
1.000

2.137

X8
.096

X7

1.000

.097

.140

.106

X9

2.042

.085

.122

X12 Salesforce Image

X13 Competitive Pricing

X14 Warranty & Claims
.040

2.113

.100

2.047

2.725

2.101

2.015

.017

.160

2.787

.139

.076

.117

.062

.519
2.156

.097

X8

2.068

.626

X7

2.555

2.322

.127

.020

2.124

2.054

.074

.787

X9

.134

.542

2.012

1.000

2.202

.040

2.032

.060

2.311

.143

.779

X10

2.529

.261

2.246

.386

.148

.622

X11

1.000

2.061

2.128

.230

.561

.197
1.000

.229

.017

.193

2.087

.113

2.175

2.092

.622

X12

2.184

.101

2.028

.753

X13

1.000

2.245

.107

.265
1.000

.273

.511

X14

.100

2.250

1.000

.197

2.115

.195

.184
.424

.011

.757

.080

.140

.156

.797

.104

X16

.052

.088

X14

2.495

2.271

.792

2.053

.430
2.063

2.401

2.152

.477

2.053

X13

X12

X11

X10

Note: Measures of sampling adequacy (MSA) are on the diagonal, partial correlations in the off-diagonal.

.355

2.503

X11 Product Line

X18 Delivery Speed

2.107

X10 Advertising

2.184

2.062

X16 Order & Billing

2.045

X9 Complaint Resolution

.061

X7 E-Commerce

X8 Technical Support

.509

X6 Product Quality

X6

Measures of Sampling Adequacy and Partial Correlations

Significance: .000

Bartlett's Test of Sphericity: 619.3

Overall Measure of Sampling Adequacy: .653

Note: Bolded values indicate correlations significant at the .01 significance level.

X18 Delivery Speed

X16 Order & Billing

X14 Warranty & Claims

X13 Competitive Pricing

X12 Salesforce Image

X11 Product Line

X10 Advertising

X9 Complaint Resolution

X8 Technical Support

X7 E-Commerce

X6 Product Quality

Correlations Among Variables

X16

.760
2.369

5

3

.751
1.000

3

5

5

6

3

4

2

2

2

.666

X18

at .01 Level

Significant

.109

2.073

.272

.602

.276

.865

.025

.192

.028

X18

correlations

table 3.5 Assessing the Appropriateness of Factor Analysis for the Revised Set of Variables (X15 and X17 Deleted): correlations, Measures of Sampling
Adequacy, and Partial correlations Among Variables
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table 3.6 Results for the extraction of component Factors
Eigenvalues
component

total

% of Variance

cumulative %

1

3.43

31.2

31.2

2

2.55

23.2

54.3

3

1.69

15.4

69.7

4

1.09

9.9

79.6

5

.61

5.5

85.1

6

.55

5.0

90.2

7

.40

3.7

93.8

8

.25

2.2

96.0

9

.20

1.9

97.9

10

.13

1.2

99.1

11

.10

.9

100.0

Figure 3.11
Scree test for component Analysis
4.0

Eigenvalue

3.0

2.0

1.0

0.0
1

●
●

●

●

2

3

4

5

6
Factor

7

8

9

10

11

Latent root criterion. If we retain factors with eigenvalues greater than 1.0, four factors will be retained.
Percentage of variance criterion. The four factors retained represent 79.6 percent of the variance of the
11 variables, deemed sufficient in terms of total variance explained.
Scree test. As shown in Figure 3.11, the scree test indicates that four or perhaps five factors may be appropriate
when considering the changes in eigenvalues (i.e., identifying the “elbow” in the eigenvalues at the fifth factor).
In viewing the eigenvalue for the fifth factor, its low value (.61) relative to the latent root criterion value of 1.0
precluded its inclusion. If the eigenvalue had been quite close to 1, then it might be considered for inclusion as well.
Parallel analysis. Table 3.7 contains the parallel analysis for the full set of variables as well as the final set of
reduced variables. For the parallel analysis, the mean of the eigenvalues of the random datasets is given, along
with the 95th percentile which may be used as an even more conservative threshold. For our purposes, we will
use the mean values for comparison.

For the full set of 13 variables, we would select five factors based on the latent root criterion, although noting that
the fifth factor had an eigenvalue (1.01)—barely exceeding 1. The parallel analysis would indicate four factors, as
the mean of the eigenvalues in parallel analysis (1.14) exceeds the actual eigenvalue (1.01). Examining the reduced
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table 3.7 Parallel Analysis as a Stopping Rule for Principal
components Analysis
Analysis of Full Variable Set (13 Variables)
PcA Results

Parallel Analysis

component

eigenvalue

Mean

95th Percentile

1

3.57

1.64

1.79

2

3.00

1.47

1.57

3

1.74

1.35

1.44

4

1.29

1.24

1.30

5

1.01

1.14

1.22

6

0.62

1.05

1.11

7

0.55

0.96

1.02

8

0.45

0.88

0.93

9

0.28

0.81

0.88

10

0.20

0.74

0.80

11

0.17

0.66

0.74

12

0.13

0.57

0.63

13

0.01

0.49

0.55

Analysis of Final Variable Set (11 Variables)
PcA Results

Parallel Analysis

component

eigenvalue

Mean

95th Percentile

1

3.43

1.57

1.72

2

2.55

1.40

1.51

3

1.69

1.27

1.36

4

1.09

1.17

1.24

5

0.61

1.06

1.12

6

0.55

0.97

1.04

7

0.40

0.88

0.95

8

0.25

0.80

0.87

9

0.20

0.72

0.79

10

0.13

0.63

0.70

11

0.10

0.53

0.60

set of 11 variables we would retain four components per the latent root criterion, but parallel analysis retains only
three, with the mean eigenvalues greater than the fourth eigenvalue (1.17 versus 1.09). So in both cases parallel
analysis is more conservative in retaining components, in each instance providing evidence that the final factor
considered for retention, while passing the latent root criterion, may not be suitable. This is as expected when the
final factors have eigenvalues very close to 1.
Combining all these criteria together is essential given that there is no single best method for determining the
number of factors. In this case it leads to the conclusion to retain four factors for further analysis. When questions
arise as to the appropriate number of factors, researchers are encouraged to evaluate the alternative solutions. As
will be shown in a later section, the three- and five-factor solutions are somewhat less interpretable or useful, giving
additional support to a four factor solution. More importantly, these results illustrate the need for multiple decision
criteria in deciding the number of components to be retained.
Stage 5: Interpreting the Factors With four factors to be analyzed, the researcher now turns to interpreting
the factors. Once the factor matrix of loadings has been calculated, the interpretation process proceeds by examining the unrotated and then rotated factor matrices for significant factor loadings and adequate communalities.
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If deficiencies are found (i.e., cross-loadings or factors with only a single variable), respecification of the factors is
considered. Once the factors are finalized, they can be described based on the significant factor loadings characterizing each factor.
Factor loadings, in either the unrotated or rotated factor matrices, represent the degree of association (correlation) of each variable with each factor. The
loadings take on a key role in interpretation of the factors, particularly if they are used in ways that require characterization as to the substantive meaning of the factors (e.g., as predictor variables in a dependence relationship). The
objective of factor analysis in these instances is to maximize the association of each variable with a single factor, many
times through rotation of the factor matrix. The researcher must make a judgment as to the adequacy of the solution
in this stage and its representation of the structure of the variables and ability to meet the goals of the research. We
will first examine the unrotated factor solution and determine whether the use of the rotated solution is necessary.
Table 3.8 presents the unrotated principal component analysis factor matrix. To begin the analysis, let us explain the
numbers included in the table. Five columns of numbers are shown. The first four are the results for the four factors
that are extracted (i.e., factor loadings of each variable on each of the factors). The fifth column provides summary
statistics detailing how well each variable is explained by the four components (communality), which are discussed
in the next section. The first row of numbers at the bottom of each column is the column sum of squared factor loadings (eigenvalues) and indicates the relative importance of each factor in accounting for the variance associated with
the set of variables. Note that the sums of squares for the four factors are 3.427, 2.551, 1.691, and 1.087, respectively.
As expected, the factor solution extracts the factors in the order of their importance, with factor 1 accounting for
the most variance, factor 2 slightly less, and so on through all 11 factors. At the far right-hand side of the row is
the number 8.756, which represents the total of the four eigenvalues (3.427 1 2.551 1 1.691 1 1.087). The total of
eigenvalues represents the total amount of variance extracted by the factor solution.
The total amount of variance explained by either a single factor or the overall factor solution can be compared to
the total variation in the set of variables as represented by the trace of the factor matrix. The trace is the total variance
to be explained and is equal to the sum of the eigenvalues of the variable set. In principal components analysis,
the trace is equal to the number of variables because each variable has a possible eigenvalue of 1.0. By adding the
percentages of trace for each of the factors (or dividing the total eigenvalues of the factors by the trace), we obtain
the total percentage of trace extracted for the factor solution. This total is used as an index to determine how well a

SteP 1: exAMine tHe FActoR MAtRix oF LoADinGS FoR tHe UnRotAteD FActoR MAtRix

table 3.8 Unrotated component Analysis Factor Matrix
Factor
Variables

1

2

3

4

Communality

X6 Product Quality

.248

2.501

2.081

.670

X7 E-Commerce

.307

.713

.306

.284

.777

X8 Technical Support

.292

2.369

.794

2.202

.893

X9 Complaint Resolution

.871

.031

2.274

2.215

.881

X10 Advertising

.340

.581

.115

.331

.576

X11 Product Line

.716

2.455

2.151

.212

.787

X12 Salesforce Image
X13 Competitive Pricing

.768

.377

.752

.314

.232

.859

2.281

.660

2.069

2.348

.641
.892

X14 Warranty & Claims

.394

2.306

.778

2.193

X16 Order & Billing

.809

.042

2.220

2.247

.766

X18 Delivery Speed

.876

.117

2.302

2.206

.914
Total

Sum of Squares (eigenvalue)
Percentage of tracea
a

3.427
31.15

2.551
23.19

1.691
15.37

1.087
9.88

8.756
79.59

Trace 5 11.0 (sum of eigenvalues)
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particular factor solution accounts for what all the variables together represent. If the variables are all very different
from one another, this index will be low. If the variables fall into one or more highly redundant or related groups,
and if the extracted factors account for all the groups, the index will approach 100 percent.
The percentages of trace explained by each of the four factors (31.15%, 23.19%, 15.37%, and 9.88%, respectively)
are shown as the last row of values of Table 3.7. The percentage of trace is obtained by dividing each factor’s sum of
squares (eigenvalues) by the trace for the set of variables being analyzed. For example, dividing the sum of squares
of 3.427 for factor 1 by the trace of 11.0 results in the percentage of trace of 31.154 percent for factor 1. The index for
the overall solution shows that 79.59 percent of the total variance 1 8.756 4 11.0 2 is represented by the information
contained in the factor matrix of the four-factor solution. Therefore, the index for this solution is high, and the
variables are in fact highly related to one another.
SteP 2: iDentiFY tHe SiGniFicAnt LoADinGS in tHe UnRotAteD FActoR MAtRix Having defined the various elements of the
unrotated factor matrix, let us examine the factor-loading patterns. As discussed earlier, the factor loadings allow
for the description of each factor and the structure in the set of variables.
As anticipated, the first factor accounts for the largest amount of variance in Table 3.8. The second factor is somewhat of a general factor, with half of the variables having a high loading (high loading is defined as greater than .40).
The third factor has two high loadings, whereas the fourth factor only has one high loading. Based on this factor-loading pattern with a relatively large number of high loadings on factor 2 and only one high loading on factor 4, interpretation would be difficult and theoretically less meaningful. Therefore, the researcher should proceed to rotate the
factor matrix to redistribute the variance from the earlier factors to the later factors. Rotation should result in a simpler
and theoretically more meaningful factor pattern. However, before proceeding with the rotation process, we must
examine the communalities to see whether any variables have communalities so low that they should be eliminated.

The row sum of squared factor loadings are referred to as communalities. The communalities show the amount of variance in a variable that is accounted
for by all of the retained factors taken together. The size of the communality is a useful index for assessing how
much variance in a particular variable is accounted for by the factor solution. Higher communality values indicate
that a large amount of the variance in a variable has been extracted by the factor solution. Small communalities
show that a substantial portion of the variable’s variance is not accounted for by the factors. Although no statistical
guidelines indicate exactly what is “large” or “small,” practical considerations are consistent with a lower level of .50
for communalities in this analysis.
The communalities in Table 3.8 are shown at the far right side of the table. For instance, the communality value of
.576 for variable X10 indicates that it has less in common with the other variables included in the analysis than does
variable X8, which has a communality of .893. Both variables, however, still share more than one-half of their variance
with the four factors. All of the communalities are sufficiently high to proceed with the rotation of the factor matrix.
SteP 3: ASSeSS tHe coMMUnALitieS oF tHe VARiABLeS in tHe UnRotAteD FActoR MAtRix

Given that the
unrotated factor matrix did not have a completely clean set of factor loadings (i.e., had substantial cross-loadings
or did not maximize the loadings of each variable on one factor), a rotation technique can be applied to hopefully
improve the interpretation. In this case, the VARIMAX rotation is used and its impact on the overall factor solution
and the factor loadings are described next.

StePS 2 AnD 3: ASSeSS tHe SiGniFicAnt FActoR LoADinG(S) AnD coMMUnALitieS oF tHe RotAteD FActoR MAtRix

Applying the Orthogonal (VARIMAX) Rotation The VARIMAX-rotated principal component analysis factor matrix is shown
in Table 3.9. Note that the total amount of variance extracted is the same in the rotated solution as it was in the
unrotated solution, 79.6 percent. Also, the communalities for each variable do not change when a rotation technique
is applied. Still, two differences do emerge. First, the variance is redistributed so that the factor-loading pattern and
the percentage of variance for each of the factors are slightly different. Specifically, in the VARIMAX-rotated factor
solution, the first factor accounts for 26.3 percent of the variance, compared to 31.2 percent in the unrotated solution.
Likewise, the other factors also change, the largest change being the fourth factor, increasing from 9.9 percent in the
unrotated solution to 16.1 percent in the rotated solution. Thus, the explanatory power shifted slightly to a more
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even distribution because of the rotation. Second, the interpretation of the factor matrix is simplified. As will be
discussed in the next section, the factor loadings for each variable are maximized for each variable on one factor,
except in any instances of cross-loadings.
With the rotation complete, the researcher now examines the rotated factor matrix for the patterns of significant
factor loadings hoping to find a simplified structure. If any problems remain (i.e., nonsignificant loadings for one or
more variables, cross-loadings, or unacceptable communalities), the researcher must consider respecification of the
factor analysis through the set of options discussed earlier.
Our first examination is to see if “simple structure” is found in the rotated factor solution. As described earlier,
the solution is evaluated from the perspectives of each variable, each factor and each pair of factors. Examination

table 3.9 VARiMAx-Rotated component Analysis Factor Matrices: Full and Reduced Sets of Variables
VARiMAx-RotAteD LoADinGS a
Factor
3

4

X18 Delivery Speed

.938

.177

2.005

.052

.914

X9 Complaint Resolution

.926

.116

.048

.091

.881

X16 Order & Billing

.864

.107

.084

2.039

.766

X12 Salesforce Image

.133

.900

.076

2.159

.859

X7 E-Commerce

.057

.871

.047

2.117

.777

X10 Advertising

.139

.742

2.082

.015

.576

X8 Technical Support

.018

2.024

.939

.101

.893

X14 Warranty & Claims

.110

.055

.931

.102

.892

Full Set of Variables

X6 Product Quality
X13 Competitive Pricing
X11 Product Line

1

2

Communality

.002

2.013

2.033

.876

.768

2.085

.226

2.246

2.723

.641

.591

2.064

.146

.642

.787
Total

Sum of Squares (eigenvalue)
Percentage of trace
a

2.893
26.30

2.234

1.855

20.31

16.87

1.774
16.12

8.756
79.59

Factor loadings greater than .40 are in bold and variables have been sorted by loadings on each factor.
VARiMAx-RotAteD LoADinGS a
Factor
Reduced Set of Variables
(X11 deleted)

1

2

3

4

Communality

X9 Complaint Resolution

.933

.890

X18 Delivery Speed

.931

.894

X16 Order & Billing

.886

X12 Salesforce Image

.806
.898

.860

X7 E-Commerce

.868

.780

X10 Advertising

.743

.585

X8 Technical Support

.940

.894

X14 Warranty & Claims

.933

.891

X6 Product Quality
X13 Competitive Pricing

.892

.798

2.730

.661

1.406

8.057

Total
Sum of Squares (eigenvalue)
Percentage of trace
a

2.589
25.89

2.216
22.16

1.846
18.46

14.06

80.57

Factor loadings less than .40 have not been printed and variables have been sorted by loadings.
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of the variables shows that each variable has at least one very low loading 1 under 6.10 2 , with several having two
and even one variable with three low loadings. At the factor level, given a four-factor solution, each factor should
have at least four very low loadings and this criterion is also met. Finally, for each pair of factors there should be
several variables with significant loadings on one of the factors and a very low loading on the other factor, along
with relatively few cross-loadings. Examining each pair of factors finds this criterion also met, with only one possible cross-loading. By meeting all of these criteria, the rotated factor solution can be termed a “simple structure.”
In the rotated factor solution (Table 3.9) each of the variables has a significant loading (defined as a loading above
.40) on only one factor, except for X11, which cross-loads on two factors (factors 1 and 4). Moreover, all of the loadings
are above .70, meaning that more than one-half of the variance is accounted for by the loading on a single factor.
With all of the communalities of sufficient size to warrant inclusion, the only remaining decision is to determine the
action to be taken for X11.
Even though the rotated factor matrix improved upon the simplicity of
the factor loadings, the cross-loading of X11 on factors 1 and 4 requires action. The possible actions include ignoring
the cross-loading, deleting X11 to eliminate the cross-loading, using another rotation technique, or decreasing the
number of factors. The following discussion addresses these options and the course of action chosen.
Examining the correlation matrix in Table 3.5 shows that X11 has high correlations with X6 (part of factor 4),
X9 (part of factor 1), and X12 (part of factor 2). Thus, it is not surprising that it may have several high loadings.
With the loadings of .642 (factor 4) and .591 (factor 1) almost identical, the cross-loading is so substantial as to
not be ignorable. Applying the ratio of variances guidelines described earlier, we see that the ratio is 1.18 (.6422
4 .5912 or .412 4 .349) is well below the threshold of 1.5, indicating a significant cross-loading. As for employing another rotation technique, additional analysis showed that the other orthogonal methods (QUARTIMAX
and EQUIMAX) still had this fundamental problem. Also, the number of factors should not be decreased due
to the relatively large explained variance (16.1%) for the fourth factor.
Thus, the course of action taken is to delete X11 from the analysis, leaving 10 variables in the analysis. The rotated
factor matrix and other information for the reduced set of 10 variables are also shown in Table 3.9. As we see, the
factor loadings for the 10 variables remain almost identical, exhibiting both the same pattern and almost the same
values for the loadings. The amount of explained variance increases slightly to 80.6 percent. With the simplified
pattern of loadings (all at significant levels), all communalities above 50 percent (and most much higher), and the
overall level of explained variance high enough, the 10-variable/four-factor solution is accepted, with the final step
being to describe the factors.
SteP 4: ReSPeciFY tHe FActoR MoDeL iF neeDeD

When a satisfactory factor solution has been derived, the researcher next attempts to
assign some meaning to the factors. The process involves substantive interpretation of the pattern of factor loadings
for the variables, including their signs, in an effort to name each of the factors. Before interpretation, a minimum
acceptable level of significance for factor loadings must be selected. Then, all significant factor loadings typically
are used in the interpretation process. Variables with higher loadings influence to a greater extent the name or label
selected to represent a factor.
Let us look at the results in Table 3.9 to illustrate this procedure. The factor solution was derived from principal
component analysis with a VARIMAX rotation of 10 perceptions of HBAT. The cut-off point for interpretation
purposes in this example is all loadings 6.40 or above (see Table 3.2). The cut-off point was set somewhat low to
illustrate the factor interpretation process with as many significant loadings as possible. In this example, however,
all the loadings are substantially above or below this threshold, making interpretation quite straightforward.
Substantive interpretation is based on the significant loadings. In Table 3.9, loadings above .40 have been noted
and the variables are sorted by their loadings on each factor. A marked pattern of variables with high loadings for
each factor is evident. Factors 1 and 2 have three variables with significant loadings and factors 3 and 4 have two.
Each factor can be named based on the variables with significant loadings:
SteP 5: nAMinG tHe FActoRS

●
●

Factor 1 Postsale Customer Service: X9 complaint resolution; X18, delivery speed; and X16, order and billing;
Factor 2 Marketing: X12 salesforce image; X7, e-commerce presence; and X10, advertising;
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Factor 3 Technical Support: X8 technical support; and X14, warranty and claims;
Factor 4 Product Value: X6 product quality; and X13, competitive pricing.

One particular issue should be noted: In factor 4, competitive pricing (X13) and product quality (X6) have opposite
signs. This means that product quality and competitive pricing vary together, but move in directions opposite to
each other. Perceptions are more positive whether product quality increases or price decreases. This fundamental
trade-off leads to naming the factor product value. When variables have differing signs, the researcher needs to be
careful in understanding the relationships between variables before naming the factors and must also make special
actions if calculating summated scales (see earlier discussion on reverse scoring).
Three variables (X11, X15, and X17) were not included in the final factor analysis. When the factor-loading
interpretations are presented, it must be noted that these variables were not included. If the results are used in other
multivariate analyses, these three could be included as separate variables, although they would not be assured to be
orthogonal to the factor scores.
The process of naming factors is based primarily on the subjective opinion of the researcher. Different researchers
in many instances will no doubt assign different names to the same results because of differences in their backgrounds and training. For this reason, the process of labeling factors is subject to considerable criticism. If a logical
name can be assigned that represents the underlying nature of the factors, it usually facilitates the presentation and
understanding of the factor solution and therefore is a justifiable procedure.
The VARIMAX rotation is orthogonal, meaning that the factors remain uncorrelated
throughout the rotation process. In many situations, however, the factors need not be uncorrelated and may even be
conceptually linked, which requires correlation between the factors. The researcher should always consider applying
a nonorthogonal rotation method and assess its comparability to the orthogonal results.
In our example, it is quite reasonable to expect that perceptual dimensions would be correlated. Therefore, the
application of the non-orthogonal oblique rotation is justified. Table 3.10 contains the pattern and structure matrices
with the factor loadings for each variable on each factor. As discussed earlier, the pattern matrix is typically used for
interpretation purposes, especially if the factors have a substantial correlation between them. In this case, the highest
correlation between the factors is only 2.241 (factors 1 and 2), so that the pattern and structure matrices have quite
comparable loadings. By examining the variables loading highly on each factor, we note that the interpretation is
exactly the same as found with the VARIMAX rotation. The only difference is that all three loadings on factor 2 are
negative, so that if the variables are reverse coded the correlations between factors will reverse signs as well.
APPLYinG An oBLiQUe RotAtion

SUMMARY oF FActoR inteRPRetAtion Both the orthogonal and oblique rotations resulted in acceptable solutions that
met the “simple structure” guidelines and were readily interpretable. As an additional assessment of the four factor
solution, three- and five-factor solutions (with VARIMAX rotation) were also performed on the 11 variable set (see
Table 3.11). The three-factor solution does not meet all of the simple structure guidelines and still has a significant
cross-loading. The five-factor solution is also less suitable since it still has a cross-loading and the fifth factor has
only one significant loading. Examining these two alternative factor solutions provides additional support for the
four-factor solution.

Validation of any exploratory factor analysis result is
essential, particularly when attempting to define underlying structure among the variables. Optimally, we would
always follow our use of exploratory factor analysis with some form of confirmatory factor analysis, such as structural
equation modeling (see Chapter 10), but this type of follow-up is often not feasible. We must look to other means,
such as split sample analysis or application to entirely new samples.
In this example, we split the sample into two equal samples of 50 respondents and re-estimate the factor models
to test for comparability. Table 3.12 contains the VARIMAX rotations for the split-sample results, along with the
communalities. As can be seen, the two VARIMAX rotations are quite comparable in terms of both loadings and
communalities for all six perceptions. The only notable occurrence is the presence of a slight cross-loading for X13

Stage 6: Validation of Principal Components Analysis
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table 3.10 oblique Rotation of components Analysis Factor Matrix
PAtteRn MAtRix
oBLiQUe RotAteD LoADinGSa
Factor
1

2

3

4

Communalityb

X9 Complaint Resolution

.943

.890

X18 Delivery Speed

.942

.894

X16 Order & Billing

.895

.806

X12 Salesforce Image

2.897

.860

X7 E-Commerce

2.880

.780

X10 Advertising

2.756

.585

X8 Technical Support

.946

.894

X14 Warranty & Claims

.936

.891

X6 Product Quality
X13 Competitive Pricing

.921

.798

2.702

.661

StRUctURe MAtRix
oBLiQUe RotAteD LoADinGS a
Factor
1
X9 Complaint Resolution

.943

X18 Delivery Speed

.942

X16 Order & Billing

.897

2

X12 Salesforce Image

2.919

X7 E-Commerce

2.878

X10 Advertising

2.750

3

X8 Technical Support

.944

X14 Warranty & Claims

.940

X6 Product Quality

4

.884

X13 Competitive Pricing

2.773

FActoR coRReLAtion MAtRix
Factor

1
1

1.000

2

3

2

2.241

1.000

3

.118

.021

1.000

4

.121

.190

.165

4

1.000

a

Factor loadings less than .40 have not been printed and variables have been sorted by loadings on each factor.

b

Communality values are not equal to the sum of the squared loadings due to the correlation of the factors.

in subsample 1, although the large difference in loadings (.445 versus 2.709) and the recommended cross-loadings
guidelines (i.e., variance ratio of 2.53) indicate assignment of X13 only to factor 4 appropriate.
With these results we can be reasonably assured that the results are stable within our sample. If possible, we would
always like to perform additional work by gathering additional respondents and ensuring that the results generalize
across the population or generating new subsamples for analysis and assessment of comparability.
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table 3.11 comparison of three- and Five-Factor VARiMAx Rotated Solutions
three-Factor Solution
Variable
X18 - Delivery Speed

1

2

0.910

0.206

Five-Factor Solution
3

1

20.029

0.941

2
0.115

3
20.002

4

5

0.047

0.122

X9 - Complaint Resolution

0.903

0.136

0.028

0.928

0.084

0.048

0.089

0.049

X16 - Order & Billing

0.825

0.149

0.050

0.866

0.082

0.083

0.038

0.039

X11 - Product Line

0.758

20.306

0.272

0.594

20.063

0.150

0.643

20.060

X12 - Salesforce Image

0.160

0.878

0.101

0.153

0.877

0.057

20.130

0.267

X7 - E-Commerce Activities

0.102

0.824

0.087

0.080

0.929

0.019

20.071

0.108

0.217

0.647

20.017

0.139

0.355

20.043

20.038

0.906

20.293

0.520

20.404

20.079

0.326

20.271

20.693

20.110

X6 - Product Quality

0.305

20.430

0.202

0.008

0.019

20.031

0.889

20.091

X8 - Technical Support

0.002

20.013

0.923

0.018

20.002

0.940

0.089

20.041

X14 - Warranty & Claims

0.096

0.062

0.917

0.111

0.062

0.932

0.091

0.004

X10 - Advertising
X13 - Competitive Pricing

Note: Variable loadings above .40 are in bold

table 3.12 Validation of component Factor Analysis by Split Sample estimation with VARiMAx Rotation
VARiMAx-RotAteD LoADinGS
Factor
Split-Sample 1

1

2

3

4

Communality

X9 Complaint Resolution

.924

.901

X18 Delivery Speed

.907

.878

X16 Order & Billing

.901

X12 Salesforce Image

.841
.885

.834

X7 E-Commerce

.834

.733

X10 Advertising

.812

.668

X8 Technical Support

.927

X14 Warranty & Claims

.876

X6 Product Quality
X13 Competitive Pricing

.445

.871
.851
.884

.813

2.709

.709

4

Communality

VARiMAx-RotAteD LoADinGS
Factor
Split-Sample 2

1

2

3

X9 Complaint Resolution

.943

.918

X18 Delivery Speed

.935

.884

X16 Order & Billing

.876

.807

X12 Salesforce Image

.902

X7 E-Commerce

.890

.886
.841

X10 Advertising

.711

.584

X8 Technical Support

.958

.932

X14 Warranty & Claims

.951

.916

X6 Product Quality
X13 Competitive Pricing

.889

.804

2.720

.699

The researcher has the option of using
exploratory factor analysis not only as a data summarization tool, as seen in the prior discussion, but also as a
data-reduction tool. In this context, exploratory factor analysis would assist in reducing the number of variables,
either through selection of a set of surrogate variables, one per factor, or by creating new composite variables for
each factor. The following sections detail the issues in data reduction for this example.

Stage 7: Additional Uses of the Exploratory Factor Analysis Results
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SeLectinG SURRoGAte VARiABLeS FoR SUBSeQUent AnALYSiS Let us first clarify the procedure for selecting surrogate
variables. In selecting a single variable to represent an entire factor, it is preferable to use an orthogonal rotation so
as to ensure that, to the extent possible, the selected variables be uncorrelated with each other. Thus, on this analysis
the orthogonal solution (Table 3.10) will be used instead of the oblique results.
Assuming we want to select only a single variable for further use, attention is on the magnitude of the factor
loadings (Table 3.10), irrespective of the sign (positive or negative). Focusing on the factor loadings for factors 1 and
3, we see that the first and second highest loadings are essentially identical (.933 for X9 and .931 for X18 on factor 1,
.940 for X8 and .933 for X14 on factor 3). If we have no a priori evidence to suggest that the reliability or validity for
one of the variables is better than for the other, and if none would be theoretically more meaningful for the factor
interpretation, we would select the variable with the highest loading (X9 and X8 for factors 1 and 3, respectively).
However, researchers must be cautious to not let these single measures provide the sole interpretation for the factor,
because each factor is a much more complex dimension than could be represented in any single variable. The difference between the first and second highest loadings for factors 2 and 4 are much greater, making selection of variables
X12 (factor 2) and X6 (factor 4) easier and more direct. For all four factors, however, no single variable represents the
component best; thus factor scores or a summated scale would be more appropriate if possible.
cReAtinG SUMMAteD ScALeS A summated scale is a composite value for a set of variables calculated by such simple procedures
as taking the average of the variables in the scale. It is much like the variates in other multivariate techniques, except that
the weights for each variable are assumed to be equal in the averaging procedure. In this way, each respondent would have
four new variables (summated scales for factors 1, 2, 3, and 4) that could be substituted for the original 13 variables in other
multivariate techniques. Exploratory factor analysis assists in the construction of the summated scale by identifying the
dimensionality of the variables (defining the factors), which then form the basis for the composite values if they meet certain
conceptual and empirical criteria. After the actual construction of the summated scales, which includes reverse scoring of
opposite-signed variables (see earlier discussion), the scales should also be evaluated for reliability and validity if possible.
In this example, the four-factor solution suggests that four summated scales should be constructed. The four
factors, discussed earlier, correspond to dimensions that can be named and related to concepts with adequate content
validity. The dimensionality of each scale is supported by the clean interpretation of each factor, with high factor
loadings of each variable on only one factor. The reliability of the summated scales is best measured by Cronbach’s
alpha, which in this case is .90 for scale 1, .78 for scale 2, .80 for scale 3, and .57 for scale 4. Only scale 4, representing
the Product Value factor, has a reliability below the recommended level of .70. A primary reason for the low reliability
value is that the scale only has two variables. Future research should strive to find additional items that measure this
concept. It will be retained for further use with the caveat of a somewhat lower reliability and the need for future
development of additional measures to represent this concept. Also remember that because X13 has a negative relationship (loading) it should be reverse-scored before creating the summated scale.
Although no direct test is available to assess the validity of the summated scales in the HBAT database, one
approach is to compare the summated scales with the surrogate variables to see whether consistent patterns emerge.
Table 3.13 (Part A) illustrates the use of summated scales as replacements for the original variables by comparing
the differences in the surrogate variables across the two regions (USA/North America versus outside North America) of X4 to those differences of the corresponding summated scales and factor scores.
When viewing the two groups of and factor scores X4, we can see that the pattern of differences is consistent. X12
and X6 (the surrogate variables for factors 2 and 4) and scales 2 and 4 (the summated scales for factors 2 and 4) all
have significant differences between the two regions, whereas the measures for the first and third factors (X9 and X8,
scales 1 and 3, and factor scores 1 and 3) all show no difference. The summated scales and the surrogate variables all
show the same patterns of differences between the two regions, as seen for the factor scores, demonstrating a level
of convergent validity between these three measures.
USe oF FActoR ScoReS Instead of calculating summated scales, we could calculate factor scores for each of the four
factors in our principal component analysis. The factor scores differ from the summated scales in that factor scores
are based directly on the factor loadings, meaning that every variable contributes to the factor score based on the size
of its loading (rather than calculating the summated scale score as the mean of selected variables with high loadings).
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table 3.13 evaluating the Replacement of the original Variables by Factor Scores or Summated Scales
Part A: Mean Difference Between Groups of Respondents Based on X4, REGION
Mean Scores

Statistical Test

t-test

Group 1:

Group 2:

USA/north America

outside north America

X9, Complaint Resolution

5.456

5.433

.095

.925

X12, Salesforce Image

4.587

5.466

24.341

.000

Measure

t value

Significance

Representative Variables
from each Factor

X8, Technical Support

5.697

5.152

1.755

.082

X6, Product Quality

8.705

7.238

5.951

.000

Factor 1, Customer Service

2.031

.019

2.248

.805

Factor 2, Marketing

2.308

.197

22.528

.013

Factor 3, Technical Support

.154

2.098

1.234

.220

Factor 4, Product Value

.741

2.474

7.343

.000
.889

Factor Scores

Summated Scales
Scale 1, Customer Service

4.520

4.545

2.140

Scale 2, Marketing

3.945

4.475

23.293

.001

Scale 3, Technical Support

5.946

5.549

1.747

.084

Scale 4, Product Value

6.391

4.796

8.134

.000

Part B: Correlations Between Summated Scales
Scale 1
Scale 1

Scale 2

Scale 3

Scale 4

1.000

Scale 2

.260**

Scale 3

.113

1.000
.010

Scale 4

.126

2.225*

1.000
.228*

1.000

Part C: Correlations Between Factor Scores and Summated Scales
Factor 1

Factor 2

Factor 3

Factor 4

Scale 1

.987**

.127

.057

.060

Scale 2

.147

.976**

.008

2.093

Scale 3

.049

.003

Scale 4

.082

2.150

.984**

.096

.148

.964**

*Significant at .05 level.
**Significant at .01 level.

The first test of comparability of factor scores is similar to that performed with summated scales in assessing
the pattern of differences found on X4 for the surrogate variables and now the factor scores. Just as seen with the
summated scales, the patterns of differences were identical, with differences on factor scores 2 and 4 corresponding
to the differences in the surrogate variables for factors 2 and 4, with no differences for the others.
The consistency between factor scores and summated scales is also seen in the correlations in Table 3.13. We know
that the factor scores, since rotated with a VARIMAX technique, are orthogonal (uncorrelated). In Part B we see that
the scales are relatively uncorrelated among themselves (the highest correlation is .260), which matches fairly closely
to an orthogonal solution. This pattern also closely matches the oblique solution shown in Table 3.10 (note that the
second factor in the oblique solution had all negative loadings, thus the difference between positive and negative
correlations among the factors). But how closely do the scales correspond to the factor scores? Part C of Table 3.13
shows the correlations between the summated scales and factor scores, with correlations ranging from .964 to .987.
These results further support the use of the summated scales as valid substitutes for factor scores if desired.
SeLectinG BetWeen DAtA ReDUction MetHoDS If the original variables are to be replaced by surrogate variables, factor
scores, or summated scales, a decision must be made on which to use. This decision is based on the need for simplicity
Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

181

Chapter 3 Exploratory Factor Analysis

(which favors surrogate variables) versus replication in other studies (which favors use of summated scales) versus
the desire for orthogonality of the measures (which favors factor scores). Although it may be tempting to employ
surrogate variables, the preference among researchers today is the use of summated scales or, to a lesser degree,
factor scores. From an empirical perspective, the two composite measures are essentially identical. The correlations
in Table 3.13 demonstrate the high correspondence of factor scores to summated scales and the low correlations
among summated scales, approximating the orthogonality of the factor scores. The final decision, however, rests with
the researcher and the need for orthogonality versus replicability in selecting factor scores versus summated scales.
coMMon FActoR AnALYSiS: StAGeS 4 AnD 5
Common factor analysis is the second major factor analytic model that we discuss. The primary distinction between
principal component analysis and common factor analysis is that the latter considers only the common variance associated with a set of variables. This aim is accomplished by factoring a “reduced” correlation matrix with estimated initial
communalities in the diagonal instead of unities. The differences between principal component analysis and common
factor analysis occur only at the factor estimation and interpretation stages (stages 4 and 5). Once the communalities
are substituted on the diagonal, the common factor model extracts factors in a manner similar to principal component
analysis. The researcher uses the same criteria for factor selection and interpretation. To illustrate the differences that
can occur between common factor and principal component analysis, the following sections detail the extraction and
interpretation of a common factor analysis of the 13 HBAT perceptions used in the principal component analysis.
Stage 4: Deriving Factors and Assessing Overall Fit The reduced correlation matrix with communalities on the

diagonal was used in the common factor analysis. Recalling the procedures employed in the principal component
analysis, the original 13 variables were reduced to 11 due to low MSA values for X15 and X17. We will proceed from this set
of 11 variables for the common factor analysis.
The first step is to determine the number of factors to retain for examination and possible rotation. Table 3.14
shows the extraction statistics. Using the original eigenvalues, comparable to principal components analysis, the
latent root criterion with a cut-off value of 1.0 for the eigenvalue would retain four factors. Likewise, the scree analysis indicates that four or five factors be retained (see Figure 3.12). In combining these two criteria, we will retain
four factors for further analysis because of the low eigenvalue for the fifth factor and to maintain comparability with
the principal component analysis. As with the principal component analysis examined earlier, the researcher should
employ a combination of criteria in determining the number of factors to retain and may even wish to examine the
three-factor solution as an alternative.
Because the final common factor model differs from the initial extraction estimates (e.g., see discussion of
Table 3.14 that follows), the researcher should be sure to evaluate the extraction statistics for the final common factor
model. Remember that in common factor analysis, only the “common” or shared variance is used. Thus, the trace
(sum of all eigenvalues) and the eigenvalues for all factors will be lower when only the common variance is considered.
table 3.14 Results for the extraction of common Factors: extraction Method—Principal Axis Factoring
Initial Eigenvalues
Factor

total

Extraction Sums of Squared Loadings

% of Variance

cumulative %

total

% of Variance

cumulative %

1

3.427

31.154

31.154

3.215

29.231

29.231

2

2.551

23.190

54.344

2.225

20.227

49.458

3

1.691

15.373

69.717

1.499

13.630

63.088

4

1.087

9.878

79.595

.678

6.167

69.255

5

.609

5.540

85.135

6

.552

5.017

90.152

7

.402

3.650

93.802

8

.247

2.245

96.047

9

.204

1.850

97.898

10

.133

1.208

99.105

11

.098

.895

100.000
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Figure 3.12
Scree test for common Factor Analysis
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As such, a researcher may wish to be more liberal in making judgments on such issues as variance extracted or the
latent root criterion threshold. If the researcher was dissatisfied with the total variance explained, for example, the
remedies discussed earlier are still available (such as extracting one or more additional factors to increase explained
variance). Also, communalities should also be examined to ensure an adequate level is maintained after extraction.
As also shown in Table 3.14, the eigenvalues for extracted factors can be restated in terms of the common factor
extraction process. As shown in Table 3.14, the values for the extracted factors still support four factors because the
percentage of total variance explained is still 70 percent. The only substantive difference is for the eigenvalue of factor 4,
which falls below the 1.0 threshold. Parallel analysis can be applied to common factor models as well as principal components models and Table 3.15 presents the results using the eigenvalues for the extracted factors. A four-factor model is
supported using both the mean eigenvalue as well as the more conservative 95th percentile value. When evaluating the
fifth factor, we see that the support for retention is provided when using the mean value, but not the 95th percentile. This
casts doubt on including the fifth factor since parallel analysis is prone to including more factors than other common
factor stopping rules. So for our purposes the fourth factor is retained, but the fifth factor is not included in subsequent
analysis. This also maintains comparability with the principal component analysis results.
The unrotated factor matrix (Table 3.16) shows that the communalities of each variable are comparable to those
found in principal component analysis. Because several variables fell below a communality of .50, a five-factor
model could be made in an attempt to increase the communalities, as well as the overall variance explained. For our
purposes here, however, we interpret the four-factor solution.
Stage 5: Interpreting the Factors With the factors extracted and the number of factors determined, we now
proceed to interpretation of the factors.
table 3.15 Parallel Analysis as a Stopping Rule for common Factor Analysis
Analysis of Reduced Variable Set (11 variables)
common Factor Results
Factor

Parallel Analysis

eigenvalueA

Mean

95th Percentile

1

3.215

0.680

0.863

2

2.225

0.517

0.644

3

1.499

0.367

0.484

4

0.678

0.256

0.350

5

0.201B

0.156

0.232

A

Eigenvalues based on communalities (reduced correlation matrix).

B

Eigenvalue when five factors extracted rather than four.
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table 3.16 Unrotated common Factor-Loadings Matrix
Factor a
1

2

4

communality

.895

.942

X9 Complaint Resolution

.862

.843

X16 Order & Billing

.747

X11 Product Line

.689

.622
2.454

.800

X12 Salesforce Image

.805

.990

X7 E-Commerce Presence

.657

.632

X13 Competitive Pricing

.553

.443

X10 Advertising

.457

X8 Technical Support
X6 Product Quality

.313
.739

X14 Warranty & Claims

a

3

X18 Delivery Speed

.796

.735
2.408

.812
.463

.424

Factor loadings less than .40 have not been printed and variables have been sorted by loadings on each factor.

By examining the unrotated loadings (see Table 3.16), we note the need for a factor matrix rotation just as we
found in the principal component analysis. Factor loadings were generally not as high as desired, and two variables
(X6 and X11) exhibited cross-loadings. Turning then to the VARIMAX-rotated common factor analysis factor matrix
(Table 3.17), the information provided is the same as in the principal component analysis solution (e.g., sums of
squares, percentages of variance, communalities, total sums of squares, and total variances extracted).
Comparison of the information provided in the rotated common factor analysis factor matrix and the rotated
principal component analysis factor matrix shows remarkable similarity. X11 has substantial cross-loadings on both
factors 1 and 4 in both analyses (Tables 3.9 and 3.17). When we apply the variance ratio test for cross-loadings, we
see that the ratio is 1.84 1 .7132 4 .5252 5 .508 4 .276 5 1.84 2 which characterizes this as a potential cross-loading.
When X11 is deleted from the analysis, the four-factor solution is almost identical to the principal component
analysis. The primary differences between the principal component analysis and common factor analysis are the
generally lower loadings in the common factor analysis, owing primarily to the lower communalities of the variables
used in common factor analysis. Even with these slight differences in the patterns of loadings, though, the basic
interpretations are identical between the principal component analysis and the common factor analysis.
A MAnAGeRiAL oVeRVieW oF tHe ReSULtS
Both the principal component and common factor analyses provide the researcher with several key insights into the
structure of the variables from data summarization and options for data reduction. First, concerning the structure
of the variables, clearly four separate and distinct dimensions of evaluation are used by the HBAT customers. These
dimensions encompass a wide range of elements in the customer experience, from the tangible product attributes
(Product Value) to the relationship with the firm (Customer Service and Technical Support) to even the outreach
efforts (Marketing) by HBAT. Business planners within HBAT can now discuss plans revolving around these four
areas instead of having to deal with all of the separate variables.
It should be noted that the two variables eliminated due to low MSA values may represent potential additional
areas within the customer experience that could be represented by additional items to enable factors to be estimated
in those areas. It is important to remember that variables excluded from exploratory factor analysis are not necessarily “bad” or deficient, it is just that they are not well correlated with other items included in the analysis and may be
single-variable measures of other dimensions not represented by the remaining variables, or they may suggest other
concepts that need to be assessed by new multi-item dimensions. When exploratory factor analysis is employed as
a precursor to confirmatory factor analysis in scale development, it does provide a means for identifying variables
that are not amenable to the confirmatory model (e.g., significant cross-loadings) and provides an efficient screening
tool in that analysis. See Chapters 9 and 10 for a much more detailed discussion of confirmatory factor analyses.
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table 3.17 VARiMAx-Rotated common Factor Matrix: Full and Reduced Sets of Variables
Factora
Full Set of 11 Variables

1

2

3

4

Communality

X18 Delivery Speed

.949

X9 Complaint Resolution

.897

.942
.843

X16 Order & Billing

.768

.622

X12 Salesforce Image

.977

.990

X7 E-Commerce

.784

.632

X10 Advertising

.529

.313

X14 Warranty & Claims

.884

X8 Technical Support

.884

X11 Product Line

.525

X6 Product Quality
X13 Competitive Pricing

.812
.796
.712

.800

.647

.424

2.590

.443

1.371

7.618

Total
Sum of Squared Loadings

2.635

1.971

1.641

(eigenvalue)
Percentage of Trace

23.95

17.92

14.92

12.47

69.25

Factora
Reduced Set of 10 Variables

1

2

3

4

Communality

X18 Delivery Speed

.925

X9 Complaint Resolution

.913

.885
.860

X16 Order & Billing

.793

.660

X12 Salesforce Image

.979

X7 E-Commerce

.782

.993
.631

X10 Advertising

.531

.316

X8 Technical Support

.905

.830

X14 Warranty & Claims

.870

.778

X6 Product Quality
X13 Competitive Pricing

.788

.627

2.480

.353

.919

6.932

Total
Sum of Squared Loadings

2.392

1.970

1.650

(eigenvalue)
Percentage of Trace
a

23.92

19.70

16.50

9.19

69.32

Factor loadings less than .40 have not been printed and variables have been sorted by loadings on each factor.

Exploratory factor analysis also provides the basis for data reduction through either summated scales or factor
scores. The researcher now has a method for combining the variables within each factor into a single score that can
replace the original set of variables with four new composite variables. When looking for differences, such as between
regions, these new composite variables can be used so that only differences for composite scores, rather than the
individual variables, are analyzed.

Summary
The multivariate statistical technique of exploratory factor analysis has been presented in broad conceptual terms. Basic
guidelines for interpreting the results were included to clarify further the methodological concepts. An example of the application of exploratory factor analysis was presented based on the HBAT database. This chapter helps you to do the following:
Differentiate exploratory factor analysis techniques from other multivariate techniques. Exploratory factor analysis (EFA) can be a highly useful and powerful multivariate statistical technique for effectively extracting information
Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 3 Exploratory Factor Analysis

185

from large bodies of interrelated data. When variables are correlated, the researcher needs ways to manage these variables: grouping highly correlated variables together, labeling or naming the groups, and perhaps even creating a new
composite measure that can represent each group of variables. The primary purpose of exploratory factor analysis is to
define the underlying structure among the variables in the analysis. As an interdependence technique, factor analysis
attempts to identify structure (groupings among variables) based on relationships represented in a correlation matrix.
It is a powerful tool to better understand the structure of the data, and also can be used to simplify analyses of a large
set of variables by replacing them with composite variables. When it works well, it points to interesting relationships
that might not have been obvious from examination of the raw data alone, or even the correlation matrix.
Distinguish between exploratory and confirmatory uses of factor analysis techniques. Factor analysis as
discussed in this chapter is primarily an exploratory technique because the researcher has little control over the
specification of the structure (e.g., number of factors, loadings of each variable, etc.). Although the methods discussed
in this chapter provide insights into the data, any attempt at confirmation will most likely require the use of specific
methods discussed in the chapters on structural equation modeling (see Chapters 9, 10 and 13).
Understand the seven stages of applying factor analysis. The seven stages of applying exploratory factor analysis
include the following:
1
2
3
4
5
6
7

Clarifying the objectives of factor analysis
Designing a factor analysis, including selection of variables and sample size
Assumptions of exploratory factor analysis
Deriving factors and assessing overall fit, including which factor model to use and the number of factors
Rotating and interpreting the factors
Validation of exploratory factor analysis solutions
Additional uses of exploratory factor analysis results, such as selecting surrogate variables, creating summated
scales, or computing factor scores

Distinguish between R and Q factor analysis. The principal use of exploratory factor analysis is to develop a
structure among variables, referred to as R factor analysis. Factor analysis also can be used to group cases and is
then referred to as Q factor analysis. Q factor analysis is similar to cluster analysis. The primary difference is that Q
factor analysis uses correlation as the measure of similarity whereas cluster analysis is based on a distance measure.
Identify the differences between principal component analysis and common factor analysis models. Three types
of variance are considered when applying exploratory factor analysis: common variance and unique variance, which
can be further divided into specific and error variance. When you add the three types of variance together, you get total
variance. Each of the two methods of developing a factor solution uses different types of variance. Principal component
analysis, also known as components analysis, considers the total variance, deriving factors that focus on the common variance but also contain small proportions of specific variance and, in some instances, error variance. Principal component
analysis is preferred when data reduction is a primary goal and when the researcher feels confident that unique variance
is less prevalent so as to not impact the resulting factors. Common factor analysis is based only on common (shared)
variance and assumes that both the unique and error variance are not of interest in defining the structure of the variables.
It is more useful in the scale development process (i.e., identifying latent constructs) and when the researcher has little
knowledge about the unique variance. The two methods achieve essentially the same results in many research situations.
Describe how to determine the number of factors to extract. A critical decision in exploratory factor analysis is
the number of factors to retain for interpretation and further use. In deciding when to stop factoring (i.e., how many
factors to extract), the researcher must combine a conceptual foundation (How many factors should be in the structure?) with some empirical evidence (How many factors can be reasonably supported?). The researcher generally
begins with some predetermined criteria, such as the general number of factors, plus some general thresholds of
practical relevance (e.g., required percentage of variance explained). These criteria are combined with empirical
measures of the factor structure. An exact quantitative basis for deciding the number of factors to extract has not
been developed. A number of empirical stopping criteria for the number of factors to extract are available, including
the latent root criterion, percentage of variance, the scree test and parallel analysis. These criteria must be balanced
against any theoretical bases for establishing the number of factors, such as the a priori criterion.
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Explain the concept of rotation of factors. Perhaps the most important tool in interpreting factors is factor
rotation. The term rotation means that the reference axes of the factors are turned about the origin until some
other position has been reached. Two types of rotation are orthogonal and oblique. Unrotated factor solutions
extract factors in the order of their importance, with the first factor being a general factor with almost every variable loading significantly and accounting for the largest amount of variance. The second and subsequent factors
are based on the residual amount of variance, with each accounting for successively smaller portions of variance.
The ultimate effect of rotating the factor matrix is to redistribute the variance from earlier factors to later ones
to achieve a simpler, theoretically more meaningful factor pattern. Factor rotation assists in the interpretation
of the factors by simplifying the structure through maximizing the significant loadings of a variable on a single
factor. In this manner, the variables most useful in defining the character of each factor can be easily identified.
Describe how to name a factor. Factors represent a composite of many variables. When an acceptable factor
solution has been obtained in which all variables have a significant loading on a factor, the researcher attempts to
assign some meaning to the pattern of factor loadings. Variables with higher loadings are considered more important
and have greater influence on the name or label selected to represent a factor. The significant variables for a particular factor are examined and, placing greater emphasis on those variables with higher loadings, a name or label is
assigned to a factor that accurately reflects the variables loading on that factor. The presence of cross-loadings (i.e.,
variables with significant loadings on more than one factor) may indicate deletion of that variable from the analysis
since it does not represent simple structure and complicates the naming process. The researcher identifies the variables with the greatest contribution to a factor and assigns a “name” to represent the factor’s conceptual meaning.
Explain the additional uses of exploratory factor analysis. Depending on the objectives for applying exploratory
factor analysis, the researcher may stop with data summarization (with or without interpretation) or further engage
in one of the methods for data reduction. If the objective is simply to identify logical combinations of variables and
better understand the interrelationships among variables, then data summarization with interpretation will suffice. If
the objective, however, is to identify appropriate variables for subsequent application to other statistical techniques,
then some form of data reduction will be employed. One of the data reduction options of exploratory factor analysis
is to select a single (surrogate) variable with the highest factor loading. In doing so, the researcher identifies a single
variable as the best representative for all variables in the factor. A second option for data reduction is to calculate a
summated scale, where variables with the highest factor loadings are summated. A single summated score represents
the factor, but only selected variables contribute to the composite score. A third option for data reduction is to calculate factor scores for each factor, where each variable contributes to the score based on its factor loading. This single
measure is a composite variable that reflects the relative contributions of all variables to the factor. If the summated
scale is valid and reliable, it is probably the best of these three data reduction alternatives.
State the major limitations of exploratory factor analytic techniques. Three of the most frequently cited limitations are as follows:
1 Because many techniques for performing exploratory factor analyses are available, controversy exists over
which technique is the best.
2 The subjective aspects of exploratory factor analysis (i.e., deciding how many factors to extract, which technique should be used to rotate the factor axes, which factor loadings are significant) are all subject to many
differences in opinion.
3 The problem of reliability is real.
Like any other statistical procedure, an exploratory factor analysis starts with a set of imperfect data. When the data
vary because of changes in the sample, the data-gathering process, or the numerous kinds of measurement errors, the
results of the analysis also may change. The results of any single analysis are therefore less than perfectly dependable.
The potential applications of exploratory factor analysis to problem solving and decision making in business
research are numerous. Exploratory factor analysis is a much more complex and involved subject than might
be indicated here. This problem is especially critical because the results of a single-factor analytic solution
frequently look plausible. It is important to emphasize that plausibility is no guarantee of validity or stability.
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Questions
1 What are the differences between the objectives of
data summarization and data reduction?
2 How can exploratory factor analysis help the
researcher improve the results of other multivariate
techniques?

6 What are the criteria used in determining the
variables that will represent a factor (e.g., be used in
naming that factor)?
7 How and when should factor scores be used in conjunction with other multivariate statistical techniques?

3 What guidelines can you use to determine the
number of factors to extract? Explain each briefly.

8 What are the differences between factor scores and
summated scales? When is each most appropriate?

4 How do you use the factor-loading matrix to interpret
the meaning of factors?

9 What are the differences between exploratory factor
analysis and confirmatory factor analysis? When are
each most applicable?

5 When would the researcher use an oblique rotation
instead of an orthogonal rotation? What are the basic
differences between them?

10 What is the difference between Q-type factor analysis
and cluster analysis?

Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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Cluster Analysis

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Define cluster analysis, its roles, and its limitations.

●

Identify the types of research questions addressed by cluster analysis.

●

Understand how interobject similarity is measured.

●

Understand why different distance measures are sometimes used.

●

Understand the differences between hierarchical and nonhierarchical clustering techniques.

●

Know how to interpret results from cluster analysis.

●

Follow the guidelines for cluster validation.

chapter Preview
Researchers often encounter situations best resolved by defining groups of homogeneous objects, whether they are
individuals, firms, or even behaviors. Strategy options based on identifying groups within the population, such as
segmentation and target marketing, would not be possible without an objective methodology. This same need is
encountered in other areas, ranging from the physical sciences (e.g., creating a biological taxonomy for the classification of various animal groups—insects versus mammals versus reptiles) to the social sciences (e.g., analyzing various
psychiatric profiles). In all instances, the researcher is searching for a “natural” structure among the observations
based on a multivariate profile.
The most commonly used technique for this purpose is cluster analysis. Cluster analysis groups individuals or
objects into clusters so that objects in the same cluster are more similar to one another than they are to objects in
other clusters. The attempt is to maximize the homogeneity of objects within the clusters while also maximizing the
heterogeneity between the clusters. This chapter explains the nature and purpose of cluster analysis and provides the
researcher with an approach for obtaining and using cluster results.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology used.
Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key term
cross-references are italicized.
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Absolute euclidean distance See squared Euclidean distance.
Agglomerative methods Hierarchical procedure that begins with each object or observation in a separate cluster. In each subse-

quent step, the two clusters that are most similar are combined to build a new aggregate cluster. The process is repeated until
all objects are finally combined into a single cluster. This process is the opposite of the divisive method.
Average linkage Hierarchical clustering algorithm that represents similarity as the average distance from all objects in one cluster
to all objects in another. This approach tends to combine clusters with small variances.
Boundary point An object in the density-based approach which does not have the required density to constitute a cluster by itself,
but does fall within the neighborhood of an existing cluster.
centering A form of standardization where the mean of a variable is subtracted from the values of all objects. This equates the
means of all centered variables at zero. Similar to z scores, except that the variances are not equivalent as well (i.e., centered
values are not divided by the standard deviation of the variable).
centroid method Hierarchical clustering algorithm in which similarity between clusters is measured as the distance between
cluster centroids. When two clusters are combined, a new centroid is computed. Thus, cluster centroids migrate, or move, as
the clusters are combined.
city-block distance Method of calculating distances based on the sum of the absolute differences of the coordinates for the
objects. This method assumes that the variables in the cluster variate are uncorrelated and that unit scales are compatible.
cluster centroid Average value of the objects contained in the cluster on all the variables in the cluster variate.
cluster seed Initial value or starting point for a cluster. These values are selected to initiate nonhierarchical procedures, in which
clusters are built around these prespecified points.
cluster solution A specific number of clusters selected as representative of the data structure of the sample of objects.
cluster variate Set of variables or characteristics representing the objects to be clustered and used to calculate the similarity
between objects.
clustering algorithm Set of rules or procedures; similar to an equation.
clustering variables Set of variables selected/specified by the researcher to form the cluster variate and be the basis for calculating
interobject similarity between objects.
complete-linkage method Hierarchical clustering algorithm in which interobject similarity is based on the maximum distance
between objects in two clusters (the distance between the most dissimilar members of each cluster). At each stage of the
agglomeration, the two clusters with the smallest maximum distance (most similar) are combined.
component A probability distribution of a subsample of objects which uniquely defines a cluster based on a high degree of
similarity between the objects in the model-based approach.
core point An object in the density-based approach which has a density above the researcher-specified level necessary to constitute a cluster.
cubic clustering criterion (ccc) A direct measure of heterogeneity in which the highest CCC values indicate the final cluster
solution.
curse of dimensionality Related to the increase in the number of clustering variables, the impact is to diminish the ability of
distance-based measures to distinguish similarity among the cases.
Dendrogram Graphical representation (tree graph) of the results of a hierarchical procedure in which each object is arrayed on
one axis, and the other axis portrays the steps in the hierarchical procedure. Starting with each object represented as a separate
cluster, the dendrogram shows graphically how the clusters are combined at each step of the procedure until all are contained
in a single cluster.
Density The number of points within a neighborhood as used in the density-based approach.
Density-based approach Clustering method based on forming clusters based on objects which are closely spaced together (i.e.,
high density), using areas with a low density of objects as areas separating clusters.
Density-reachable point See boundary point.
Diameter method See complete-linkage method.
Divisive method Hierarchical clustering algorithm that begins with all objects in a single cluster, which is then divided at each step
into two additional clusters that contain the most dissimilar objects. The single cluster is divided into two clusters, then one of
these two clusters is split for a total of three clusters. This continues until all observations are in single-member clusters. This
method is the opposite of the agglomerative method.
entropy group Group of objects independent of any cluster (i.e., they do not fit into any cluster) that may be considered outliers
and possibly eliminated from the cluster analysis.
euclidean distance Most commonly used measure of the similarity between two objects. Essentially, it is a measure of the length
of a straight line drawn between two objects when represented graphically.
Farthest-neighbor method See complete-linkage method.
Heterogeneity A measure of diversity of all observations across all clusters that is used as a general element in stopping rules. A
large increase in heterogeneity when two clusters are combined indicates that a more natural structure exists when the two
clusters are separate.
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Hierarchical procedures Stepwise clustering procedures involving a combination (or division) of the objects into clusters. The

two alternative procedures are the agglomerative and divisive methods. The result is the construction of a hierarchy, or treelike
structure (dendrogram), depicting the formation of the clusters. Such a procedure produces N 2 1 cluster solutions, where
N is the number of objects. For example, if the agglomerative procedure starts with five objects in separate clusters, it will show
how four clusters, then three, then two, and finally one cluster are formed.
interobject similarity The correspondence or association of two objects based on the variables of the cluster variate. Similarity can
be measured in two ways. First is a measure of association, with higher positive correlation coefficients representing greater
similarity. Second, proximity, or closeness, between each pair of objects can assess similarity. When measures of distance or
difference are used, smaller distances or differences represent greater similarity.
K-means A group of nonhierarchical clustering algorithms that work by partitioning observations into a user-specified number
of clusters and then iteratively reassigning observations until some numeric goal related to cluster distinctiveness is met.
Mahalanobis distance (D2) Standardized form of Euclidean distance. Scaling responses in terms of standard deviations standardizes the data with adjustments made for correlations between the variables.
Manhattan distance See city-block distance.
Mixture model The statistical model underlying the model-based approach where the sample of points are assumed to be
composed of a mixture of probability distributions (known as components), each representing a different cluster.
Model-based approach The only clustering approach with a statistical foundation, it differs primarily in that similarity based on
distance/proximity is replaced by probability of membership in a specific cluster. Based upon the concept of a mixture model,
it has become popular since it has measures of fit that allow for direct comparisons of different cluster solutions.
nearest-neighbor method See single-linkage method.
neighborhood The area around a point used to calculate the density of objects associated with that point. The diameter of the
neighborhood is specified by the analyst and is used in the density-based approach to define core, boundary or noise points.
noise point An object in the density-based approach which does not have the density necessary to be defined as a core point nor
does it fall within the neighborhood of an existing cluster (i.e., not a boundary point). Also termed an outlier.
nonhierarchical procedures Procedures that produce only a single cluster solution for a set of cluster seeds and a given number
of clusters. Instead of using the tree-like construction process found in the hierarchical procedures, cluster seeds are used to
group objects within a prespecified distance of the seeds. Nonhierarchical procedures do not produce results for all possible
numbers of clusters as is done with a hierarchical procedure.
object Person, product or service, firm, or any other entity that can be evaluated on a number of attributes.
optimizing procedure Nonhierarchical clustering procedure that allows for the reassignment of objects from the originally
assigned cluster to another cluster on the basis of an overall optimizing criterion.
Parallel coordinates graph See profile diagram.
Profile diagram Graphical representation of data that aids in screening for outliers or the interpretation of the final cluster
solution. Typically, the variables of the cluster variate or those used for validation are listed along the horizontal axis, and
the scale is the vertical axis. Separate lines depict the scores (original or standardized) for individual objects or cluster
centroids/objects.
Response-style effect Series of systematic responses by a respondent that reflect a bias or consistent pattern. Examples include
responding that an object always performs excellently or poorly across all attributes with little or no variation.
Root mean square standard deviation (RMSStD) The square root of the variance of the new cluster formed by joining the
two clusters across the cluster variate. Large increases indicate that the two clusters separately represent a more natural data
structure than when joined.
Row-centering standardization See within-case standardization.
Similarity See interobject similarity.
Single-linkage method Hierarchical clustering algorithm in which similarity is defined as the minimum distance between any
single object in one cluster and any single object in another, which simply means the distance between the closest objects
in two clusters. This procedure has the potential for creating less compact, or even chain-like, clusters. It differs from the
complete-linkage method, which uses the maximum distance between objects in the cluster.
Squared euclidean distance Measure of similarity that represents the sum of the squared distances without taking the square
root (as done to calculate Euclidean distance).
Stopping rule Clustering algorithm for determining the final number of clusters to be formed. With no stopping rule inherent
in cluster analysis, researchers developed several criteria and guidelines for this determination. Two classes of rules that are
applied post hoc and calculated by the researcher are (1) measures of similarity and (2) adapted statistical measures.
taxonomy Empirically derived classification of actual objects based on one or more characteristics, as typified by the application
of cluster analysis or other grouping procedures. This classification can be contrasted to a typology.
typology Conceptually based classification of objects based on one or more characteristics. A typology does not usually attempt
to group actual observations, but instead provides the theoretical foundation for the creation of a taxonomy, which groups
actual observations.
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Ward's method Hierarchical clustering algorithm in which the similarity used to join clusters is calculated as the sum of squares

between the two clusters summed over all variables. This method has the tendency to result in clusters of approximately equal
size due to its minimization of within-group variation.
Within-case standardization Method of standardization in which a respondent’s responses are not compared to the overall sample
but instead to the respondent’s own responses. In this process, also known as ipsitizing, the respondents’ average responses
are used to standardize their own responses.

What is cluster Analysis?
Cluster analysis is a group of multivariate techniques whose primary purpose is to group objects based on the
characteristics they possess. It has been referred to as Q analysis, typology construction, classification analysis, and
numerical taxonomy. This variety of names is due to the usage of clustering methods in such diverse disciplines as
psychology, biology, sociology, economics, engineering, and business. Although the names differ across disciplines,
the methods all have a common dimension: classification according to relationships among the objects being clustered
[3, 4, 6, 25, 45, 52]. This common dimension represents the essence of all clustering approaches—the classification
of data as suggested by natural groupings of the data themselves. Cluster analysis is comparable to exploratory
factor analysis (see Chapter 3) in its objective of assessing structure. Cluster analysis differs from exploratory factor
analysis, however, in that cluster analysis groups objects, whereas exploratory factor analysis is primarily concerned
with grouping variables. Additionally, exploratory factor analysis makes the groupings based on patterns of variation
(correlation) in the data whereas cluster analysis makes groupings on the basis of distance (proximity).
cLUSteR AnALYSiS AS A MULtiVARiAte tecHniQUe
Cluster analysis classifies objects (e.g., respondents, products, or other entities), on a set of user selected characteristics (clustering variables). The resulting clusters should exhibit high internal (within-cluster) homogeneity and
high external (between-cluster) heterogeneity. Thus, if the classification is successful, the objects within clusters will
be close together when plotted geometrically, and different clusters will be far apart.
The concept of the variate is again important in understanding how cluster analysis mathematically produces
results. The cluster variate represents a mathematical representation of the selected set of clustering variables which
compares the objects’ similarities.
The variate in cluster analysis is determined quite differently from other multivariate techniques. Cluster analysis is the only multivariate technique that does not estimate the variate empirically but instead uses the variate as
specified by the researcher. The focus of cluster analysis is on the comparison of objects based on the variate, not
on the estimation of the variate itself. This distinction makes the researcher’s definition of the variate a critical step
in cluster analysis.
concePtUAL DeVeLoPMent WitH cLUSteR AnALYSiS
Cluster analysis has been used in every research setting imaginable. Ranging from the derivation of taxonomies in
biology for grouping all living organisms, to psychological classifications based on personality and other personal
traits, to segmentation analyses of markets, cluster analysis applications have focused largely on grouping individuals.
However, cluster analysis can classify objects other than individual people, including the market structure of firms,
analyses of the similarities and differences among new products, and performance evaluations of firms to identify
groupings based on the firms’ strategies or strategic orientations. In many instances, however, the grouping is actually a means to an end in terms of a conceptually defined goal. The more common roles cluster analysis can play in
conceptual development include data reduction and hypothesis generation.
Data Reduction A researcher may be faced with a large number of observations that are meaningless unless classified into manageable groups. Cluster analysis can perform this data reduction procedure objectively by reducing
the information from an entire population or sample to information about specific groups. For example, if we can
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understand the attitudes of a population by identifying the major groups within the population, then we have reduced
the data for the entire population into profiles of a number of groups. In this fashion, the researcher provides a more
concise, understandable description of the observations, with minimal loss of information.
Cluster analysis is also useful when a researcher wishes to develop hypotheses concerning
the nature of the data or to examine previously stated hypotheses. For example, a researcher may believe that attitudes
toward the consumption of diet versus regular soft drinks could be used to separate soft-drink consumers into logical
segments or groups. Cluster analysis can classify soft-drink consumers by their attitudes about diet versus regular
soft drinks, and the resulting clusters, if any, can be profiled for demographic similarities and differences.
The large number of applications of cluster analysis in almost every area of inquiry creates not only a wealth of
knowledge on its use, but also the need for a better understanding of the technique to minimize its misuse.
Hypothesis Generation

neceSSitY oF concePtUAL SUPPoRt in cLUSteR AnALYSiS
Believe it or not, cluster analysis can be criticized for working too well in the sense that statistical results are produced
even when a logical basis for clusters is not apparent. Thus, the researcher should have a strong conceptual basis to
deal with issues such as why groups exist in the first place and what variables logically explain why objects end up
in the groups that they do. Even if cluster analysis is being used in conceptual development as just mentioned, some
conceptual rationale is essential. The following are the most common criticisms that must be addressed by conceptual
rather than empirical support:
●

●

●

Cluster analysis is descriptive, atheoretical, and non-inferential. Cluster analysis has no statistical basis upon
which to draw inferences from a sample to a population, and many contend that it is only an exploratory technique. Nothing guarantees unique solutions, because the cluster membership for any number of solutions is
dependent upon many elements of the procedure, and many different solutions can be obtained by varying one
or more elements.
Cluster analysis will always create clusters, regardless of the actual existence of any structure in the data. When
using cluster analysis, the researcher is making an assumption of some structure among the objects. The
researcher should always remember that just because clusters can be found does not validate their existence.
Only with strong conceptual support and then validation are the clusters potentially meaningful and relevant.
The cluster solution is not generalizable because it is totally dependent upon the variables used as the basis for the
similarity measure. This criticism can be made against any statistical technique, but cluster analysis is generally
considered more dependent on the measures used to characterize the objects than other multivariate techniques. With the cluster variate completely specified by the researcher, the addition of spurious variables or the
deletion of relevant variables can have a substantial impact on the resulting solution. As a result, the researcher
must be especially cognizant of the variables used in the analysis, ensuring that they have strong conceptual
support.

Thus, in any use of cluster analysis the researcher must take particular care in ensuring that strong conceptual support
predates the application of the technique. Only with this support in place should the researcher then address each
of the specific decisions involved in performing a cluster analysis.

How Does cluster Analysis Work?
Cluster analysis performs a task innate to all individuals—pattern recognition and grouping. The human ability to
process even slight differences in innumerable characteristics is a cognitive process inherent in human beings that is
not easily matched even with all of our technological advances. Take for example the task of analyzing and grouping
human faces. Even from birth, individuals can quickly identify slight differences in facial expressions and group
different faces in homogeneous groups while considering hundreds of facial characteristics. Yet we still struggle with
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facial recognition programs to accomplish the same task. The process of identifying natural groupings is one that
can become quite complex rather quickly.
To demonstrate how cluster analysis operates, we examine a simple example that illustrates some of the key
issues: measuring similarity, forming clusters, and deciding on the number of clusters that best represent structure.
We also briefly discuss the balance of objective and subjective considerations that must be addressed by any
researcher.
A SiMPLe exAMPLe
The nature of cluster analysis and the basic decisions on the part of the researcher will be illustrated by a simple
example involving identification of customer segments in a retail setting.
Suppose a marketing researcher wishes to determine market segments in a community based on patterns of loyalty
to brands and stores. A small sample of seven respondents is selected as a pilot test of how cluster analysis is applied.
Two measures of loyalty—V1 (store loyalty) and V2 (brand loyalty)—were measured for each respondent on a 0–10
scale. The values for each of the seven respondents are shown in Figure 4.1, along with a scatter diagram depicting
each observation on the two variables.
Figure 4.1
Data Values and Scatterplot of
the Seven observations Based
on the two clustering Variables
(V1 and V2)
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7
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The primary objective of cluster analysis is to define the structure of the data by placing the most similar observations into groups. To accomplish this task, we must address three basic questions:
1 How do we measure similarity? We require a method of simultaneously comparing observations on the two
clustering variables (V1 and V2). Several methods are possible, including the correlation between objects or
perhaps a measure of their proximity in two-dimensional space such that the distance between observations
indicates similarity.
2 How do we form clusters? No matter how similarity is measured, the procedure must group those observations
that are most similar into a cluster, thereby determining the cluster group membership of each observation for
each set of clusters formed. The number of cluster solutions can range from all objects being in separate clusters to a single cluster containing all objects.
3 How many groups do we form? The final task is to select one cluster solution (i.e., set of clusters) as the final
solution. In doing so, the researcher faces a trade-off: fewer clusters and less homogeneity within clusters
versus a larger number of clusters and more within-group homogeneity. Simple structure, in striving toward
parsimony, is reflected in as few clusters as possible. Yet as the number of clusters decreases, the heterogeneity
within the clusters necessarily increases, thus making the differences between clusters less distinct. A balance
must be made between defining the most basic structure (fewer clusters) that still achieves an acceptable level
of homogeneity within the clusters and heterogeneity between the clusters.
With procedures for addressing each of these issues, we can perform a cluster analysis. We will illustrate the
principles underlying each of these issues through our simple example.
Measuring Similarity The first task is developing some measure of similarity between each object to be used in

the clustering process. Similarity represents the degree of correspondence among objects across all of the clustering
variables. Many times our similarity measures are really dissimilarity measures in that smaller numbers represent
greater similarity and larger numbers represent less similarity. This is the case with most distance measures, where
larger numbers represent greater distances between objects and thus more dissimilarity (i.e., less similarity).
In our example, similarity must be determined between each of the seven observations (respondents A–G) so
as to compare each observation to each other. We will measure similarity according to the Euclidean (straight-line)
distance between each pair of observations (see Table 4.1) based on the two characteristics (V1 and V2). In this
two-dimensional case (where each characteristic forms one axis of the graph) we can view distance as the proximity
of each point to the others. In using distance as the measure of proximity, we must remember that smaller distances
indicate greater similarity, such that observations E and F are the most similar (1.414), and A and F are the most
dissimilar (6.403).
Forming Clusters With similarity measures calculated, we now move to forming clusters based on the similarity measure of each observation. Typically we form a number of cluster solutions (a two-cluster solution, a

table 4.1 Proximity Matrix of euclidean Distances Between observations
Observation
observation

A

B

c

D

e

F

A

—

B

3.162

—

C

5.099

2.000

—

D

5.099

2.828

2.000

—

E

5.000

2.236

2.236

4.123

—

F

6.403

3.606

3.000

5.000

1.414

—

G

3.606

2.236

3.606

5.000

2.000

3.162

G

—

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

196

Section II Interdependence Techniques

three-cluster solution, etc.). Once clusters are formed, we then select the final cluster solution from the set of
possible solutions. First we will discuss how clusters are formed and then examine the process for selecting a final
cluster solution.
Having calculated the similarity measure, we must develop a procedure for forming clusters. As shown later in
this chapter, many methods have been proposed, but for our purposes here, we use this simple rule:
Identify the two most similar (closest) observations not already in the same cluster and combine them.

We apply this rule repeatedly to generate a number of cluster solutions, starting with each observation as its own
“cluster” and then combining two clusters at a time until all observations are in a single cluster. This process is termed
a hierarchical procedure because it moves in a stepwise fashion to form an entire range of cluster solutions. It is also
an agglomerative method because clusters are formed by combining existing clusters.
Table 4.2 details the steps of the hierarchical agglomerative process, first depicting the initial state with all seven
observations in single-member clusters, joining them in an agglomerative process until only one cluster remains.
The clustering process results in six cluster solutions, ranging from six clusters to a single cluster:
Step 1: Identify the two closest observations (E and F with distance of 1.414) and combine them into a cluster,

moving from seven to six clusters.
Step 2: Find the next closest pairs of observations. In this case, three pairs have the same distance of 2.000
(E–G, C–D, and B–C). For our purposes, choose the observations E–G. G is a single-member cluster, but E was combined in the prior step with F. So, the cluster formed at this stage now has three
members: G, E, and F and there are five clusters.
Step 3: Combine the single-member clusters of C and D so that we now have four clusters.
Step 4: Combine B with the two-member cluster C-D that was formed in step 3. At this point, we now have
three clusters: cluster 1 (A), cluster 2 (B, C, and D), and cluster 3 (E, F, and G).
Step 5: The next smallest distance is 2.236 for three pairs of observations (E–B, B–G, and C–E). We use only
one of these distances, however, as each observation pair contains a member from each of the two
existing clusters (B, C, and D versus E, F, and G). Combine the two three-member clusters into a single
six-member cluster with observation A in a single member cluster for a two cluster solution.
Step 6: Combine observation A with the remaining cluster (six observations) into a single cluster at a distance
of 3.162. You will note that distances smaller or equal to 3.162 are not used because they are between
members of the same cluster.
The hierarchical clustering process can be portrayed graphically in several ways. Figure 4.2 illustrates two such
methods. First, because the process is hierarchical, the clustering process can be shown as a series of nested groupings
table 4.2 Agglomerative Hierarchical clustering Process
AGGLoMeRAtion PRoceSS

cLUSteR SoLUtion

Minimum

Step

Distance Between

overall Similarity

Unclustered

Measure (Average

observationsa

observation Pair

cluster Membership

number of clusters

(A) (B) (c) (D) (e) (F) (G)

7

0

E-F

(A) (B) (C) (D) (E-F) (G)

6

1.414

initial Solution

a

Within-cluster Distance

1

1.414

2

2.000

E-G

(A) (B) (C) (D) (E-F-G)

5

2.192

3

2.000

C-D

(A) (B) (C-D) (E-F-G)

4

2.144

4

2.000

B-C

(A) (B-C-D) (E-F-G)

3

2.234

5

2.236

B-E

(A) (B-C-D-E-F-G)

2

2.896

6

3.162

A-B

(A-B-C-D-E-F-G)

1

3.420

Euclidean distance between observations
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Figure 4.2
Graphical Portrayals
of the Hierarchical
clustering Process
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(b) Dendrogram
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(see Figure 4.2a). This process, however, can represent the proximity of the observations for only two or three clustering variables in the scatterplot or three-dimensional graph. A more common approach is a dendrogram, which
represents the clustering process in a tree-like graph. The horizontal axis represents the agglomeration coefficient,
in this instance the distance used in joining clusters. This approach is particularly useful in identifying outliers, such
as observation A. It also depicts the relative size of varying clusters, although it becomes unwieldy when the number
of observations increases.
Determining the Number of Clusters in the Final Solution A hierarchical method results in a number of cluster solutions—in this case starting with a seven single member clusters and ending in a one-cluster solution.
Which solution do we choose? We know that as we move from single-member clusters in the seven-cluster
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solution, heterogeneity increases as we join observations together. So why not stay at seven clusters, the most homogeneous possible? If all observations are treated as their own unique cluster, no data reduction has taken place and
no true segments have been found. The goal is identifying segments by combining observations, but at the same time
introducing only small amounts of hetereogeneity.
MeASURinG HeteRoGeneitY Any measure of heterogeneity of a cluster solution should represent the overall diversity
among observations in all clusters. In the initial solution of an agglomerative approach where all observations are in
separate clusters, no heterogeneity exists. As observations are combined to form clusters, heterogeneity increases.
The measure of heterogeneity thus should start with a value of zero and increase to show the level of heterogeneity
as clusters are combined.
In this example, we use a simple measure of heterogeneity: the average of all distances between observations within
clusters (see Table 4.2). As already described, the measure should increase as clusters are combined:
●

●
●

●

●

In the initial solution with seven clusters, our overall similarity measure is 0—no observation is paired with
another.
Six clusters: The overall similarity is the distance between the two observations (1.414) joined in step 1.
Five clusters: Step 2 forms a three-member cluster (E, F, and G), so that the overall similarity measure is the
mean of the distances between E and F (1.414), E and G (2.000), and F and G (3.162), for an average of 2.192.
Four clusters: In the next step a new two-member cluster is formed with a distance of 2.000, which causes the
overall average to fall slightly to 2.144.
Three, two, and one clusters: The final three steps form new clusters in this manner until a single-cluster solution is formed (step 6), in which the average of all distances in the distance matrix is 3.420.

SeLectinG A FinAL cLUSteR SoLUtion Now, how do we use this overall measure of similarity to select a cluster solution?

Remember that we are trying to get the simplest structure possible that still represents homogeneous groupings.
A fundamental tenet of comparing cluster solutions: When monitoring the heterogeneity measure as the number of
clusters decreases, large increases in heterogeneity indicate that two rather dissimilar clusters were joined at that stage.
From Table 4.2, we can see that the overall measure of heterogeneity increases as we combine clusters until we
reach the final one-cluster solution. Table 4.3 shows the increases in similarity and proportionate increases across
the cluster solutions. To select a final cluster solution, we examine the proportionate changes in the homogeneity
measure to identify large increases indicative of merging dissimilar clusters:
●

●

●

●

When we first join two observations (step 1) we establish the minimum heterogeneity level within clusters, in
this cases 1.414.
In Step 2 we see a substantial increase in heterogeneity from Step 1, but in the next two steps (3 and 4), the
overall measure does not change substantially, which indicates that we are forming other clusters with essentially the same heterogeneity of the existing clusters.
When we get to step 5, which combines the two three-member clusters, we see a large increase (.662 or 29.6%).
This change indicates that joining these two clusters resulted in a single cluster that was markedly less homogeneous. As a result, we would consider the three-cluster solution of step 4 much better than the two-cluster
solution found in step 5.
We can also see that in step 6 the overall measure again increased markedly, indicating when this single
observation was joined at the last step, it substantially changed the cluster homogeneity. Given the rather
unique profile of this observation (observation A) compared to the others, it might best be designated
as a member of the entropy group, those observations that are outliers and independent of the existing
clusters.

Thus, when reviewing the range of cluster solutions, the three-cluster solution of step 4 seems the most appropriate
for a final cluster solution, with two equally sized clusters and the single outlying observation.
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table 4.3 Selecting the Final cluster Solution Based on Percentage changes in Heterogeneity
Percentage increase in Heterogeneity
Step

overall Similarity Measure

Difference in Similarity to next Step

1

1.414

.778

to next Stage
55.0

2

2.192

2.048

NI

3

2.144

.090

4.2

4

2.234

.662

29.6

5

2.896

.524

18.1

6

3.420

—

NI: No increase in heterogeneity

oBjectiVe VeRSUS SUBjectiVe conSiDeRAtionS
As is probably clear by now, the selection of the final cluster solution requires substantial researcher judgment and
is considered by many as too subjective. Even though many diagnostic measures have been developed to assist in
evaluating the cluster solutions, it still falls to the researcher to make the final decision as to the number of clusters
to accept as the final solution. Moreover, decisions on the characteristics to be used, the methods of combining
clusters, and even the interpretation of cluster solutions rely as much on the judgment of the researcher as any
empirical test.
Even this rather simple example of only two characteristics and seven observations demonstrates the potential
complexity of performing a cluster analysis. Researchers in realistic settings are faced with analyses containing many
more characteristics with many more observations. It is thus imperative researchers employ whatever objective
support is available and be guided by reasoned judgment, especially in the design and interpretation stages.

cluster Analysis Decision Process
Cluster analysis, like the other multivariate techniques discussed earlier, can be viewed from the six-stage modelbuilding approach introduced in Chapter 1 (see Figure 4.3 for stages 1–3 and Figure 4.6 for stages 4-6). Starting
with research objectives that can be either exploratory or confirmatory, the design of a cluster analysis deals with
the following:
●
●

●

Partitioning the data set to form clusters and selecting a cluster solution
Interpreting the clusters to understand the characteristics of each cluster and develop a name or label that
appropriately defines its nature
Validating the results of the final cluster solution (i.e., determining its stability and generalizability), along with
describing the characteristics of each cluster to explain how they may differ on relevant dimensions such as
demographics.
The following sections detail all these issues through the six stages of the model-building process.

StAGe 1: oBjectiVeS oF cLUSteR AnALYSiS
The primary goal of cluster analysis is to partition a set of objects into two or more groups based on the similarity
of the objects for a set of specified characteristics (clustering variables forming the cluster variate). In fulfilling this
basic objective, the researcher must address two key issues: the research questions being addressed in this analysis
and the variables used to characterize objects in the clustering process. We will discuss each issue in the following
section.
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Figure 4.3
Stages 1–3 of the cluster Analysis Decision Diagram

Stage 1

Research Problem
Select objective(s):
Taxonomy description
Data simplification
Reveal relationships
Select clustering variables

Stage 2

Research Design Issues
Can outliers be detected?
Should the data be standardized?

Metric Data

Select a Similarity Measure
Are the cluster variables metric or nonmetric?

Is the focus on pattern or proximity?

Proximity:
Distance Measures of Similarity
Euclidean distance
City-block distance
Mahalanobis distance
Pattern:
Correlation Measure of Similarity
Correlation coefficient

Stage 3

Nonmetric Data:
Association of Similarity
Matching coefficients

Standardization Options
Standardizing variables
Standardizing by observation

Assumptions
Is the sample representative of the population?
Is multicollinearity substantial enough to
affect results?

To
Stage
4
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Research Questions in Cluster Analysis In forming homogeneous groups, cluster analysis may address any combi-

nation of three basic research questions:
1 Taxonomy description. The most traditional use of cluster analysis has been for exploratory purposes and the
formation of a taxonomy—an empirically-based classification of objects. As described earlier, cluster analysis has
been used in a wide range of applications for its partitioning ability. Cluster analysis can also generate hypotheses
related to the structure of the objects. Finally, although viewed principally as an exploratory technique, cluster
analysis can be used for confirmatory purposes. In such cases, a proposed typology (theoretically-based
classification) can be compared to that derived from the cluster analysis.
2 Data simplification. By defining structure among the observations, cluster analysis also develops a simplified
perspective by grouping observations for further analysis. Whereas exploratory factor analysis attempts to
provide dimensions or structure to variables (see Chapter 3), cluster analysis performs the same task for observations. Thus, instead of viewing all of the observations as unique, they can be viewed as members of clusters
and profiled by their general characteristics.
3 Relationship identification. With the clusters defined and the underlying structure of the data represented
in the clusters, the researcher has a means of revealing relationships among the observations that typically
is not possible with the individual observations. Whether analyses such as discriminant analysis are used to
empirically identify relationships, or the groups are examined by more qualitative methods, the simplified
structure from cluster analysis often identifies relationships or similarities and differences not previously
revealed.
The objectives of cluster analysis cannot be separated from the selection of clustering variables used to characterize the objects being clustered and calculate the similarity between them. Whether
the objective is exploratory or confirmatory, the researcher effectively constrains the possible results by the variables
selected for use. The derived clusters reflect the inherent structure of the data and similarity among objects is based
solely on the clustering variables. Thus, selecting the variables to be included in the cluster variate must be done with
regard to theoretical and conceptual considerations.
Any application of cluster analysis must have some rationale upon which variables are selected to represent
similarity among objects. Whether the rationale is based on an explicit theory, past research, or supposition, the
researcher must realize the importance of including only those variables that (1) characterize the objects being clustered and (2) relate specifically to the objectives of the cluster analysis. The cluster analysis technique has no means
of differentiating relevant from irrelevant variables and derives the most consistent, yet distinct, groups of objects
across all variables. Thus, one should never include variables indiscriminately. Instead, carefully choose the variables
with the research objective as the criterion for selection.
Let’s use the HBAT dataset to provide an example of how to select the appropriate variables for a cluster
analysis. First, variables X1 to X5 are nonmetric data warehouse classification variables. Thus, they are not
appropriate for cluster analysis. Next, let us consider variables X6 to X18. These 13 variables are appropriate
because they all have a common foundation—they relate to customer’s perceptions of the performance of HBAT
and they are measured metrically. If we used these perceptions variables for a cluster analysis, the objective
would be to see if there are groups of HBAT customers that exhibit distinctively different perceptions of the
performance of HBAT between the groups, but similar perceptions within each of the groups. Finally, we need
to consider variables X19 to X23. These variables would not be considered part of the perceptions clustering
variables because they are distinct from variables X6 to X18. We might consider X19 to X21 as validation measures
for our derived clusters or even use them as clustering variables because they all relate to the construct of
customer commitment or loyalty. But in both instances they would be included in the analysis separately from
the perceptions variables.
Selection of Clustering Variables
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Rules of thumb 4-1
objectives of cluster Analysis
●

Cluster analysis is used for:
●
●

●

●

Taxonomy description—identifying natural groups within the data.
Data simplification—the ability to analyze groups of similar observations instead of all individual
observations.
Relationship identification—the simplified structure from cluster analysis portrays relationships not
revealed otherwise.

Theoretical and conceptual considerations must be observed when selecting clustering variables for cluster
analysis. Similarity among objects can only be calculated based on the clustering variables, so make sure
the variables selected best characterize the features of the objects that meet the research objectives.

StAGe 2: ReSeARcH DeSiGn in cLUSteR AnALYSiS
With the objectives defined and variables selected, the researcher must address five questions before starting the
partitioning process:
1
2
3
4
5

What types and how many clustering variables can be included?
Is the sample size adequate?
Can outliers be detected and, if so, should they be deleted?
How should object similarity be measured?
Should the data be standardized?

Many different approaches can be used to answer these questions. However, none of them has been evaluated sufficiently to provide a definitive answer to any of these questions, and unfortunately, many of the approaches provide
different results for the same dataset. Thus, cluster analysis, along with exploratory factor analysis, is as much an art
as a science. For this reason, our discussion reviews these issues by providing examples of the most commonly used
approaches and an assessment of the practical limitations where possible.
The importance of these issues and the decisions made in later stages becomes apparent when we realize that
although cluster analysis is seeking structure in the data, it must actually impose a structure through a selected
methodology. Cluster analysis cannot evaluate all the possible partitions because even the relatively small problem
of partitioning 25 objects into five non-overlapping clusters involves 2.431 3 1015 possible partitions [4]. Instead,
based on the decisions of the researcher, the technique identifies a small subset of possible solutions as “correct.”
From this viewpoint, the research design issues and the choice of methodologies made by the researcher perhaps
have greater impact than with any other multivariate technique.
The practical considerations impacting variable selection
have a direct relationship to the conceptual considerations discussed above. They involve three related issues:
type of variables to be included; number of clustering variables and impact of irrelevant or inappropriate
variables.

Types and Number of Clustering Variables

While cluster analysis can incorporate either metric or nonmetric variables, it is most
limited when the clustering variables are mixed (both metric and nonmetric). Metric variables are the most common
form of clustering variable and are typically associated with distance-based similarity measures such as we illustrated
in our simple example above. And yet there are multiple ways in which similarity can be calculated for nonmetric
data. What is less well developed is a set of clustering variables which has both types. While predictive models in

tYPe oF VARiABLeS incLUDeD
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most instances can easily handle both variable types simultaneously, cluster analysis (and even exploratory factor
analysis) are best suited for analysis of a single type of variable.
One substantial benefit of multivariate analysis in general is the ability to analyze
multiple variables simultaneously, i.e., the variate. In cluster analysis this allows for a multidimensional characterization of objects and calculation of similarity. For many of the multivariate techniques we discuss in this text the
number of variables included in the analysis is not constrained. In most predictive models, if multicollinearity is
mitigated, the number of independent variables is not problematic. And exploratory factor analysis is specifically
developed for a large number of variables. But cluster analysis can face serious difficulties as the number of variables
increases. This issue relates to the calculation of proximity/similarity that becomes untenable as the dimensionality increases since the distance to even the most similar cases becomes less distinguishable from the majority of
points. This is commonly termed the curse of dimensionality [8]. Research has shown that this effect starts with
dimensionality as low as 20 variables [1]. As a result, the researcher certainly wants to include all of the necessary
characteristics that address the research problem, but must also realize that there are practical limits in the number
of clustering variables to be included. As research questions become more complex it may be useful to incorporate
variable reduction approaches, such as exploratory factor analysis, to assist in providing a complete profile of the
objects in the least number of variables possible.
nUMBeR oF cLUSteRinG VARiABLeS

Cluster analysis is one of the few techniques that has no method for detecting
the relevancy of clustering variables in generating cluster solutions. There is not any form of variable selection (e.g.,
sequential selection in linear models) that can eliminate those variables that are not contributing to distinctiveness
between clusters. The importance of this is that the cluster results can be affected dramatically by the inclusion of
only one or two inappropriate or undifferentiated variables [40, 53]. As a result, the researcher is always encouraged
to include those variables with only the strongest conceptual support, but then also examine the cluster solutions and
eliminate the variables that are not distinctive (i.e., that do not differ significantly) across the derived clusters. The
cluster analysis can even be re-run excluding these variables. Variable selection methods are becoming available to
assess the “best” set of variables to meet the clustering objectives [17, 46]. This process enables the cluster techniques
to maximally define clusters based only on those variables exhibiting differences across the objects.

ReLeVAncY oF cLUSteRinG VARiABLeS

Sample Size The issue of sample size in cluster analysis does not relate to any statistical inference issues (i.e.,
statistical power), but instead represents a trade-off between representation and overall sample size. First, the sample
size must be large enough to provide sufficient representation of small groups within the population and represent
the underlying structure. This issue of representation becomes critical in detecting outliers (see next section), with
the primary question being: When an outlier is detected, is it a representative of a small but substantive group?
Small groups will naturally appear as small numbers of observations, particularly when the sample size is small. For
example, when a sample contains only 100 or fewer observations, groups that actually make up 10 percent of the
population may be represented by only one or two observations due to the sampling process. In such instances
the distinction between outliers and representatives of a small group is much harder to make. Larger samples increase
the chance that small groups will be represented by enough cases to make their presence more easily identified.
As a result, the researcher should ensure the sample size is sufficiently large to adequately represent all of the relevant groups of the population. In determining the sample size, the researcher should specify the group sizes necessary
for relevance for the research questions being asked. Obviously, if the analysis objectives require identification of
small groups within the population, the researcher should strive for larger sample sizes. If the researcher is interested
only in larger groups (e.g., major segments for promotional campaigns), however, then the distinction between an
outlier and a representative of a small group is less important and they can both be handled in a similar manner.
But increasing the sample size also presents problems in estimation of some cluster methods. In general this issue
arises from the case-to-case level of analysis used by cluster analysis where the size of the sample has a direct bearing
on the scale of the problem. In a simple sense, cluster analysis requires a N by N matrix of similarities, where N is
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the sample size. In other techniques, such as exploratory factor analysis or predictive models, increasing the sample
size doesn’t expand the scale of the estimation procedure. But in cluster analysis, going from a 100 by 100 matrix of
similarities to a 1 million by 1 million matrix is a substantial undertaking. This is especially problematic for hierarchical methods of cluster formation. So as the sample size increases, the clustering methods must change as well and
we will discuss some of these approaches in a later section.
New programs have also been developed for applications using large sample sizes approaching 1,000 observations
or more that will be discussed in a later section. For example, IBM SPSS and SAS provide two-step cluster programs
that have the ability to quickly determine an appropriate number of groups and then classify them using a nonhierarchical routine. This procedure is relatively new, but it may prove useful in applications with large samples where
traditional clustering methods are inefficient.
Detecting Outliers In its search for structure, we have already discussed how cluster analysis is sensitive to the
inclusion of irrelevant variables. But cluster analysis is also sensitive to outliers (objects different from all others).
Outliers can represent either:
●
●
●

Truly aberrant observations that are not representative of the general population, members of the entropy group.
Representative observations of small or insignificant segments within the population
An undersampling of actual group(s) in the population that causes poor representation of the group(s) in the sample

In the first case, the outliers distort the actual structure and make the derived clusters unrepresentative of the
actual population structure. In the second case, the outlier is removed so that the resulting clusters more accurately
represent the segments in the population with sufficient size. However, in the third case the outliers should be
included in the cluster solutions, even if they are underrepresented in the sample, because they represent valid and
relevant groups. For this reason, a preliminary screening for outliers is always necessary.
GRAPHicAL APPRoAcHeS One of the simplest ways to screen data for outliers is to prepare a graphic profile diagram or
parallel coordinates graph, listing the variables along the horizontal axis and the variable values along the vertical
axis. Each point on the graph represents the value of the corresponding variable, and the points are connected to
facilitate visual interpretation. Profiles for all objects are then plotted on the graph, a line for each object. Outliers
are those respondents that have very different profiles from the more typical respondents. An example of a graphic
profile diagram is shown in Figure 4.4. This approach can also be used in Stage 5 for the profiling/interpretation
where objects in each cluster are differentiated (e.g., by colors) to provide cluster profiles.
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eMPiRicAL APPRoAcHeS Although

quite simple, the graphical procedures become cumbersome with a large number of
objects and even more difficult as the number of variables increases. Moreover, detecting outliers must extend beyond
a univariate approach, because outliers also may be defined in a multivariate sense as having unique profiles across
an entire set of variables that distinguish them from all of the other observations. As a result, an empirical measure is
needed to facilitate comparisons across objects. For these instances, the procedures for identifying outliers discussed
in Chapter 2 can be applied. The combination of bivariate and multivariate approaches provides a comprehensive
set of tools for identifying outliers from many perspectives.
Another approach is to identify outliers through the measures of similarity. The most obvious examples of outliers
are single observations that are the most dissimilar to the other observations. Before the analysis, the similarities of
all observations can be compared to the overall group centroid (typical respondent). Isolated observations showing
great dissimilarity can be dropped.
Finally, the actual cluster results can be used in an iterative manner. Here outliers are seen as single member or
very small clusters within the cluster solution. These clusters can then be eliminated from the analysis if needed and
the analysis performed again. However, as the number of objects increases, multiple iterations are typically needed to
identify all of the outliers in this manner. Moreover, some of the clustering approaches are quite sensitive to removing
just a few cases [33], so the inclusion of outliers in initial solutions may impact the composition of the other clusters
in that solution and when re-run, the retained clusters may differ. Thus, emphasis should be placed on identifying
outliers before the analysis begins.
The concept of similarity is fundamental to cluster analysis. Interobject similarity is an
empirical measure of correspondence, or resemblance, between objects to be clustered. Comparing the two interdependence techniques (exploratory factor analysis and cluster analysis) will demonstrate how similarity works to
define structure in both instances.

Measuring Similarity

●

●

In our discussion of factor analysis, the correlation matrix between all pairs of variables was used to group variables
into factors. The correlation coefficient represented the similarity of each variable to another variable when viewed
across all observations. Thus, factor analysis grouped together variables that had high correlations among themselves.
A comparable process occurs in cluster analysis. Here, the similarity measure is calculated for all pairs of
objects, with similarity based on the profile of each observation across the clustering variables specified by the
researcher. In this way, any object can be compared to any other object through the similarity measure, just
as we used correlations between variables in exploratory factor analysis. The cluster analysis procedure then
proceeds to group similar objects together into clusters.

Interobject similarity can be measured in a variety of ways, but three methods dominate the applications of cluster
analysis: correlational measures, distance measures, and association measures. Both the correlational and distance
measures require metric data, whereas the association measures are for nonmetric data.
The interobject measure of similarity that probably comes to mind first is the correlation
coefficient between a pair of objects measured on several variables. In effect, instead of correlating two sets of variables, we invert the data matrix so that the columns represent the objects and the rows represent the variables. Thus,
the correlation coefficient between the two columns of numbers is the correlation (or similarity) between the profiles
of the two objects. High correlations indicate similarity (the correspondence of patterns across the characteristics)
and low correlations denote a lack of it. This procedure is also followed in the application of Q-type exploratory
factor analysis (see Chapter 3).
The correlation approach is illustrated by using the example of seven observations shown in Figure 4.4. A correlational measure of similarity does not look at the observed mean value, or magnitude, but instead at the patterns of
movement seen as one traces the data for each case over the variables measured; in other words, the similarity in
the profiles for each case. In Table 4.4, which contains the correlations among these seven observations, we can see
two distinct groups. First, cases 1, 5, and 7 all have similar patterns and corresponding high positive correlations.
Likewise, cases 2, 4, and 6 also have high positive correlations among themselves but low or negative correlations

coRReLAtionAL MeASUReS
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table 4.4 calculating correlational and Distance Measures of Similarity
Part A: original Data
case

X1

X2

X3

X4

X5

1

7

10

9

7

10

2

9

9

8

9

9

3

5

5

6

7

7

4

6

6

3

3

4

5

1

2

2

1

2

6

4

3

2

3

3

7

2

4

5

2

5

Part B: Similarity Measure: correlation
Case
case

1

1

1.00

2

3

4

5

2

2.147

‘3

.000

.000

1.00

4

.087

.516

2.824

5

.963

2.408

.000

2.060

6

2.466

.791

2.354

.699

2.645

7

.891

2.516

.165

2.239

.963

6

7

1.00
1.00
1.00
1.00
2.699

1.00

Part c: Similarity Measure: euclidean Distance
Case
case

1

2

3

4

5

6

1

nc

2

3.32

nc

3

6.86

6.63

nc

4

10.25

10.20

6.00

nc

5

15.78

16.19

10.10

7.07

nc

6

13.11

13.00

7.28

3.87

3.87

nc

7

11.27

12.16

6.32

5.10

4.90

4.36

7

nc

nc 5 distances not calculated.

with the other observations. Case 3 has low or negative correlations with all other cases, thereby perhaps forming
a group by itself.
Correlations represent patterns across the variables rather than the magnitudes, which are comparable to a Q-type
exploratory factor analysis (see Chapter 3). Correlational measures are rarely used in most applications of cluster
analysis, however, because emphasis is on the magnitudes of the objects, not the patterns of values.
DiStAnce MeASUReS Even though correlational measures have an intuitive appeal and are used in many other multivariate techniques, they are not the most commonly used measure of similarity in cluster analysis. Instead, the most
commonly used measures of similarity are distance measures. These distance measures represent similarity as the
proximity of observations to one another across the variables in the cluster variate. Distance measures are actually a
measure of dissimilarity, with larger values denoting lesser similarity. Distance is converted into a similarity measure
by using an inverse relationship.
A simple illustration of using distance measures was shown in our hypothetical example (see Figure 4.2), in which
clusters of observations were defined based on the proximity of observations to one another when each observation’s
scores on two variables were plotted graphically. Even though proximity may seem to be a simple concept, several
distance measures are available, each with specific characteristics.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 4 Cluster Analysis

Figure 4.5
An example of euclidean
Distance Between two
objects Measured on two
Variables, X and Y

Y
Object 2

207

( X2, Y2)
Y2 – Y1

Object 1
( X1, Y1 )

Distance =

●

●

●

●

X 2 – X1

( X2 – X1 )2 + ( Y2 – Y1 )2

X

Euclidean distance is the most commonly recognized measure of distance, many times referred to as straightline distance. An example of how Euclidean distance is obtained is shown geometrically in Figure 4.5. Suppose
that two points in two dimensions have coordinates 1 X1, Y1 2 and 1 X2, Y2 2 , respectively. The Euclidean distance
between the points is the length of the hypotenuse of a right triangle, as calculated by the formula under the
figure. This concept is easily generalized to more than two variables.
Squared (or absolute) Euclidean distance is the sum of the squared differences without taking the square root.
The squared Euclidean distance has the advantage of not having to take the square root, which speeds computations markedly. It is the recommended distance measure for the centroid and Ward’s methods of clustering.
City-block (Manhattan) distance is not based on Euclidean distance. Instead, it uses the sum of the absolute
differences of the variables (i.e., the two sides of a right triangle rather than the hypotenuse). This procedure is
the simplest to calculate, but may lead to invalid clusters if the clustering variables are highly correlated [51]. It
has been found, however, to be more effective when the number of clustering variables becomes larger [1].
Mahalanobis distance 1 D2 2 is a generalized distance measure that accounts for the correlations among variables in a way that weights each variable equally. It also relies on standardized variables and will be discussed
in more detail in a following section. Although desirable in many situations, it is not available as a proximity
measure in either SAS or IBM SPSS.

Other distance measures (other forms of differences or the powers applied to the differences) are available in many
clustering programs. The researcher is encouraged to explore alternative cluster solutions obtained when using different distance measures in an effort to best represent the underlying data patterns. Although these distance measures
are said to represent similarity, in a very real sense they better represent dissimilarity, because higher values typically
mean relatively less similarity. Greater distance means observations are less similar. Some software packages actually
use the term dissimilarity because of this fact.
coMPARinG DiStAnce to coRReLAtionAL MeASUReS The difference between correlational and distance measures perhaps

can be best illustrated by referring again to Figure 4.4. Distance measures focus on the magnitude of the values and
portray as similar the objects that are close together, even if they have different patterns across the variables. In
contrast, correlation measures focus on the patterns across the variables and do not consider the magnitude of the
differences between objects. Let us look at our seven observations to see how these approaches differ.
Table 4.4 contains the values for the seven observations on the five variables (X1 to X5), along with both distance
and correlation measures of similarity. Cluster solutions using either similarity measure seem to indicate three clusters, but the membership in each cluster is quite different.
With smaller distances representing greater similarity, we see that cases 1 and 2 form one group (distance of 3.32),
and cases 4, 5, 6, and 7 (distances ranging from 3.87 to 7.07) make up another group. The distinctiveness of these two
groups from each other is shown in that the smallest distance between the two clusters is 10.20. These two clusters
represent observations with higher versus lower values. A third group, consisting of only case 3, differs from the
other two groups because it has values that are both low and high.
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Using the correlation as the measure of similarity, three clusters also emerge. First, cases 1, 5, and 7 are all
highly correlated (.891 to .963), as are cases 2, 4, and 6 (.516 to .791). Moreover, the correlations between clusters
are generally close to zero or even negative. Finally, case 3 is again distinct from the other two clusters and forms a
single-member cluster.
A correlational measure focuses on patterns rather than the more traditional distance measure and requires a
different interpretation of the results by the researcher. Because of this, the researcher will not focus on the actual
group centroids on the clustering variables, as is done when distance measures are used. Interpretation depends much
more heavily on patterns that become evident in the results.
WHicH DiStAnce MeASURe iS BeSt? In attempting to select a particular distance measure, the researcher should remember

the following caveats:
●

●

Different distance measures or a change in the scales of the variables may lead to different cluster solutions.
Thus, it is advisable to use several measures and compare the results with theoretical or known patterns.
When the variables are correlated (either positively or negatively), the Mahalanobis distance measure is likely
to be the most appropriate because it adjusts for correlations and weights all variables equally. When not available, the researcher may wish to avoid using highly redundant variables as input to cluster analysis.

ASSociAtion MeASUReS FoR nonMetRic DAtA Association measures of similarity are used to compare objects whose characteristics are measured only in nonmetric terms (nominal or ordinal measurement). As an example, respondents
could answer yes or no on a number of statements. An association measure could assess the degree of agreement
or matching between each pair of respondents. The simplest form of association measure would be the percentage
of times agreement occurred (both respondents said yes to a question or both said no) across the set of questions.
Extensions of this simple matching coefficient have been developed to accommodate multicategory nominal variables
and even ordinal measures. Many computer programs, however, offer only limited support for association measures,
and the researcher is forced to first calculate the similarity measures and then input the similarity matrix into the cluster program. Reviews of the various types of association measures can be found in several sources [20, 32, 33, 52, 21].
SeLectinG A SiMiLARitY MeASURe Although three different forms of similarity measures are available, the most frequently

used and preferred form is the distance measure for several reasons. First, the distance measure best represents the
concept of proximity, which is fundamental to cluster analysis. Correlational measures, although having widespread
application in other techniques, represent patterns rather than proximity. Second, cluster analysis is typically associated with characteristics measured by metric variables. In some applications, nonmetric characteristics dominate, but
most often the characteristics are represented by metric measures making distance again the preferred measure. As
noted in an earlier discussion, most similarity measures are appropriate for either metric or nonmetric data, but are
not applicable when both types of variables are in the cluster variate. Thus, in any situation, the researcher is provided
measures of similarity that can represent the proximity of objects across a set of metric or nonmetric variables.
With the similarity measure selected, the researcher must address one more question:
Should the data be standardized before similarities are calculated? In answering this question, the researcher must
consider that most cluster analyses using distance measures are quite sensitive to differing scales or magnitudes
among the variables. In general, variables with larger dispersion (i.e., larger standard deviations) have more impact
on the final similarity value.
Clustering variables that are not all of the same scale should be standardized whenever necessary to avoid instances
where a variable’s influence on the cluster solution is greater than it should be [5]. We will now examine several
approaches to standardization available to researchers.
Standardizing the Data

StAnDARDiZinG tHe VARiABLeS The most common form of standardization is the conversion of each variable to standard
scores (also known as Z scores) by subtracting the mean and dividing by the standard deviation for each variable. This
option can be found in all computer programs and many times is even directly included in the cluster analysis procedure.
The process converts each raw data score into a standardized value with a mean of 0 and a standard deviation of 1, and in
turn, eliminates the bias introduced by the differences in the scales of the several attributes or variables used in the analysis.
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There are two primary benefits from standardization. First, it is much easier to compare between variables
because they are on the same scale (a mean of 0 and standard deviation of 1). Positive values are above the mean,
and negative values are below. The magnitude represents the number of standard deviations the original value is
from the mean. Second, no difference occurs in the standardized values when only the scale changes. For example,
when we standardize a measure of time duration, the standardized values are the same whether measured in minutes
or seconds.
Thus, using standardized variables truly eliminates the effects due to scale differences not only across variables,
but for the same variable as well. The need for standardization is minimized when all of the variables are measured
on the same response scale (e.g., a series of attitudinal questions), but becomes quite important whenever variables
using quite different measurement scales are included in the cluster variate.
USinG A StAnDARDiZeD DiStAnce MeASURe A The most common approach is to substitute the standardized values for the

original clustering variables and then perform the cluster analysis. This option is directly available in many clustering
programs or the data can be standardized before application of the cluster procedure.
Another measure of Euclidean distance that directly incorporates a standardization procedure is the Mahalanobis
distance 1 D2 2 . The Mahalanobis approach not only performs a standardization process on the data by scaling in
terms of the standard deviations but it also sums the pooled within-group variance–covariance, which adjusts for
correlations among the variables. Highly correlated sets of variables in cluster analysis can implicitly overweight one
set of variables in the clustering procedures (see discussion of multicollinearity in stage 3). In short, the Mahalanobis
generalized distance procedure computes a distance measure between objects comparable to R2 in regression analysis. Although many situations are appropriate for use of the Mahalanobis distance, not all programs include it as a
measure of similarity. In such cases, the researcher usually selects the squared Euclidean distance.
Up to now we discussed standardizing only variables. Why might we standardize
respondents or cases? Let us take a simple example.
Suppose we collected a number of ratings on a 10-point scale of the importance for several attributes used in
purchase decisions for a product. We could apply cluster analysis and obtain clusters, but one distinct possibility is
that what we would get are clusters of people who said everything was important, some who said everything had
little importance, and perhaps some clusters in between. What we are seeing are patterns of responses specific to an
individual. These patterns may reflect a specific way of responding to a set of questions, such as yea-sayers (answer
favorably to all questions) or naysayers (answer unfavorably to all questions).
These patterns of yea-sayers and naysayers represent what are termed response-style effects. If we want to identify
groups according to their response style and even control for these patterns, then the typical standardization through
calculating Z scores is not appropriate. What is desired in most instances is the relative importance of one variable to
another for each individual. In other words, is attribute 1 more important than the other attributes, and can clusters
of respondents be found with similar patterns of importance? In this instance, standardizing by respondent would
standardize each question not to the sample’s average but instead to that respondent’s average score. This within-case
or row-centering standardization can be quite effective in removing response-style effects and is especially suited
to many forms of attitudinal data [50]. We should note that this approach is similar to a correlational measure in
highlighting the pattern across variables, but the proximity of cases still determines the similarity value.

StAnDARDiZinG BY oBSeRVAtion

SHoULD YoU StAnDARDiZe? Standardization provides a remedy to a fundamental issue in similarity measures, particularly distance measures, and many recommend its widespread use [28, 32]. However, the researcher should not apply
standardization without consideration for its consequences of removing some natural relationship reflected in the
scaling of the variables [54], while others have said it may be appropriate [3]. Some researchers demonstrate that
it may not even have noticeable effects [18, 40]. Thus, no single reason tells us to use standardized variables versus
unstandardized variables. The decision to standardize should be based on both empirical and conceptual issues
reflecting both the research objectives and the empirical qualities of the data. For example, a researcher may wish
to consider standardization if clustering variables with substantially different scales or if preliminary analysis shows
that the cluster variables display large differences in standard deviations.
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Rules of thumb 4-2
Research Design in cluster Analysis
●

●

Remember, the research design issues and the choice of methodologies made by the researcher perhaps
have greater impact on cluster analysis than with any other multivariate technique.
Selection of variables must consider the following issues:
●

●

●

●

●

Theoretical and practical considerations should be used to ensure that only relevant variables are
included in the analysis, since even a small number of irrelevant/indistinguishable variables can impact
the cluster solutions.
Sufficient size is needed to ensure representativeness of the population and its underlying structure,
particularly small groups within the population.
Minimum group sizes are based on the relevance of each group to the research question and the confidence needed in characterizing that group.

Similarity measures calculated across the entire set of clustering variables allow for the grouping of observations and their comparison to each other:
●

●
●

●

The effectiveness of similarity measures to differentiate among objects becomes diminished as the
number of clustering variables increases. While there is no specific upper limit, this effects have been
demonstrated with as few as 20 clustering variables.

The sample size required is not based on statistical considerations for inference testing, but rather:
●

●

While metric variables are most often used, nonmetric variables can form the basis of similarity
measures as well. But few similarity measures are available that allow for using both metric and nonmetric variables in the same cluster variate.

Distance measures are most often used as a measure of similarity, with higher values representing
greater dissimilarity (distance between cases), not similarity.
Less frequently used are correlational measures, where large values do indicate similarity.
Given the sensitivity of some procedures to the similarity measure used, the researcher should employ
several distance measures and compare the results from each with other results or theoretical/known
patterns.

Outliers can severely distort the representativeness of the results if they appear as structure (clusters)
inconsistent with the research objectives.
●

They should be removed if the outlier represents:
■
■

●

●

●

Aberrant observations not representative of the population,
Observations of small or insignificant segments within the population and of no interest to the
research objectives.

They should be retained if an undersampling/poor representation of relevant groups in the population;
the sample should be augmented to ensure representation of these groups.

Outliers can be identified based on the similarity measure by:
●

Finding observations with large distances from all other observations,

●

Graphic profile diagrams highlighting outlying cases,

●

Their appearance in cluster solutions as single-member or small clusters.

Clustering variables that have scales using widely differing numbers of scale points or that exhibit large
differences in standard deviations should be standardized:
●
●

The most common standardization conversion is Z scores.
If groups are to be identified according to an individual's response style, then within-case or
row-centering standardization is appropriate.
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StAGe 3: ASSUMPtionS in cLUSteR AnALYSiS
Cluster analysis is not a statistical inference technique in which parameters from a sample are assessed as representing a population. Instead, cluster analysis is a method for quantifying the structural characteristics of a set of
observations. As such, it has strong mathematical properties but not statistical foundations. The requirements of
normality, linearity, and homoscedasticity that were so important in other techniques really have little bearing on
cluster analysis. The researcher must focus, however, on three other critical issues: assumption of existing structure;
representativeness of the sample and multicollinearity among variables in the cluster variate.
Structure Exists A fundamental assumption of all interdependence techniques is that a “natural” structure of
objects exists which is to be identified by the technique. Exploratory factor analysis assumed that multicollinearity
among variables demonstrated some interpretable relationship among those variables. Likewise, cluster analysis
assumes there is some natural grouping of objects in the sample to be analyzed. This is important as the saying
“Cluster analysis will generate clusters” is true, whether the resulting cluster solution is an interpretable structure
or just a partitioning of the data, even if randomly dispersed, into a specified number of clusters. This assumption
highlights the need for validating the cluster solution in terms of the research objectives (see Step 6 for a more detailed
discussion of validation).

Rarely does the researcher have a census of the population to use in the cluster
analysis. Usually, a sample of cases is obtained and the clusters are derived in the hope that they represent the structure of the population. The researcher must therefore be confident that the obtained sample is truly representative
of the population. As mentioned earlier, outliers may really be only an undersampling of divergent groups that,
when discarded, introduce bias in the estimation of structure. The researcher must realize that cluster analysis is
only as good as the representativeness of the sample. Therefore, all efforts should be made to ensure that the sample
is representative and the results are generalizable to the population of interest.
Representativeness of the Sample

Impact of Multicollinearity Multicollinearity is an issue in other multivariate techniques because of the difficulty in discerning the true impact of multicollinear variables. In cluster analysis the effect is different because
multicollinearity is actually a form of implicit weighting. Let us start with an example that illustrates the effect of
multicollinearity.
Suppose that respondents are being clustered on 10 variables, all attitudinal statements concerning a service.
When multicollinearity is examined, we see two sets of variables, the first made up of eight statements and the second
consisting of the remaining two statements. If our intent is to really cluster the respondents on the dimensions of
the service (in this case represented by the two groups of variables), then using the original 10 variables will be quite
misleading. Because each variable is weighted equally in cluster analysis, the first dimension will have four times
as many chances (eight items compared to two items) to affect the similarity measure. As a result, similarity will be
predominantly affected by the first dimension with eight items rather than the second dimension with two items.
Multicollinearity acts as a weighting process not apparent to the observer but affecting the analysis nonetheless.
For this reason, the researcher is encouraged to examine the variables used in cluster analysis for substantial multicollinearity and, if found, either reduce the variables to equal numbers in each set or use a distance measure that
takes multicollinearity into account. Another possible solution involves using exploratory factor analysis prior to
clustering and either selecting one cluster variable from each factor or using the resulting factor scores as cluster
variables. Recall that principal components or varimax rotated factors are uncorrelated. In this way, the research can
take a proactive approach to dealing with multicollinearity.
One last issue is whether to use factor scores in cluster analysis. The debate centers on research showing that the
variables that truly discriminate among the underlying groups are not well represented in most factor solutions.
Thus, when factor scores are used, it is quite possible that a poor representation of the actual structure of the data
will be obtained [47]. The researcher must deal with both multicollinearity and discriminability of the variables to
arrive at the best representation of structure.
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Rules of thumb 4-3
Assumptions in cluster Analysis
●

●

●

An implicit assumption in applying cluster analysis is that there are natural groupings in the data. Remember
that cluster analysis will identify cluster solutions even with randomly dispersed data, so it is essential that
the analyst understand the nature of the data.
Input variables should be examined for substantial multicollinearity and if present:
●

Reduce the variables to equal numbers in each set of correlated measures, or

●

Use a distance measure that compensates for the correlation, such as Mahalanobis distance.

Take a proactive approach and include only cluster variables that are not highly correlated.

StAGe 4: DeRiVinG cLUSteRS AnD ASSeSSinG oVeRALL Fit
With the clustering variables selected and the similarity matrix calculated, the partitioning process begins
(see Figure 4.6). The researcher must:
●
●
●

Select the partitioning procedure used for forming clusters.
Potentially respecify initial cluster solutions by eliminating outliers or small clusters.
Make the decision on the number of clusters in the final cluster solution.
These three decisions have substantial implications not only on the results that will be obtained but also on the
interpretation that can be derived from the results [34]. First, we examine the available partitioning procedures and
select the approach best suited for both the data and the research purpose. As we form our initial cluster solutions,
examine the results to identify and potentially eliminate any outliers or otherwise irrelevant clusters. Once we have
a suitable set of cluster solutions, we then decide on a final cluster solution(s) by defining the number of clusters
and membership for each observation.

Partitioning Procedures All partitioning procedures work on a simple principle. They seek to group objects into
clusters which seek to maximize the between-group variation (i.e., distance between groups) while minimizing the
within-group variation (i.e., differences of in-group members) as shown in Figure 4.7. The two most common and
illustrative partitioning procedures are hierarchical and nonhierarchical procedures. We encountered a hierarchical
procedure in our earlier example of clustering the seven objects where all objects were initially in separate clusters
and then sequentially joined two-clusters at a time until only a single cluster remained. A nonhierarchical procedure
is quite different in that the number of clusters is specified by the analyst and then the set of objects are formed into
that set of groupings. So while we see a specific number of clusters, we must perform a separate analysis for each
potential cluster solution.
In the discussion that follows we will first examine the hierarchical and nonhierarchical procedures and then
compare them as to their strengths and weaknesses. We will then examine briefly two emerging alternative procedures: density-based procedures which have a fundamentally different way of representing similarity and modelbased procedures which employ a statistically-based method of nonhierarchical modeling to identify groupings of
objects to form clusters.

Hierarchical procedures involve a series of n 2 1 clustering decisions (where
n equals the number of observations) that combine observations into a hierarchy or a tree-like structure. The two
basic types of hierarchical clustering procedures are agglomerative and divisive. In the agglomerative methods, each
object or observation starts out as its own cluster and is successively joined, the two most similar clusters at a time until

Hierarchical Cluster Procedures
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Figure 4.6
Stages 4–6 of the cluster Analysis Decision Diagram
From
Stage
3

Stage 4

Selecting a Clustering Algorithm
Is a hierarchical, nonhierarchical, or
combination of the two methods used?

Hierarchical Methods
Linkage methods available:
Single linkage
Complete linkage
Average linkage
Ward’s method
Centroid method

Nonhierarchical Methods
Assignment methods available:
Sequential threshold
Parallel threshold
Optimization
Selecting seed points

Combination
Use a hierarchical method to
specify cluster seed points
for a nonhierarchical method

How Many Clusters Are Formed?
Examine increases in agglomeration coefficient
Examine dendrogram and vertical icicle plots
Conceptual considerations

Cluster Analysis Respecification
Were any observations deleted as:
Outliers?
Members of small clusters?

Yes

No

Stage 5

Interpreting the Clusters
Examine cluster centroids
Name clusters based on clustering variables

Stage 6

Validating and Profiling the Clusters
Validation with selected outcome variables
Profiling with additional descriptive variables

only a single cluster remains. In divisive methods all observations start in a single cluster and are successively divided
(first into two clusters, then three, and so forth) until each is a single-member cluster. In Figure 4.8, agglomerative
methods move from left to right, and divisive methods move from right to left. Because most commonly used
computer packages use agglomerative methods, and divisive methods act almost as agglomerative methods in
reverse, we focus here on the agglomerative methods.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

214

Section II Interdependence Techniques

Figure 4.7
cluster Diagram Showing
Between- and Within-cluster
Variation

Between-cluster variation
Within-cluster variation

To understand how a hierarchical procedure works, we will examine the most common form—the agglomerative
method—which follows a simple, repetitive process:
1 Start with all observations as their own cluster (i.e., each observation forms a single-member cluster), so that
the number of clusters equals the number of observations.
2 Using the similarity measure, combine the two most similar clusters (termed a clustering algorithm) into a new
cluster (now containing two observations), thus reducing the number of clusters by one.
3 Repeat the clustering process again, using the similarity measure and clustering algorithm to combine the two
most similar clusters into a new cluster.
4 Continue this process, at each step combining the two most similar clusters into a new cluster. Repeat the
process a total of n 2 1 times until all observations are contained in a single cluster.
Assume that we had 100 observations. We would initially start with 100 separate clusters, each containing a single
observation. At the first step, the two most similar clusters would be combined, leaving us with 99 clusters. At the
next step, we combine the next two most similar clusters, so that we then have 98 clusters. This process continues
until the last step where the final two remaining clusters are combined into a single cluster.
An important characteristic of hierarchical procedures is that the results at an earlier stage are always nested
within the results at a later stage, creating a similarity to a tree. For example, an agglomerative six-cluster solution is
Figure 4.8
Dendrogram illustrating
Hierarchical clustering

Agglomerative

Observation Number
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04
05
06
07
08
0

1

2

3

4
5
Divisive

6

7
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obtained by joining two of the clusters found at the seven-cluster stage. Because clusters are formed only by joining
existing clusters, any member of a cluster can trace its membership in an unbroken path to its beginning as a single
observation. This process is shown in Figure 4.8; the representation is referred to as a dendrogram or tree graph,
which can be useful, but becomes unwieldy with large applications. The dendrogram is widely available in most
clustering software.
cLUSteRinG ALGoRitHMS The clustering algorithm in a hierarchical procedure defines how similarity is specified
between multiple-member clusters in the clustering process. When joining two single-member clusters, their similarity is simply the similarity between the single object in each cluster. But how do we measure similarity between
clusters when one or both clusters have multiple members? Do we select one member to act as a “typical” member
and measure similarity between these members of each cluster, or do we create some composite member to represent
the cluster, or even combine the similarities between all members of each cluster? We could employ any of these
approaches, or even devise other ways to measure similarity between multiple-member clusters. Among numerous
approaches, the five most popular agglomerative algorithms are (1) single-linkage, (2) complete-linkage, (3) average
linkage, (4) centroid method, and (5) Ward’s method. In our discussions we will use distance as the similarity measure
between observations, but other similarity measures could be used just as easily.
Single-Linkage The single-linkage method (also called the nearest-neighbor method) defines the similarity
between clusters as the shortest distance from any object in one cluster to any object in the other. This rule was
applied in the example at the beginning of this chapter and enables us to use the original distance matrix between
observations without calculating new distance measures. Just find all the distances between observations in the two
clusters and select the smallest as the measure of cluster similarity.
This method is probably the most versatile agglomerative algorithm, because it can define a wide range of clustering patterns (e.g., it can represent clusters that are concentric circles, like rings of a bull’s-eye). This flexibility also
creates problems, however, when clusters are poorly delineated. In such cases, single-linkage procedures can form
long, snake-like chains [34, 43]. Individuals at opposite ends of a chain may be dissimilar, yet still within the same
cluster. Many times, the presence of such chains may contrast with the objectives of deriving the most compact
clusters. Thus, the researcher must carefully examine the patterns of observations within the clusters to ascertain
whether these chains are occurring. It becomes increasingly difficult by simple graphical means as the number of
clustering variables increases, and requires that the researcher carefully profile the internal homogeneity among the
observations in each cluster.
An example of this arrangement is shown in Figure 4.9. Three clusters (A, B, and C) are to be joined. The
single-linkage algorithm, focusing on only the closest points in each cluster, would link clusters A and B because
of their short distance at the extreme ends of the clusters. Joining clusters A and B creates a cluster that encircles
cluster C. Yet in striving for within-cluster homogeneity, it would be much better to join cluster C with either A or
B. This illustrates the principal disadvantage of the single-linkage algorithm.

Figure 4.9
example of Single Linkage
joining Dissimilar clusters
A and B

C

A

B

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

216

Section II Interdependence Techniques

Complete-Linkage The complete-linkage method (also known as the farthest-neighbor or diameter method) is
comparable to the single-linkage algorithm, except that cluster similarity is based on maximum distance between
observations in each cluster. Similarity between clusters is the smallest (minimum diameter) sphere that can enclose
all observations in both clusters. This method is called complete-linkage because all objects in a cluster are linked to
each other at some maximum distance. Thus, within-group similarity equals group diameter.
This technique eliminates the chaining problem identified with single-linkage and has been found to generate
the most compact clustering solutions [5]. Even though it represents only one aspect of the data (i.e., the farthest
distance between members), many researchers find it the appropriate for a wide range of clustering applications [31].
Figure 4.10 compares the shortest (single-linkage) and longest (complete-linkage) distances in representing similarity between clusters. Yet both measures reflect only one aspect of the data. The use of the single-linkage reflects only
a closest single pair of objects, and the complete-linkage also reflects a single pair, this time the two most extreme.

The average linkage procedure differs from the single-linkage or complete-linkage procedures in
that the similarity of any two clusters is the average similarity of all individuals in one cluster with all individuals in
another. This algorithm does not depend just on extreme values (closest or farthest pairs) as do single-linkage or
complete-linkage. Instead, similarity is based on all members of the clusters rather than on a single pair of extreme
members and is thus less affected by outliers. Average linkage approaches, as a type of compromise between singleand complete-linkage methods, tend to generate clusters with small within-cluster variation. They also tend toward
the production of clusters with approximately equal within-group variance.
Average Linkage

Centroid Method In the centroid method the similarity between two clusters is the distance between the cluster
centroids. Cluster centroids are the mean values of the observations on the variables in the cluster variate. In this
method, every time individuals are grouped, a new centroid is computed. Cluster centroids migrate as cluster mergers
take place. In other words, a cluster centroid changes every time a new individual or group of individuals is added
to an existing cluster.
These methods are the most popular in the physical and life sciences (e.g., biology) but may produce messy and
often confusing results. The confusion occurs because of reversals, that is, instances when the distance between
the centroids of one pair may be less than the distance between the centroids of another pair merged at an earlier
combination. The advantage of this method, like the average linkage method, is that it is less affected by outliers
than are other hierarchical methods.
Ward's Method Ward's method differs from the previous methods in that the similarity between two clusters is
not a single measure of similarity, but rather the sum of squares within the clusters summed over all variables. It is
quite similar to the simple heterogeneity measure used in the example at the beginning of the chapter to assist in

Figure 4.10
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determining the number of clusters. In the Ward’s procedure, the selection of which two clusters to combine is based
on which combination of clusters minimizes the within-cluster sum of squares across the complete set of disjoint or
separate clusters. At each step, the two clusters combined are those that minimize the increase in the total sum of
squares across all variables in all clusters.
This procedure tends to combine clusters with a small number of observations, because the sum of squares is
directly related to the number of observations involved. The use of a sum of squares measure makes this method
easily distorted by outliers [40]. Moreover, the Ward’s method also tends to produce clusters with approximately the
same number of observations. If the researcher expects or desires the clustering patterns to reflect somewhat equally
sized clusters, then this method is quite appropriate. However, the use of this method also makes it more difficult to
identify clusters representing small proportions of the sample.
Hierarchical clustering procedures are a combination of a repetitive clustering process combined with a
clustering algorithm to define the similarity between clusters with multiple members. The process of creating clusters
generates a tree-like diagram that represents the combinations/divisions of clusters to form the complete range
of cluster solutions. Hierarchical procedures generate a complete set of cluster solutions, ranging from all singlemember clusters to the one-cluster solution where all observations are in a single cluster. In doing so, the hierarchical
procedure provides an excellent framework with which to compare any set of cluster solutions and help in judging
how many clusters should be retained.
oVeRVieW

Nonhierarchical Clustering Procedures In contrast to hierarchical methods, nonhierarchical procedures do not

involve the tree-like construction process. Instead, they assign objects into clusters once the number of clusters is
specified. For example, a six-cluster solution is not just a combination of two clusters from the seven-cluster solution,
but is based only on finding the best six-cluster solution. The nonhierarchical cluster software programs usually
proceed through two steps:
1 Specify cluster seeds. The first task is to identify starting points, known as cluster seeds, for each cluster. A
cluster seed may be prespecified by the researcher or observations may be selected, usually in a random process.
2 Assignment. With the cluster seeds defined, the next step is to assign each observation to one of the cluster
seeds based on similarity. Many approaches are available for making this assignment (see later discussion in
this section), but the basic objective is to assign each observation to the most similar cluster seed. In some
approaches, as observations are added to existing clusters and the cluster composition changes, objects may be
reassigned/switched to other clusters that are more similar than their original cluster assignment.
We discuss several different approaches for selecting cluster seeds and assigning objects in the next sections.
SeLectinG cLUSteR SeeDS Even though the nonhierarchical clustering algorithms discussed in the next section differ
in the manner in which they assign observations to the clusters, they all face the same initial problem: How do we
select the cluster seeds? The different approaches can be classified into two basic categories:
Researcher Specified In this approach, the researcher provides the seed points based on external data. The two most
common sources of the seed points are prior research or data from another multivariate analysis. Many times the
researcher has knowledge of the cluster profiles being researched. For example, prior research may have defined
segment profiles and the task of the cluster analysis is to assign individuals to the most appropriate segment cluster.
It is also possible that other multivariate techniques may be used to generate the seed points. One common example
is the use of a hierarchical clustering algorithm to establish the number of clusters and then generate seed points
from these results (a more detailed description of this approach is contained in the following section). The common
element is that the researcher, while knowing the number of clusters to be formed, also has information about the
basic character of these clusters.

The second approach is to generate the cluster seeds from the observations of the sample, either
in some systematic fashion or simply through random selection. For example, in the FASTCLUS program in SAS,
Sample Generated
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the default approach is to specify the first seed as the first observation in the data set with no missing values. The
second seed is the next complete observation (no missing data) that is separated from the first seed by a specified
minimum distance. The default option is a zero minimum distance to ensure that they are not exactly identical.
After all seeds are selected, the program assigns each observation to the cluster with the nearest seed. The researcher
can specify that the cluster seeds be revised (updated) by calculating seed cluster means each time an observation
is assigned. In contrast, the K-means program in IBM SPSS can select the necessary seed points randomly from
among the observations. In any sample-generated method the researcher relies on the selection process to choose
seed points that reflect natural clusters as starting points for the clustering algorithms. A potentially serious limitation is that replication of the results is difficult if the initial cluster seeds vary across analyses due to (a) differing
random objects are selected as cluster seeds in each analysis or (b) the observations are reordered for each analysis. Varying the initial cluster seeds is a form of validation we will discuss in Step 6, but it is an issue impacting
replication.
Whether researcher-specified or sample generated, the researcher must be aware of the impact of the cluster seed
selection process on the final results. All of the clustering algorithms, even those of an optimizing nature (see the
following discussion), will generate different cluster solutions depending on the initial cluster seeds. The differences
among cluster solutions will hopefully be minimal using different seed points, but they underscore the importance
of cluster seed selection and its impact on the final cluster solution.
nonHieRARcHicAL cLUSteRinG ALGoRitHMS The k-means algorithm [27, 29] is by far the most popular nonhierarchical clustering algorithm in use today. The k-means algorithm works by partitioning the data into a
user-specified number of clusters and then iteratively reassigning observations to clusters until some numerical
criterion is met. The criterion specifies a goal related to minimizing the distance of observations from one
another in a cluster and maximizing the distance between clusters. The name comes from defining each of k
clusters with its centroid (i.e., the mean of all objects in the cluster). The k-means algorithm only works with
metric data.
The key element in any nonhierarchical algorithm is the assignment and potential reassignment of objects to
clusters. Three basic options exist for this process: sequential, parallel, and optimization [24].
Sequential Threshold Method Starts by selecting one cluster seed and includes all objects within a prespecified distance.
A second cluster seed is then selected, and all objects within the prespecified distance of that seed are included. A
third seed is then selected, and the process continues as before. The primary disadvantage of this approach is that
when an observation is assigned to a cluster, it cannot be reassigned to another cluster, even if that cluster seed is
more similar.

The parallel threshold method considers all cluster seeds simultaneously and assigns observations within the threshold distance to the nearest seed.
Parallel Threshold Method

Optimizing Method The third method, referred to as the optimizing procedure, is similar to the other two nonhierarchical procedures except that it allows for reassignment of observations to a seed other than the one with which
it was originally associated. If, in the course of assigning observations, an observation becomes closer to another
cluster that is not the cluster to which it is currently assigned, then an optimizing procedure switches the observation
to the more similar (closer) cluster.
K-means is so commonly used that the term is many times used to refer to nonhierarchical cluster analysis in
general. For example, in IBM SPSS, the nonhierarchical clustering routine is referred to as K-means. Its widespread
use comes from its ability to analyze a large number of objects as each object can be processed sequentially where in
hierarchical approaches a complete similarity matrix between all objects is needed. As such, it is the favored method
for processing large datasets in many different forms. As will be discussed later, it is even used in conjunction with
hierarchical methods to “pre-process” a large dataset and create a fairly large number of clusters, for example 100,
that then can be analyzed by a hierarchical method.
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Should Hierarchical or Nonhierarchical Methods be Used? A definitive answer to this question cannot be given
for two reasons. First, the research problem at hand may suggest one method or the other. Second, what we learn
with continued application to a particular context may suggest one method over the other as more suitable for that
context. These reasons are borne out in the widespread applications of both approaches in today’s analytical landscape, whether it be in academia or the practitioner domain. We will examine the strengths and weaknesses of each
method to provide the analyst with a framework for making their own decisions on the most applicable approach
in their specific research setting.

Hierarchical clustering techniques have long been the more popular clustering method, with Ward’s method and average linkage probably being the best available [40]. Besides the fact that
hierarchical procedures were the first clustering methods developed, they do offer several advantages that lead to
their widespread usage:

PRoS AnD conS oF HieRARcHicAL MetHoDS

1 Simplicity: Hierarchical techniques, with their development of the tree-like structures depicting the clustering
process, do afford the researcher with a simple, yet comprehensive, portrayal of the entire range of clustering
solutions. In doing so, the researcher can evaluate any of the possible clustering solutions from one analysis.
2 Measures of similarity: The widespread use of the hierarchical methods led to an extensive development
of similarity measures for almost any type of clustering variables, either metric or nonmetric. As a result,
hierarchical techniques can be applied to almost any type of research question.
3 Speed: Hierarchical methods have the advantage of generating an entire set of clustering solutions (from all
separate clusters to one cluster) in an expedient manner. This enables the researcher to examine a wide range of
alternative clustering solutions, varying measures of similarities and linkage methods, in an efficient manner.
Even though hierarchical techniques have been widely used, they do have several distinct disadvantages that affect
any of their cluster solutions:
1 Permanent combinations: Hierarchical methods can be misleading because undesirable early combinations of
clusters may persist throughout the analysis and lead to artificial results. This “never split” characteristic allows
for the creation of the tree-like structure and dendrogram, also magnifies the substantial impact of outliers on
hierarchical methods, particularly with the complete-linkage and Ward’s methods. It also results in the possible
chain-like clusters when using the single-linkage method.
2 Impact of outliers: To reduce the impact of outliers, the researcher may find it useful to cluster analyze the data
several times, each time deleting problematic observations or outliers. The deletion of cases, however, even
those not found to be outliers, can many times distort the solution. Moreover, the deletion of outliers in any
cluster solution requires a potentially subjective decision by the analyst. Thus, the researcher must employ
extreme care in the deletion of observations for any reason.
3 Large samples: Although computations of the clustering process are relatively fast, hierarchical methods are not
amenable to analyzing large samples. As sample size increases, the data storage requirements increase dramatically.
For example, a sample of 400 cases requires storage of approximately 80,000 similarities, which increases to almost
125,000 for a sample of 500. Even with today’s computing power, these data requirements can limit the application
in many instances. The researcher may take a random sample of the original observations to reduce sample size but
must now question the representativeness of the sample taken from the original sample.
eMeRGence oF nonHieRARcHicAL MetHoDS Nonhierarchical methods have gained increased acceptability and usage, but
any application depends on the ability of the researcher to select the seed points according to some practical, objective,
or theoretical basis. In these instances, nonhierarchical methods offer several advantages over hierarchical techniques.

1 The results are less susceptible to:
a. outliers in the data,
b. the distance measure used, and
c. the inclusion of irrelevant or inappropriate variables.
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2 Nonhierarchical methods can analyze extremely large data sets because they do not require the calculation of
similarity matrices among all observations, but instead just the similarity of each observation to the cluster
centroids. Even the optimizing algorithms that allow for reassignment of observations between clusters can be
readily applied to all sizes of datasets.
Although nonhierarchical methods do have several distinct advantages, several shortcomings can markedly affect
their use in many types of applications.
1 The benefits of any nonhierarchical method are realized only with the use of nonrandom (i.e., specified) seed
points. Thus, the use of nonhierarchical techniques with random seed points is generally considered inferior to
hierarchical techniques.
2 Even a nonrandom starting solution does not guarantee an optimal clustering of observations. In fact, in
many instances the researcher will get a different final solution for each set of specified seed points. How is
the researcher to select the optimum answer? Only by analysis and validation can the researcher select what is
considered the best representation of structure, realizing that many alternatives may be as acceptable.
3 The tendency of the k-means cluster analysis to only produce clusters which are spherical in shape and
equally sized [14].
4 Nonhierarchical methods are also not as efficient when examining a large number of potential cluster solutions.
Each cluster solution is a separate analysis, in contrast to the hierarchical techniques that generate all possible
cluster solutions in a single analysis. Thus, nonhierarchical techniques are not as well suited to exploring a wide
range of solutions based on varying elements such as similarity measures, observations included, and potential
seed points.
Many researchers recommend a combination approach using both methods. In this
way, the advantages of one approach can compensate for the weaknesses or the other [40]. This can be accomplished
in two steps:

A coMBinAtion oF BotH MetHoDS

1 First, a hierarchical technique is used to generate a complete set of cluster solutions, establish the applicable
cluster solutions (see next section for discussion of this topic), and establish the appropriate number of clusters.
2 After outliers are eliminated, the remaining observations can then be clustered by a nonhierarchical method
using the number of clusters determined by the hierarchical approach and even determining seed points from
the cluster centroids of the hierarchical solution.
In this way, the advantages of the hierarchical methods are complemented by the ability of the nonhierarchical
methods to refine the results by allowing the switching of cluster membership. We demonstrate this approach in our
empirical example later in the chapter.
A different combination of hierarchical and nonhierarchical methods has been implemented in both SAS (CLUSTER in Enterprise Miner) and IBM SPSS (Two-Stage) with particular emphasis on analyzing large datasets. In SAS,
for example, a three step process (nonhierarchical S hierarchical S nonhierarchical) is followed:
1 A large number of cluster seeds (default of 50) are chosen and then a nonhierarchical algorithm is applied to
obtain a preliminary set of clusters.
2 The preliminary set of clusters are then analyzed with a hierarchical algorithm utilizing Ward’s method, generating cluster solutions from N (number of preliminary clusters from Step 1) to a single cluster. The number of
clusters is determined using the CCC criterion (to be discussed in the next section).
3 The selected hierarchical cluster solution from Step 2 is used to generate cluster centroids which act as cluster
seeds. These cluster seeds are then used in a nonhierarchical analysis of the original sample to generate the final
cluster solution.
The IBM SPSS approach is similar in nature, using a sequential process for the first step to generate a much smaller
number of preliminary clusters which can then be analyzed with a hierarchical algorithm. In the SAS and IBM SPSS
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Rules of thumb 4-4
Selecting a clustering Approach
Selection of hierarchical or nonhierarchical methods is based on:
●

Hierarchical clustering solutions are preferred when:
●
●

●

The sample size is moderate (under 300–400, not exceeding 1000) or a sample of the larger data set
is acceptable.

Nonhierarchical clustering methods are preferred when:
●

●
●

A wide range of alternative clustering solutions is to be examined.

The number of clusters is known and/or initial seed points can be specified according to some practical,
objective, or theoretical basis.
Outliers cause concern, because nonhierarchical methods generally are less susceptible to outliers.

A combination approach using a hierarchical approach followed by a nonhierarchical approach is often
advisable:
●

●

A hierarchical approach is used to select the number of clusters and profile cluster centers that serve
as initial cluster seeds in the nonhierarchical procedure.
A nonhierarchical method then clusters all observations using the seed points to provide more accurate
cluster memberships.

methods both methods are used to highlight their advantages—hierarchical methods to generate and evaluate a large
range of cluster solutions and nonhierarchical methods to analyze even very large samples and generate an “optimal”
clustering given a specified number of clusters.
Should the Cluster Analysis be Respecified? Even before identifying an acceptable cluster analysis solution (see

next section), the researcher should examine the fundamental structure represented in the potential cluster solutions.
Of particular note are widely disparate cluster sizes or clusters of only one or two observations. Generally, onemember or extremely small clusters are not acceptable given the research objectives, and thus should be eliminated.
In a hierarchical solution outliers may be detected by their addition in the agglomeration schedule at a later stage,
along with small or single member clusters in either hierarchical or nonhierarchical cluster solutions.
Researchers must examine widely varying cluster sizes from a conceptual perspective, comparing the actual
results with the expectations formed in the research objectives. From a practical perspective, more troublesome are
single-member clusters, which may be outliers not detected in earlier analyses. If a single-member cluster (or one of
small size compared with other clusters) appears, the researcher must decide whether it represents a valid structural
component in the sample or should be deleted as unrepresentative. If any observations are deleted, especially when
hierarchical solutions are employed, the researcher should rerun the cluster analysis and start the process of defining
clusters anew. This may result in several iterations of analysis and respecification to identify all of the objects to be
eliminated.
How Many Clusters Should be Formed? Perhaps the most critical issue for any researcher performing either a hier-

archical or nonhierarchical cluster analysis is determining the number of clusters most representative of the sample’s
data structure [15]. This decision is critical for hierarchical techniques because even though the process generates
the complete set of cluster solutions, the researcher must select the cluster solution(s) to represent the data structure
(also known as the stopping rule). Hierarchical cluster results do not always provide unambiguous information as to
the best number of clusters. Therefore, researchers commonly use a stopping rule that suggests two or more cluster
solutions which can be compared before making the final decision. And with nonhierarchical cluster procedures the
analyst must provide the number of clusters or they are determined from prior hierarchical analyses.
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As discussed earlier in our simple clustering example, any stopping rule is based on a foundational principle:
a natural increase in heterogeneity comes from the reduction in number of clusters. Heterogeneity refers to how
different the observations in a cluster are from each other (i.e., heterogeneity refers to a lack of similarity among
group members). As a result, all stopping rules share in some form a common element in evaluating the trend in
heterogeneity across cluster solutions to identify marked increases. We then look for substantive increases in this
trend which indicates to relatively distinct clusters were joined and that the cluster structure before joining is a potential candidate for the final solution. The stopping rules must be developed to accommodate the natural increase in
heterogeneity or if not, in most instances the two-cluster solution would always be chosen because the value of any
stopping rule is normally highest when going from two to one cluster.
Unfortunately, no singular objective stopping rule exists [10, 28]. Because no internal statistical criterion is used
for inference, such as the statistical significance tests of other multivariate methods, researchers have developed many
criteria for approaching the problem. In doing so, two issues have emerged:
●

●

These ad hoc procedures must be computed by the researcher and often involve fairly complex approaches
[3, 41]. Many of the procedures are ad hoc, involve fairly complex procedures and have developed in very
specific areas of study [3, 41, 2].
Many of these criteria are specific to a particular software program and are not easily calculated if not provided
by the program. So even the set of stopping rules we review in this section are not all contained in a single software package. As such, the researcher must understand the basic principles of stopping rules and how they are
represented in whatever analysis situation they are facing.

With their focus on the varying levels of heterogeneity found in differing cluster solutions, stopping rules can be
placed into one of two general classes, as described next.
One class of stopping rules examines some measure of heterogeneity change
between cluster solutions at each successive decrease in the number of clusters. A cluster solution is identified as
a candidate for the final cluster solution when the heterogeneity change measure makes a sudden jump. A simple
example was used at the beginning of the chapter, which looked for large increases in the average within-cluster
distance. When a large increase occurs, the researcher selects the prior cluster solution on the logic that its combination caused a substantial increase in heterogeneity. This type of stopping rule has been shown to provide fairly
accurate decisions in empirical studies [41], but it is not uncommon for a number of cluster solutions to be identified
by these large increases in heterogeneity. It is then the researcher’s task to select a final cluster solution from these
selected cluster solutions. Most of the measures of heterogeneity change have been developed within the hierarchical
procedures, where the sequential set of cluster solutions makes these measures easily calculated. They can be applied
for nonhierarchical methods as well, but are more complicated since each cluster solution is a separate analysis and
thus requires aggregating this information across analyses. Stopping rules using this approach range from a simple
measure of percentage change to more complex measures of statistical significance of heterogeneity change.

MeASUReS oF HeteRoGeneitY cHAnGe

Probably the simplest and most widespread rule is a simple percentage change in
some measure of heterogeneity. A typical example is using the agglomeration coefficient from hierarchical methods
in SPSS, which measures heterogeneity as the distance at which clusters are formed (if a distance measure of similarity
is used) or the within-cluster sum of squares if the Ward’s method is used. With this measure, the percentage increase
in the agglomeration coefficient can be calculated for each cluster solution. Then the researcher selects cluster
solutions as a potential final solution when the percentage increase is markedly larger than occurring at other steps.
Percentage Changes in Heterogeneity

Measures of Variance Change The root mean square standard deviation (RMSSTD) is the square root of the variance
of a cluster or set of clusters. As such, it is used in several different ways. For example, in the hierarchical procedure
in SAS (PROC CLUSTER), the RMSSTD value is for the newly formed cluster. When representing the heterogeneity
of two joined clusters, large values suggest the joining of two quite dissimilar clusters, indicating the previous cluster
solution (in which the two clusters were separate) was a candidate for selection as the final cluster solution. In other
software packages the RMSSTD may be for individual clusters or for the set of clusters overall. Here, larger values
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of the RMSSTD of a cluster or cluster solution indicate a set of clusters with greater heterogeneity. In all instances,
however, larger values represent more heterogeneous cluster(s).
A series of test statistics attempts to portray the degree of heterogeneity for
each new cluster solution (i.e., separation between the two clusters most recently joined ). One of the most widely used
is a pseudo T2 statistic, which compares the goodness-of-fit of k clusters to k 2 1 clusters. Highly significant values
indicate that the k cluster solution is more appropriate than the k 2 1 cluster solution (i.e., the k 2 1 cluster solution
was the result of joining two very different clusters from the k solution). For example, if we observe a very high pseudo
T2 statistic at the six-cluster stage, then a candidate solution would be the seven-cluster solution, since six clusters were
achieved by joining two very different clusters from the seven-cluster solution (see Figure 4.11). The researcher should
not consider any significant value, but instead look to those values markedly more significant than for other solutions.
Statistical Measures of Heterogeneity Change

DiRect MeASUReS oF HeteRoGeneitY A second general class of stopping rules attempts to directly measure heterogeneity
of each cluster solution and then allow analyst to evaluate each cluster solution against a criterion measure. There
are a large number of these types of measures developed across the differing domains, but at least three general types
emerge.
Comparative Cluster Heterogeneity The most common measure in this class is the cubic clustering criterion (CCC)
[41] contained in SAS, a measure of the deviation of the clusters from an expected distribution of points formed by
a multivariate uniform distribution. Here the researcher selects the cluster solution with the largest value of CCC
(i.e., the cluster solution where CCC peaks as shown in Figure 4.12) [49]. Despite its inclusion in SAS and its advantage of selecting a single-cluster solution, it has been shown to many times generate too many clusters as the final
solution [41] and is based on the assumption that the variables are uncorrelated. However, it is a widely used measure
and is generally as efficient as any other stopping rule [41].
Statistical Significance of Cluster Variation The pseudo F statistic measures the separation among all the clusters at the
current level by the ratio of between-cluster variance (separation of clusters) to within-cluster variance (homogeneity of clusters). Thus, a higher pseudo F indicates a cluster solution maximizing between-cluster differences while
minimizing within-cluster similarity (see Figure 4.12). As with other stopping rules there is no specific value which
dictates selection of a cluster solution, but instead the analyst identifies cluster solutions by high relative values of
the pseudo F statistic.

The final set of measures are many times referred to as internal validity measures as they
quantify the characteristics of the cluster solution along two general dimensions: separation and compactness. One
such measure is the Dunn index [16] which is the ratio between the minimal within-cluster distance to maximal
between-cluster distance. As with other measures, the objective is to identify sets of clusters that are compact, with
a small variance between members of the cluster, and well separated, where the means of different clusters are
sufficiently far apart, as compared to the within cluster variance. For a cluster solution, a higher Dunn index indicates
better clustering. Similar measures are the DB index [13] and the silhouette index [48].
Internal Validation Index

Figure 4.11
Measures of change in Heterogeneity: Pseudo T2
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Figure 4.12
Direct Measures of Heterogeneity – ccc and Pseudo F
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Given the number of stopping rules available and the lack of evidence supporting any single stopping rule,
it is suggested that a researcher employ several stopping rules and look for a consensus cluster solution(s). Even with
a consensus based on empirical measures, however, the researcher should complement the empirical judgment with
any conceptualization of theoretical relationships that may suggest a natural number of clusters. One might start
this process by specifying some criteria based on practical considerations, such as saying, “My findings will be more
manageable and easier to communicate if I use three to six clusters,” and then solving for this number of clusters and
selecting the best alternative after evaluating all of them. In the final analysis, however, it is probably best to compute
a number of different cluster solutions (e.g., two, three, four) and then decide among the alternative solutions by
using a priori criteria, practical judgment, common sense, or theoretical foundations. The cluster solutions will be
improved by restricting the solution according to conceptual aspects of the problem.
SUMMARY

Rules of thumb 4-5
Respecifying the cluster Solution
●

●

Before attempting to identify the final cluster solution(s), the results, whether they be for hierarchical or nonhierarchical methods, should be examined for single-member or extremely small clusters which are of insufficient size for inclusion in the final solution.
These inappropriate clusters should be eliminated from the sample and the analysis run again until all of the
inappropriate clusters are eliminated.

Deriving the Final cluster Solution
●

No single objective procedure is available to determine the correct number of clusters; rather the
researcher can evaluate alternative cluster solutions on two general types of stopping rules:
●

Measures of heterogeneity change:
■

These measures, whether they be percentage changes in heterogeneity, measures of variance
change (RMSSTD) or statistical measure of change (pseudo T2), all evaluate the change in
heterogeneity when moving from k to k 2 1 clusters.

■

Candidates for a final cluster solution are those cluster solutions which preceded a large increase
in heterogeneity by joining two clusters (i.e., a large change in heterogeneity going from k to k 2 1
clusters would indicate that the k cluster solution is better).
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●

Direct measures of heterogeneity:
■

■

●

225

These measures directly reflect the compactness and separation of a specific cluster solution. These
measures are compared across a range of cluster solutions, with the cluster solution(s) exhibiting
more compactness and separation being preferred.
Among the most prevalent measures are the CCC (cubic clustering criterion), a statistical measure of
cluster variation (pseudo F statistic) or the internal
validation index (Dunn's index).

Cluster solutions ultimately must have theoretical validity assessed through external validation.

While hierarchical and nonhierarchical approaches are the predominant clustering
approaches used across both academia and practitioner domains, there have emerged at least two other approaches
that have gained use in specific research situations. These two approaches differ in how to represent similarity,
whether it be density (density-based approach) or probabilistically (model-based approach). We will provide a brief
introduction to each approach in enough detail to enable analysts to determine if either of these approaches is suited
to their research situation.

Other Clustering Approaches

The density-based approach is based on the simple notion that clusters can be identified
by “dense” clusters of objects within the sample, separated by regions of lower object density [19]. This corresponds
to the “natural” groupings we infer when we look at plots of objects – quickly picking out the higher density areas
of objects. The primary advantages of this approach are that it can identify clusters of arbitrary shape (e.g., not just
spherical shapes), can easily vary in the number of objects in each cluster and incorporates the identification of
outliers (i.e., those objects in very sparse regions) as a fundamental part of the process.
In defining clusters as maximal sets of density connected points, the analyst must make two fundamental decisions:

DenSitY-BASeD APPRoAcH

●
●

ε, the radius around a point that defines a point’s neighborhood, and
the minimum number of objects (minObj) necessary within a neighborhood to define it a cluster.

Notice that the analyst does not have to specify the number of clusters or other basic characteristics of the desired
cluster solution. The process, using just these two parameters, analyzes the data and arrives at a configuration of
clusters. In determining clusters, all objects are classified into one of three types:
●

●

●

Core points—objects which have a neighborhood which meets the minimum number of objects requirement.
These points are central to the definition of any cluster.
Boundary or density-reachable points—these objects don’t meet the minObj requirement for their neighborhood, but are in the neighborhood of a core point. These points can’t be core points, but become a part of
cluster around a core point.
Outliers or noise points—any object which is not a core point or a boundary point.

The process for defining clusters is quite similar to nonhierarchical clustering in the assignment of objects, although
the number of clusters is not specified:
1 Select an unclassified point and compute its neighborhood to see if it is a core point. If yes, start a cluster
around this point. If not, move on to another point.
2 Once a core point is found, define it as a cluster and identify all boundary points for that core point. Remember that boundary points must be within the neighborhood of the core point. Then, expand the cluster by
adding these boundary points to the cluster. Now the neighborhood of the cluster expands to include those
added boundary points, which allows for even more boundary points to be added to the cluster. We can
see that this is quite similar to the linkage methods in hierarchical methods or the assignment process in
nonhierarchical.
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3 The process continues until all points within the expanded cluster neighborhoods are assigned to that cluster
and those not assigned are now classified as outliers. Outliers are points that are neither core points nor are
they within the neighborhood of any cluster member. At this point the analyst must decide on the role of
outliers and if retained or not.
This procedure, which was popularized by DBSCAN (Density-Based Spatial Clustering of Applications with
Noise) [19] is available in most software programs. While it does not generate a range of cluster solutions nor provide
the insight into structure of a hierarchical routine, it does have several distinct advantages:
●
●
●
●
●
●

Ability to identify clusters of any arbitrary shape,
Ability to process very large samples,
Requires specification of only two parameters,
No prior knowledge of number of clusters,
Explicit designation of outliers as separate from objects assigned to clusters,
Applicable to a “mixed” set of clustering variables (i.e., both metric and nonmetric).

The density-based approach has been widely used in many application areas, particularly those dealing with
large samples and a large and diverse number of clustering variables. It should be noted that while our focus is many
times on social science research, this method has wide application in areas such as the physical sciences (astronomy,
biology, earth science and geography). As familiarity spreads as to the impact of specifying the parameters of ε and
minObj and variants of the procedure evolve for specific research situations, we expect to see an even wider usage
of this approach.
MoDeL-BASeD APPRoAcH The model-based approach is similar in its basic concept to the other clustering methods,
but uses differing probability distributions of objects as the basis for forming groups rather than groupings of
similarity in distance or high density [22, 23, 7, 39]. It varies from all other clustering approaches in that it is a
statistical model whereas the other approaches are varying types of algorithms. The underlying statistical premise
is ”similarity is probability” versus ‘similarity is distance’. Yet in most other regards the model-based approach is
similar to other clustering approaches, perhaps most akin to a statistical version of nonhierarchical models with
many extensions.
So what is the source of this probability? The basic model is what is termed a mixture model where objects are
assumed to be represented by a mixture of probability distributions (known as components), each representing a
different cluster. These different groups of objects are based on the similar patterns on the clustering variables for
each group. Of particular note is that the clustering variables can be a metric, nonmetric or both. Objects which
are highly similar to other similar objects thus have a higher probability of being in the same unobserved cluster/
component versus other possible clusters formed by other sets of objects. Each subsample of similar objects, ultimately
representing a cluster, is modeled separately and the overall population is modeled as a mixture or weighted sum of
these subsamples [22, 39].
Forming clusters occurs in two distinct steps:

1 Having specified the number of distributions (i.e., desired clusters) to be estimated, estimate the parameters of
the assumed probability distributions (i.e., subsamples of objects with differing means and covariances on the
clustering variables) though application of the EM algorithm.
2 Using the estimated distributions, calculate the posterior probabilities of cluster membership for each object
in the sample in each distribution. Cluster membership for each object is through assignment to the cluster/
probability distribution with the highest probability.
Given the statistical nature of this approach, overall measures of fit are possible and models with differing numbers
of components/clusters can be compared through the Bayesian Information Criterion (BIC) or other measures. This
allows the analyst to assess the impact on overall fit due to varying the number of underlying distributions (clusters), with the best fit indicating the appropriate clustering solution and thus the number of clusters/components in
a model.
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There are several advantages associated with the model-based approach when compared to other clustering
approaches:
●
●

●
●
●
●

Can be applied to any combination of clustering variables (metric and/or nonmetric)
Statistical tests are available to compare different models and determine best model fit to define best cluster
solution
Missing data can be directly handled
No scaling issues or transformations of variables needed
Very flexible with options for simple and complicated distributional forms
Once the cluster solution is finalized, the model can be expanded to include both antecedent/predictor variables of cluster membership along with outcome/validation variables.

While these advantages do address issues with many of the other clustering approaches, the biggest difference of
the model-based approach is its fundamental approach to data analysis, i.e., a statistical model versus an algorithmic
model as discussed in Chapter 1. Many analysts may be more or less inclined towards this approach based on their
background and training, but is does provide a totally different approach to the clustering process from the other
methods discussed in this chapter.
It should be noted that this approach has many names across varying domains, including mixture model clustering
[39, 38], model-based clustering [22, 23, 7, 9] and latent class cluster analysis [36]. But all of these methods share the
same fundamental approach of employing a statistical model to estimate probability distributions within the sample
and then assign objects to clusters based on these probabilities.
Overview The multiple approaches to clustering and the options/issues with each approach characterize both the
promise and the peril of cluster analysis for the analyst. The ability to identify homogeneous subsamples within the
overall sample has many applications and uses, but the analyst is first faced with a myriad set of decisions on which
basic approach to select – hierarchical versus nonhierarchical or even some combination of these, not to mention
density-based and model-based approaches. Once this choice is made, there are additional decisions within each
approach that substantially impact what clusters are ultimately found.
But most challenging is not the complexity of these approaches, but ultimately the relevancy of the results. Many
times analysts are dissuaded by the differing solutions obtained due to the approaches used or even just decisions
within each approach. And yet the analyst must understand that these differences are not reflective of some deficiencies in one method versus another, but our fundamental understanding of the basic elements in each clustering
approach and the impact of specific decisions (e.g., distance measure selected for similarity, linkage method used
in hierarchical models, number of clusters in nonhierarchical models or the radius for neighborhoods in density
models). The analyst must come to accept that there is no definitive correct cluster solution, but instead a range of
results that must be evaluated to best achieve the research objectives.

StAGe 5: inteRPRetAtion oF tHe cLUSteRS
The interpretation stage involves examining each cluster in terms of the cluster variate to name or assign a label
accurately describing the nature of the clusters. When starting the interpretation process, one measure frequently
used is the cluster’s centroid. If the clustering procedure was performed on the raw data, it would be a logical
description. If the data were standardized or if the cluster analysis was performed using exploratory factor analysis results (component factors), the researcher would have to go back to the raw scores for the original variables.
As the number of clustering variables or the number of cluster increases, viewing tabular values for the centroids
becomes increasingly difficult. It is in these instance that graphical approaches become useful, particularly a parallel
coordinates graph as a profile diagram.
To clarify this process, let us refer to the example of diet versus regular soft drinks. Let us assume that an attitude
scale was developed that consisted of statements regarding consumption of soft drinks, such as “diet soft drinks taste
harsher,” “regular soft drinks have a fuller taste,” “diet drinks are healthier,” and so forth. Further, let us assume that
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demographic and soft-drink consumption data were also collected. We can first examine the average score profiles
on the attitude statements for each group and assign a descriptive label to each cluster. Many times discriminant
analysis is applied to generate score profiles, but we must remember that statistically significant differences would
not indicate an optimal solution because statistical differences are expected, given the objective of cluster analysis.
Examination of the profiles allows for a rich description of each cluster. For example, two of the clusters may have
favorable attitudes about diet soft drinks and the third cluster negative attitudes. Moreover, of the two favorable
clusters, one may exhibit favorable attitudes toward only diet soft drinks, whereas the other may display favorable
attitudes toward both diet and regular soft drinks. From this analytical procedure, one would evaluate each cluster’s
attitudes and develop substantive interpretations to facilitate labeling each. For example, one cluster might be labeled
“health- and calorie-conscious,” whereas another might be labeled “get a sugar rush.”
The profiling and interpretation of the clusters, however, achieve more than just description and are essential elements
in selecting between cluster solutions when the stopping rules indicate more than one appropriate cluster solution.
●

●

They provide a means for assessing the correspondence of the derived clusters to those proposed by prior
theory or practical experience. If used in a confirmatory mode, the cluster analysis profiles provide a direct
means of assessing the correspondence.
The cluster profiles also provide a route for making assessments of practical significance. The researcher may
require that substantial differences exist on a set of clustering variables and the cluster solution be expanded
until such differences arise.

In assessing either correspondence or practical significance, the researcher compares the derived clusters to a
preconceived typology. This more subjective judgment by the researcher combines with the empirical judgment of
the stopping rules to determine the final cluster solution to represent the data structure of the sample.
StAGe 6: VALiDAtion AnD PRoFiLinG oF tHe cLUSteRS
Given the somewhat subjective nature of cluster analysis about selecting an optimal cluster solution, the researcher
should take great care in validating and ensuring practical significance of the final cluster solution. Although no
single method exists to ensure validity and practical significance, several approaches have been proposed to provide
some basis for the researcher’s assessment.
Validating the Cluster Solution Validation includes attempts by the researcher to assure that the cluster solution is

representative of the general population, and thus is generalizable to other objects and is stable over time.
The most direct approach in this regard is to cluster analyze separate samples, comparing the cluster solutions and assessing the correspondence of the results [11, 12]. This approach, however, is often impractical
because of time or cost constraints or the unavailability of objects (particularly consumers) for multiple cluster analyses. In these instances, a common approach is to split the sample into two groups. Each cluster is analyzed separately,
and the results are then compared. Cross-tabulation also can be used for a single sample, because the members of any
specific cluster in one solution should stay together in a cluster in another solution. Therefore, the cross-tabulation
should display obvious patterns of matching cluster membership. Other approaches include (1) a modified form of
split sampling whereby cluster centers obtained from one cluster solution are employed to define clusters from the
other observations and the results are compared [37], and (2) a direct form of cross-validation [45].
For any of these methods, stability of the cluster results can be assessed by the number of cases assigned to the
same cluster across cluster solutions. Generally, a very stable solution would be produced with less than 10 percent
of observations being assigned to a different cluster. A stable solution would result with between 10 and 20 percent
assigned to a different group, and a somewhat stable solution when between 20 and 25 percent of the observations
are to a different cluster than the initial one.

cRoSS-VALiDAtion

eStABLiSHinG cRiteRion VALiDitY The researcher may also attempt to establish some form of criterion or predictive
validity. To do so, the researcher selects variable(s) not used to form the clusters but known to vary across the clusters.
In our example, we may know from past research that attitudes toward diet soft drinks vary by age. Thus, we can
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statistically test for the differences in age between those clusters that are favorable to diet soft drinks and those that
are not. The variable(s) used to assess predictive validity should have strong theoretical or practical support because
they become the benchmark for selecting among the cluster solutions.
The profiling stage involves describing the characteristics of each cluster on variables
that are not among the clustering variables or validation variables. The variables used at this stage are typically of two
types: (1) descriptive variables such as demographic variables, psychographic profiles, consumption patterns or other
behavioral measures which help identify the clusters within the general population or (2) predictive variables which
are hypothesized as reasons leading to the clustering of objects in clusters. While variables in the descriptive category
may be selected just based on practical relevance, attempts to understand the impact of variables on the formation
of clusters require theoretical support as well. In both instances, discriminant analysis or other techniques are used
to identify which variables do differ across the clusters. While we expected all the clustering variables to vary across
clusters since that was the objective of cluster analysis, with these variables we are looking for key distinguishing
variables from either the descriptive or predictive variables. Using discriminant analysis, the researcher compares
average score profiles for the clusters. The categorical dependent variable is the previously identified clusters, and
the independent variables are the demographics, psychographics, and so on.
From this analysis, assuming statistical significance, the researcher could conclude, for example, that the “healthand calorie-conscious” cluster from our previous diet soft drink example consists of better-educated, higher-income
professionals who are moderate consumers of soft drinks.
For graphical or simple comparisons between clusters, the researcher may choose to center each variable by
subtracting the overall mean for that variable from each observation. The result is a set of variables with a mean of
zero but retaining their unique variability. This step simply facilitates interpretation when the variables do not have
the same means, but is not used in the actual clustering process. Analysts should be cautioned, however, to remember
that when using centered variables the point of reference is the individual (i.e., how much a single variable differs
from the object’s average response) versus the differences between groups.
In short, the profile analysis focuses on describing not what directly determines the clusters but rather on the
characteristics of the clusters after they are identified. Moreover, the emphasis is on the characteristics that differ

Profiling the Cluster Solution

Rules of thumb 4-6
interpreting, Profiling, and Validating clusters
●
●

All clusters should be significantly different across the set of clustering variables.
The cluster centroid, a mean profile of the cluster on each clustering variable, is particularly useful in the
interpretation stage:
●

●
●

●

Cluster solutions failing to show substantial variation indicate other cluster solutions should be examined.
The cluster centroid should also be assessed for correspondence with the researcher's prior expectations based on theory or practical experience.

Validation is essential in cluster analysis because the clusters are descriptive of structure and require additional support for their relevance:
●

●

Interpretation involves examining the distinguishing characteristics of each cluster's profile and identifying substantial differences between clusters.

Cross-validation empirically validates a cluster solution by creating two subsamples (randomly splitting
the sample) and then comparing the two cluster solutions for consistency with respect to number of
clusters and the cluster profiles.

Validation is also achieved by examining differences on variables not included in the cluster analysis but for
which a theoretical and relevant reason enables the expectation of variation across the clusters.
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significantly across the clusters and those that could predict membership in a particular cluster. Profiling often is
an important practical step in clustering procedures, because identifying characteristics like demographics enables
segments to be identified or located with easily obtained information.

implication of Big Data Analytics
As discussed in Chapter 1, Big Data analytics are becoming increasingly important to academic and practitioners
alike. And there is perhaps no multivariate technique which has more potential in the domain of Big Data analytics, yet also faces the most challenges to its application, than cluster analysis. In terms of contributions, Big Data is
perhaps best known for exactly that—more data observations for analysis than ever before. In this domain the analyst
can quickly see the advantages of simplification—reducing the large number of observations into a much smaller
number of groupings from which the general nature and character of the entire dataset can be observed. In many
ways cluster analysis is comparable to dimensional reduction discussed in Chapter 3, differing only in the clustering
of diverse objects (e.g., customers, text, genes, etc.) rather than attributes of those objects.
We have long seen the advantages of such simplification, perhaps no more so that in the areas of consumer
analytics, driven primarily by segmentation schemes. But today this advantages is extended to a diverse set of other
areas, such as information retrieval, pattern recognition, textual analysis, spatial observations, web applications or
even DNA analysis. In each area cluster analysis is playing a critical and influential role [excellent overviews in 2, 26].
cHALLenGeS
Two specific challenges discussed previously are exacerbated in the application of cluster analysis to larger datasets.
The first arises from the case level of analysis of methods such as hierarchical procedures where the size of the sample
has a direct bearing on the scale of the problem. These methods require a N by N matrix of similarities, where N is the
sample size. So as the sample size increases to the sizes found today in Big Data applications, only certain clustering
methods can be used or we need to employ two-stage procedures to handle the large sample size.
The second challenge emerges when clustering high-dimensional data (i.e., a large number of object attributes).
As discussed in Chapter 1 another characteristic of Big Data is not only access to large samples, but also the explosion
in the number and types of attributes available for each object. With this comes two distinct issues: variable relevancy
and determining object similarity. As discussed in Step 2, these issues have a substantial impact on the effectiveness of
cluster analysis. Up to this point most research has been based on a reasonable number of clustering variables with
substantial conceptual support. But the analysis of Big Data necessarily takes on more of an exploratory perspective
where both of these issues can become quite problematic. While notable strides have been made to address these
issues [35, 30], the analyst must always be aware of their impact and thus the type of cluster solution that emerges.
We mention these complications not only because they are more frequently encountered in many research settings
today, but more importantly because they emphasize the importance of researcher judgment in cluster analysis. As
seen in prior discussions, there are many options for each decision, resulting in an almost incalculable number of
combinations. It is incumbent on the analyst to understand the implications of each separate decision and their
combination. So as “automatic” clustering approaches emerge which make most of the critical clustering decisions,
including even selecting the number of clusters, we urge caution before employing such methods so as to truly
understand the underlying choices being made in all phases of the clustering process.

An illustrative example
We will use the HBAT database to illustrate the application of cluster analysis techniques. Customer perceptions
of HBAT provide a basis for illustrating one of the most common applications of cluster analysis—the formation
of customer segments. In our example, we follow the stages of the model-building process, starting with setting
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objectives, then addressing research design issues, and finally partitioning respondents into clusters and interpreting
and validating the results. The following sections detail these procedures through each of the stages.
StAGe 1: oBjectiVeS oF tHe cLUSteR AnALYSiS
The first stage in applying cluster analysis involves determining the objectives to be achieved. Once the objectives have
been agreed upon, the HBAT research team must select the clustering variables to be used in the clustering process.
Cluster analysis can achieve any combination of three objectives: taxonomy development,
data simplification, and relationship identification. In this situation, HBAT is primarily interested in the segmentation
of customers (taxonomy development), although additional uses of the derived segments are possible.
The primary objective is to develop a taxonomy that segments objects (HBAT customers) into groups with similar
perceptions. Once identified, strategies with different appeals can be formulated for the separate groups—the requisite basis for market segmentation. Cluster analysis, with its objective of forming homogeneous groups that are as
distinct between one another as possible, provides a unique methodology for developing taxonomies with maximal
managerial relevance.
In addition to forming a taxonomy that can be used for segmentation, cluster analysis also facilitates data simplification and even identification of relationships. In terms of data simplification, segmentation enables categorization
of HBAT customers into segments that define the basic character of group members. In an effective segmentation,
customers are viewed not as only individuals, but also as members of relatively homogeneous groups portrayed
through their common profiles. Segments also provide an avenue to examine relationships previously not studied.
A typical example is the estimation of the impact of customer perceptions on sales for each segment, enabling the
researcher to understand what uniquely impacts each segment rather than the sample as a whole. For example, do
customers with more favorable perceptions of HBAT also purchase more?

Clustering Objectives

The research team has decided to look for clusters based on the variables that indicate how
HBAT customers rate the firm’s performance on several key attributes. These attributes are measured in the database
with variables X6 to X18. The research team knows that multicollinearity can be an issue in using cluster analysis.
Thus, having already analyzed the data using exploratory factor analysis, they decide to use variables that are not
strongly correlated to one another. To do so, they select a single variable to represent each of the four factors (an
example of surrogate variable approach, see Chapter 3) plus X15, which was eliminated from the exploratory factor
analysis by the MSA test because it did not share enough variance with the other variables. The variables included
in the cluster analysis are ratings of HBAT on various firm attributes:
Clustering Variables

X6 product quality (representative of the factor Product Value)
X8 technical support (representative of the factor Technical Support)
X12 salesforce image (representative of the factor Marketing)
X15 new product development (not included in extracted factors)
X18 delivery speed (representative of the factor Post-sale Customer Service)
Table 4.5 displays the descriptive statistics for these variables.
table 4.5 Descriptive Statistics for cluster Variables
N

Minimum

Maximum
10

Mean

Std. Deviation

7.81

1.40

X6, Product Quality

100

5

X8, Technical Support

100

1.3

8.5

5.37

1.53

X12, Salesforce Image

100

2.9

8.2

5.12

1.07

X15, New Products

100

1.7

9.5

5.15

1.49

X18, Delivery Speed

100

1.6

5.5

3.89

0.73

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

232

Section II Interdependence Techniques

StAGe 2: ReSeARcH DeSiGn oF tHe cLUSteR AnALYSiS
In preparing for a cluster analysis, the researcher must address four issues in research design: detecting outliers, determining the similarity measure to be used, deciding the sample size, and standardizing the variable and/or objects.
Each of these issues plays an essential role in defining the nature and character of the resulting cluster solutions.
Detecting Outliers The first issue is to identify any outliers in the sample before partitioning begins. Even though
the univariate procedures discussed in Chapter 2 did not identify any potential candidates for designation as outliers,
multivariate procedures are used because objects must also be evaluated on the pattern of values across the entire
set of clustering variables used in defining similarity. Outliers are observations that are different or dissimilar from
all other observations in the sample. In our example, we will refer to the term dissimilarity, because larger distances
mean less similar observations. We will focus specifically on finding observations that are potentially quite different
than the others.
We begin looking for outliers by determining the average dissimilarity for each observation based upon
the distance measures for each observation. There is no single best way to identify the most dissimilar objects.
One measure available in most statistical software is the a matrix of pairwise proximity measures showing, for
example, the Euclidean distance from each observation to every other observation. In IBM SPSS, you can do this
from the correlation dropdown menu or as an option under the hierarchical clustering routine. Observations
with relatively large pair-wise proximities (large differences between) become outlier candidates. This method has
several disadvantages. First, large pair-wise proximity values may just represent observations on the “opposite”
sides of the sample and not outliers in regard to other observations. Second, determining which observations
have the largest average distances can prove difficult when the number of observations exceeds 20 or so. In the
HBAT example, the 100 observations would produce a proximity, or, more precisely, a dissimilarity matrix that is
100 rows by 100 columns. Thus, a smaller summary analysis of how different each observation is from an average
respondent makes this process much easier.
A second approach is to use a measure of proximity to the centroid of the sample (i.e., a point representing the
average of all of the clustering variables). Recall from earlier in the chapter that the Euclidean distance measure is
easily generalized to more than two dimensions and we can use this approach to find the observations that have
relatively high dissimilarity. A typical respondent can be thought of as one that responds with the central tendency
on each variable (assuming the data follow a conventional distribution). In other words, an average respondent
provides responses that match the mean of any variable. Thus, the average distance of each observation from the
typical respondent (centroid) can be used as a measure of dissimilarity to the sample as a whole.
One such measure is the Mahalanobis D2, which we discussed in Chapter 2 and is also seen in Chapter 5 (Multiple
Regression) as a measure to identify outliers. But the Mahalanobis D2 is many times only available in conjunction
with a specific technique (e.g., as an outlier measure in multiple regression). As a result we can easily calculate a variant measure which provides the same basic measure of dissimilarity for each observation from the sample centroid
through the following steps:
●

●

●

●

●

Select an observation and compute the difference between the observed value for a clustering variable and the
variable mean. The process is repeated for each clustering variable.
The differences are squared, similar to the calculation of Euclidean distance (see Figure 4.5) and as is typically
done in computing measures of variation to avoid the problem of having negative and positive differences
cancel each other out.
The squared differences for each variable are summed to get a total for each observation across all clustering
variables. This represents the squared distance from the typical or average respondent.
Finally, the square root of that sum is taken to create an estimate of the dissimilarity of this observation based
on distance from the typical respondent profile.
The process is repeated for each observation. Observations with the highest dissimilarities have the potential to
be outliers.
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Researchers looking for outliers do not focus on the absolute value of dissimilarity. Rather, researchers are simply
looking for any values that are relatively large compared to the others. Thus, sorting the observations from the most
to the least dissimilar can be convenient. A starting point is to select the observations with the highest five or ten
percent of the dissimilarity values for more thorough examination.
Table 4.6 illustrates the process for observation 100. We begin by taking each the observation’s score on each cluster variable and subtracting the mean for that variable from the observation. In this case, the observation value was
7.9 on X6—Product Quality— and we would subtract the variable mean (7.81 for X6) to yield a value of 0.09. The
process is repeated for each cluster variable. In this example, the clustering variables are X6, X8, X12, X15, and X18.
Each row in Table 4.7 shows how the difference is taken for each individual variable. These differences are then
squared and a sum total calculated (1.63) and a dissimilarity value (the square root of the sum total) of 1.28.
Most standard statistical packages do not include a function that produces this table; program syntax provides an
option, but a spreadsheet can be used to do these simple computations and then sort the observations by dissimilarity.
The book’s websites provide an example spreadsheet that performs this analysis.
Table 4.7 lists the 10 observations ( ten percent of the sample) with the highest average dissimilarities. Two observations—87 and 6—display relatively large values. Each has a dissimilarity of over 5 (5.58 and 5.30, respectively).
In contrast, the next largest dissimilarity is for observation 90 (4.62), which is only slightly larger than the fourth
highest proximity of 4.57 for observation 53. These two observations—87 and 6—stand out over the others as having
relatively high average distances. At this point, we will not eliminate any observations but will continue to watch for
other potential signs that observations 87 and/or 6 may truly be outliers. Generally, researchers are more comfortable
deleting observations as outliers when multiple pieces of evidence are present.
Defining Similarity The next issue involves the choice of a similarity measure to be used as input to the hierarchical
clustering algorithm. The researcher does not have to actually perform these computations separately, but rather only
needs to specify which approach will be used by the cluster program. Correlational measures are not used, because
when segments are identified with cluster analysis we should consider the magnitude of the perceptions (favorable
versus unfavorable) as well as the pattern. Correlational measures only consider the patterns of the responses, not
the absolute values. Cluster analysis objectives are therefore best accomplished with a distance measure of similarity.
Given that all five clustering variables are metric, squared Euclidean distance is chosen as the similarity measure.
Either squared Euclidean distance or Euclidean distance is typically the default similarity measure in statistical
packages. Multicollinearity has been addressed by selecting variables that are not highly correlated with each other
based on the previous exploratory factor analysis (see results in Chapter 3).
Sample Size The third issue relates to the adequacy of the sample of 100 observations. This issue is not a statistical

(inferential) issue. Instead, it relates to the ability of the sample to identify managerially useful segments. That is,
segments with a large enough sample size to be meaningful. In our example, the HBAT research team believes

table 4.6 example of centering When calculating Dissimilarity for observation 100
observed Values for

Variable Means

Squared

observation 100

Less

(see table 4.5)

Difference

Difference

X6

7.9

2

7.81

5

0.09

0.0081

X8

4.4

2

5.37

5

20.97

0.9409

X12

4.8

2

5.12

5

20.32

0.1024

X15

5.8

2

5.15

5

0.65

0.4225

X18

3.5

2

3.89

5

20.39

0.1521

Total Differences Squared

1.63

Square Root of Total

1.28
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table 4.7 Largest Dissimilarity Values for identifying Potential outliers
Differences from Mean for Each Observation:
observation

X6

X8

X12

87

22.81

24.07

20.22

Squared Differences from Mean

X18

X6

X8

X12

X15

X18

Dissimilarity

2.45

20.79

7.90

16.52

0.05

6.00

0.62

5.58

X15

6

21.31

22.27

21.42

4.35

20.59

1.72

5.13

2.02

18.92

0.34

5.30

90

22.31

2.34

3.08

20.25

1.01

5.34

5.45

9.47

0.06

1.03

4.62

53

1.59

20.57

20.52

4.05

0.71

2.53

0.32

0.27

16.40

0.51

4.48

44

22.71

1.23

2.68

0.05

0.61

7.34

1.53

7.17

0.00

0.38

4.05

41

0.49

22.07

0.08

23.45

0.01

0.24

4.26

0.01

11.90

0.00

4.05

72

21.11

22.37

20.62

22.65

20.79

1.23

5.59

0.39

7.02

0.62

3.85

31

20.91

3.14

20.42

21.85

20.59

0.83

9.83

0.18

3.42

0.34

3.82

22

1.79

1.43

2.68

1.35

0.41

3.20

2.06

7.17

1.82

0.17

3.80

88

20.11

2.64

20.82

2.55

0.41

0.01

6.94

0.68

6.50

0.17

3.78

segments that represent at least 10 percent of the total sample size will be meaningful. Smaller segments are considered too small to justify development of segment-specific marketing programs. Thus, in our example with a sample
of 100 observations, we consider segments consisting of 10 or more observations as meaningful. But initial clusters
obtained through hierarchical clustering with as few as five observations may be retained because the cluster size will
likely change when observations are reassigned in nonhierarchical clustering. This also corresponds to an upper limit
of 10 clusters as the maximum number of clusters that the research team deems useful for HBAT and the desired
number is between three and seven clusters.
The final issue involves the type of standardization that may be used. It is not useful to apply
within-case standardization because the magnitude of the perceptions is an important element of the segmentation
objectives. But the issue of standardizing by variable still remains.
All of the clustering variables are measured on the same scale (0 to 10), so there is no need to standardize because
of differences in the scale of the variables. There are, however, other considerations, such as marked differences in the
standard deviation of the variables. For example, as shown in Table 4.4, the variables generally have similar amounts
of dispersion, with the possible exception of X18 (a small standard deviation of 0.73 compared to all others above
one). These differences could affect the clustering results, and standardization would eliminate that possibility. But
with only one variable exhibiting a difference, we choose not to standardize in the HBAT example.
Another consideration is the means of the variables used in the cluster analysis. For example, the means of the
variables in the HBAT example vary to some degree, ranging from less than four for X18 (3.89) to nearly eight for
X6 (7.81). This does not suggest standardization, but it may make it more difficult to interpret each cluster’s meaning. In some situations, the mean-centered values will facilitate interpretation of clusters. Using mean centering
does not affect the cluster results, but it often makes it easier to compare the mean values on each variable for
each cluster.
Table 4.5 displays the means for the variables across all 100 observations. Mean-centered values for each variable
can be obtained by subtracting the mean from each observation. The HBAT researcher performs this task by using
the software’s compute function and entering the following instruction for each variable:
Standardization

X6C 5 X6 2 Mean 1 X6 2

Here X6C is the name given by the researcher to represent the mean centered values for X6, X6 is the variable itself,
and Mean 1 X6 2 represents the mean value for that variable (7.81 in this case). This process is repeated for each cluster
variable. Mean-centered variables retain the same information as the raw variables because the standard deviations are
the same for each clustering variable and its mean-centered counterpart. The mean for each mean-centered variable
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is zero, however, meaning that each mean-centered variable has this common reference point. This is simply a way of
recoding the variables to have a common mean. The common mean may make it easier to interpret the cluster profiles.
StAGe 3: ASSUMPtionS in cLUSteR AnALYSiS
In meeting the assumptions of cluster analysis, the researcher is not interested in the statistical qualities of the data
(e.g., normality, linearity, etc.) but instead is focused primarily on issues of research design. The two basic issues to
be addressed are sample representativeness and multicollinearity among the clustering variables.
Sample Representativeness A key requirement for using cluster analysis to meet any of the objectives discussed

in stage 1 is that the sample is representative of the population of interest. Whether developing a taxonomy, looking
for relationships, or simplifying data, cluster analysis results are not generalizable from the sample unless representativeness is established. The researcher must not overlook this key question, because cluster analysis has no way to
determine if the research design ensures a representative sample.
The sample of 100 HBAT customers was obtained through a random selection process from among the entire
customer base. All issues concerned with data collection were addressed adequately to ensure that the sample is representative of the HBAT customer base. Thus, we can extend the sample findings to the population of HBAT customers.
Multicollinearity If there is multicollinearity among the clustering variables, the concern is that the set of cluster-

ing variables is assumed to be independent, but may actually be correlated. This may become problematic if several
variables in the set of cluster variables are highly correlated and others are relatively uncorrelated. In such a situation,
the correlated variables influence the cluster solution much more so than the several uncorrelated variables.
As indicated earlier, the HBAT research team minimized any effects of multicollinearity through the variable
selection process. That is, they chose cluster variables based on the findings of the previous exploratory factor
analysis, with X6, X8, X12, and X18 representing the four factors found in Chapter 3 and X15 a variable not included
among the variables in the factors.
StAGeS 4–6: eMPLoYinG HieRARcHicAL AnD nonHieRARcHicAL MetHoDS
In applying cluster analysis to the sample of 100 HBAT customers, the research team decided to use both hierarchical
and nonhierarchical methods in combination. To do so, they followed a two-part process:
Part 1 Partitioning: A hierarchical procedure was used to identify a preliminary set of cluster solutions as a

basis for determining the appropriate number of clusters.
Part 2 Fine Tuning: Use of a nonhierarchical procedures to “fine-tune” the results and then profile and validate

the final cluster solution. The hierarchical and nonhierarchical procedures from IBM SPSS and SAS are
used in this analysis, and comparable results would be obtained with most other clustering programs.
PARt 1: HieRARcHicAL cLUSteR AnALYSiS (StAGe 4)
In this step, we utilize the hierarchical clustering procedure’s advantage of quickly examining a wide range of cluster
solutions to identify a set of preliminary cluster solutions. This range of solutions is then analyzed by nonhierarchical
clustering procedures to determine the final cluster solution. Our emphasis in the hierarchical analysis, therefore, is
on Stage 4 (the actual clustering process). The profiling and validation stages (Stages 5 and 6) are then undertaken
in step 2—the nonhierarchical process. In the course of performing the hierarchical cluster analysis, the researcher
must perform a series of tasks:
Step 1: Select the clustering algorithm.
Step 2: Generate the cluster results, check for single member or other inappropriate clusters and respecify

cluster analysis as needed.
Step 3: Select the preliminary cluster solution(s) by applying the stopping rule(s).
Step 4: Profile the clustering variables to identify the most appropriate cluster solutions.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

236

Section II Interdependence Techniques

In doing so, the researcher must address methodological issues as well as consider managerial and clustering
objectives to derive the most representative cluster solution for the sample. In the following sections, we will discuss
both types of issues as we address the tasks listed above.
Step 1: Selecting a Clustering Algorithm Before actually applying the cluster analysis procedure, we must first
ask the following question: Which clustering algorithm should we use? Combined with the similarity measure
chosen (squared Euclidean distance), the clustering algorithm provides the means of representing the similarity
between clusters with multiple members. Ward’s method was selected because of its tendency to generate clusters
that are homogeneous and relatively equal in size. Hopefully this will also minimize the emergence of small clusters
or outliers.
Step 2: Initial Cluster Results With the similarity measure and clustering algorithm defined, the HBAT research

team can now apply the hierarchical clustering procedure. The results must be reviewed across the range of cluster
solutions to enable us to identify any clusters that may need to be deleted due to small size or other reasons (outliers,
unrepresentative, etc.). After review, any identified clusters or data are deleted and the cluster analysis is run again
with the reduced dataset.
In IBM SPSS, the clustering schedule contains the following information:
●

●

●

●

●

Stage: Recall that the stage is the step in the clustering process where the two most similar clusters are
combined. For a hierarchical process, there are always N 2 1 stages, where N is the number of observations
being clustered. In this HBAT analysis there is a sample size of 100 resulting in 99 stages.
Clusters Combined: Information detailing which two clusters are combined at each stage. Clusters are labeled by
the ID of one of the members of the cluster.
Agglomeration Coefficient: Measures the increase in heterogeneity (reduction in within cluster similarity) that
occurs when two clusters are combined. For most hierarchical methods, the agglomeration coefficient is the
distance between the two closest observations in the clusters being combined.
Stage Cluster First Appears: Identifies the prior stage at which each cluster being combined was involved.
Values of zero indicate the observation is still a single member cluster. That is, the observation has never been
combined before that stage.
Next Stage in Which New Cluster Appears: Denotes the next stage at which the new cluster is combined with
another cluster.

We can use this information to understand the clustering process at each stage and even follow a cluster
throughout the process. Table 4.8 shows a portion of the clustering schedule produced by the hierarchical
cluster results. For example, in stage 1 observations 3 and 94, each a single member cluster, combine to create
the first cluster with more than one observation. The agglomeration coefficient (which is a within-subjects
sum of squares when using Ward’s algorithm) is only 0.080. The hierarchical process concludes (stage 99)
when cluster 1 combines with cluster 6 to form a single cluster (all 100 observations) with an agglomeration
coefficient of 812.8.
eVALUAtinG cLUSteR SiZeS FoR SinGLe MeMBeR cLUSteRS oR oUtLieRS The agglomeration schedule contains information
that helps in identifying either single-member or very small clusters that may be included in the final cluster solutions
or act as outliers. Single-member clusters (i.e., observations that have not joined a cluster) are uniquely identified
by a zero in the columns Stage Cluster First Appears. In Table 4.8 we can see that in stage 1, observations 3 and 94
are joined and they are both single-member clusters. In stage 2, two different single-member clusters are joined
together. Then, in stage 18, the cluster formed in stage 1 (observations 3 and 94) is joined with a single-member
cluster (observation 38).
We can use this clustering information to identify when single-member clusters are joined much later in the
process and are thus likely to be outliers. Obviously if single-member clusters are joined within the set of possible

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

237

Chapter 4 Cluster Analysis

table 4.8 Partial Agglomeration Schedule for initial HBAt Hierarchical cluster Solution
Agglomeration Schedule
cluster combined
Stage

Stage cluster First Appears

cluster 1

cluster 2

cluster 1

cluster 2

1

3

94

coefficients
.080

0

0

18

2

75

96

.180

0

0

62

.

.

.

.

.

.

.

.

.

.

.

.

.

.

18

3

38

1

0

67

.

.

.

.

.

.

.

.

.

.

.

.

.

.

74

2

98

120.542

59

0

92

75

6

87

125.83

0

0

89

76

32

84

131.506

54

0

86

77

3

50

137.566

67

62

83

.

.

.

.

.

.

.

.

.

.

.

.

.

.

98

6

11

659.781

97

95

99

99

1

6

812.825

96

98

0

6.065

next Stage

Note: Stages 3–17, 19–73, and 78–97 have been omitted from the table.

cluster solutions, these observations would be deleted as outliers or else a cluster solution would contain a cluster
with a single member.
But we should also examine a broader set of cluster solutions to identify any “late” single-member clusters which
actually represent outliers. In Table 4.8, for example, stage 75 is where we see that observation 6 is combining with
observation 87 to form a cluster. Both are single-member-clusters since under the columns labeled Stage Cluster First
Appears we see that both have values of zero (indicating they had never joined before). Recall in our earlier discussion
of outliers in the HBAT data that these two observations were indicated as the most dissimilar observations in the
sample and possibly outliers. At this point, with this additional information, the researcher decides observations
6 and 87 should be removed as outliers. Thus, the cluster analysis will be run again (respecified) after observations
6 and 87 are removed. Observation 84 also remains a single-member cluster until late in the process (stage 76), but
we decide to keep it because it did not display as high an average distance from the other observations.
One issue in evaluating the agglomeration schedule is that there is no information as to the size of the clusters
being joined except for single member clusters which we discussed earlier. An important task is to identify if possible
clusters of unacceptable size before we select a final cluster solution since we will just have to delete the cluster(s) of
unacceptable size and start the analysis again. There are several ways we can use the agglomeration schedule toward
this goal. First, we can anticipate if smaller clusters are being joined by using the Stage Cluster First Appears values
to estimate cluster size. Most likely clusters formed at earlier stages are smaller, so if the values in these columns is
relatively small, it may indicate a smaller cluster. The researcher may also find it useful to examine the column Next
Stage for earlier cluster solutions that are small to make sure they are joined before the range of final cluster solutions
is evaluated. For example, if two single member clusters were joined and they had a value of 95 in Next Stage, that
would indicate that they would be present in all of the cluster solutions for Stages 94 and higher. In this analysis, the
only problematic cluster looks to be that from Stage 75 discussed earlier. When we view its value for Next Stage, we
see Stage 89, which indicates it joined with another cluster in the 11 cluster solution. So it should not be a problem
when considering cluster solutions of 10 or less. A final approach is to save the cluster solution at the maximum
number of clusters to be considered and make sure that all the clusters at that point are at acceptable sizes. In this
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analysis when we view the 10 cluster solution, all of the clusters at that stage are at or above the minimum cluster
size of 5, so we can proceed knowing that an unacceptably small cluster will not exist in the range of potential cluster
solutions None of these quick checks are sufficient by itself, but in combination they are aimed at eliminating outliers
and avoiding the selection of a cluster solution which contains clusters of unacceptable size.
Changes in the agglomeration coefficients can be used along with a number of other diagnostic measures as
stopping rules to help identify the appropriate number of clusters. We discuss this process in the next section.
A final perspective on the agglomeration process is with the dendrogram, a tree-like structure which
depicts each stage of the clustering process. Typically, the graph is scaled, so that closer distances between combinations indicate greater homogeneity. The dendrogram is not reproduced here as its size makes it unreadable, but it
displays the same pattern as shown in the agglomeration schedule.

DenDRoGRAM

Step 3: Respecified Cluster Results The deletion of two observations requires that the cluster analysis be
performed again on the remaining 98 observations. We now discuss the findings of the new cluster analysis, including examining cluster sizes and the clustering criteria.
eVALUAtinG cLUSteR SiZeS The process proceeds as before, with the respecified cluster results first examined for inappropriate cluster sizes. Even though two outliers were eliminated for this analysis, the researcher should still examine
the results for any additional single member or extremely small clusters that occur and remove them from further
analysis. Examination of the new clustering schedule did not reveal any additional outliers. Moreover, when the ten
cluster solution is examined. All of the cluster sizes are above the desired minimum of five observations.
Researchers should be cautioned against “getting into a loop” by continually deleting small clusters and then
respecifying the cluster analysis. Judgment must be used in accepting a small cluster and retaining it in the analysis at
some point. Otherwise, you may find that the process will start to delete small, but representative, segments. The most
problematic small clusters to retain are those that do not combine until very late in the process. But small clusters
that are merged in the higher ranges of cluster solutions may be retained. Further, when applying a two-step cluster
approach, hierarchical followed by nonhierarchical, final cluster sizes are uncertain until the second step. For several
reasons, therefore, care should be taken in deleting small clusters even if they contain slightly fewer observations
than would be considered managerially useful.
Selection of the linkage method and calculation of similarity also can have a substantive impact in this regard.
For example, the HBAT research team chose Ward’s algorithm as the clustering method. This reduces the chance of
finding small clusters, because it tends to produce clusters of equal size. Quite different results might be expected is
methods such as singe linkage or centroid methods were employed instead.
USinG tHe DenDRoGRAM. As noted earlier, the dendrogram is a graphical tree-like depiction of the agglomerative
process. While it has limited value as in selecting a specific cluster solution, it does provide a more qualitative
assessment of the various cluster solutions in terms of relative size and the changes in heterogeneity across the range
of solutions. We can see several characteristics of the clustering process in Figure 4.13, including indications of the
two- and five-cluster solutions:
●

●

●

As we will see in the next section examining the clustering schedule in more detail, the final stage involves joining two equally sized clusters. This is depicted in the dendrogram in the connection of the two clusters at the
top of the dendrogram.
Below this, we see the agglomerative process for each of those two clusters where they are progressively “built
up” by the combination of smaller clusters. If we look across the lower portion, we can see emerging clusters,
even distinguishing a five-cluster solution of more distinctiveness among the observations
Finally, we can see that there are no single-member clusters in the later stages of the clustering process since
they would be represented by single narrow lines extending upward.

The dendrogram in many instances can provide a useful perspective on the clustering process. Its primary
limitation is that is becomes less useful as the sample size increases and is not possible to construct for even
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Figure 4.13
Dendrogram For Reduced HBAt cluster Sample
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Note: Adapted from SAS output.

reasonably-sized samples. Here HBAT has only 100 observations and the dendrogram becomes difficult to
view in totality. But where possible its use can provide insight into the more quantitative stopping rules
discussed below.
DeteRMininG tHe PReLiMinARY HieRARcHicAL cLUSteRinG SoLUtion(S) With all of the individual clusters in the ten-cluster
solution (the maximum number of clusters considered by HBAT team) meeting the minimum cluster size of five
observations, we are assured of the appropriateness of the clustering solution in terms of cluster sizes and the impact
of outliers. But we still have not addressed the fundamental question: What is the final cluster solution? We should
note that in most situations a single final solution will not be identified in hierarchical analysis. Rather, a set of preliminary cluster solutions is identified. These cluster solutions form the basis for additional profiling and then possible
submission to a nonhierarchical analysis from which a final cluster solution is selected. Even though a final cluster
solution is not identified at this stage, the researcher must make a critical decision as to how many clusters will be
used in the profiling and nonhierarchical analysis. Hopefully, the decision will be relatively clear and the potential
cluster solution can be determined. However, researchers routinely decide that a small number of cluster solutions
rather than just a single cluster solution emerge from the nonhierarchical procedures. Further analysis of multiple
cluster solutions generally provides assurance as to how many clusters are most appropriate.

The following discussion will focus on the various stopping rules available for hierarchical
analyses and then identify a cluster solution(s) for further profiling and use in the nonhierarchical analysis.
ALteRnAtiVe StoPPinG RULeS
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Percentage Changes in Heterogeneity As discussed earlier, the fundamental principle in all stopping rules is to assess
the changes in heterogeneity between cluster solutions. The basic rationale is that when large increases in heterogeneity occur in moving from one stage to the next, the researcher selects the prior cluster solution because the new
combination is joining quite different clusters.
The agglomeration coefficient is particularly useful for this stopping rule. Small coefficients indicate that fairly
homogeneous clusters are being merged, whereas joining two very different clusters results in a large coefficient.
Because each combination of clusters results in increased heterogeneity, we focus on large percentage changes in
the coefficient, similar to the scree test in exploratory factor analysis, to identify cluster combination stages that are
markedly different. The only caveat is that this approach, although a fairly accurate algorithm, has the tendency to
indicate too few clusters.
Table 4.9 contains information from the later stages of the clustering schedule (Stages 90 through 97) for the
reduced sample. In this situation we only provided information from the seven-cluster solution forward since this
was the upper limit desired by HBAT management. The first four columns contain information similar to that in
Table 4.8. However, three additional columns have been added to facilitate an understanding of this solution. The
fifth column states the number of clusters that exist upon completing this stage. A sixth column shows the differences in the agglomeration coefficients between a particular stage and the next combination. In other words, it
shows how much smaller the coefficient is compared to the next stage. Recall that these coefficients also indicate
how much heterogeneity exists in the cluster solution. Thus, the differences indicate how much the heterogeneity
increases when you move from one stage to the next and this stopping rule is based on calculating the percentage
change in the clustering coefficients for these final stages. Two points worth remembering in interpreting these
solutions are:
●
●

By their nature, the size of the agglomeration coefficient gets larger toward the end of the cluster solution.
Applying a stopping rule is not an exact science.

We now look for relatively large increases in the agglomeration coefficients. The agglomeration coefficient shows
rather large increases in going from stages 94 to 95 (465.38 versus 536.24), stages 95 to 96 (536.24 versus 613.79), and
stages 96 to 97 (613.79 versus 752.50). The average percentage increase for all stages shown (90 to 97) is 14.2 percent
and serves as a rough guide in determining what a large increase is. A graphical depiction of the percentage change
is shown in Figure 4.13. Let’s examine each stage in more detail to understand how they assist in selecting a final
cluster solution.
●

●

●

Stages 96 and 97 (two to one cluster): Here we condense a two-cluster solution at Stage 96 into a one-cluster
solution containing all 98 observations at Stage 97. Combining the two clusters into one yields a percentage
increase of 22.6 percent 1 1 752.50 2 613.79 2 /613.79 5 .226 2 Although this is the largest increase, cluster
solutions almost always show a large increase at this point indicating a possible two-cluster solution. Yet a twocluster solution also may represent limited value in meeting many research objectives. Researchers must avoid
the temptation to say the two-cluster solution is the best, because it involves the largest change in heterogeneity. A two-cluster solution must be supported by strong theoretical reasoning. For these reasons we will not
consider a two-cluster solution for further analysis.
Stages 95 and 96 (three to two clusters): The percentage increase associated with moving from three to two
clusters is 14.5 percent 1 1 613.79 2 536.24 2 /536.24 2 , the second highest if we exclude moving from two to one
cluster. Yet is it only slightly above the increase when moving from five to four clusters (see discussion below),
so will remain as a possible alternative cluster solution for further consideration.
Stages 94 and 95 (four to three clusters): The highest percentage increase, excluding moving from two to
one clusters, is found when moving from the four-cluster (Stage 94) to the three-cluster solution (Stage 95):
15.2 percent 1 1 536.24 2 465.39 2 /465.39 2 . As such, the cluster solution associated with four clusters is associated with proportionately less heterogeneity than is the three-cluster solution. The higher value than other
possible cluster solutions provides strong support for consideration as a final cluster solution.
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table 4.9 Agglomeration Schedule and Percentage change in Heterogeneity for the Reduced HBAt cluster
Sample
Proportionate
combined

number of

increase in

clusters After

Heterogeneity

Stage

cluster 1

with cluster:

coefficient

combining

Differences

to next Stage

Stopping Rule

90

1

2

297.81

8

28.65

9.6%

HBAT not interested in

91

22

27

326.46

7

39.11

12.0%

this many clusters.
Increase is larger
than the previous
stage, arguing against
combination.
92

1

5

365.56

6

41.82

11.4%

Increase is relatively
small, favoring
combination to five
clusters.

93

7

10

407.38

5

58.01

14.2%

Increase is larger than
the previous stage,
favoring five to four
clusters.

94

1

4

465.39

4

70.86

15.2%

Increase is relatively
large, favoring four
clusters over three and
suggests a possible
stopping point.

95

7

22

536.24

3

77.55

14.5%

Increase is relatively
large and favors a
three-cluster solution
over a two-cluster
solution.

96

7

9

613.79

2

138.71

22.6%

Increase from two to
one is relatively large
(the increase from
two to one is normally
large).

97

1

7

752.50

1

—

One-cluster solution
not meaningful.

●

●

Stages 93 and 94 (five to four clusters): Here we see a percentage increase of 14.2 percent, almost equal to that
seen for Stages 95/96 and only slightly below the 15.2 percent seen for Stages 94/95. Using more of a scree plot
logic, an argument can be made that this would be a stopping point.
Stages 90, 91 and 92: All of the percentage increases associated with these stages are below the average and less
than all the stages following them in the process. They would not be likely candidates for a final cluster solution
unless the research objectives necessitated a much larger number of clusters.

Let’s review the possibilities for selecting one or more cluster solutions using the percentage change in heterogeneity as our stopping rule.
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While the two-cluster solution is associated with the highest percentage change in heterogeneity, it will not be
considered as a final cluster solution given the expected large increase in heterogeneity associated with this
stage and its limited usefulness in meeting the research objectives
The four-cluster solution has the next highest percentage change in heterogeneity and will be considered in
further analyses.
The three-cluster and five-cluster solutions are plausible candidates to compare with a four-cluster solution,
particularly if the four-cluster solution proves difficult to interpret or has otherwise undesirable characteristics.

These findings are indicative of the somewhat subjective nature of selecting a cluster solution(s). In this example,
several clusters solutions are quite comparable in terms of their associated percentage change in heterogeneity. As a
result, we will examine several other stopping rules to see what additional information they can provide in selecting
a final cluster solution.
Statistical Measures of Heterogeneity Change In addition to the percentage change in heterogeneity, there is also the
Pseudo T2 measure which evaluates the statistical significance of changes in heterogeneity when joining clusters. The
Pseudo T2 values are calculated for the combined clusters, so when we see a large value we “back up” to the previous
solution as the cluster solution with less heterogeneity. Table 4.10 and Figure 4.15 show the Pseudo T2 values for
the final stages of the clustering process. We can see that outside of combining all observations into a single cluster
(the last stage in the prior clustering schedule), the highest values are for clusters solutions of three and four clusters, indicating the cluster solutions of four and five clusters are most appropriate for consideration, followed by a
three-cluster solution. This corresponds to our conclusions drawn from the percentage changes in heterogeneity.
Direct Measure of Heterogeneity The CCC value indicates the heterogeneity at each stage of the clustering process,
with higher values indicating the more homogeneous cluster solutions. As we view the CCC values in Table 4.10 and
Shown in Figure 4.15, we see that none of the cluster solutions are particularly distinctive as indicated by “peaks”
in the values. As seen in many situations, the values are all negative, which indicative of more homogenous samples
and/or the presence of outliers. Given the elimination of outliers, the CCC supports the results of the other stopping
rules which indicates a broader range of solutions, all relatively similar.
Statistical Significance of Cluster Variation The final stopping rule measure is the Pseudo F statistic, which is a measure of
the homogeneity of each cluster solution. As with the CCC, we should select cluster solutions with relatively higher
values of the Pseudo F value. As we review the values in Table 4.10 and Figure 4.15, we see little variation across the
cluster solutions, a common pattern across all of the stopping rules, with a five- cluster solution having a slightly
higher value than the other solutions being considered.
Selecting a Hierarchical Cluster Solution As we have seen across all of the stopping rules, the three-, four- and fivecluster solutions are quite similar in terms of their structure. In some instances the four- or five-cluster solution
is indicated, but never with a marked difference from these other solutions. As a result, the four-cluster solution
will be selected as the cluster solution for consideration in subsequent profiling and as the starting point for the
table 4.10 Additional Stopping Rule Measures for Reduced HBAt cluster Sample
number of clusters

cubic clustering criterion

Pseudo F Statistic

Pseudo t-Squared

10

23.5

19.2

6.2

9

23.8

19.4

9.9

8

24.2

19.6

9.8

7

24.7

19.8

10.6

6

25.6

19.5

11.4

5

26.3

19.7

11.6

4

26.4

19.3

13.9

3

24.9

19.2

13.9

22.3

21.7

12.9

.

21.7

2
1

0.00
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Figure 4.14
Stopping Rule: Percent change in
Heterogeneity
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0.2
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Figure 4.15
Additional Stopping Rules: Direct Measures and a Statistical Measure of change in Heterogeneity
Criteria for the Number of Clusters
0

CCC

–2
–4
–6

Pseudo F

20
15
10
5

Pseudo t-squared

0
20
15
10
5
0
0

2

4

6

8

10

Number of Clusters

nonhierarchical process. As can be seen from application of all of these stopping rules there many times is no single
definitive cluster solution, rather a set of potential cluster solutions for further consideration. This highlights both
the need for a rigorous validation process as well as the judgment of researchers as to which cluster solution best
meets the research objectives.
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Before proceeding to the nonhierarchical analysis, we will profile the
clustering variables for the four-cluster solution to confirm that the differences between clusters are distinctive and
significant in light of the research question and to define the characteristics of the clusters. The profiling information
is shown in Figure 4.16.
Let us examine the distinctiveness first. At the far right side of the figure are the F statistics from one-way ANOVAs
that examine whether there are statistically significant differences between the four clusters on each of the five clustering variables. The independent variable is cluster membership (which of the four clusters each of the 98 observations
were placed in by the clustering process), and the dependent variables are the five clustering variables. The results
show there are significant differences between the clusters on all five variables. The significant F statistics provide
initial evidence that each of the four clusters is distinctive. This is generally the outcome for the clustering variables
as this is the primary task of the clustering algorithm. If variables are found to not be significantly different, they are
candidates for elimination since they do not provide a means of distinctiveness across the clusters.

Step 4: Profiling the Clustering Variables

Means from Hierarchical cluster Analysis
Mean Values Cluster Number:
Variable

Mean-Centered Values Cluster Number:

1

2

3

4

X6 Product Quality

8.21

8.04

5.97

8.18

X8 Technical Support

5.37

4.04

6.16

X12 Salesforce Image

4.91

5.69

6.12

X15 New Products

3.97

6.63

X18 Delivery Speed

3.83

4.14

49

18

Cluster sample sizes

1

2

0.40

0.23

—1.84

3

F

Sig

0.37

4

14.56

0.000

6.47

0.00

—1.33

4.42

—0.02

0.57

0.78

1.09

12.64

0.000

1.00

—0.72

11.80

0.005

5.51

6.28

—1.18

1.45

4.37

3.45

—0.06

0.25

0.36

1.13

62.74

0.000

0.48

—0.44

5.49

14

17

49

18

14

0.002

17

Figure 4.16
Profile of Four clusters from
Hierarchical cluster Analysis
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Now we examine the means of the five-cluster variables to address the profile of each cluster, what clustering
variables are high or low and how it corresponds to the research objectives. This stage is particularly important if
selecting a relatively small number of clusters. For example, many two-cluster solutions have one cluster as high
on all variables and the other cluster as low on all variables. Or a three-cluster solution may generate clusters that
a relatively high, moderate and low on all variables. These types of solutions may be useful in some situations, but
many times the research is looking for more varied profiles (e.g., high on some clustering variables and low on other
variables). It may be necessary to select cluster solutions with larger number of cluster to see these patterns emerge.
This stage in the profiling process is based on interpretation of both the mean values and the mean-centered
values. Cluster 1 contains 49 observations and has a relatively lower mean on X15 (New Products) than the other three
clusters. The means of the other three clusters are somewhat above average. Cluster 2 contains 18 observations and
is best characterized by two variables: a very low mean on X8 (Technical Support) and the highest score on X15 (New
Products). Cluster 3 has 14 observations and is best characterized by a relatively low score on X6 (product quality).
Cluster 4 has 17 observations and is characterized by a relatively low score on X12 (Salesforce Image). These results
indicate that each of the four clusters exhibit somewhat distinctive characteristics. Moreover, no clusters contain less
than 10 percent of observations. Therefore, the four-cluster solution is sufficiently favorable to indicate moving on
to nonhierarchical clustering. The cluster sizes will change in the nonhierarchical analysis and observations will be
reassigned. As a result, the final meanings of the four clusters will be determined in the nonhierarchical analysis.
PARt 2: nonHieRARcHicAL cLUSteR AnALYSiS (StAGeS 4–6)
The hierarchical clustering method facilitated a comprehensive evaluation of a wide range of cluster solutions. These
solutions were impacted, however, by a common characteristic—once observations are joined in a cluster, they are
never separated (reassigned) in the clustering process. In the hierarchical clustering process, we selected the algorithm (Ward’s) that minimized the impact of this process. But nonhierarchical clustering methods have the advantage of being able to better “optimize” cluster solutions by reassigning observations until maximum homogeneity
(similarity) within clusters is achieved.
This second part in the clustering process uses results of the hierarchical process to execute nonhierarchical clustering. Specifically, the number of clusters is determined from the hierarchical results. Nonhierarchical procedures
then develop “optimal” cluster solutions. The cluster solutions are then compared in terms of criterion validity as
well as applicability to the research question to select a single solution as the final cluster solution.
The primary objective of the second part is using
nonhierarchical techniques to adjust, or “fine-tune,” the results from the hierarchical procedures. In performing a
nonhierarchical cluster, researchers must make two decisions:

Stage 4: Deriving Clusters and Assessing Overall Fit

1 How will seed points for the clusters be generated?
2 What clustering algorithm will be used?
The following discussion addresses both of these points by demonstrating how to use the hierarchical results to
improve the nonhierarchical procedure.
The first task in nonhierarchical cluster analysis is to select the method for specifying
cluster seeds. The cluster seeds are the initial starting point for each cluster. From there, the clustering algorithm assigns
observations to each seed and forms clusters. There are two methods for selecting cluster seed points: generation from
the sample by the cluster software (i.e., random selection of observations to act as seed points) and specification by the
researcher. The most common approach is the use of sample-generated seed points, either because there is not a hierarchical analysis to rely upon or generating the seeds points is too cumbersome. Sample-generated methods sometimes
produce clusters that are difficult to replicate across samples because different observations are selected as seed points
for each analysis, plus they have no direct relationship to the hierarchical results except for the number of clusters.
In contrast, researcher-specified cluster seeds provide some conceptual or empirical basis for selecting the seed
points. Researcher-specified methods reduce problems with replicability, but choosing the best seed points can be

SPeciFYinG cLUSteR SeeD PointS
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difficult, and with some software packages inserting researcher determined cluster seeds is complicated. In most
instances researcher-specified cluster seeds are based on the hierarchical solution. This involves either selecting
a single observation from each cluster to represent the cluster or, more commonly, to use the cluster centroids as
the seed points. Note that deriving the cluster centroids typically requires additional analysis to (a) select the cluster
solution(s) to be used in the nonhierarchical analysis and (b) to derive the centroids by profiling each cluster solution.
These profiles are not typically generated in the hierarchical analysis, because doing so requires a tremendous effort,
as N 2 1 cluster solutions (97 solutions in the HBAT example) are generated, and deriving a profile for each would
be time consuming and inefficient. In our example, all five clustering variables will be used in the nonhierarchical
analysis. Thus, the cluster seed points would require initial values on each variable for each cluster.
To illustrate the most common approach, the research team decides to use the random initial seed points identified by the
software. These seed points are affected by the ordering of the observations in the data file. To evaluate cluster solution stability,
some researchers reorganize the data (change the order of the observations) and rerun the cluster analysis. If the cluster solutions change substantially, which indicates they are highly unstable, researcher-specified seed points may be need to be used.
SeLectinG A cLUSteRinG ALGoRitHM The analyst must now select the clustering algorithm to be used in forming clusters.

A primary benefit of nonhierarchical methods is that since each cluster solution is a separate analysis, with cluster
membership for one cluster solution (e.g., four clusters) totally separate from another cluster solution (e.g., five
clusters). This is in contrast to hierarchical methods, where cluster solutions formed later in the clustering process
are directly based on combining two clusters formed earlier in the process. Moreover, nonhierarchical cluster methods also have the ability to develop final cluster assignments that are not based on the order in which observations
are processed. This is because observations assigned to a particular cluster early in the clustering process can later
be reassigned (moved from one cluster to another) to another cluster formed later in the process if that improves
cluster homogeneity. For these reasons, nonhierarchical methods are generally preferred, when possible, for their
“fine-tuning” of an existing cluster solution from a hierarchical process.
For the HBAT example, we selected the optimizing algorithm in IBM SPSS that allows for reassignment of
observations among clusters until a minimum level of heterogeneity is reached. Using this algorithm, observations
are initially grouped to the closest cluster seed. When all observations are assigned, each observation is evaluated to
see if it is still in the closest cluster. If it is not, it is reassigned to a closer cluster. The process continues until the homogeneity within clusters cannot be increased by further movement (reassignment) of observations between clusters.
With the cluster seeds and clustering algorithm specified, the clustering process can begin. To
execute the nonhierarchical cluster, we specify the number of clusters as four, based on the results of the hierarchical cluster solution. Using the k-means optimizing algorithm, the process continues to reassign observations until
reassignment will not improve within-cluster homogeneity.
Results from the nonhierarchical four-cluster solution are shown in Figure 4.17. There are two notable differences
between the hierarchical and nonhierarchical results:

FoRMinG cLUSteRS

●

●

Cluster Sizes. The nonhierarchical solution, perhaps due to the ability to reassign observations between
clusters, has a more even dispersion of observations among the clusters. As an example, nonhierarchical
analysis resulted in cluster sizes of 25, 29, 17, and 27, compared to clusters of 49, 18, 14, and 17 in the
hierarchical analysis.
Significance of Clustering Variable Differences. Another fundamental difference between the two cluster
solutions is the ability of the nonhierarchical process to delineate clusters that are usually more distinctive than
the hierarchical cluster solution. Figure 4.17 includes ANOVA results showing the differences in variable means
across four clusters. Given that the five clustering variables were used to produce the clusters, the results should
be statistically significant. The F-values indicate that the means of four of the five variables are significantly
different. Only the means of X18 (delivery speed) are not significantly different across groups. In fact, three of
the five clustering variables have very large F-values (X6, X8, and X15). Thus, the nonhierarchical results suggest
that the cluster solution is adequately discriminating observations, with the exception of X18, delivery speed.
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Figure 4.17
Profile of Four clusters from K-Means cluster Solution
Mean Values Cluster Number:
Variable

1

2

3

4

Mean-Centered Values Cluster Number:
1

2

3

4

F

Sig

X6 Product Quality

8.25

8.91

8.18

6.14

0.44

1.10

0.37

—1.67

55.06

0.000

X8 Technical Support

4.40

6.80

3.92

5.86

—0.97

1.43

—1.44

0.50

45.56

0.000

X12 Salesforce Image

4.70

4.89

5.49

5.59

—0.42

—1.33

0.37

0.47

4.56

0.005

X15 New Products

3.83

5.25

6.75

5.01

—1.32

0.10

1.60

—0.14

25.56

0.000

X18 Delivery Speed
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3.89

4.05

3.98

—0.17

0.01

0.17

0.10

0.88

0.002
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The nonhierarchical clustering process produced a four-cluster solution based on the software-generated seed
points. Further analysis in terms of profiling the solutions and assessing their criterion validity will provide the
elements needed to select a final cluster solution.
The HBAT research team first characterizes the clusters by analyzing the pattern of cluster means and mean-centered values shown in Figure 4.17, which are plotted in the profile
diagram in the figure. Interpretation begins by looking for extreme values associated with each cluster. In other
words, variable means that are the highest or lowest compared to other clusters are useful in distinguishing between
the clusters on the clustering variables.

Stage 5: Profiling the Clustering Variables

●

Cluster 1 has 25 observations and is most distinguished by a relatively low mean for new products 1 X15 2 . The
means for the other variables (except product quality) also are relatively low. Thus, this cluster represents a market
segment characterized by the belief that HBAT does not perform well in general, particularly in offering new
products, and the overall lower means suggest this segment is not a likely target for new product introductions.
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Cluster 2 has 29 observations and is most distinguished by relatively higher means on technical support 1 X8 2
and on product quality 1 X6 2 . Therefore, HBAT interprets this market segment as believing that HBAT provides
strong support for its high-quality products. HBAT believes this is a favorable segment for other products and
services. This is the largest cluster.
Cluster 3 has 17 observations and is distinguished by a relatively higher mean for new products 1 X15 2 . In
contrast, cluster 3 has a relatively lower mean for technical support 1 X8 2 . Thus, this segment suggests that
HBAT offers new and innovative products, but that its support of these new products is not very good. It should
be noted that the new product mean of 6.75, although the highest for any cluster, is still only moderate overall,
and HBAT could improve in this area even with this cluster. Cluster 3 is somewhat the opposite of cluster 2.
Cluster 4 has 27 observations and is distinguished by the lowest mean of all clusters on product quality 1 X6 2 .
All of the means of variable X6 in the other clusters are much higher. Moreover, the means on the other
clustering variables are relatively average for this cluster, with the exception of a somewhat higher mean on
salesforce image 1 X12 2 and technical support 1 X6 2 . Thus, the segment is characterized as one that indicates that
HBAT’s products are below average in quality, but the salesforce and technical support are slightly better than
average. This is the second largest cluster.

The cluster profiles offer the HBAT research team the ability to evaluate the usefulness of the four-cluster solution
in terms of the size of the clusters and the differentiated profiles of each. In this case, distinctive profiles of each cluster
provide a basis for differentiated approaches in appealing to each cluster. But the research team must still validate the cluster solution in terms of relevant outcome variables and their unique profiles on an additional set of identifying variables.
In this final stage, the processes of validation and profiling are
critical due to the exploratory and often atheoretical basis for the cluster analysis. Researchers should perform tests
to confirm the validity of the cluster solution while also ensuring the cluster solution has practical significance.
Researchers who minimize or skip this step risk accepting a cluster solution that is specific only to the sample and
has limited generalizability, or even little use beyond its mere description of the data on the clustering variables.

Stage 6: Validation and Profiling the Clusters

cLUSteR StABiLitY At this point, researchers often assess the stability of the cluster solution. Given that the software chose

the initial seed points, factors such as the ordering of the cases in the data can affect cluster membership. To do so, the
researcher can sort the observations in a different order and then perform the cluster analysis once again (with the new
starting point selected by the software, but with the same number of clusters specified). The cluster solutions can then
be compared to see if the same clusters are identified. A cross-classification of cluster membership between solutions
should reveal mostly matches between the two solutions. In other words, the observations that cluster together in one
analysis should for the most part cluster together in the subsequent cluster solution. This is best illustrated by an example.
The stability of the HBAT four-group nonhierarchical cluster solution is examined by comparing two different
solutions using sample-generated seed points. The researcher first sorts the observations into a different order. To
do so, the researcher selects a variable from the dataset and uses the IBM SPSS sort function to change the order of
the observations. In this case, the observations were sorted by customer type 1 X1 2 , ranging from those with the least
time doing business with HBAT to those with the most time doing business with HBAT. The k-means algorithm is
table 4.11 cross-classification to Assess cluster Stability
cluster number from Second K-Means
cluster number from First
K-Means

1

2

3

4

total

1

0

0

1

24

25

2

2

21

0

6

29

3

0

0

17

0

17

4

22

0

5

0

27

Total

24

21

23

30

98
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once again used to place observations into one of four clusters. Following the clustering routine, a cross-classification
is performed (much like a confusion matrix in discriminant analysis), using the cluster membership variable from
the first k-means solution as one variable and the cluster membership variable from the second k-means solution as
the other variable. The results are shown in Table 4.11.
Most observations are grouped with the same observations they clustered with in the first nonhierarchical
solution. Although cluster identifiers vary between solution, we see a high degree of correspondence between
solutions. For example, cluster 1 in the first solution becomes cluster 4 in the second solution (as indicated by the
24 in the first row, fourth column of the cross-classification), all but one of the observations ends up clustering
together. The one observation not staying together is now in cluster 3. For cluster 2, 8 of the 29 observations end
up not clustering together. All cluster 3 observations stay together. Cluster 4, which is now cluster 1, retains 22
of the 27 original members. Perfect cross-validation would appear if only one cell in each row or column of the
cross-classification contained a value. Thus, all but 14 observations have retained the same cluster membership
across solutions—a result that supports the validity of a four-cluster solution. In other words, the four-cluster
solution appears relatively stable with only 14 percent of the cases switching clusters between solutions. Additional
cluster analyses conducted based on sorting the data in a different way could be conducted to further examine
the stability of the data.
ASSeSSinG cRiteRion VALiDitY To assess predictive validity, we focus on variables that have a theoretically-based relationship to the clustering variables but were not included in the cluster solution. Given this relationship, we should
see significant differences in these variables across the clusters. If significant differences do exist on these variables,
we can draw the conclusion that the clusters depict groups that have predictive validity.
For this purpose, we consider four outcome measures from the HBAT dataset which have managerial relevance
to the research team:
●
●
●
●

X19 Satisfaction
X20 Likelihood to Recommend
X21 Likelihood to Purchase
X22 Purchase Level

table 4.12 Multivariate F Results Assessing cluster Solution criterion Validity
Variable

cluster number

cluster Mean

1

6.76

2

7.44

3

7.39

4

6.34

Multivariate F*

Univariate F*

Sig.

5.98

0.001

3.06

0.032

3.53

0.018

6.21

0.001

2.23
X19 Satisfaction

X20 Likely to Recommend

X21 Likely to Purchase

X22 Purchase Level

*

1

6.89

2

7.46

3

7.14

4

6.68

1

7.74

2

8.09

3

7.83

4

7.33

1

58.70

2

62.17

3

60.92

4

53.17

0.01

Multivariate F has 12,241 degrees of freedom and univariate Fs each have 3,94 degrees of freedom.
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A MANOVA model (see Chapter 6) was estimated using the four criterion validity variables as the dependent
variables and cluster membership as an independent variable. MANOVA was selected because the dependent variables are known to correlate with each other. Table 4.12 displays the results. First, the overall MANOVA model
is significant 1 F 5 2.23, P 5 .01 2 , providing initial support for the idea that these variables can be predicted by
knowing to which segment an HBAT customer belongs. The individual univariate F-statistics are also significant,
further verifying this finding.
The results demonstrate, therefore, that the cluster solution can predict other key outcomes, which provides
evidence of criterion validity. For example, cluster 2, which HBAT believed was receptive to more business based
on its cluster profile (described above), displays the highest scores on each of these key outcome variables. Thus,
HBAT will likely find the cluster solution useful in predicting other key outcomes and forming appropriate
strategies.
PRoFiLinG tHe FinAL cLUSteR SoLUtion The final task is to profile the clusters on a set of additional variables not included

in the clustering variate or used to assess predictive validity. The importance of identifying unique profiles on these
additional variables is in assessing both the practical significance and the theoretical basis of the identified clusters.
In assessing practical significance, researchers often require that the clusters exhibit differences on a set of additional
variables that can be used to identify them in the general population or the customer base.
In this example, five characteristics of the HBAT customers are available. These include X1 (Customer Type),
X2 (Industry Type), X3 (Firm Size), X4 (Region), and X5 (Distribution System). Each of these variables is nonmetric,
similar to the variable representing cluster membership for each observation. Thus, cross-classification is used to
test the relationships.
Results of the cross-classification are provided in Table 4.13. Significant chi-square values are observed for
three of the five profile variables. Several patterns are evident. For example, cluster 4 consists almost entirely of
customers from outside of the USA/North America (26 out of 27). In contrast, cluster 2 consists predominantly
of customers from the USA/North America. From these variables, distinctive profiles can be developed for each
cluster. These profiles support the distinctiveness of the clusters on variables not used in the analysis at any
prior point.
table 4.13 Results of cross-classification of clusters on X1, X2, X3, X4, and X5
Number of Cases Per Cluster
customer
characteristics
X1 Customer Type

1

2

3

4

total

Less than 1 year

8

5

5

12

30

1 to 5 years

8

6

6

15

35

More than 5 years

9

18

6

0

33

25

29

17

27

98

Magazine industry

8

21

10

12

51

Newsprint industry

Total 1 x2 5 10.1, p , .05 2

17

8

7

15

47

25

29

17

27

98

Small (0 to 499)

Large 1 5001 2

11

19

7

10

47

Total 1 x2 5 5.4, p . .1 2

14

10

10

17

51

25

29

17

27

98

USA/North America

14

14

8

1

39

Outside North America

Total 1 x2 5 28.3, p , .001 2

11

15

9

26

59

25

29

17

27

98

Indirect through broker

13

14

8

20

55

Direct to customer

12

15

9

7

13

25

29

17

27

98

Total 1 x2 5 24.4, p , .001 2
X2 Industry Type

X3 Firm Size

X4 Region

X5 Distribution system

Total 1 x2 5 5.2, p . .1 2
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A successful segmentation analysis not only requires the identification of homogeneous groups (clusters), but also
that the homogeneous groups are identifiable (uniquely described by other variables). When cluster analysis is used
to verify a typology or other proposed grouping of objects, associated variables—either antecedents or outcomes—
typically are profiled to ensure correspondence of the identified clusters within a larger theoretical model.
exAMininG An ALteRnAtiVe cLUSteR SoLUtion: StAGeS 4–6
The four-cluster solution was examined first because it had the largest reduction in the agglomeration schedule error
coefficient and this was generally supported by the other stopping rules(other than the two-group solution—see
Tables 4.9 and 4.10). The HBAT management team then considered looking at both the five-cluster and three- cluster
solutions. After reflection, management suggested that a smaller number of clusters would mean fewer market
segments to develop separate strategies, and the result would likely be lower costs to execute the strategies. Moreover,
the three-cluster solution not only had fewer clusters, but also exhibited the second largest increase in heterogeneity
from three clusters to two, indicating that three clusters are substantially more distinct than two. As a result, the
research team decided to examine the nonhierarchical three-cluster solution.
The results of the three-cluster solution are shown in Table 4.14. Cluster 1 has 44 customers, whereas clusters 2
and 3 each have 27 customers. Significant differences exist between the three clusters on three variables—X6, X12,
and X15—so the solution is discriminating between the three customer groups.
To interpret the clusters, we examine both the means and the mean-centered values. HBAT is perceived very unfavorably by cluster 1. Three of the variables (X12, X15, and X18) are rated very poorly, whereas X8 is only average (5.3).
Only X6 (Product Quality) is rated favorably (8.4). Thus, HBAT is definitely doing poorly with cluster 1 and needs
improvement. Cluster 2 views HBAT more favorably than does cluster 1 with one big exception. HBAT performs
slightly above average on four of the five variables (X8, X12, X15, and X18) according to cluster 2. The score on X12
(5.7) is clearly the highest among all clusters. However, its rating on X6 is 6.1. This is by far the lowest rating on this
variable across the three clusters. HBAT is therefore overall viewed slightly more favorably by cluster 2 than cluster 1,
but has an issue with perceived product quality relative to the other groups. Cluster 3 customers view HBAT relatively
favorably. Indeed, HBAT performs quite high on X6 (Product Quality) and the highest of all customer segments on
X15 (New Products). Thus, HBAT may consider maintaining an emphasis on newness and innovativeness among
customers in this group.
Criterion validity for the three-cluster solution was examined using the same approach as with the four-cluster
solution. Variables X19, X20, X21, and X22 were submitted to a MANOVA analysis as dependent variables, and the
independent variable was cluster membership. The overall F-statistic for the MANOVA, as well as the univariate
F statistics, were all significant, thus providing evidence of criterion validity.
The final task is to profile the three clusters so management can determine the characteristics of each cluster
and target them with different strategies. Results of the cross-classification are provided in Table 4.15. As was determined earlier, significant chi-square values are observed for three of the five profile variables. Several patterns are
evident. For example, cluster 2 consists entirely of customers from outside of the USA/North America (27 out of 27).

table 4.14 Means from K-Means three-cluster Solution
Mean Values Cluster Number:
Variable

Mean-Centered Values Cluster Number:

1

2

3

1

2

3

F

Sig

X6 Product Quality

8.4

6.1

8.7

0.58

21.70

0.91

79.78

0.000

X8 Technical Support

5.3

5.5

5.5

20.03

0.12

0.16

0.16

0.851

X12 Salesforce Image

4.8

5.7

5.1

20.31

0.61

20.04

6.90

0.002

X15 New Products

4.0

5.3

6.7

21.18

0.11

1.57

89.76

0.000

X18 Delivery Speed

3.7

4.1

4.0

20.14

0.19

0.09

1.98

0.144

Cluster sample sizes

44

27

27

44

27

27
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table 4.15 cross-classifications from three-cluster Solution
Number of Cases Per Customer
customer characteristics
X1 Customer Type

1

2

3

total

13

10

7

30

1 to 5 years

12

17

6

35

More than 5 years

19

0

14

33

44

27

27

98

Less than 1 year
Total 1 x2 5 29.2; p , .001 2

X2 Industry Type

X3 Firm Size

X4 Region

Magazine industry

20

14

17

51

Newsprint industry

Total 1 x2 5 2.1; p 5 .36 2

24

13

10

47

44

27

27

98

Small (0 to 499)

Large 1 5001 2

22

10

15

47

Total 1 x2 5 2.0; p 5 .37 2

22

17

12

51

44

27

27

98

USA/North America

25

0

14

39

Outside North America

19

27

13

59

44

27

27

98

Indirect through broker

20

21

14

55

Direct to customer

24

6

13

43

44

27

27

98

Total 1 x2 5 34.2, p , .001 2
X5 Distribution System

Total 1 x2 5 7.8, p , .05 2

In contrast, clusters 1 and 3 are rather evenly split between customers from the USA/North America. Other differences indicate that cluster 2 customers are not among the customers who have been with HBAT the longest. These
profiles also support the distinctiveness of the clusters on variables not used in the analysis at any prior point. Moreover, these findings can be used to develop different strategies for each customer cluster.
The question remains: Which cluster solution is best? Each solution, including the five-cluster solution,
which was not discussed, has strengths and weaknesses. The four-cluster and five-cluster solutions provide
more differentiation between the customers, and each cluster represents a smaller and more homogeneous set
of customers. In contrast, the three-cluster solution is more parsimonious and likely easier and less costly for
HBAT management to implement. So, ultimately, the question of which is best is not by determined by statistical
results alone.
A MAnAGeRiAL oVeRVieW oF tHe cLUSteRinG PRoceSS
The cluster analyses (hierarchical and nonhierarchical) were successful in performing a market segmentation of
HBAT customers. The process not only created homogeneous groupings of customers based on their perceptions
of HBAT, but also found that these clusters met the tests of predictive validity and distinctiveness on additional
sets of variables, which are all necessary for achieving practical significance. The segments represent quite different
customer perspectives of HBAT, varying in both the types of variables that are viewed most positively as well as the
magnitude of the perceptions.
One issue that can always be questioned is the selection of a “final” cluster solution. In this example, both
the three-cluster and four-cluster solutions exhibited distinctiveness and strong relationships to the relevant
outcomes. Moreover, the solutions provide a basic, but useful, delineation of customers that vary in perceptions,
buying behavior, and demographic profile. The selection of the best cluster solution needs to involve all interested parties; in this example, the research team and management both have to provide input so a consensus
can be reached.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 4 Cluster Analysis

253

Summary
Cluster analysis can be a very useful data-reduction technique. But its application is more an art than a science,
and the technique can easily be abused or misapplied. Different similarity measures and different algorithms can
and do affect the results. If the researcher proceeds cautiously, however, cluster analysis can be an invaluable tool in
identifying latent patterns by suggesting useful groupings (clusters) of objects that are not discernible through other
multivariate techniques. This chapter helps you to do the following:
Define cluster analysis, its roles, and its limitations. Cluster analysis is a group of multivariate methods whose
primary purpose is to group objects based on the characteristics they possess. Cluster analysis classifies objects
(e.g., respondents, products, or other entities) so that each object is very similar to others in the cluster based on
a set of selected characteristics known as clustering variables. The resulting clusters of objects should exhibit high
internal (within-cluster) homogeneity and high external (between-cluster) heterogeneity. If the process is successful, the objects within clusters will be close together when plotted geometrically, and different clusters will be far
apart. Among the more common roles cluster analysis plays are: (1) data reduction of the type common when a
researcher is faced with a large number of observations that can be meaningfully classified into groups or segments
and (2) hypothesis generation where cluster analysis is used to develop hypotheses concerning the nature of the
data or to examine previously stated hypotheses. The most common criticisms, and therefore limitations, of cluster
analysis are: (1) it is descriptive, atheoretical, and non-inferential; (2) it will always create clusters, regardless of the
“true” existence of any structure in the data; and (3) cluster solutions are not generalizable, because they are totally
dependent upon the variables used as the basis for the similarity measure. Overcoming these criticisms is based as
much on conceptual support for the objectives of cluster analysis, the clustering variables selected and the theoretical
and practical significance used in selecting a final cluster solution
Identify types of research questions addressed by cluster analysis. In forming homogeneous groups, cluster
analysis can address any combination of three basic research questions: (1) taxonomy description (the most traditional
use of cluster analysis has been for exploratory purposes and the formation of a taxonomy—an empirically-based
classification of objects); (2) data simplification (by defining structure among the observations, cluster analysis also
develops a simplified perspective by grouping observations for further analysis); and (3) relationship identification
(with the clusters defined and the underlying structure of the data represented in the clusters, the researcher has a
means of revealing relationships among the observations that typically is not possible with the individual observations).
Understand how interobject similarity is measured. Interobject similarity can be measured in a variety of ways.
Three methods dominate applications of cluster analysis: distance measures, correlational measures, and association
measures. Each method represents a particular perspective on similarity, dependent on both its objectives and type
of data. Both the correlational and distance measures require metric data, whereas the association measures are for
nonmetric data. Correlational measures are rarely used, because the emphasis in most applications of cluster analysis
is on the objects’ magnitudes, not the patterns of values. Distance measures are the most commonly used measures
of similarity in cluster analysis. The distance measures represent similarity, because the proximity of observations to
one another across the variables in the cluster variate. However, the term dissimilarity may be more appropriate for
distance measures, because higher values represent more dissimilarity, not more similarity.
Understand why different similarity measures are sometimes used. Euclidean distance is the most commonly
recognized measure of distance, and is many times referred to as straight-line distance. This concept is easily generalized to more than two variables. Squared (or absolute) Euclidean distance is the sum of the squared differences
without taking the square root. City-block (Manhattan) distance is not based on Euclidean distance. Instead, it uses
the sum of the absolute differences of the variables (i.e., the two sides of a right triangle rather than the hypotenuse).
This procedure is the simplest to calculate, but may lead to invalid clusters if the clustering variables are highly
correlated. Researchers sometimes run multiple cluster solutions using different distance measures to compare the
results. Alternatively, correlation measures can be used to represent similarity when the researcher is more interested
in patterns than in profiles based on similarity of cluster members.
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Understand the differences between hierarchical and nonhierarchical clustering techniques. A wide range of
partitioning procedures has been proposed for cluster analysis. The two most widely used procedures are hierarchical
versus nonhierarchical. Hierarchical procedures involve a series of n 2 1 clustering decisions (where n equals the
number of observations) that combine observations into a hierarchy or tree-like structure. In contrast to hierarchical
methods, nonhierarchical procedures do not involve the tree-like construction process. Instead, they assign objects
into clusters once the number of clusters to be formed is specified. For example, if a six-cluster solution is specified,
then the resulting clusters are not just a combination of two clusters from the seven-cluster solution, but are based
only on finding the best six-cluster solution. The process has two steps: (1) identifying starting points, known as
cluster seeds, for each cluster, and (2) assigning each observation to one of the cluster seeds based on similarity within
the group. Nonhierarchical cluster methods are often referred to as k-means. The emergence of both density-based
and model-based approaches provide alternative methods when either the dataset or research question are less
amenable to the hierarchical or nonhierarchical approaches.
Know how to interpret results from cluster analysis. Results from hierarchical cluster analysis are interpreted
differently from nonhierarchical cluster analysis. Perhaps the most crucial issue for any researcher is determining the
number of clusters. The researcher must select the cluster solution(s) that will best represent the data by applying a
stopping rule. The fundamental principle underlying all of the stopping rules for hierarchical methods is to identify
cluster solutions with more homogeneity/less heterogeneity than other possible cluster solutions. Since heterogeneity
will always increase as the number of clusters decreases, the stopping rules look to identify “jumps” or a large increase
in heterogeneity, which indicates that combining clusters at that stage of the process was accomplished by joining
two quite different clusters. This then indicates that the prior solution where the clusters were separate is preferable.
In hierarchical cluster analysis, the agglomeration schedule becomes crucial in determining these stopping rules.
The researcher also must analyze cluster solutions for distinctiveness and the possibility of outliers, which would be
identified by very small cluster sizes or by observations that join clusters late in the agglomeration schedule. Hierarchical cluster results, including the number of clusters and possibly the cluster seed points, can then be inputs to
a nonhierarchical approach, where the critical question is how many clusters to form. Since the number of clusters
is already established, focus is on interpretation and profiling the clusters on the clustering variables and on other
variables, including validation (see next section for more discussion). The profiling stage involves describing the
characteristics of each cluster to explain how they may differ on relevant dimensions. The procedure begins after the
clusters are identified and typically involves the use of discriminant analysis or ANOVA. Clusters should be distinct
and consistent with theory and can be explained.
Follow the guidelines for cluster validation. The most direct approach to validation is to cluster analyze separate
samples, comparing the cluster solutions and assessing the correspondence of the results. The researcher also can
attempt to establish some form of criterion or predictive validity. To do so, variable(s) not used to form the clusters
but known to vary across the clusters are selected and compared. The comparisons can usually be performed with
either MANOVA/ANOVA or a cross-classification table. The cluster solution should also be examined for stability.
Nonhierarchical approaches are particularly susceptible to unstable results because of the different processes for
selecting initial seed values as inputs. Thus, the data should be sorted into several different orders and the cluster
solution redone with the clusters from the different solutions examined against one another for consistency.

Questions
1 What are the fundamental objectives that can be
achieved through cluster analysis?

3 What should the researcher consider when selecting a
similarity measure to use in cluster analysis?

2 What are the basic stages in the application of cluster
analysis?

4 How does the researcher know whether to use hierarchical or nonhierarchical cluster techniques? Under
which conditions would each approach be used?
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5 What are the alternative approaches to the hierarchical and nonhierarchical approaches? When are they
best employed?
6 How does a researcher decide the number of clusters
to have in a hierarchical cluster solution?

255

7 How can researchers use graphical portrayals of the
cluster procedure?
8 What is the difference between the interpretation
stage and the profiling and validation stages?

Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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outcomes
5

Multiple Regression Analysis

6

MAnoVA: extending AnoVA

SECTION III

oVeRVieW

S

ections 3 and 4 deal with what many would term the essence of multivariate analysis: dependence techniques. As noted in Chapter 1, dependence techniques are based on the use of a set of independent vari-

ables to predict and explain one or more dependent variables. The researcher, whether faced with dependent
variables of a metric or nonmetric nature, has a variety of dependence methods available to assist in the process
of relating independent variables to dependent variables. Given the multivariate nature of these methods, all of
the dependence techniques accommodate multiple independent variables while also allowing multiple dependent
variables in certain situations. Thus, the researcher has a set of techniques that should allow for the analysis of
almost any type of research question involving a dependence relationship. They also provide the opportunity not
only for increased prediction capability, but also for enhanced explanation of the dependent variable’s relationship
to the independent variables. Explanation becomes increasingly important as the research questions begin to
address issues concerning how the relationship between independent and dependent variables operates.
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For readers familiar with past editions or looking for a discussion of conjoint analysis or canonical correlation, we
refer you to the text available in the online resources at the text’s websites. Conjoint Analysis presents us with a technique unlike any of the other multivariate methods in that the researcher determines the values of the independent
nonmetric variables in a quasi-experimental fashion. Once designed, the respondent provides information regarding
only the dependent variable. Although it places more responsibility on the researcher, conjoint analysis provides a
powerful tool for understanding complex decision processes. Canonical Correlation is the most generalized form of
multivariate analysis, which accommodates multiple dependent and independent variables. In situations in which
variates exist for both the dependent and independent variables, canonical correlation provides a flexible method
for both prediction and explanation.

cHAPteRS in Section iii
Section 3 covers the two primary dependence techniques which are based on metric outcomes: multiple regression
and analysis of variance/multivariate analysis of variance. Multiple Regression Analysis (Chapter 5) focuses on what
is perhaps the most fundamental of all multivariate techniques and a building block for our discussion of the other
dependence methods. Whether assessing the conformity to underlying statistical assumptions, measuring predictive accuracy, or interpreting the variate of independent variables, the issues discussed in Chapter 5 will be seen
as crucial in many of the other techniques as well. In Chapter 6, Multivariate Analysis of Variance, the discussion
differs in several ways from the prior techniques; it is suited to the analysis of multiple metric dependent variables
and nonmetric independent variables. Although this technique is a direct extension of simple analysis of variance,
the multiple metric dependent variables make both prediction and explanation more difficult.
This section provides the researcher with exposure to the dependence techniques available for addressing metric
outcomes, each suited to a specific task and relationship. When you complete this section, the issues regarding
selecting from these methods should be apparent, and you should feel comfortable in selecting from these techniques
and analyzing their results.
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Multiple Regression Analysis

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Determine when regression analysis is the appropriate statistical tool in analyzing a problem.

●

Understand how regression helps us make both predictions and explanations using the least squares concept.

●

Use dummy variables with an understanding of their interpretation.

●

Be aware of the assumptions underlying regression analysis and how to assess them.

●

Understand the implications of managing the variate and its implications on the regression results

●

Address the implications of user- versus software-controlled variable selection and explain the options available
in software controlled variable selection.

●

Interpret the results of regression and variable importance, especially in light of multicollinearity.

●

Apply the diagnostic procedures necessary to assess influential observations.

●

Understand the benefits gained from the extended forms of regression, namely multi-level models and panel
models

chapter Preview
This chapter describes multiple regression analysis as it is used to solve important research problems in both academia
and organizational settings. Regression analysis is by far the most widely used and versatile dependence technique,
equally applicable to research questions involving either prediction or explanation. Applications of the method
range from the most general problems to the most specific, in each instance relating a factor (or factors) to a specific
outcome. From a prediction perspective, regression analysis is the foundation for business forecasting models, ranging from the econometric models that predict the national economy based on certain inputs (income levels, business
investment, etc.) to models of a firm’s performance in a market if a specific marketing strategy is followed. In an
explanatory function, regression models are also used to study how consumers make decisions or form impressions
and attitudes. Other applications include evaluating the determinants of effectiveness for a program (e.g., what factors
aid in maintaining quality) and determining the feasibility of a new product or the expected return for a new stock
issue. Even though these examples illustrate only a small subset of all applications, they demonstrate that regression
analysis is a powerful analytical tool designed to explore all types of dependence relationships.
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Multiple regression analysis is a statistical technique within the general linear model used to analyze the relationship between a single dependent variable and several independent variables. As noted in Chapter 1, its basic
formulation is:
Y1
5 X1 1 X2 1 Xn
1 metric 2
1 metric 2
This chapter presents guidelines for judging the appropriateness of multiple regression for various types of problems.
Suggestions are provided for interpreting the results of its application from a managerial as well as a statistical viewpoint. Possible transformations of the data to remedy violations of various model assumptions are examined, along
with a series of diagnostic procedures that identify observations with particular influence on the results. Particular
emphasis is placed on interpretation of the regression results for explanatory purposes with a focus on addressing
the complicating factors of multicollinearity. Readers who are already knowledgeable about multiple regression
procedures can skim the early portions of the chapter, but for those who are less familiar with the subject, this chapter
provides a valuable background for the study of multivariate data analysis. Finally, multiple regression is a fundamental building block for understanding partial least squares structural equation modeling described in Chapter 13.

Key terms
Before beginning this chapter, review the key terms to develop an understanding of the concepts and terminology
used. Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key
term cross-references are italicized.
Adjusted coefficient of determination (adjusted R2) Modified measure of the coefficient of determination that takes into account

the number of independent variables included in the regression equation and the sample size. Although the addition of
independent variables will always cause the coefficient of determination to rise, the adjusted coefficient of determination
may fall if the added independent variables have little explanatory power or if the degrees of freedom become too small. This
statistic is quite useful for comparison between equations with different numbers of independent variables, differing sample
sizes, or both.
All-possible-subsets regression Method of selecting the variables for inclusion in the regression model that considers all possible
combinations of the independent variables. For example, if the researcher specifies four potential independent variables, this
technique would estimate all possible regression models with one, two, three, and four variables. The technique would then
identify the model(s) with the best predictive accuracy.
Atomistic fallacy Incorrect conclusions about group level behavior based on individual behavior. The reverse of ecological
fallacy.
Backward elimination Method of selecting variables for inclusion in the regression model that starts by including all independent
variables in the model and then eliminating those variables not making a significant contribution to prediction.
Beta coefficient Standardized regression coefficient (see standardization) that allows for a direct comparison between coefficients
as to their relative explanatory power of the dependent variable. Whereas regression coefficients are expressed in terms of the
units of the associated variable, thereby making comparisons inappropriate, beta coefficients use standardized data and can
be directly compared.
coefficient of determination (R2) Measure of the proportion of the variance of the dependent variable about its mean that is
explained by the independent, or predictor, variables. The coefficient can vary between 0 and 1. If the regression model is
properly applied and estimated, the researcher can assume that the higher the value of R2, the greater the explanatory power
of the regression equation, and therefore the better the prediction of the dependent variable.
collinearity Expression of the relationship between two (collinearity) or more (multicollinearity) independent variables. Two
independent variables are said to exhibit complete collinearity if their correlation coefficient is 1, and complete lack of collinearity if their correlation coefficient is 0. Multicollinearity occurs when any single independent variable is highly correlated with
a set of other independent variables. An extreme case of collinearity/multicollinearity is singularity, in which an independent
variable is perfectly predicted (i.e., correlation of 1.0) by another independent variable (or more than one).
condition index Measure of the relative amount of variance associated with an eigenvalue. A large condition index indicates a
high degree of collinearity.
context Any external factor outside the unit of analysis that not only impacts the outcome of multiple individuals, but also creates
differences between individuals in separate contexts and foster dependencies between the individuals in a single context.
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cook’s distance (Di) Summary measure of the influence of a single case (observation) based on the total changes in all other

residuals when the case is deleted from the estimation process. Large values (usually greater than 1) indicate substantial influence by the case in affecting the estimated regression coefficients.
correlation coefficient (r) Coefficient that indicates the strength of the association between any two metric variables. The sign
(1 or 2) indicates the direction of the relationship. The value can range from 11 to 21, with 11 indicating a perfect positive
relationship, 0 indicating no relationship, and 21 indicating a perfect negative or reverse relationship (as one variable grows
larger, the other variable grows smaller).
coVRAtio Measure of the influence of a single observation on the entire set of estimated regression coefficients. A value close
to 1 indicates little influence. If the COVRATIO value minus 1 is greater than 6 3p/n (where p is the number of independent
variables 1 1, and n is the sample size), the observation is deemed to be influential based on this measure.
criterion variable (Y) See dependent variable.
Degrees of freedom (df) Value calculated from the total number of observations minus the number of estimated parameters.
These parameter estimates are restrictions on the data because, once made, they define the population from which the data
are assumed to have been drawn. For example, in estimating a regression model with a single independent variable, we estimate two parameters, the intercept 1 b0 2 and a regression coefficient for the independent variable 1 b1 2 . In estimating the random error,
defined as the sum of the prediction errors (actual minus predicted dependent values) for all cases, we would find 1 n 2 2 2 degrees
of freedom. Degrees of freedom provide a measure of how restricted the data are to reach a certain level of prediction. If the
number of degrees of freedom is small, the resulting prediction may be less generalizable because all but a few observations
were incorporated in the prediction. Conversely, a large degrees-of-freedom value indicates the prediction is fairly robust with
regard to being representative of the overall sample of respondents.
Deleted residual Process of calculating residuals in which the influence of each observation is removed when calculating its residual. This is accomplished by omitting the ith observation from the regression equation used to calculate its predicted value.
Dependent variable (Y) Variable being predicted or explained by the set of independent variables.
DFBetA Measure of the change in a regression coefficient when an observation is omitted from the regression analysis. The value
of DFBETA is in terms of the coefficient itself; a standardized form (SDFBETA) is also available. No threshold limit can be
established for DFBETA, although the researcher can look for values substantially different from the remaining observations to
assess potential influence. The SDFBETA values are scaled by their standard errors, thus supporting the rationale for cut-offs
of 1 or 2, corresponding to confidence levels of .10 or .05, respectively.
DFFit Measure of an observation's impact on the overall model fit, which also has a standardized version (SDFFIT). The best
rule of thumb is to classify as influential any standardized values (SDFFIT) that exceed 2/"p/n, where p is the number of
independent variables 1 1 and n is the sample size. There is no threshold value for the DFFIT measure.
Dummy variable Independent variable used to account for the effect that different levels of a nonmetric variable have in predicting the dependent variable. To account for L levels of a nonmetric independent variable, L 2 1 dummy variables are needed.
For example, gender is measured as male or female and could be represented by two dummy variables, X1 and X2. When the
respondent is male, X1 5 1 and X2 5 0. Likewise, when the respondent is female, X1 5 0 and X2 5 1. However, when X1 5 1,
we know that X2 must equal 0. Thus, we need only one variable, either X1 or X2, to represent gender. We need not include both
variables because one is perfectly predicted by the other (a singularity) and the regression coefficients cannot be estimated. If
a variable has three levels, only two dummy variables are needed. Thus, the number of dummy variables is one less than the
number of levels of the nonmetric variable. The two most common methods of determining the values of the dummy values
are indicator coding and effects coding.
ecological fallacy Incorrectly drawing conclusions about individual behavior from relationships based on aggregated data.
effects coding Method for specifying the reference category for a set of dummy variables in which the reference category receives
a value of 21 across the set of dummy variables. In our example of dummy variable coding for gender, we coded the dummy
variable as either 1 or 0. But with effects coding, the value of 21 is used instead of 0. With this type of coding, the coefficients
for the dummy variables become group deviations on the dependent variable from the mean of the dependent variable across
all groups. Effects coding contrasts with indicator coding, in which the reference category is given the value of zero across all
dummy variables and the coefficients represent group deviations on the dependent variable from the reference group.
Fixed effect Default estimation of effects in regression where a point estimate with no variation is made for a parameter estimate
(either an intercept or coefficient).
Forward addition Method of selecting variables for inclusion in the regression model by starting with no variables in the model
and then adding one variable at a time based on its contribution to prediction.
Functional relationship Dependence relationship that has no error in prediction. Also see statistical relationship.
Hat matrix Matrix that contains values for each observation on the diagonal, known as hat values, which represent the impact of
the observed dependent variable on its predicted value. If all cases have equal influence, each would have a value of p/n, where
p equals the number of independent variables 1 1, and n is the number of cases. If a case has no influence, its value would
be 21 4 n, whereas total domination by a single case would result in a value of 1 n 2 1 2 /n. Values exceeding 2p/n for larger
samples, or 3p/n for smaller samples 1 n # 30 2 , are candidates for classification as influential observations.
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Hat value See hat matrix.
Heteroscedasticity See homoscedasticity.
Hierarchical data structure Observations which have a natural nesting effect created by contexts.
Homoscedasticity Description of data for which the variance of the error terms (e) appears constant over the range of values of

an independent variable. The assumption of equal variance of the population error ε (where ε is estimated from the sample
value e) is critical to the proper application of linear regression. When the error terms have increasing or modulating variance,
the data are said to be heteroscedastic. The discussion of residuals in this chapter further illustrates this point.
independent variable Variable(s) selected as predictors and potential explanatory variables of the dependent variable.
indicator coding Method for specifying the reference category for a set of dummy variables where the reference category receives
a value of 0 across the set of dummy variables. The regression coefficients represent the group differences in the dependent
variable from the reference category. Indicator coding differs from effects coding, in which the reference category is given the
value of 21 across all dummy variables and the regression coefficients represent group deviations on the dependent variable
from the overall mean of the dependent variable.
influential observation An observation that has a disproportionate influence on one or more aspects of the regression estimates.
This influence may be based on extreme values of the independent or dependent variables, or both. Influential observations
can either be “good,” by reinforcing the pattern of the remaining data, or “bad,” when a single or small set of cases unduly
affects the regression estimates. It is not necessary for the observation to be an outlier, although many times outliers can be
classified as influential observations as well.
intercept (b0) Value on the Y axis (dependent variable axis) where the line defined by the regression equation Y 5 b0 1 b1X1
crosses the axis. It is described by the constant term b0 in the regression equation. In addition to its role in prediction, the intercept may have a managerial interpretation. If the complete absence of the independent variable has meaning, then the intercept
represents that amount. For example, when estimating sales from past advertising expenditures, the intercept represents the
level of sales expected if advertising is eliminated. But in many instances the constant has only predictive value because in no
situation are all independent variables absent. An example is predicting product preference based on consumer attitudes. All
individuals have some level of attitude, so the intercept has no managerial use, but it still aids in prediction.
intraclass correlation (icc) Measure of the degree of dependence among individuals within a higher-level grouping.
Least squares Estimation procedure used in simple and multiple regression whereby the regression coefficients are estimated so
as to minimize the total sum of the squared residuals.
Level-1 The lowest level in a hierarchical data structure, most often associated with individuals.
Level-2 The first level of a hierarchical data structure where observations from Level-1 are grouped together because of a context
present at Level-2. Common examples are students (Level-1) within classrooms (Level-2).
Leverage points Type of influential observation defined by one aspect of influence termed leverage. These observations are
substantially different on one or more independent variables, so that they affect the estimation of one or more regression
coefficients.
Linearity Term used to express the concept that the model possesses the properties of additivity and homogeneity. In a simple
sense, linear models predict values that fall in a straight line by having a constant unit change (slope) of the dependent variable
for a constant unit change of the independent variable. In the population model Y 5 b0 1 b1X1 1 e, the effect of changing
X1 by a value of 1.0 is to add b1 (a constant) units of Y.
Mahalanobis distance (D2) Measure of the uniqueness of a single observation based on differences between the observation’s
values and the mean values for all other cases across all independent variables. The source of influence on regression results
is for the case to be quite different on one or more predictor variables, thus causing a shift of the entire regression equation.
Measurement error Degree to which the data values do not truly measure the characteristic being represented by the variable. For
example, when asking about total family income, many sources of measurement error (e.g., reluctance to answer full amount,
error in estimating total income) make the data values imprecise.
Mediation The effect of an independent variable “works through” an intervening or mediating variable.
Moderator effect Effect in which a third independent variable (the moderator variable) causes the relationship between a dependent/independent variable pair to change, depending on the value of the moderator variable. It is also known as an interactive
effect and is similar to the interaction effect seen in analysis of variance methods.
Multicollinearity See collinearity.
Multilevel model (MLM) Extension of regression analysis that allows for the incorporation of both individual (Level-1) and
contextual (Level-2) effects with the appropriate statistical treatment.
Multiple regression Regression model with two or more independent variables.
normal probability plot Graphical comparison of the shape of the sample distribution to the normal distribution. In the graph,
the normal distribution is represented by a straight line angled at 45 degrees. The actual distribution is plotted against this line,
so any differences are shown as deviations from the straight line, making identification of differences quite simple.
null plot Plot of residuals versus the predicted values that exhibits a random pattern. A null plot is indicative of no identifiable
violations of the assumptions underlying regression analysis.
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outlier In strict terms, an observation that has a substantial difference between the actual value for the dependent variable and

the predicted value. Cases that are substantially different with regard to either the dependent or independent variables are
often termed outliers as well. In all instances, the objective is to identify observations that are inappropriate representations
of the population from which the sample is drawn, so that they may be discounted or even eliminated from the analysis as
unrepresentative.
Panel analysis See panel models.
Panel models Regression-based analytical technique designed to handle cross-sectional analyses of longitudinal or
time-series data.
Parameter Quantity (measure) characteristic of the population. For example, m and s2 are the symbols used for the population
parameters mean 1 m 2 and variance 1 s2 2 . They are typically estimated from sample data in which the arithmetic average of
the sample is used as a measure of the population average and the variance of the sample is used to estimate the variance of
the population.
Part correlation Value that measures the strength of the relationship between a dependent and a single independent variable
when the predictive effects of the other independent variables in the regression model are removed. The objective is to portray
the unique predictive effect due to a single independent variable among a set of independent variables. Differs from the partial
correlation coefficient, which is concerned with incremental predictive effect.
Partial correlation coefficient Value that measures the strength of the relationship between the criterion or dependent variable
and a single independent variable when the effects of the other independent variables in the model are held constant. For
example, rY X2, X1 measures the variation in Y associated with X2 when the effect of X1 on both X2 and Y is held constant. This value is
used in sequential variable selection methods of regression model estimation (e.g., stepwise, forward addition, or backward
elimination) to identify the independent variable with the greatest incremental predictive power beyond the independent
variables already in the regression model.
Partial F (or t) values The partial F test is simply a statistical test for the additional contribution to prediction accuracy of a
variable above that of the variables already in the equation. When a variable 1 Xa 2 is added to a regression equation after
other variables are already in the equation, its contribution may be small even though it has a high correlation with the
dependent variable. The reason is that Xa is highly correlated with the variables already in the equation. The partial F value
is calculated for all variables by simply pretending that each, in turn, is the last to enter the equation. It gives the additional
contribution of each variable above all others in the equation. A low or insignificant partial F value for a variable not in the
equation indicates its low or insignificant contribution to the model as already specified. A t value may be calculated instead
of F values in all instances, with the t value being approximately the square root of the F value.
Partial regression plot Graphical representation of the relationship between the dependent variable and a single independent
variable. The scatterplot of points depicts the partial correlation between the two variables, with the effects of other independent variables held constant (see partial correlation coefficient). This portrayal is particularly helpful in assessing the form of
the relationship (linear versus nonlinear) and the identification of influential observations.
Polynomial Transformation of an independent variable to represent a curvilinear relationship with the dependent variable. By
including a squared term 1 X2 2 , a single inflection point is estimated. A cubic term estimates a second inflection point. Additional terms of a higher power can also be estimated.
Power Probability that a significant relationship will be found if it actually exists. Complements the more widely used significance
level alpha (a).
Prediction error Difference between the actual and predicted values of the dependent variable for each observation in the sample
(see residual).
Predictor variable (Xn) See independent variable.
PReSS statistic Validation measure obtained by eliminating each observation one at a time and predicting this dependent value
with the regression model estimated from the remaining observations.
Psychologistic fallacy The failure to acknowledge the impact of contexts and group effects on relationships at the individual
level.
Random effect Makes an estimate of the variability or distribution of a parameters across a set of groups. Method of quantifying
the variability of a parameter (intercept or coefficient) within a group by a form of pooling across groups.
Reference category The omitted level of a nonmetric variable when a dummy variable is formed from the nonmetric variable.
Regression coefficient (bn) Numerical value of the parameter estimate directly associated with an independent variable; for
example, in the model Y 5 b0 1 b1X1 the value b1 is the regression coefficient for the variable X1. The regression coefficient
represents the amount of change in the dependent variable for a one-unit change in the independent variable. In the multiple
predictor model (e.g., Y 5 b0 1 b1X1 1 b2X2), the regression coefficients are partial coefficients because each takes into
account not only the relationships between Y and X1 and between Y and X2, but also between X1 and X2. The coefficient is
not limited in range, because it is based on both the degree of association and the scale units of the independent variable.
For instance, two variables with the same association to Y would have different coefficients if one independent variable was
measured on a 7-point scale and another was based on a 100-point scale.
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Regression coefficient variance–decomposition matrix Method of determining the relative contribution of each eigenvalue

to each estimated coefficient. If two or more coefficients are highly associated with a single eigenvalue (condition index), an
unacceptable level of multicollinearity is indicated.
Regression variate Linear combination of weighted independent variables used collectively to predict the dependent variable.
Residual (e or «) Error in predicting our sample data. Seldom will our predictions be perfect. We assume that random error
will occur, but we assume that this error is an estimate of the true random error in the population («), not just the error in
prediction for our sample (e). We assume that the error in the population we are estimating is distributed with a mean of 0
and a constant (homoscedastic) variance.
Sampling error The expected variation in any estimated parameter (intercept or regression coefficient) that is due to the use of
a sample rather than the population. Sampling error is reduced as the sample size is increased and is used to statistically test
whether the estimated parameter differs from zero.
SDFBetA See DFBETA.
SDFFit See DFFIT.
Significance level (alpha a) Commonly referred to as the level of statistical significance, the significance level represents the
probability the researcher is willing to accept that the estimated coefficient is classified as different from zero when it actually
is not. This is also known as Type I error. The most widely used level of significance is .05, although researchers use levels
ranging from .01 (more demanding) to .10 (less conservative and easier to find significance).
Simple regression Regression model with a single independent variable, also known as bivariate regression.
Singularity The extreme case of collinearity or multicollinearity in which an independent variable is perfectly predicted (a correlation of 61.0) by one or more independent variables. Regression models cannot be estimated when a singularity exists. The
researcher must omit one or more of the independent variables involved to remove the singularity.
Specification error Error in predicting the dependent variable caused by excluding one or more relevant independent variables. This omission can bias the estimated coefficients of the included variables as well as decrease the overall predictive power of the regression model.
Standard error Expected distribution of an estimated regression coefficient. The standard error is similar to the standard deviation of any set of data values, but instead denotes the expected range of the coefficient across multiple samples of the data. It is
useful in statistical tests of significance that test to see whether the coefficient is significantly different from zero (i.e., whether
the expected range of the coefficient contains the value of zero at a given level of confidence). The t value of a regression coefficient is the coefficient divided by its standard error.
Standard error of the estimate (See) Measure of the variation in the predicted values that can be used to develop confidence
intervals around any predicted value. It is similar to the standard deviation of a variable around its mean, but instead is the
expected distribution of predicted values that would occur if multiple samples of the data were taken.
Standardization Process whereby the original variable is transformed into a new variable with a mean of 0 and a standard
deviation of 1. The typical procedure is to first subtract the variable mean from each observation’s value and then divide by
the standard deviation. When all the variables in a regression variate are standardized, the b0 term (the intercept) assumes a
value of 0 and the regression coefficients are known as beta coefficients, which enable the researcher to compare directly the
relative effect of each independent variable on the dependent variable.
Standardized residual Rescaling of the residual to a common basis by dividing each residual by the standard deviation of the
residuals. Thus, standardized residuals have a mean of 0 and standard deviation of 1. Each standardized residual value can
now be viewed in terms of standard errors in middle to large sample sizes. This provides a direct means of identifying outliers
as those with values above 1 or 2 for confidence levels of .10 and .05, respectively.
Statistical relationship Relationship based on the correlation of one or more independent variables with the dependent variable.
Measures of association, typically correlations, represent the degree of relationship because there is more than one value of the
dependent variable for each value of the independent variable. Also see functional relationship.
Stepwise estimation Method of selecting variables for inclusion in the regression model that starts by selecting the best predictor
of the dependent variable. Additional independent variables are selected in terms of the incremental explanatory power they
can add to the regression model. Independent variables are added as long as their partial correlation coefficients are statistically
significant. Independent variables may also be dropped if their predictive power drops to a nonsignificant level when another
independent variable is added to the model.
Studentized residual A commonly used variant of the standardized residual. It differs from other methods in how it calculates
the standard deviation used in standardization. To minimize the effect of any observation on the standardization process, the
standard deviation of the residual for observation i is computed from regression estimates omitting the ith observation in the
calculation of the regression estimates.
Sum of squared errors (SSe) Sum of the squared prediction errors (residuals) across all observations. It is used to denote the
variance in the dependent variable not yet accounted for by the regression model. If no independent variables are used for
prediction, it becomes the squared errors using the mean as the predicted value and thus equals the total sum of squares.
Sum of squares regression (SSR) Sum of the squared differences between the mean and predicted values of the dependent
variable for all observations. It represents the amount of improvement in explanation of the dependent variable attributable
to the independent variable(s).
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Suppression effect The instance in which the expected relationships between independent and dependent variables are hidden

or suppressed when viewed in a bivariate relationship. When additional independent variables are entered, the multicollinearity
removes “unwanted” shared variance and reveals the “true” relationship.
tolerance Commonly used measure of collinearity and multicollinearity. The tolerance of variable i 1 TOLi 2 is 1 2 R2*i, where R2*i
is the coefficient of determination for the prediction of variable i by the other independent variables in the regression variate.
As the tolerance value grows smaller, the variable is more highly predicted by the other independent variables (collinearity).
total sum of squares (SSt) Total amount of variation that exists to be explained by the independent variables. This baseline
value is calculated by summing the squared differences between the mean and actual values for the dependent variable across
all observations.
transformation A variable may have an undesirable characteristic, such as non-normality, that detracts from the ability of the
correlation coefficient to represent the relationship between it and another variable. A transformation, such as taking the
logarithm or square root of the variable, creates a new variable and eliminates the undesirable characteristic, allowing for a
better measure of the relationship. Transformations may be applied to either the dependent or independent variables, or both.
The need and specific type of transformation may be based on theoretical reasons (such as transforming a known nonlinear
relationship) or empirical reasons (identified through graphical or statistical means).
Variance inflation factor (ViF) Indicator of the effect that the other independent variables have on the standard error of a regression coefficient. The variance inflation factor is directly related to the tolerance value 1 VIFi 5 1/TOLi 2 . Large VIF values also
indicate a high degree of collinearity or multicollinearity among the independent variables.

What is Multiple Regression Analysis?
Multiple regression analysis is a statistical technique that can be used to analyze the relationship between a
single dependent (criterion) variable and several independent (predictor) variables. The objective of multiple
regression analysis is to use the independent variables whose values are known to predict the single dependent
value selected by the researcher. Each independent variable is weighted by the regression analysis procedure to
ensure maximal prediction from the set of independent variables. The weights denote the relative contribution
of the independent variables to the overall prediction and facilitate interpretation as to the influence of each
variable in making the prediction, although correlation among the independent variables complicates the interpretative process. Thus, it can equally achieve the objectives of prediction or explanation. The set of weighted
independent variables forms the regression variate, a linear combination of the independent variables that best
predicts the dependent variable (Chapter 1 contains a more detailed explanation of the variate). The regression
variate, also referred to as the regression equation or regression model, is the most widely known example of a
variate among the multivariate techniques.
As noted in Chapter 1, multiple regression analysis is a dependence technique. Thus, to use it you must be able to
divide the variables into dependent and independent variables. Regression analysis is also a statistical tool that should
be used only when both the dependent and independent variables are metric. However, under certain circumstances
it is possible to include nonmetric data either as independent variables (by transforming either ordinal or nominal
data with dummy variable coding) or the dependent variable (by the use of a binary measure in the specialized
technique of logistic regression, see Chapter 8). In summary, to apply multiple regression analysis: (1) the data must
be metric or appropriately transformed, and (2) before deriving the regression equation, the researcher must decide
which variable is to be dependent and which remaining variables will be independent.

Multiple Regression in the era of Big Data
Multiple regression has without dispute been the dominant analytical technique for researchers in the era of scientific
explanation and the reliance on quantitative methods. Yet one question faces all researchers—Have the requirements
for Big Data analytics caused researchers to move on to methods other than multiple regression? While in this chapter
we will discuss all of the abilities of multiple regression to accommodate many types of variables and relationships,
it is still a model based on linear relationships among metric variables. And as we have discussed in Chapter 1 and
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other chapters, the scope and variety of variables now available within Big Data may place limitations on multiple
regression as the primary analytical tool. To best address this question, we need to focus on the purpose of the analysis: prediction versus explanation. It is within these two objectives that we see the benefits and pitfalls of multiple
regression best addressed.
The emphasis on data-driven decision-making, as discussed in Chapter 1, has placed an emphasis on predictive
models in this era of Big Data. With so many decisions now being automated on the online environment and the
timeliness required of decision-making, there is a need for highly predictive models, even if they are less helpful
in explanation. This is the domain of the data mining/algorithmic model discussed in Chapter 1, with many of
the machine learning models such as neural networks, decision trees and support vector machines being prime
examples. Their emphasis is on prediction and they truly represent in many instances, such as neural networks, the
“black box” approach to modeling. As such, their ability is to develop unique and complicated model forms that
make explanation more difficult yet still achieve the purposes of prediction. So in many of these domains multiple
regression does have limited applications.
But multiple regression is a primary example of the opposite type of model, the statistical/data model, which is
oriented toward confirmation of a proposed model with an emphasis on explanation. And this emphasis on explanation makes multiple regression very well suited for several key areas of analytics. The first is forecasting, where an
understanding of the basic “causes” of a process are necessary before projections into the future are made. Multiple
regression and its variants of time-series modeling and structural equation modeling provide a framework for the
in-depth understanding of the process being investigated. This is critical for forecasting where the model is expected
to extrapolate into future conditions that may have not been encountered in the past. A second area of analytics
extremely well suited for multiple regression are the academic and managerial areas. In academic research, knowledge creation is the fundamental objective and thus the statistical/data model will always hold prominence. And
with managerial areas, organizations need to understand how to “manage” the process. It is very hard to incentivize
a manager on increasing customer satisfaction or improving firm performance if there are no objective models that
provide the insights into how this is done. This is also the role of multiple regression, to provide an objective means
of quantifying the impact of potential factors on a specified outcome.
The era of Big Data presents multiple regression with many challenges, from the multiplicity of types of variables
to the broad number of variables (even instances when number of variables exceeds the sample size) to the number
of observations being considered [120]. But even with these challenges, multiple regression still provides a foundational statistical/data model well suited for a wide range of research problems focused both in prediction as well as
explanation. This is not to discount the role of the emerging set of data mining/algorithmic techniques, but multiple
regression still has a primary role to play in analytics today and in the future.

An example of Simple and Multiple Regression
The objective of regression analysis is to predict a single dependent variable from the knowledge of one or more
independent variables. When the problem involves a single independent variable, the statistical technique is called
simple regression. When the problem involves two or more independent variables, it is termed multiple regression.
The following example will demonstrate the application of both simple and multiple regression. Readers interested
in a more detailed discussion of the underlying foundations and basic elements of regression analysis are referred to
the Basic Stats appendix on the text’s websites.
To illustrate the basic principles involved, results from a small study of eight families regarding their credit card
usage are provided. The purpose of the study was to determine which factors affected the number of credit cards
used. Three potential factors were identified (family size, family income, and number of automobiles owned), and
data were collected from each of the eight families (see Figure 5.1). In the terminology of regression analysis, the
dependent variable (Y) is the number of credit cards used and the three independent variables (V1, V2, and V3) are
family size, family income, and number of automobiles owned, respectively.
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Figure 5.1
credit card Usage Survey
Results

PReDiction USinG A SinGLe inDePenDent VARiABLe: SiMPLe ReGReSSion
As researchers, a starting point in any regression analysis is identifying the single independent variable that achieves
the best prediction of the dependent measure. Based on the concept of minimizing the sum of squared errors of
prediction (see the Basic Stats appendix on the text’s websites for more detail), we can select the “best” independent
variable based on the correlation coefficient, because the higher the correlation coefficient, the stronger the relationship and the greater the predictive accuracy. In the regression equation, we represent the intercept as b0. The amount
of change in the dependent variable due to the independent variable is represented by the term b1, also known as a
regression coefficient. Using a mathematical procedure known as least squares [67, 85, 123], we can estimate the
values of b0 and b1 such that the sum of squared errors 1 SSE 2 of prediction is minimized. The prediction error,
the difference between the actual and predicted values of the dependent variable, is termed the residual (e or P).
Figure 5.2 contains a correlation matrix depicting the association between the dependent (Y) variable and independent (V1, V2, or V3) variables that can be used in selecting the best independent variable. Looking down the first
column, we can see that V1, family size, has the highest correlation with the dependent variable and is thus the best
candidate for our first simple regression. The correlation matrix also contains the correlations among the independent variables, which we will see is important in multiple regression (two or more independent variables).
We can now estimate our first simple regression model for the sample of eight families and see how well the
description fits our data. The regression model can be stated as follows:
Predicted number of 5 Intercept 1
credit cards used

Change in number of credit 3 Family Size
cards used associated with
a unit change in family size

or
Y^ 5 b0 1 b1V1

For this example, the appropriate values are a constant 1 b0 2 of 2.87 and a regression coefficient 1 b1 2 of .97 for
family size.

Variable

Y

V1

V2

V3

Number of Credit
Y

Cards Used

V1

Family Size

1.000
.866

V2

Family Income

.829

.673

1.000

V3

Number of

.342

.192

.301

Figure 5.2
correlation Matrix for the
credit card Usage Study

1.000
1.000

Automobiles
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With the intercept and regression coefficient estimated by the least
squares procedure, attention now turns to interpretation of these two values:

Interpreting the Simple Regression Model

The estimated change in the dependent variable for a unit change of the independent variable.
If the regression coefficient is found to be statistically significant (i.e., the coefficient is significantly different from
zero), the value of the regression coefficient indicates the extent to which the independent variable is associated with
the dependent variable.
ReGReSSion coeFFicient

Interpretation of the intercept is somewhat different. The intercept has explanatory value only within the
range of values for the independent variable(s). Moreover, its interpretation is based on the characteristics of the
independent variable:

inteRcePt

●

●

In simple terms, the intercept has interpretive value only if zero is a conceptually valid value for the independent variable (i.e., the independent variable can have a value of zero and still maintain its practical relevance).
For example, assume that the independent variable is advertising dollars. If it is realistic that, in some situations, no advertising is done, then the intercept will represent the value of the dependent variable when advertising is zero.
If the independent value represents a measure that never can have a true value of zero (e.g., attitudes or perceptions), the intercept aids in improving the prediction process, but has no explanatory value.

For some special situations where the specific relationship is known to pass through the origin, the intercept term
may be suppressed (called regression through the origin). In these cases, the interpretation of the residuals and the
regression coefficients changes slightly.
Our regression model predicting credit card holdings indicates that for each additional
family member, the credit card holdings are higher on average by .97. The constant 2.87 can be interpreted only
within the range of values for the independent variable. In this case, a family size of zero is not possible, so the intercept alone does not have practical meaning. However, this impossibility does not invalidate its use, because it aids in
the prediction of credit card usage for each possible family size (in our example from 1 to 5). The simple regression
equation and the resulting predictions and residuals for each of the eight families are shown in Figure 5.3.
Because we used only a sample of observations for estimating a regression equation, we can expect that the
regression coefficients will vary if we select another sample of observations and estimate another regression equation.
We do not want to take repeated samples, so we need an empirical test to see whether the regression coefficient we
inteRPRetinG tHe VARiAte

Figure 5.3
Simple Regression Results Using Family Size as the independent Variable
Regression Variate: Y 5 b0 1 b1V1
Prediction equation: Y 5 2.87 1 .97V1
number of credit
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estimated has any real value (i.e., is it different from zero?) or could we possibly expect it to equal zero in another
sample. To address this issue, regression analysis allows for the statistical testing of the intercept and regression coefficient(s) to determine whether they are significantly different from zero (i.e., they do have an impact that we can
expect with a specified probability to be different from zero across any number of samples of observations). Later in
the chapter, we will discuss in more detail the concept of significance testing for specific coefficients.
Assessing Prediction Accuracy While we may find that our variable in the regression equation is statistically
significant, how do we judge the overall model? To this end, we have two measures – one a measure of the percentage
of variance in the dependent variable that is accounted for by the variate (i.e., the coefficient of determination) and
a second measure that is an absolute measure of the variability of the predicted outcomes (i.e., the standard error of
the estimate).

The most commonly used measure of predictive accuracy for the regression model
is the coefficient of determination (R2). Calculated as the squared correlation between the actual and predicted
values of the dependent variable, it represents the combined effects of the entire variate (one or more independent
variables plus the intercept) in predicting the dependent variable. It ranges from 1.0 (perfect prediction) to 0.0 (no
prediction). Because it is the squared correlation of actual and predicted values, it also represents the amount of
variance in the dependent variable explained by the independent variable(s).
In our example, the simple regression model has a total prediction error of 5.5 (see Figure 5.3), meaning that it
accounted for 16.5 1 22.0 2 5.5 5 16.5 2 of the total prediction error of 22.0. Because the coefficient of determination
is the amount of variation accounted for by the regression model, the simple regression model with one independent
variable has an R2 of 75 percent 1 16.5/22.0 5 .75 2 .
coeFFicient oF DeteRMinAtion (R2)

Another measure of predictive accuracy is the expected variation in the predicted
values, termed the standard error of the estimate (SEE). Defined simply as the standard deviation of the predicted
values, it allows the researcher to understand the confidence interval that can be expected for any prediction from the
regression model. Obviously smaller confidence intervals denote greater predictive accuracy. This becomes particularly important as a “check” on model fit. Recent research surveyed researchers with results of varying levels of model
fit and many times the results were perceived to be more predictable than could be justified by the model [110].
Examination of the SEE provided an additional measure that improved assessments of the models. Thus, this measure of
practical relevance is important in overall model evaluation.
We can also calculate the standard error of the estimate 1 SEE 2 as .957, giving a 95 percent confidence interval of 2.34,
which was obtained by multiplying the SEE by the t-value, in this case 2.477 (see the Basic Stats appendix on the text’s
websites for a description of these calculations).
StAnDARD eRRoR oF tHe eStiMAte

Both of these measures of predictive accuracy can now be used to assess not only
this simple regression model, but also the improvement made when more independent variables are added in a
multiple regression model.
The interested reader is referred again to the Basic Stats appendix on the text’s websites where all of these basic
concepts are described in more detail and calculations are provided using the credit card example.

oVeRALL ASSeSSMent oF tHe MoDeL

PReDiction USinG SeVeRAL inDePenDent VARiABLeS: MULtiPLe ReGReSSion
We previously demonstrated how simple regression can help improve our prediction of a dependent variable (e.g., by
using data on family size, we predicted the number of credit cards a family would use much more accurately than
we could by simply using the arithmetic average). This result raises the question of whether we could improve our
prediction even further by using additional independent variables (e.g., other data obtained from the families). Would
our prediction be improved if we used not only data on family size, but data on another variable, perhaps family
income or number of automobiles owned by the family?
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The Impact of Multicollinearity The ability of an additional independent variable to improve the prediction of the
dependent variable is related not only to its correlation to the dependent variable, but also to the correlation(s) of
the additional independent variable to the independent variable(s) already in the regression equation. Collinearity
is the association, measured as the correlation, between two independent variables. Multicollinearity refers to
the correlation among three or more independent variables (evidenced when one is regressed against the others).
Although a precise distinction separates these two concepts in statistical terms, it is rather common practice to use
the terms interchangeably.
As might be expected, correlation among the independent variables can have a marked impact on the regression
model in several different aspects:

The impact of multicollinearity is to reduce any single independent variable’s
unique predictive power by the extent to which it is associated with the other independent variables. As collinearity
increases, the unique variance explained by each independent variable decreases and the shared prediction percentage rises. Because this shared prediction can count only once, it has two noticeable effects: (a) the predictive effect
attributable to any of the independent variables is based solely on its unique predictive power, thus multicollinearity
has the impact of reducing the impacted variable’s regression coefficients, and (b) the predictive accuracy is still
improved through the increase in shared variance, but highly redundant variables will only incrementally add to the
shared variance beyond what one variable would add individually. Thus, the overall prediction increases much more
slowly as independent variables with high multicollinearity are added.

iMPActS MeASUReS oF PReDictiVe PoWeR

To maximize the prediction from a given number of independent variables, the researcher should look for independent variables that have low multicollinearity with the other independent
variables but also have high correlations with the dependent variable.
We revisit the issues of collinearity and multicollinearity in later sections to discuss their implications for both
the selection of independent variables and the interpretation of the regression variate.

FAVoRS VARiABLeS WitH LoW MULticoLLineARitY

The Multiple Regression Equation As noted earlier, multiple regression is the use of two or more independent
variables in the prediction of the dependent variable. The task for the researcher is to expand upon the simple regression model by adding independent variable(s) that have the greatest additional predictive power. Even though we can
determine any independent variable’s association with the dependent variable through the correlation coefficient,
the extent of the incremental predictive power for any additional variable is many times as much determined by its
multicollinearity with other variables already in the regression equation. We can look to our credit card example to
demonstrate these concepts.
tHe neW VARiAte To improve further our prediction of credit card holdings, let us use additional data obtained from
our eight families. The second independent variable to include in the regression model is family income 1 V2 2 , which
has the next highest correlation with the dependent variable. Although V2 does have a fair degree of correlation with
V1 already in the equation, it is still the next best variable to enter because V3 has a much lower correlation with the
dependent variable. We simply expand our simple regression model to include two independent variables as follows:

Predicted number of credit cards used 5 b0 1 b1V1 1 b2V2 1 e
where:
b0 5 constant number of credit cards independent of family size and income
b1 5 change in credit card usage associated with unit change in family size
b2 5 change in credit card usage associated with unit change in family income
V1 5 family size
V2 5 family income
e 5 prediction error (residual)
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The multiple regression model with two independent variables, when estimated with the least squares procedure,
provides a constant of .482 with regression coefficients of .63 and .216 for V1 and V2, respectively.
We can again find our residuals by predicting Y and subtracting the prediction from the actual
value. We then square the resulting prediction error, as in Figure 5.4. The sum of squared errors for the multiple
regression model with family size and family income is 3.04. This result can be compared to the simple regression
model value of 5.50 (Figure 5.3), which uses only family size for prediction.
When family income is added to the regression analysis, R2 also increases to .86. The inclusion of family income
in the regression analysis increases the prediction by 11 percent 1 .86 2 .75 2 , all due to the unique incremental
predictive power of family income.
PReDictiVe AccURAcY

We have seen an increase in prediction accuracy gained in moving from the
simple to multiple regression equation, but we must also note that at some point the addition of independent variables
will become less advantageous and even in some instances counterproductive. The addition of more independent
variables is based on trade-offs between increased predictive power versus overly complex and even potentially
misleading regression models.
The survey of credit card usage provides one more possible addition to the multiple regression equation, the
number of automobiles owned 1 V3 2 . If we now specify the regression equation to include all three independent variables, we can see some improvement in the regression equation, but not nearly of the magnitude seen earlier. The R2
value increases to .87, only a .01 increase over the previous multiple regression model. Moreover, as we discuss in a
later section, the regression coefficient for V3 is not statistically significant. Therefore, in this instance, the researcher
is best served by employing the multiple regression model with two independent variables (family size and income)
and not employing the third independent variable (number of automobiles owned) in making predictions.
Adding a Third Independent Variable

SUMMARY
Regression analysis is a simple and straightforward dependence technique that can provide both prediction and
explanation to the researcher. The prior example illustrated the basic concepts and procedures underlying regression
analysis in an attempt to develop an understanding of the rationale and issues of this procedure in its most basic
form. The following sections discuss these issues in much more detail and provide a decision process for applying
regression analysis to any appropriate research problem.
Figure 5.4
Multiple Regression Results Using Family Size and Family income as independent Variables
Regression Variate:

Y 5 b0 1 b1V1 1 b2V2

Prediction equation:

Y 5 .482 1 .63V1 1 .216V2
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A Decision Process for Multiple Regression Analysis
In the previous sections we discussed examples of simple regression and multiple regression. In those discussions,
many factors affected our ability to find the best regression model. To this point, however, we examined these issues
only in simple terms, with little regard to how they combine in an overall approach to multiple regression analysis. In
the following sections, the six-stage model-building process introduced in Chapter 1 will be used as a framework for
discussing the factors that affect the creation, estimation, interpretation, and validation of a regression analysis. The
process begins (Stage 1) with specifying the objectives of the regression analysis, including the selection of the dependent and independent variables. In Stage 2 the researcher then proceeds to design the regression analysis, considering
such factors as sample size and the need for variable transformations. With the regression model formulated, the
assumptions underlying regression analysis are first tested for the individual variables (Stage 3). When all assumptions
are met, then the model is estimated (Stage 4). Once results are obtained, diagnostic analyses are performed to ensure
that the overall model meets the regression assumptions and that no observations have undue influence on the results.
The next stage (Stage 5) is the interpretation of the regression variate; it examines the role played by each independent
variable in the prediction of the dependent measure. Finally, in Stage 6 the results are validated to ensure generalizability to the population. Figures 5.5 and 5.12 represent Stages 1–3 and 4–6, respectively, in providing a graphical representation of the model-building process for multiple regression, and the following sections discuss each step in detail.
Figure 5.5
Stages 1–3 in the Multiple Regression Decision Diagram

Stage 1

Research Problem
Select objective(s)
Prediction
Explanation
Select dependent and independent variables

Stage 2

Research Design Issues
Obtain an adequate sample size to ensure:
Statistical power
Generalizability

Creating Additional Variables
Transformations to meet assumptions
Dummy variables for use of nonmetric variables
Polynomials for curvilinear relationships
Interaction terms for moderator effects

From Stage 4:
“Does the regression
variate meet the
assumptions . . .?”

No

Stage 3

Assumptions in Multiple Regression
Do the individual variables meet the
assumptions of:
Normality?
Linearity?
Homoscedasticity?
Independence of the error terms?
Yes

To
Stage
4
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Stage 1: objectives of Multiple Regression
Multiple regression analysis, a form of the general linear model, is a multivariate statistical technique used to examine the relationship between a single dependent variable and a set of independent variables. The necessary starting
point in multiple regression, as with all multivariate statistical techniques, is the research problem. The flexibility and
adaptability of multiple regression allow for its use with almost any dependence relationship. In selecting suitable
applications of multiple regression, the researcher must consider three primary issues:
●
●
●

The appropriateness of the research problem
Specification of a statistical relationship
Selection of the dependent and independent variables.

ReSeARcH PRoBLeMS APPRoPRiAte FoR MULtiPLe ReGReSSion
Multiple regression is by far the most widely used multivariate technique of those examined in this text. With its
broad applicability, multiple regression has been used for many purposes. The ever-widening applications of multiple
regression fall into two broad classes of research problems: prediction and explanation. Prediction involves the extent
to which the regression variate (one or more independent variables) can predict the dependent variable. Explanation
examines the regression coefficients (their magnitude, sign, and statistical significance) for each independent variable and attempts to develop a substantive or theoretical reason for the effects of the independent variables. These
research problems are not mutually exclusive, and an application of multiple regression analysis can address either
or both types of research problem.
Prediction with Multiple Regression One fundamental purpose of multiple regression is to predict the dependent

variable with a set of independent variables. In doing so, multiple regression fulfills one of two objectives:
MAxiMiZe PReDictiVe AccURAcY The first objective is to maximize the overall predictive power of the independent
variables as represented in the variate. As shown in our earlier example of predicting credit card usage, the variate is
formed by estimating regression coefficients for each independent variable so as to be the optimal predictor of the
dependent measure. Predictive accuracy is always crucial to ensuring the validity of the set of independent variables.
Measures of predictive accuracy are developed and statistical tests are used to assess the significance of the predictive
power. In all instances, whether or not the researcher intends to interpret the coefficients of the variate, the regression
analysis must achieve acceptable levels of predictive accuracy to justify its application. The researcher must ensure
that both statistical and practical significance are considered (see the discussion of Stage 4).
In certain applications focused solely on prediction, the researcher is primarily interested in achieving maximum
prediction, and interpreting the regression coefficients is relatively unimportant. Instead, the researcher employs
the many options in both the form and the specification of the independent variables that may modify the variate to
increase its predictive power, often maximizing prediction at the expense of interpretation. One specific example is
a variant of regression, time series analysis, in which the sole purpose is prediction and the interpretation of results
is useful only as a means of increasing predictive accuracy.
MoDeL coMPARiSon Multiple regression can also achieve a second objective of comparing two or more sets of independent variables to ascertain the predictive power of each variate. Illustrative of a confirmatory approach to modeling, this use of multiple regression is concerned with the comparison of results across two or more alternative or
competing models. The primary focus of this type of analysis is the relative predictive power among models, although
in any situation the prediction of the selected model must demonstrate both statistical and practical significance.

Explanation with Multiple Regression Multiple regression also provides a means of objectively assessing the degree
and character of the relationship between dependent and independent variables by forming the variate of independent variables and then examining the magnitude, sign, and statistical significance of the regression coefficient for
each independent variable. In this manner, the independent variables, in addition to their collective prediction of
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the dependent variable, may also be considered for their individual contribution to the variate and its predictions.
Interpretation of the variate may rely on any of three perspectives: the importance of the independent variables, the
types of relationships found, or the interrelationships among the independent variables.
ReLAtiVe iMPoRtAnce oF inDePenDent VARiABLeS The most direct interpretation of the regression variate is a determination of the relative importance of each independent variable in the prediction of the dependent measure. In all applications, the selection of independent variables should be based on their theoretical relationships to the dependent
variable. Regression analysis then provides a means of objectively assessing the magnitude and direction (positive
or negative) of each independent variable’s relationship. The character of multiple regression that differentiates it
from its univariate counterparts is the simultaneous assessment of relationships between each independent variable
and the dependent measure. In making this simultaneous assessment, the relative importance of each independent
variable is determined.

In addition to assessing the importance of each variable, multiple
regression also affords the researcher a means of assessing the nature of the relationships between the independent
variables and the dependent variable. The assumed relationship is a linear association based on the correlations
among the independent variables and the dependent measure. Transformations or additional variables are available
to assess whether other types of relationships exist, particularly curvilinear relationships. This flexibility ensures that
the researcher may examine the true nature of the relationship beyond the assumed linear relationship.

nAtURe oF ReLAtionSHiPS WitH DePenDent VARiABLeS

nAtURe oF ReLAtionSHiPS AMonG inDePenDent VARiABLeS Finally, multiple regression provides insight into the relationships among independent variables in their prediction of the dependent measure. These interrelationships are
important for two reasons. First, correlation among the independent variables may make some variables redundant
in the predictive effort. As such, they are not needed to produce the optimal prediction given the other independent
variable(s) in the regression equation. In such instances, the independent variable will have a strong individual relationship with the dependent variable (substantial bivariate correlations with the dependent variable), but this relationship is markedly diminished in a multivariate context (the partial correlation with the dependent variable is low
when considered with other variables in the regression equation). What is the “correct” interpretation in this situation?
Should the researcher focus on the strong bivariate correlation to assess importance, or should the diminished relationship in the multivariate context form the basis for assessing the variable’s relationship with the dependent variable?
Here the researcher must rely on the theoretical bases for the regression analysis to assess the “true” relationship for
the independent variable. In such situations, the researcher must guard against determining the importance of independent
variables based solely on the derived variate, because relationships among the independent variables may mask or confound
relationships that are not needed for predictive purposes but represent substantive findings nonetheless. The interrelationships among variables can extend not only to their predictive power but also to interrelationships among their estimated
effects, which is best seen when the effect of one independent variable is contingent on another independent variable.
Multiple regression provides diagnostic analyses that can determine whether such effects exist based on empirical
or theoretical rationale. Indications of a high degree of interrelationships (multicollinearity) among the independent
variables may suggest the use of summated scales or factor scores, as discussed in Chapter 3.

SPeciFYinG A StAtiSticAL ReLAtionSHiP
Multiple regression is appropriate when the researcher is interested in a statistical, not a functional, relationship. For
example, let us examine the following relationship:
Total cost 5 Variable cost 1 Fixed cost
If the variable cost is $2 per unit, the fixed cost is $500, and we produce 100 units, we assume that the total cost will
be exactly $700 and that any deviation from $700 is caused by our inability to measure cost because the relationship
between costs is fixed. It is called a functional relationship because we expect no error in our prediction. As such,
we always know the impact of each variable in calculating the outcome measure.
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But in our earlier example dealing with sample data representing human behavior, we assumed that our description of credit card usage was only approximate and not a perfect prediction. It was defined as a statistical relationship because some random component is always present in the relationship being examined. A statistical relationship
is characterized by two elements:
1 When multiple observations are collected, more than one value of the dependent value will usually be observed
for any value of an independent variable.
2 Based on the use of a random sample, the error in predicting the dependent variable is also assumed to be
random, and for a given independent variable we can only hope to estimate the average value of the dependent
variable associated with it.
For example, in our simple regression example, we found two families with two members, two with four members,
and so on, who had different numbers of credit cards. The two families with four members held an average of 6.5
credit cards, and our prediction was 6.75. Our prediction is not as accurate as we would like, but it is better than
just using the average of 7 credit cards. The error is assumed to be the result of random behavior among credit card
holders.
In summary, a functional relationship calculates an exact value, whereas a statistical relationship estimates an
average value. Both of these relationships are displayed in Figure 5.6. Throughout this book, we are concerned with
statistical relationships. Our ability to employ just a sample of observations and then use the estimation methods of
the multivariate techniques and assess the significance of the independent variables is based on statistical theory. In
doing so, we must be sure to meet the statistical assumptions underlying each multivariate technique, because they
are critical to our ability to make unbiased predictions of the dependent variable and valid interpretations of the
independent variables.
SeLection oF DePenDent AnD inDePenDent VARiABLeS
The ultimate success of any multivariate technique, including multiple regression, starts with the selection of the
variables to be used in the analysis. Because multiple regression is a dependence technique, the researcher must
specify which variable is the dependent variable and which variables are the independent variables. Although many
times the options seem apparent, the researcher should always consider three issues that can affect any decision:
strong theory, measurement error, and specification error.

Figure 5.6
comparison of Functional and Statistical Relationships
Y

Variable cost
y1
Fixed cost

x1

0

X

Number of Credit Cards

Total Cost

Y

0
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Family Size
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X
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Strong Theory The selection of both types of variables should be based principally on conceptual or theoretical
grounds, even when the objective is solely for prediction. Chapters 1 and 9 discuss the role of theory in multivariate
analysis, and those issues strongly apply to multiple regression. The researcher should always perform the fundamental decisions of variable selection, even though many options and program features are available to assist in model
estimation. If the researcher does not exert judgment during variable selection, but instead (1) selects variables indiscriminately or (2) allows for the selection of an independent variable to be based solely on empirical bases, several
of the basic tenets of model development will be violated.

The selection of variables in the analysis, either the dependent or independent variable, is
often dictated by the research problem. In all instances, the researcher must be aware of the measurement error in
these variables, especially in the dependent variable. Measurement error refers to the degree to which the variable is
an accurate and consistent measure of the concept being studied. For example, if the variable used as the dependent
measure has substantial measurement error, then even the best independent variables may be unable to achieve
acceptable levels of predictive accuracy. Similarly, independent variables with a high degree of measurement error
will not accurately represent the relationship with the dependent variable. Although measurement error can come
from several sources (see Chapter 1 for a more detailed discussion), multiple regression has no direct means of
correcting for known levels of measurement error for the dependent or independent variables. But the researcher
has two approaches for addressing the problems associated with measurement error.

Measurement Error

Chapter 3 discussed in detail the use of composite measures, whether they be factor scores or
summated scales, as a means of addressing measurement error among a set of variables. Composite measures are most
applicable to independent variables since they can join together a set of variables into a composite where the shared
variance in the composite has a much smaller degree of measurement error than the individual variables. Composite
measures can also be used for dependent measures where perhaps there are a number of alternative measures of the
outcome and a composite better reflects the concept than any one of the individual variables. Summated scales can
be directly incorporated into multiple regression by replacing either dependent or independent variables with the
summated scale values. Many times summated scales are the best “first step” as a remedy for measurement error.

USe oF coMPoSiteS

The technique of structural equation modeling is focused on addressing measurement
error through composites as part of the technique rather than separately as described above. Whether it be traditional
covariance-based SEM (Chapters 9 to 12) or Partial Least Squares (Chapter 13), both approaches incorporate the
estimation of composites and then their use in estimating the dependence relationships into a single technique. Most
often structural equation modeling is applied to research questions where data collection is specifically oriented
towards generating the variables needed for specifying composites, but partial least squares has more flexibility in
accommodating a more diverse set of variables in forming composites. But as might be expected, the formation of
composites whether with covariance or variance based SEM can be rather complicated.
StRUctURAL eQUAtion MoDeLinG

Specification Error Perhaps the most problematic issue in independent variable selection is specification error,
which concerns the inclusion of irrelevant variables or the omission of relevant or redundant variables from the
set of independent variables. Both types of specification error can have substantial impacts on any regression
analysis, although in quite different ways. Figure 5.7 depicts these two situations, and both are described in more
detail in the sections below. Part A depicts the correct model specification, three collinear independent variables
(X1, X2, and X3) along with X4 that is generally unrelated to the other three variables. The overall fit of the variate (i.e.,
the R2) is the total overlap of the variate with the dependent variable Y. The regression coefficients are depicted by
the area with each independent variable’s circle that overlaps with the dependent variable and does not overlap with
any other variable. So for example, with X2, even though it has a substantial overlap with Y, the regression coefficient
will only reflect the small area not overlapped by X1. There are similar situations for X1 and X3. For X4, even though
its overlap is not as large as those of the other independent variables, its regression coefficient will reflect almost all
of that overlap since it is not correlated with the other variables to any substantive degree.
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Figure 5.7
examples of Specification error: exclusion and inclusion of Variables
A. Correct Model Specification

B. Inclusion of Irrelevant or
Redundant Variables (X5, X6)

X4

X5

C. Exclusion of Relevant
Variable (X1, X4)

X4
X3

X3

X3
Y

X1

Y

X1
X6

X2

Y
X2

X2

Although the inclusion of irrelevant variables does not bias the results
for the other independent variables, it does impact the regression variate. First, it reduces model parsimony, which
may be critical in the interpretation of the results. Second, the additional variables may mask or replace the effects
of more useful variables, especially if some sequential form of model estimation is used (see the discussion of Stage
4 for more detail). Finally, the additional variables may make the testing of statistical significance of the independent
variables less precise and reduce the statistical and practical significance of the analysis.
Part B of Figure 5.7 depicts some of these situations. First, X5 is essentially an irrelevant variable, with little overlap
with the dependent variable Y and not even any impact on X4. Thus, its impact is minimal. But X6 has substantial
effect. First, X6 represents a variable that is highly correlated with X1 and X2 yet adds very little explanatory power
(i.e., very small additional overlap with Y). But it does have an effect on X1 and X2 by overlapping their unique
portions of Y and thus detracting from the coefficients of X1 and X2. Then X6 will appear non-significant in the
estimated model since it adds no unique effect, but will also diminish the effects of X1 and X2. We can expect similar
effects for the other variables if we include redundant variables in the regression model that add little explanatory
power yet detract from the other variable’s unique effects.
incLUSion oF iRReLeVAnt oR ReDUnDAnt VARiABLe

Given the problems associated with adding irrelevant variables, should the researcher
be concerned with excluding relevant variables? The answer is definitely yes, because the exclusion of relevant variables can seriously bias the results and negatively affect any interpretation of them. In the simplest case, the omitted
variables are uncorrelated with the included variables, and the only effect is to reduce the overall predictive accuracy
of the analysis. But when correlation exists between the included and omitted variables, the effects of the included
variables become biased to the extent that they are correlated with the omitted variables. The greater the correlation,
the greater the bias. The estimated effects for the included variables now represent not only their actual effects but
also the effects that the included variables share with the omitted variables. These effects can lead to serious problems
in model interpretation and the assessment of statistical and managerial significance.
Part C of Figure 5.7 represents the impacts of omitted relevant variables. The omission of X4 reduces the overall
model to some extent, but has no impact on the other variables. But the omission of X1 is quite different. The overall
model fit is reduced somewhat (i.e., the non-overlap portion of X1), but X2 and X3 still have substantial overlap with
Y. The greater impact is now the estimated effects of X2 and X3, which have increased dramatically with X1 removed.
If prediction is the only objective, then these effects do not matter. But if explanation is important and X1 should be
considered, then omitting X1 will result in an over-statement of the impacts of X2 and X3.
excLUSion oF ReLeVAnt VARiABLe

The researcher must be careful in the selection of the variables to avoid both types of specification
error. Perhaps most troublesome is the omission of relevant variables, because the variables’ effect cannot be assessed without their inclusion (see Rules of Thumb 5-1). In most instances these types of considerations are not addressed empirically,

WHicH PRoBLeM to AVoiD?
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Rules of thumb 5-1
Meeting Multiple Regression objectives
●

●

Only structural equation modeling (SEM) can directly accommodate measurement error, but using summated
scales can mitigate it when using multiple regression.
When in doubt, include potentially irrelevant variables (they can only confuse interpretation) rather than possibly
omitting a relevant variable (which can bias all regression estimates).

but rather by the researcher’s judgment on the variables to be included in the estimated model. As we will discuss in later
sections, these include not only decisions about the set of variables to be included in the analysis, but also the type of variable
selection approach the researcher uses for specifying the final model. These potential influences on any results heighten the
need for theoretical and practical support for all variables included or excluded in a multiple regression analysis.

Stage 2: Research Design of a Multiple Regression Analysis
Adaptability and flexibility are two principal reasons for multiple regression’s widespread usage across a wide variety
of applications. As you will see in the following sections, multiple regression can represent a wide range of dependence relationships. In doing so, the researcher incorporates three features:
●

●

●

Sample size. Multiple regression maintains the necessary levels of statistical power and practical/statistical
significance across a broad range of sample sizes.
Unique elements of the dependence relationship. Even though independent variables are assumed to be metric
and have a linear relationship with the dependent variable, both assumptions can be relaxed by creating additional variables to represent these special aspects of the relationship.
Nature of the relationship of the independent variables. The use of moderation and mediation provide the
researcher with additional effects beyond the direct relationship between independent and dependent variables.

Each of these features plays a key role in the application of multiple regression to many types of research questions
while maintaining the necessary levels of statistical and practical significance.
SAMPLe SiZe
The sample size used in multiple regression is perhaps the single most influential element under the control of the
researcher in designing the analysis. The effects of sample size are seen most directly in the statistical power of the
significance testing and the generalizability of the result. Both issues are addressed in the following sections.
Statistical Power and Sample Size The size of the sample has a direct impact on the appropriateness and the statis-

tical power of multiple regression, as discussed in Chapter 1. Small samples, usually characterized as having fewer
than 30 observations, are appropriate for analysis only by simple regression with a single independent variable. Even
in these situations, only strong relationships can be detected with any degree of certainty. Likewise, large samples
of 1,000 observations or more make the statistical significance tests overly sensitive, often indicating that almost
any relationship is statistically significant. With such large samples the researcher must ensure that the criterion of
practical significance is met along with statistical significance.
In multiple regression power refers to the probability of detecting as
statistically significant a specific level of R or a regression coefficient at a specified significance level for a specific

PoWeR LeVeLS in VARioUS ReGReSSion MoDeLS

2
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sample size (see Chapter 1 for a more detailed discussion). Sample size plays a role in not only assessing the power
of a current analysis, but also in anticipating the statistical power of a proposed analysis.
Figure 5.8 illustrates the interplay among the sample size, the significance level (a) chosen, and the number of independent variables in detecting a significant R2. The table values are the minimum R2 that the specified sample size
will detect as statistically significant at the specified alpha 1 a 2 level with a power (probability) of .80.
For example, if the researcher employs five independent variables, specifies a .05 significance level, and is satisfied
with detecting the R2 80 percent of the time it occurs (corresponding to a power of .80), a sample of 50 respondents
will detect R2 values of 23 percent and greater. If the sample is increased to 100 respondents, then R2 values of 12 percent
and above will be detected. But if 50 respondents are all that are available, and the researcher wants a .01 significance
level, the analysis will detect R2 values only in excess of 29 percent.
The researcher can also consider the role of sample size in significance
testing before collecting data. If weaker relationships are expected, the researcher can make informed judgments as
to the necessary sample size to reasonably detect the relationships, if they exist.
For example, Figure 5.8 demonstrates that sample sizes of 100 will detect fairly small R2 values (10% to 15%) with
up to 10 independent variables and a significance level of .05. However, if the sample size falls to 50 observations in
these situations, the minimum R2 that can be detected doubles.
The researcher can also determine the sample size needed to detect effects for individual independent variables
given the expected effect size (correlation), the a level, and the power desired. The possible computations are too
numerous for presentation in this discussion, and the interested reader is referred to texts dealing with power analyses
[29] or to a computer program to calculate sample size or power for a given situation [15].
SAMPLe SiZe ReQUiReMentS FoR DeSiReD PoWeR

SUMMARY The researcher must always be aware of the anticipated power of any proposed multiple regression analysis.
It is critical to understand the elements of the research design that can be changed to meet the requirements for an
acceptable analysis, and sample size is a particularly important consideration [80].

In addition to its role in determining statistical power, sample size also affects
the generalizability of the results by the ratio of observations to independent variables. A general rule is that the
ratio should never fall below 5:1, meaning that five observations are made for each independent variable in the
variate. Although the minimum ratio is 5:1, the desired level is between 15 to 20 observations for each independent
variable. When this level is reached, the results should be generalizable if the sample is representative. However, if
a stepwise procedure is employed, the recommended level increases to 50:1 because this technique selects only the
strongest relationships within the dataset and suffers from a greater tendency to become sample-specific [125]. In
cases for which the available sample does not meet these criteria, the researcher should be certain to validate the
generalizability of the results.
Generalizability and Sample Size

Significance Level 1 a 2 5 .01

Significance Level 1 a 2 5 .05

no. of independent Variables

No. of Independent Variables

Sample Size

2

5

10

20

2

5

10

20

20

45

56

71

NA

39

48

64

NA

50

23

29

36

49

19

23

29

42

100

13

16

20

26

10

12

15

21

250

5

7

8

11

4

5

6

8

500

3

3

4

6

3

4

5

9

1,000

1

2

2

3

1

1

2

2

Figure 5.8
Minimum R2 that can
be Found Statistically
Significant with a Power
of .80 for Varying
numbers of independent
Variables and Sample
Sizes

Note: Values represent percentage of variance explained.
NA 5 not applicable.
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As this ratio falls below 5:1, the researcher encounters the risk of overfitting the
variate to the sample, making the results too specific to the sample and thus lacking generalizability. In understanding the concept of overfitting, we need to address the statistical concept of degrees of freedom. In any
statistical estimation procedure, the researcher is making estimates of parameters from the sample data. In the
case of regression, the parameters are the regression coefficients for each independent variable and the constant
term. As described earlier, the regression coefficients are the weights used in calculating the regression variate and
indicate each independent variable’s contribution to the predicted value. What, then, is the relationship between
the number of observations and variables? Let us look at a simple view of estimating parameters for some insight
into this problem.
Each observation represents a separate and independent unit of information (i.e., one set of values for each
independent variable). In a simplistic view, the researcher could dedicate a single variable to perfectly predicting
only one observation, a second variable to another observation, and so forth. If the sample is relatively small,
then predictive accuracy could be quite high, and many of the observations would be perfectly predicted. As a
matter of fact, if the number of estimated parameters (regression coefficients and the constant) equals the sample
size, perfect prediction will occur even if all the variable values are random numbers. This scenario would be
totally unacceptable and considered extreme overfitting because the estimated parameters have no generalizability,
but relate only to the sample data. Moreover, anytime a variable is added to the regression equation, the R2 value
will increase.
DeFininG DeGReeS oF FReeDoM

DeGReeS oF FReeDoM AS A MeASURe oF GeneRALiZABiLitY What happens to generalizability as the sample size increases?
We can perfectly predict one observation with a single variable, but what about all the other observations? Thus, the
researcher is searching for the best regression model, one with the highest predictive accuracy for the largest (most
generalizable) sample. The degree of generalizability is represented by the degrees of freedom, calculated as:

Degrees of freedom 1 df 2 5 Sample size 2 Number of estimated parameters

or:

Degrees of freedom 1 df 2 5 N 2 1 Number of independent variables 1 1 2

The larger the degrees of freedom, the more generalizable are the results. Degrees of freedom increase for a given
sample by reducing the number of independent variables. Thus, the objective is to achieve the highest predictive
accuracy with the most degrees of freedom. In our preceding example, where the number of estimated parameters
equals the sample size, we have perfect prediction, but zero degrees of freedom! The researcher must reduce the
number of independent variables (or increase the sample size), lowering the predictive accuracy but also increasing
the degrees of freedom. No specific guidelines determine how large the degrees of freedom are, just that they are
indicative of the generalizability of the results and give an idea of the overfitting for any regression model as shown
in Rules of Thumb 5-2.

Rules of thumb 5-2
Sample Size considerations
●

●

●

Simple regression can be effective with a sample size of 20, but maintaining power at .80 in multiple
regression requires a minimum sample of 50 and preferably 100 observations for most research situations.
The minimum ratio of observations to variables is 5:1, but the preferred ratio is 15:1 or 20:1, which should
increase when stepwise estimation is used.
Maximizing the degrees of freedom improves generalizability and addresses both model parsimony and
sample size concerns.
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cReAtinG ADDitionAL VARiABLeS
The basic relationship represented in multiple regression is the linear association between metric dependent and
independent variables based on the product-moment correlation. One problem often faced by researchers is the
desire to incorporate nonmetric data, such as gender or occupation, into a regression equation. Yet, as we already
discussed, regression is limited to metric data. Moreover, regression’s inability to directly model nonlinear relationships may constrain the researcher when faced with situations in which a nonlinear relationship (e.g., h-shaped) is
suggested by theory or detected when examining the data.
Data Transformations In these situations, new variables must be created by transformations, because multiple

regression is totally reliant on creating new variables in the model to incorporate nonmetric variables or represent
any effects other than linear relationships. We also will encounter the use of transformations discussed in Chapter 2
as a means of remedying violations of some statistical assumptions, but our purpose here is to provide the researcher
with a means of modifying either the dependent or independent variables for one of two reasons:
1 Improve or modify the relationship between independent and dependent variables
2 Enable the use of nonmetric variables in the regression variate.
Data transformations may be based on reasons that are either theoretical (transformations whose appropriateness
is based on the nature of the data) or data derived (transformations that are suggested strictly by an examination of the
data). In either case the researcher must proceed many times by trial and error, constantly assessing the improvement
versus the need for additional transformations. We explore these issues with discussions of data transformations
that enable the regression analysis to best represent the actual data and a discussion of the creation of variables to
supplement the original variables.
All the transformations we describe are easily carried out by simple commands in all the popular statistical packages. Although we focus on transformations that can be computed in this manner, other more sophisticated and
complicated methods of data transformation are available (e.g., see Box and Cox [18]).
Incorporating Nonmetric Data with Dummy Variables One common situation faced by researchers is the desire
to utilize nonmetric independent variables. Yet, to this point, all our illustrations assumed metric measurement for
both independent and dependent variables. When the dependent variable is measured as a dichotomous (0, 1) variable, either discriminant analysis or a specialized form of regression (logistic regression), discussed in later chapters,
is appropriate. What can we do when the independent variables are nonmetric and have two or more categories?
Chapter 2 introduced the concept of dichotomous variables, known as dummy variables, which can act as replacement independent variables. Each dummy variable represents one category of a nonmetric independent variable,
and any nonmetric variable with k categories can be represented as k 2 1 dummy variables.

Of the two forms of dummy variable coding, the most common is indicator coding in which each category of the nonmetric variable is represented by either 1 or 0. The regression coefficients
for the dummy variables represent differences on the dependent variable for each group of respondents from the reference
category (i.e., the omitted group that received all zeros). These group differences can be assessed directly, because the
coefficients are in the same units as the dependent variable.
This form of dummy-variable coding can be depicted as differing intercepts for the various groups, with the reference
category represented in the constant term of the regression model (see Figure 5.9). In this example, a three-category
nonmetric variable is represented by two dummy variables (D1 and D2) representing groups 1 and 2, with group 3
the reference category. The regression coefficients are 2.0 for D1 and 23.0 for D2. These coefficients translate into
three parallel lines. The reference group (in this case group 3) is defined by the regression equation with both dummy
variables equaling zero. Group 1’s line is two units above the line for the reference group. Group 2’s line is three units
below the line for reference group 3. The parallel lines indicate that dummy variables do not change the nature of the
relationship, but only provide for differing intercepts among the groups.
inDicAtoR coDinG: tHe MoSt coMMon FoRMAt
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Figure 5.9
incorporating nonmetric Variables through Dummy Variables
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Regression Equations with Dummy Variables (D1 and D2)
Specified

Y = a + b1X + b2D1 + b3D2

Estimated
Overall

Y = 2 + 1.2X + 2D1 – 3D2

Group Specific
Group 1 (D1 = 1, D2 = 0)

Y = 2 + 1.2X + 2(1)

Group 2 (D1 = 0, D2 = 1)

Y = 2 + 1.2X

Group 3 (D1 = 0, D2 = 0)

Y = 2 + 1.2X

– 3(1)

This form of coding is most appropriate when a logical reference group is present, such as in an experiment. Any
time dummy-variable coding is used, we must be aware of the comparison group and remember that the coefficients
represent the differences in group means from this group.
An alternative method of dummy-variable coding is termed effects coding. It is the same as indicator coding except that the comparison or omitted group (the group that got all zeros) is now given the value of
21 instead of 0 for the dummy variables. Now the coefficients represent differences for any group from the mean of all
groups rather than from the omitted group. Both forms of dummy-variable coding will give the same predictive results,
coefficient of determination, and regression coefficients for the continuous variables. The only differences will be
in the interpretation of the dummy-variable coefficients. In effects coding the intercept is the unweighted average
of the group means, so that unequal group sizes create slight interpretation differences from indicator coding [4].
eFFectS coDinG

Several types of data transformations are appropriate for
linearizing a curvilinear relationship. Direct approaches, discussed in Chapter 2, involve modifying the values

Representing Curvilinear Effects with Polynomials

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 5 Multiple Regression Analysis

283

through some arithmetic transformation (e.g., taking the square root or logarithm of the variable). However, such
transformations are subject to the following limitations:
●

●

●

They are applicable only in a simple curvilinear relationship (a relationship with only one turning or inflection
point).
They do not provide any statistical means for assessing whether the curvilinear or linear model is more
appropriate.
They accommodate only univariate relationships and not the interaction between variables when more than
one independent variable is involved.

We now discuss a means of creating new variables to explicitly model the curvilinear components of the relationship
and address each of the limitations inherent in data transformations.
Power transformations of an independent variable that add a nonlinear component
for each additional power of the independent variable are known as polynomials. The power of 1 1 X1 2 represents
the linear component and is the form discussed so far in this chapter. The power of 2, the variable squared 1 X2 2 ,
represents the quadratic component. In graphical terms, X2 represents the first inflection point of a curvilinear
relationship. A cubic component, represented by the variable cubed 1 X3 2 , adds a second inflection point. With
these variables, and even higher powers, we can accommodate more complex relationships than are possible with
only transformations. For example, in a simple regression model, a curvilinear model with one turning point can be
modeled with the equation:
SPeciFYinG A cURViLineAR eFFect

Y 5 b0 1 b1X1 1 b2X12
where:
b0 5 intercept
b1X1 5 linear effect of X1
b2X12 5 curvilinear effect of X1
Although any number of nonlinear components may be added, the cubic term is usually the highest power
used. Multivariate polynomials are created when the regression equation contains two or more independent
variables. We follow the same procedure for creating the polynomial terms as before, but must also create an
additional term, the interaction term 1 X1X2 2 , which is needed for each variable combination to represent fully
the multivariate effects. In graphical terms, a two-variable multivariate polynomial is portrayed by a surface
with one peak or valley. For higher-order polynomials, the best form of interpretation is obtained by plotting
the surface from the predicted values.
As each new variable is entered into the regression equation, we can also perform
a direct statistical test of the nonlinear components, which we cannot do with data transformations. However, multicollinearity can create problems in assessing the statistical significance of the individual coefficients to the extent
that the researcher should assess incremental effects as a measure of any polynomial terms in a three-step process:

inteRPRetinG A cURViLineAR eFFect

1 Estimate the original regression equation.
2 Estimate the curvilinear relationship (original equation plus polynomial term).
3 Assess the change in R2. If it is statistically significant, then a significant curvilinear effect is present. The focus
is on the incremental effect, not the significance of individual variables.
Three (two nonlinear and one linear) relationships are shown in Figure 5.10. For interpretation purposes, the
positive quadratic term indicates a h-shaped curve, whereas a negative coefficient indicates a x-shaped curve. The
use of a cubic term can represent such forms as the S-shaped or growth curve quite easily, but it is generally best to
plot the values to interpret the actual shape.
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Figure 5.10
Representing nonlinear Relationships with Polynomials
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Common practice is to start with the linear component and then sequentially add
higher-order polynomials until non-significance is achieved. The use of polynomials, however, also has potential problems. First, each additional term requires a degree of freedom, which may be particularly restrictive with small sample
sizes. This limitation does not occur with data transformations. Also, multicollinearity is introduced by the additional
terms and makes statistical significance testing of the polynomial terms inappropriate. Instead, the researcher must
compare the R2 values from the equation model with linear terms to the R2 for the equation with the polynomial
terms. Testing for the statistical significance of the incremental R2 is the appropriate manner of assessing the impact
of the polynomials.
HoW MAnY teRMS SHoULD Be ADDeD?

Representing Interaction or Moderator Effects The nonlinear relationships just discussed require the creation
of an additional variable (e.g., the squared term) to represent the changing slope of the relationship over the range
of the independent variable. This variable focuses on the relationship between a single independent variable and the
dependent variable. But what if an independent–dependent variable relationship is affected by another independent
variable? This situation is termed a moderator effect, which occurs when the moderator variable, a second independent variable, changes the form of the relationship between another independent variable and the dependent
variable. This extension to the effect of an independent variable with the dependent variable has long been a primary
topic of interest since it addresses the fundamental question of “When” does this effect occur [1]. It is also known as
an interaction effect and is similar to the interaction term found in analysis of variance and multivariate analysis of
variance (see Chapter 6 for more detail on interaction terms).
exAMPLeS oF MoDeRAtoR eFFectS The most common moderator effect employed in multiple regression is the quasi
or bilinear moderator, in which the slope of the relationship of one independent variable 1 X1 2 changes across values
of the moderator variable 1 X2 2 [63, 106].
In our earlier example of credit card usage, assume that family income 1 X2 2 was found to be a positive moderator
of the relationship between family size 1 X1 2 and credit card usage (Y). It would mean that the expected change in
credit card usage based on family size (b1, the regression coefficient for X1) might be lower for families with low
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incomes and higher for families with higher incomes. Without the moderator effect, we assumed that family size
had a constant effect on the number of credit cards used, but the interaction term tells us that this relationship
changes, depending on family income level. Note that it does not necessarily mean the effects of family size or
family income by themselves are unimportant, but instead that the interaction term complements their explanation
of credit card usage.
The moderator effect is represented in multiple regression by a term quite similar to the
polynomials described earlier to represent nonlinear effects. The moderator term is a compound variable formed by
multiplying X1 by the moderator X2, which is entered into the regression equation. In fact, the nonlinear term can
be viewed as a form of interaction, where the independent variable “moderates” itself, thus the squared term 1 XiXi 2 .
The moderated relationship is represented as:
ADDinG tHe MoDeRAtoR eFFect

Y 5 b0 1 b1X1 1 b2X2 1 b3X1X2
where:
b0 5 intercept
b1X1 5 linear effect of X1
b2X2 5 linear effect of X2
b3X1X2 5 moderator effect of X2 on X1
Because of the multicollinearity among the old and new variables, an approach similar to testing for the significance of polynomial (nonlinear) effects is employed. To determine whether the moderator effect is significant, the
researcher follows a three-step process:
1 Estimate the original (unmoderated) equation.
2 Estimate the moderated relationship (original equation plus moderator variable).
3 Assess the change in R2: If it is statistically significant, then a significant moderator effect is present. Only the
incremental effect is assessed, not the significance of individual variables.
inteRPRetinG MoDeRAtoR eFFectS The interpretation of the regression coefficients changes slightly in moderated
relationships. The b3 coefficient, the moderator effect, indicates the unit change in the effect of X1 as X2 changes.
The b1 and b2 coefficients now represent the effects of X1 and X2, respectively, when the other independent variable
is zero. In the unmoderated relationship, the b1 coefficient represents the effect of X1 across all levels of X2, and
similarly for b2. Thus, in unmoderated regression, the regression coefficients b1 and b2 are averaged across levels
of the other independent variables, whereas in a moderated relationship they are separate from the other independent variables. To determine the total effect of an independent variable, the separate and moderated effects
must be combined. The overall effect of X1 for any value of X2 can be found by substituting the X2 value into the
following equation:

bX11overall2 5 bX1 1 b3X2

For example, assume a moderated regression resulted in the following coefficients: b1 5 2.0 and b3 5 .5.
If the value of X2 ranges from 1 to 7, the researcher can calculate the total effect of X1 at any value of X2. When
X2 equals 3, the total effect of X1 is 3.5 3 2.0 1 .5 1 3 2 4 . When X2 increases to 7, the total effect of X1 is now
5.5 3 2.0 1 .5 1 7 2 4 .
We can see the moderator effect at work, making the relationship of X1 and the dependent variable change, given
the level of X2. Researchers should always explore the full range of the moderation effects and software supplements
for SAS and IBM SPSS have been developed for this purpose [55]. Excellent discussions of moderated relationships
in multiple regression are available in a number of sources [29, 63, 106]. However, there are also distinct issues with
the interpretation of interactions and their impact on other results [43, 44]. Researchers are cautioned on their
widespread use unless distinct effects are hypothesized.
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Summary The creation of new variables provides the researcher with great flexibility in representing a wide
range of relationships within regression models (see Rules of Thumb 5-3). Yet too often the desire for better
model fit leads to the inclusion of these special relationships without theoretical support that can lead to misleading results [30]. In these instances, the researcher is running a much greater risk of finding results with little
or no generalizability. Instead, in using these additional variables, the researcher must be guided by theory
that is supported by empirical analysis. In this manner, both practical and statistical significance can hopefully
be met.

The concept of mediation is not a data transformation, but instead a re-specification of the causal
relationships in the analysis. Mediation occurs when the effect of an independent variable may “work through” an
intervening variable (the mediating variable) to predict the dependent variable. In this situation the independent
variable may have a direct effect on the dependent measure as well as an indirect effect though the mediating variable
to the dependent variable. While most commonly associated with ANOVA and MANOVA models (see Chapter 6
for an extended discussion), its relevance in the discussion of multiple regression relates to the roles of independent
variables. A simple example illustrates how mediation may occur.
Assume that consumer behavior research indicates a sequential cognitive process occurs—customer satisfaction leads to future purchase intentions, but also leads to higher loyalty attitudes which are related to higher
future purchase intentions. Now if we were to perform a simple multiple regression analysis we would place
both customer satisfaction and loyalty as independent variables and future purchase intentions as the dependent
measure. We would then determine the relative importance of customer satisfaction and loyalty through their
regression coefficients. If both are significant, then we can assume that there is some effect on future purchase
intentions from both customer satisfaction and loyalty. While these estimated coefficients are empirically correct,
we have understated the effect of customer satisfaction—What about the role of customer satisfaction in predicting loyalty? The full impact of customer satisfaction is actually both its direct effect on future purchase intentions
plus some additional effect (an indirect effect) from its relationship to loyalty and then on to future purchase
intentions.
Since both customer satisfaction and loyalty are included in the model, the definition of loyalty as a mediator
instead of as just another independent variable is conceptual, not empirical. Introducing mediation into the analysis requires conceptual support for the proposed causal path (i.e., the path from the independent variable to the
mediator) and empirical evidence that might be available [78]. But as seen in the earlier example, the “true” effect
of customer satisfaction on purchase intention would not be seen without the specification of loyalty as a mediating effect. The introduction of mediation into the analysis provides a framework for understanding more than
just direct effects, and an integration of mediation and moderation has been developed [39, 54]. As the number
of mediation effects move beyond a single independent variable and mediator, the researcher should consider the
path models of structural equation analysis (see Chapters 9 and 13 for introductions) where specifying several
mediating effects in a single analysis is possible. It is beyond the scope of this chapter to address all of the issues
surrounding mediation effects, but it is critical for the researcher to understand the implications of identifying
potential mediators and the role they should play in the analysis in order to accurately portray the total effects of
the independent variables.
Mediation

oVeRVieW
A wide number of issues are addressed in this stage, ranging from the impact of sample size to the nature of the
relationships to be included in the analysis. A common theme in all of these issues is the role of researcher judgment, which can play a substantive positive or negative role in the ultimate results. We encourage researchers to
employ these elements, whether it be increasing sample size for purposes of statistical power, introducing data
transformations to improve the ability to represent the accurate relationships of the variables or even employ
moderation and/or mediation effects. But in all instances these actions should be guided with an understanding
of their potential impact since indiscriminate use of these options can introduce as many detrimental effects as
positive effects.
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Rules of thumb 5-3
Variable transformations
●

Nonmetric variables can only be included in a regression analysis by creating dummy variables.

●

Dummy variables can only be interpreted in relation to their reference category.

●

Adding an additional polynomial term represents another inflection point in the curvilinear relationship.

●

Quadratic and cubic polynomials are generally sufficient to represent most curvilinear relationships.

●

Assessing the significance of a polynomial or interaction term is accomplished by evaluating incremental
R2, not the significance of individual coefficients, due to high multicollinearity.

Mediation and Moderation
●

Selecting a variable to be either a mediator or moderator should be based on conceptual rather than empirical grounds.

Stage 3: Assumptions in Multiple Regression Analysis
We have shown how improvements in prediction of the dependent variable are possible by adding independent
variables and even transforming them to represent aspects of the relationship that are not linear. To do so, however,
we must make several assumptions about the relationships between the dependent and independent variables that
affect the statistical procedure (least squares) used for multiple regression. In the following sections we discuss testing
for the assumptions and corrective actions to take if violations occur.
The basic issue is whether, in the course of calculating the regression coefficients and predicting the dependent
variable, the assumptions of regression analysis are met. Are the errors in prediction a result of an actual absence of
a relationship among the variables, or are they caused by some characteristics of the data not accommodated by the
regression model? The assumptions to be examined are in four areas:
1
2
3
4

Linearity of the phenomenon measured
Constant variance of the error terms
Normality of the error term distribution
Independence of the error terms.

ASSeSSinG inDiViDUAL VARiABLeS VeRSUS tHe VARiAte
Before addressing the individual assumptions, we must first understand that the assumptions underlying multiple
regression analysis apply both to the individual variables (dependent and independent) and to the relationship as a
whole. Chapter 2 examined the available methods for assessing the assumptions for individual variables. In multiple
regression, once the variate is derived, it acts collectively in predicting the dependent variable, which necessitates
assessing the assumptions not only for individual variables but also for the variate itself. This section focuses on examining the variate and its relationship with the dependent variable for meeting the assumptions of multiple regression.
These analyses actually must be performed after the regression model has been estimated in Stage 4. Thus, testing for
assumptions must occur not only in the initial phases of the regression, but also after the model has been estimated.
A common question is posed by many researchers: Why examine the individual variables when we can just
examine the variate and avoid the time and effort expended in assessing the individual variables? The answer rests
in the insight gained in examining the individual variables in two areas:
●
●

Have assumption violations for individual variable(s) caused their relationships to be misrepresented?
What are the sources and remedies of any assumptions violations for the variate?
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Only with a thorough examination of the individual variables will the researcher be able to address these two
key questions. If only the variate is assessed, then the researcher not only has little insight into how to correct any
problems, but perhaps more importantly does not know what opportunities were missed for better representations
of the individual variables and, ultimately, the variate.
MetHoDS oF DiAGnoSiS
The principal measure of prediction error for the variate is the residual—the difference between the observed and
predicted values for the dependent variable. When examining residuals, some form of standardization is recommended to make the residuals directly comparable. (In their original form, larger predicted values naturally have
larger residuals.) The most widely used standardization approach is the studentized residual, which differs from
other methods in how it calculates the standard deviation. To minimize the effect of any observation on the standardization process, the standard deviation of the residual for observation is computed from regression estimates
omitting the ith observation in the calculation of the regression estimates. The studentized residual values correspond
to t values, making it quite easy to assess the statistical significance of particularly large residuals.
Graphical Diagnostics Plotting the residuals versus the independent or predicted variables is a basic method of

identifying assumption violations for the overall relationship. Use of the residual plots, however, depends on several
key considerations.

BASic ReSiDUAL PLot The most common residual plot involves the residuals 1 ri 2 versus the predicted dependent
values 1 Yi 2 . For a simple regression model, the residuals may be plotted against either the dependent or independent
variables, because they are directly related. In multiple regression, however, only the predicted dependent values
represent the total effect of the regression variate. Thus, unless the residual analysis intends to concentrate on only
a single variable, the predicted dependent variables are used.

Violations of each assumption can be identified by specific patterns of the residuals. Figure 5.11
contains a number of residual plots that address the basic assumptions discussed in the following sections. One plot
of special interest is the null plot (Figure 5.11a), the plot of residuals when all assumptions are met. The null plot
shows the residuals falling randomly, with relatively equal dispersion about zero and no strong tendency to be either
greater or less than zero. Likewise, no pattern is found for large versus small values of the independent variable. The
remaining residual plots will be used to illustrate methods of examining for violations of the assumptions underlying
regression analysis. In the following sections, we examine a series of statistical tests that can complement the visual
examination of the residual plots.

ASSeSSinG VioLAtionS

LineARitY oF tHe PHenoMenon
The linearity of the relationship between dependent and independent variables represents the degree to which the
change in the dependent variable is associated with the independent variable. The regression coefficient is assumed
to be constant across the range of values for the independent variable. The concept of correlation, the measure of
association underlying regression analysis, is based on a linear relationship, thus making it a critical issue in representing the “true” relationship between variables in the analysis. Moreover, violations of the linearity assumption are
not overcome by increasing the sample size, as is the case with other assumptions (e.g., normality).
Linearity of any bivariate relationship is easily examined through residual plots. Figure 5.11b shows a typical
pattern of residuals indicating the existence of a nonlinear relationship not represented in the current model. Any
consistent curvilinear pattern in the residuals indicates that corrective action will increase both the predictive accuracy of the model and the validity of the estimated coefficients. Corrective action can take one of three forms:
●

Transforming the data values (e.g., logarithm, square root, etc.) of one or more independent variables to
achieve linearity is discussed in Chapter 2 [83].
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Figure 5.11
Graphical Analysis of Residuals
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Directly including the nonlinear relationships in the regression model, such as through the creation of polynomial terms as discussed in Stage 2.
Using specialized methods such as nonlinear regression specifically designed to accommodate the curvilinear
effects of independent variables or more complex nonlinear relationships.

How do we determine which independent variable(s) to select
for corrective action? In multiple regression with more than one independent variable, an examination of the residuals shows only the combined effects of all independent variables, but we cannot examine any independent variable
separately in a residual plot. To do so, we use what are called partial regression plots, which show the relationship of
a single independent variable to the dependent variable, controlling for the effects of all other independent variables.
As such, the partial regression plot portrays the unique relationship between dependent and independent variables.

Identifying the Independent Variables for Action
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These plots differ from the residual plots just discussed because the line running through the center of the points,
which was horizontal in the earlier plots (refer to Figure 5.11), will now slope up or down depending on whether
the regression coefficient for that independent variable is positive or negative.
Examining the observations around this line is done exactly as before, but now the curvilinear pattern indicates
a nonlinear relationship between a specific independent variable and the dependent variable. This method is more
useful when several independent variables are involved, because we can tell which specific variables violate the
assumption of linearity and apply the needed remedies only to them. Also, the identification of outliers or influential
observations is facilitated on the basis of one independent variable at a time.

conStAnt VARiAnce oF tHe eRRoR teRM
The presence of unequal variances (heteroscedasticity) is one of the most common assumption violations. In these
instances, the error terms (residuals) are not constant across the range of the independent variable. This lack of
constant variance in the residuals does not bias the estimated coefficients, but it does cause inaccurate estimation
of the standard errors of the estimates (most often underestimated). This can cause inflated Type I error rates or
decreased statistical power [98].
Diagnosis Diagnosis is made with residual plots or simple statistical tests. Plotting the residuals (studentized)
against the predicted dependent values and comparing them to the null plot (see Figure 5.11a) shows a consistent
pattern if the variance is not constant. Perhaps the most common pattern is triangle-shaped in either direction
(Figure 5.11c). A diamond-shaped pattern (Figure 5.11d) can be expected in the case of percentages where more
variation is expected in the midrange than at the tails. Many times, a number of violations occur simultaneously, such
as in nonlinearity and heteroscedasticity (Figure 5.11h). Remedies for one of the violations often correct problems
in other areas as well.
Each statistical computer program has statistical tests for heteroscedasticity. For example, IBM SPSS provides the
Levene test for homogeneity of variance, which measures the equality of variances for a single pair of variables. Its use
is particularly recommended because it is less affected by departures from normality, another frequently occurring
problem in regression.
Remedies If heteroscedasticity is present, three remedies are available:

The most direct remedy is the transformation of the offending variable(s) with a one of
the variance-stabilizing transformations discussed in Chapter 2. After transformation the variables should exhibit
homoscedasticity and can be used directly in the regression model. The disadvantage of this approach, however, is
that the transformation process many times complicates interpretation of the transformed variable.

VARiABLe tRAnSFoRMAtion

A second remedy is to use the procedure of weighted least squares analysis. This procedure
“weights” each observation based on its variance and thus mitigates the variations in variance of the residuals seen
in heteroscedasticity. The use of this approach, however, requires a series of assumptions concerning the distribution
of the residuals and is a more complicated estimation process.

WeiGHteD LeASt SQUAReS

HeteRoSceDASticitY-conSiStent StAnDARD eRRoRS A third approach that has become more widespread in recent years
is the use of robust standard errors or heteroscedasticity-consistent standard errors (HCSE) [75, 79, 124]. These
estimates of the standard errors are corrected for any heteroscedasticity that may be present and thus are a much
simpler and direct option than either variable transformations or weighted least squares [56]. There are a series of
estimates of HCSE (HC1, HC2, HC3 and HC4), but HC3 or HC4 are generally regarded as the most appropriate to
use [98]. Direct estimates of HCSE are available in the major software programs, either as an option or supplemental
analysis [56]. At a minimum the researcher should obtain these “corrected” standard errors and compare them to
the original standard errors to assess the degree of impact of heteroscedasticity.
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noRMALitY oF tHe eRRoR teRM DiStRiBUtion
While technically the assumption of normality applies only to the error terms/residuals, any attempt to remedy
non-normality involves assessing the non-normality of the independent or dependent variables or both [105]. The
simplest diagnostic for the set of independent variables in the equation is a histogram of residuals, with a visual
check for a distribution approximating the normal distribution (see Figure 5.11g). Although attractive because of
its simplicity, this method is particularly difficult in smaller samples, where the distribution is often not normal.
A better method is the use of normal probability plots. They differ from residual plots in that the standardized
residuals are compared with the normal distribution. The normal distribution makes a straight diagonal line, and
the plotted residuals are compared with the diagonal. If a distribution is normal, the residual line closely follows
the diagonal. The same procedure can compare the dependent or independent variables separately to the normal
distribution [33]. Chapter 2 provides a more detailed discussion of the interpretation of normal probability plots.
Regression analysis is generally considered robust to violations of normality when the sample size exceeds 200
observations, but researchers are always encouraged to make an assessment of the normality of the residuals to
identify problematic issues. In smaller samples variables can be transformed to achieve normality to correct for the
assumption violations. When the dependent variables are known to follow non-normal distributions (e.g., counts,
proportions or probabilities, binary variables) researchers are encouraged to explore the use of generalized linear
models (see Chapter 1 for more discussion) that explicitly incorporate these error term distributions other than the
normal distribution. This provides the researcher with a method for avoiding transformations of the dependent
measure just to achieve normality.

inDePenDence oF tHe eRRoR teRMS
We assume in regression that each predicted value is independent, which means that the predicted value is not
related to any other prediction; that is, they are not grouped or sequenced by any variable. We can best identify such
an occurrence by plotting the residuals against any possible grouping or sequencing variable. If the residuals are
independent, the pattern should appear random and similar to the null plot of residuals. Violations will be identified
by a consistent pattern in the residuals. Figure 5.11e displays a residual plot that exhibits an association between the
residuals and time, a common sequencing variable. Another frequent pattern is shown in Figure 5.11f. This pattern
occurs when basic model conditions change but are not included in the model. For example, swimsuit sales are
measured monthly for 12 months, with two winter seasons versus a single summer season, yet no seasonal indicator
is estimated. The residual pattern will show negative residuals for the winter months versus positive residuals for
the summer months.
The types of grouping or sequencing variables fall into two basic classes: time series data and clustered observations. Time series data represents observations on the same unit (e.g., person or object) over multiple occasions.
It is similar to repeated measures in many experimental situations (see Chapter 6 for more discussion). In both
instances we assume that the observations for any individual/object are related and thus not independent. We can
apply data transformations such as first differencing in time series analysis or centering in repeated measures. Both
of these situations can be accommodated by panel analysis, an extension of multiple regression to accommodate
both cross-sectional and time series/repeated measures in a single framework. We will discuss panel model later in
this chapter.
The second type of grouping/sequencing variable is found when the data is hierarchically distributed (i.e., there
are groups of observations that form a nested structure in the data). The classic example is in an educational setting,
where individual students can be grouped by class, then classes within schools and so on These groups can all be
interrelated within the group (e.g., the common impact of one teacher versus another) and thus violate the independence assumption. A class of models termed multilevel or hierarchical models have been developed to specifically
address this issue and provide a remedy for the dependence among observations. This class of models will also be
discussed later in the chapter along with panel models as extensions of regression analysis to address these types of
research situations.
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Rules of thumb 5-4
Assessing Statistical Assumptions
●

●

●

●

Testing assumptions must be done not only for each dependent and independent variable, but for the variate as well.
Graphical analyses (i.e., partial regression plots, residual plots, and normal probability plots) are the most
widely used methods of assessing assumptions for the variate.
Most remedies for problems found in the variate must be accomplished by modifying one or more independent variables as described in Chapter 2.
Heteroscedasticity can be remedied by use of heteroscedasticity-consistent standard errors (HCSE).

SUMMARY
Analysis of residuals, whether with the residual plots or statistical tests, provides a simple yet powerful set of
analytical tools for examining the appropriateness of our regression model. Too often, however, these analyses are
not made, and the violations of assumptions are left intact. Thus, users of the results are unaware of the potential
inaccuracies that may be present, which range from inappropriate tests of the significance of coefficients (either
showing significance when it is not present, or vice versa) to the biased and inaccurate predictions of the dependent
variable. We strongly recommend that these methods be applied for each set of data and regression model (see Rules
of Thumb 5-4). Application of the remedies, particularly transformations of the data, will increase confidence in the
interpretations and predictions from multiple regression. When transformations are not desirable, then alternative
measures (e.g., HCSE estimates) are available along with alternative model forms (e.g., multilevel or panel models)
when data transformations are not sufficient.

Stage 4: estimating the Regression Model and Assessing overall
Model Fit
Having specified the objectives of the regression analysis, selected the independent and dependent variables,
addressed the issues of research design, and assessed the variables for meeting the assumptions of regression, the
researcher is now ready to estimate the regression model and assess the overall predictive accuracy of the independent
variables (see Figure 5.12). In this stage, the researcher must accomplish three basic tasks:
1 Select a method for specifying the regression model to be estimated.
2 Assess the statistical significance of the overall model in predicting the dependent variable.
3 Determine whether any of the observations exert an undue influence on the results.
MAnAGinG tHe VARiAte
Perhaps the most critical task in any regression analysis is the correct specification of the variate in the final model.
As we have discussed earlier, issues such as multicollinearity and specification error play a pivotal role in the results
from the regression analysis and most of these issues are resolved as much by researcher judgment as empirical remedies. In Chapter 1 we introduced the framework of Managing The Variate (see Figure 5.13) that we will revisit here
as it encompasses both the issues of variable specification (pre-analysis decisions) and variable selection (specifying
the variate during the estimation process). The following sections will provide more detail on the various options
available to the researcher in each of these decision areas.
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Figure 5.12
Stages 4–6 in the Multiple Regression Decision Diagram
From
Stage
3

Stage 4

(1) User controlled

Select an Estimation Technique
Does the researcher wish to (1) specify the
regression model or (2) utilize a regression
procedure that selects the independent
variables to optimize prediction?

(2) Software Controlled

Sequential Search Method
Confirmatory or Simultaneous
Combinational Approach

Forward/backward estimation
Stepwise estimation
Constrained

All-possible-subsets

Ridge, LASSO

Does the regression variate meet the
assumptions of regression analysis?

No

Go to
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“Creating
Additional
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Yes

Examine Statistical and Practical Significance
Coefficient of determination
Adjusted coefficient of determination
Standard error of the estimate
Statistical significance of regression coefficients

Yes
Delete influential
observations from
the sample

Identify Influential Observations
Are any observations determined to be
influential and require deletion from the
analysis?
No

Stage 5

Interpret the Regression Variate
Evaluate the prediction equation with the
regression coefficients
Evaluate the relative importance of the independent
variables
Assess multicollinearity and its effects

Stage 6

Validate the Results
Split-sample analysis
PRESS statistic
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Figure 5.13
Managing the Variate
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VARiABLe SPeciFicAtion
As discussed in Chapter 1, the basic decision facing the researcher at this stage is whether to use the independent
variables in their original form or perform some form of dimensional reduction on the set of independent variables.
Use of the original variables provides the researcher with direct measures of the variables of interest, which may be
particularly important as explanation becomes an important objective. But as the number of variables increases the
issue of interpretability emerges as described in Stage 1, especially as the researcher attempts to avoid specification
error by not including relevant variables.
If dimensional reduction is performed, the researcher again can choose one of two options: perform the dimensional reduction before the analysis is conducted through some form of exploratory factor analysis (see Chapter 3
for a more extended discussion) or employ a software-controlled approach such as principal components regression
where the software performs the dimensional reduction without researcher intervention. The advantages of dimensional reduction in any form have been discussed earlier when addressing the issues associated with multicollinearity
and measurement error.
As a remedy for multicollinearity, redundant variables are formed into some form of composite variable that then
replaces the individual variables in the analysis. The effect is to concentrate all of the predictive effect into a single
measure versus having several measures all “sharing” in that effect. For example, measurement error composites
provide greater reliability and validity about the central concept underlying the variables, relying on a “convergence”
of the variables to represent a shared perspective on the concept that is much stronger than any single measure.
The issue of reducing measurement error through composites is a fundamental element of structural equation
modeling and we encourage researchers to acquaint themselves with the concept of a latent construct introduced in
Chapters 9 and 10, and further explained in Chapters 11 to 13.
The appropriate choice is obvious in the extreme situations—a very few or a very large number of variables.
But most research situations fall between the extremes and the researcher’s judgment has substantial impact. So
we recommend researchers explore all alternatives to understand the implications of each approach. In our HBAT
example later in the chapter we will examine regression models using all thirteen independent variables as well as
substituting the factors developed in Chapter 3 in our exploratory factor analysis. In that manner we can see the
conclusions shared between the two approaches as well as the unique conclusions for each approach.
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VARiABLe SeLection
In most instances of multiple regression, the researcher has a number of possible independent variables from which
to choose for inclusion in the regression equation. Sometimes the set of independent variables is exactly specified and
the regression model is essentially used in a confirmatory approach. But in most instances, the researcher may choose
to specify the variables to be included in the variate (by explicit specification or using the combinatorial approach)
or use the estimation technique to pick and choose among the set of independent variables with either sequential
search or constrained processes. The objective should always be to find the best regression model, whether through
one or more of these approaches. Each of these four basic approaches is discussed next.
Confirmatory or Simultaneous Specification The simplest, yet perhaps most demanding, approach for specifying
the regression model is to employ a confirmatory (also known as a simultaneous) approach wherein the researcher
specifies the exact set of independent variables to be included. As compared with the other approaches to be discussed
next, the researcher has total control over the variable selection. Although the confirmatory specification is simple in
concept, the researcher is completely responsible for the trade-offs between more independent variables and greater
predictive accuracy versus model parsimony, multicollinearity and concise explanation. Particularly problematic are
specification errors of either omission or inclusion discussed earlier in Stage 1. Guidelines for model development are
discussed in Chapter 1. The researcher must avoid being guided by empirical information and instead rely heavily
on theoretical justification for a truly confirmatory approach.

The other form of user-controlled variable selection is the combinatorial approach,
primarily a generalized search process across all possible combinations of independent variables. The best-known
procedure is all-possible-subsets regression, which is exactly as the name suggests. All possible combinations of the
independent variables are examined, and the best-fitting set of variables is identified. For example, a model with 10
independent variables has 1,024 possible regressions (1 equation with only the constant, 10 equations with a single
independent variable, 45 equations with all combinations of two variables, and so on). With computerized estimation
procedures, this process can be managed today even for rather large problems, thereby identifying the best overall
regression equation for any number of measures of predictive fit.
Usage of this approach has decreased due to criticisms of its (1) atheoretical nature and (2) lack of consideration of
such factors as multicollinearity, the identification of outliers and influentials, and the interpretability of the results.
When these issues are considered, the “best” equation may involve serious problems that affect its appropriateness,
and another model may ultimately be selected. This approach can, however, provide insight into the number of
regression models that are roughly equivalent in predictive power, yet possess quite different combinations of independent variables.

Combinatorial Approach

Sequential Search Methods In a marked contrast to the user-controlled approaches, sequential search methods
have in common the general approach of estimating the regression equation by considering a set of variables defined
by the researcher, and then a software algorithm selectively adding or deleting among these variables until some overall criterion measure is achieved. This approach provides an objective method for selecting variables that maximizes
the prediction while employing the smallest number of variables. Two types of sequential search approaches are (1)
stepwise estimation and (2) forward addition and backward elimination. In each approach, variables are individually
assessed for their contribution to prediction of the dependent variable and added to or deleted from the regression
model based on their relative contribution. The stepwise procedure is discussed and then contrasted with the forward
addition and backward elimination procedures.

Perhaps the most popular sequential approach to variable selection is stepwise estimation.
This approach enables the researcher to examine the contribution of each independent variable to the regression
model. Each variable is considered for inclusion prior to developing the equation. The independent variable with the
greatest contribution is added first. Independent variables are then selected for inclusion based on their incremental

StePWiSe eStiMAtion
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contribution over the variable(s) already in the equation. The stepwise procedure is illustrated in Figure 5.14.
The specific issues at each stage are as follows:
1 Start with the simple regression model by selecting the one independent variable that is the most highly
correlated with the dependent variable. The equation would be Y 5 b0 1 b1X1.
2 Examine the partial correlation coefficients to find an additional independent variable that explains the
largest statistically significant portion of the unexplained (error) variance remaining from the first regression
equation.
3 Recompute the regression equation using the two independent variables, and examine the partial F value for
the original variable in the model to see whether it still makes a significant contribution, given the presence of
the new independent variable. If it does not, eliminate the variable. This ability to eliminate variables already
in the model distinguishes the stepwise model from the forward addition/backward elimination models. If the
original variable still makes a significant contribution, the equation would be Y 5 b0 1 b1X1 1 b2X2.
4 Continue this procedure by examining all independent variables not in the model to determine whether one
would make a statistically significant addition to the current equation and thus should be included in a revised

Figure 5.14
Flowchart of the Stepwise estimation Method
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equation. If a new independent variable is included, examine all independent variables previously in the model
to judge whether they should be kept.
5 Continue adding independent variables until none of the remaining candidates for inclusion would contribute a statistically significant improvement in predictive accuracy. This point occurs when all of the remaining
partial regression coefficients are non-significant.
A potential bias in the stepwise procedure results from considering only one variable for selection at a time. Suppose
variables X3 and X4 together would explain a significant portion of the variance (each given the presence of the
other), but neither is significant by itself. In this situation, neither would be considered for the final model. Also,
as will be discussed later, multicollinearity among the independent variables can substantially affect all sequential
estimation methods.
FoRWARD ADDition AnD BAcKWARD eLiMinAtion The procedures of forward addition and backward elimination are
largely trial-and-error processes for finding the best regression estimates. The forward addition model is similar to the stepwise procedure in that it builds the regression equation starting with a single independent variable,
whereas the backward elimination procedure starts with a regression equation including all the independent variables
and then deletes independent variables that do not contribute significantly. The primary distinction of the stepwise
approach from the forward addition and backward elimination procedures is its ability to add or delete variables at each
stage. Once a variable is added or deleted in the forward addition or backward elimination schemes, the action cannot
be reversed at a later stage. Thus, the ability of the stepwise method to add and delete makes it the preferred method
among most researchers.
cAVeAtS to SeQUentiAL SeARcH MetHoDS To many researchers, the sequential search methods seem the perfect solution
to the dilemma faced in the confirmatory approach by achieving the maximum predictive power with only those
variables that contribute in a statistically significant amount. Yet in the selection of variables for inclusion in the
regression variate, three critical caveats markedly affect the resulting regression equation.
Impact of Multicollinearity The multicollinearity among independent variables has substantial impact on the final
model specification. Let us examine the situation with two independent variables that have almost equal correlations with the dependent variable and are also highly correlated with each other. The criterion for inclusion or
deletion in these approaches is to maximize the incremental predictive power of the additional variable. If one
of these variables enters the regression model, it is highly unlikely that the other variable will also enter because
these variables are highly correlated and separately show little unique variance (see the later discussion on multicollinearity). For this reason, the researcher must assess the effects of multicollinearity in model interpretation
by not only examining the final regression equation, but also examining the direct correlations of all potential
independent variables. This knowledge will help the researcher to avoid concluding that the independent variables that do not enter the model are inconsequential when in fact they may be highly related to the dependent
variable, but also correlated with variables already in the model. Although the sequential search approaches will
maximize the predictive ability of the regression model, the researcher must be careful in using these methods
in establishing the impact of independent variables without considering multicollinearity among independent
variables.
Loss of Researcher Control All sequential search methods create a loss of control on the part of the researcher. Even
though the researcher does specify the variables to be considered for the regression variate, it is the estimation
technique, interpreting the empirical data, that specifies the final regression model. In many situations, complications such as multicollinearity can result in a final regression model that achieves the highest levels of predictive
accuracy, but has little managerial relevance in terms of variables included and so on. Yet in such instances, what
recourse does the researcher have? The ability to specify the final regression model has been relinquished by the
researcher. Use of these estimation techniques must consider trade-offs between the advantages found in these
methods versus the lack of control in establishing the final regression model.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

298

Section III Dependence Techniques – Metric Outcomes

Increased Alpha Level The third caveat pertains primarily to the stepwise procedure. In this approach, multiple significance tests are performed in the model estimation process. To ensure that the overall error rate across all significance
tests is reasonable, the researcher should employ more conservative thresholds (e.g., .01) in adding or deleting variables.
The sequential estimation methods have become widely used because of their efficiency in selecting that subset of
independent variables that maximizes the predictive accuracy. With this benefit comes the potential for misleading
results in explanation where only one of a set of highly correlated variables is entered into the equation and a loss
of control in model specification. These potential issues do not suggest that sequential search methods should be
avoided, just that the researcher must realize the issues (pro and con) involved in their use.

Constrained Methods The final approach to variable selection is an emerging set of techniques which act upon
the actual regression estimates to “shrink” the estimates based upon their variance. These techniques are especially
useful when (a) there are high degrees of multicollinearity or (b) the number of variables exceeds the number of
observations in the sample.

The first constrained method employing shrinkage was ridge regression, first proposed in 1970 as a
means of combating high levels of multicollinearity [59]. The regression estimates are “shrunk” based on l, the tuning
parameter or ridge estimator. The objective is to reduce the regression estimates that are “inflated” by the effects of
multicollinearity closer towards their true values. The tuning parameter controls the degree of shrinkage, so that if it is
set to zero then no shrinkage occurs (estimates equal original regression coefficients), but as the value is increased then
all of the coefficients are decreased. In this manner the more important coefficients are highlighted as those of lesser
value decrease towards zero [129]. One limitation of ridge regression is that it will not set any coefficient to zero, thus
all variables are retained in the equation. Ridge regression works particularly well when there are a number of variables
with coefficients that are small or even zero. If all of the coefficients are moderate and of relatively equal size, then
the shrinkage is relatively constant across the set and little differentiation occurs. While default values of the tuning
parameter generally work well, the researcher can vary the parameter to review the impacts on the parameter estimates.
RiDGe ReGReSSion

LASSo A more recent development is LASSO (least absolute shrinkage and selection operator), which builds upon
the ridge regression approach by adding a variable selection component as well [114, 115]. The variable selection
component comes from the addition of an additional constraint on the estimated coefficients. The result is small
coefficients can be reduced to zero, thus eliminating them from the variate. In this manner, LASSO both constrains
the estimates to magnify the larger coefficients and forces the smaller coefficients to zero, thus eliminating them
from the model. It works particularly well when the number of variables is very large, and even when the number
of variables exceeds the sample size.

Whether the user exerts control over the variable selection process
or a software-controlled method is used, the most important criterion is the researcher’s substantive knowledge of
the research context and any theoretical foundation that allows for an objective and informed perspective as to the
variables to be included as well as the expected signs and magnitude of their coefficients (see Rules of Thumb 5-5).
Without this knowledge, the regression results can have high predictive accuracy but little managerial or theoretical
relevance. Each estimation method has advantages and disadvantages, such that no single method is always preferred
over the other approaches. As such, the researcher should never totally rely on any one of these approaches without
understanding how the implications of the estimation method relate to the researcher’s objectives for prediction and
explanation and the theoretical foundation for the research. Many times the use of two or more methods in combination may provide a more balanced perspective for the researcher versus using only a single method and trying to
address all of the issues affecting the results.

Review of the Model Selection Approaches

teStinG tHe ReGReSSion VARiAte FoR MeetinG tHe ReGReSSion ASSUMPtionS
With the independent variables selected and the regression coefficients estimated, the researcher must now assess the
estimated model for meeting the assumptions underlying multiple regression. As discussed in Stage 3, the individual
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Rules of thumb 5-5
Variable Specification
●

While the researcher may choose to use the original set of variables in model estimation, issues of multicollinearity in
most situations warrants consideration of some form of dimensional reduction.

Variable Selection
●

No matter which variable technique is chosen, theory must be a guiding factor in evaluating the final regression
model because:
●

●

●

●
●

Confirmatory specification, the only method to allow direct testing of a prespecified model, is also the most
complex from the perspectives of specification error, model parsimony, and achieving maximum predictive
accuracy.
Combinatorial estimation, while considering all possible models, still removes control from the researcher in
terms of final model specification, even though the researcher can view the set of roughly equivalent models in
terms of predictive accuracy.
Sequential search (e.g., stepwise), although maximizing predictive accuracy, represents a completely “automated”
approach to model estimation, leaving the researcher almost no control over the final model specification.
Constrained variable selection has the same caveats as sequential search methods.

No single method is best, and the prudent strategy is to employ a combination of approaches to capitalize on the
strengths of each to reflect the theoretical basis of the research question.

variables must meet the assumptions of linearity, constant variance, independence, and normality. In addition to the
individual variables, the regression variate must also meet these assumptions. The diagnostic tests discussed in Stage 3
can be applied to assessing the collective effect of the variate through examination of the residuals. If substantial
violations are found, the researcher must take corrective actions on one or more of the independent variables and
then re-estimate the regression model.
exAMininG tHe StAtiSticAL SiGniFicAnce oF oUR MoDeL
If we were to take repeated random samples of respondents and estimate a regression equation for each sample,
we would not expect to get exactly the same values for the regression coefficients each time. Nor would we expect
the same overall level of model fit. Instead, some amount of random variation due to sampling error should cause
differences among many samples. From a researcher’s perspective, we take only one sample and base our predictive
model on it. With only this one sample, we need to test the hypothesis that our regression model can represent
the population rather than just our one sample. These statistical tests take two basic forms: a test of the variation
explained (coefficient of determination) and a test of each regression coefficient.
Significance of the Overall Model: Testing the Coefficient of Detemination To test the hypothesis that the amount
of variation explained by the regression model is more than the baseline prediction (i.e., that R2 is significantly greater
than zero), the F ratio is calculated as:

SSregression
F ratio 5

where

dfregression
SSresidual
dfresidual

dfregression5Number of estimated coefficients 1 including intercept 2 2 1
dfresidual5Sample size2Number of estimated coefficients (including intercept)
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Three important features of this ratio should be noted:
Dividing each sum of squares by its appropriate degrees of freedom (df) results in an estimate
of the variance. The top portion of the F ratio is the variance explained by the regression model, while the bottom
portion is the unexplained variance.

RAtio oF VARiAnceS

Intuitively, if the ratio of the explained variance to the unexplained is high, the regression variate must
be of significant value in explaining the dependent variable. Using the F distribution, we can make a statistical test
to determine whether the ratio is different from zero (i.e., statistically significant). In those instances in which it is
statistically significant, the researcher can feel confident that the regression model is not specific to just this sample,
but would be expected to be significant in multiple samples from this population.

SiZe oF R2

Although larger R2 values result in higher F values, the researcher must base any
assessment of practical significance separate from statistical significance. Because statistical significance is really
an assessment of the impact of sampling error, the researcher must be cautious of always assuming that statistically
significant results are also practically significant. This caution is particularly relevant in the case of large samples
where even small R2 values (e.g., 5% or 10%) can be statistically significant, but such levels of explanation would not
be acceptable for further action on a practical basis.
In our example of credit card usage, the F ratio for the simple regression model is 1 16.5 4 1 2 / 1 5.50 4 6 2 5 18.0.
The tabled F statistic of 1 with 6 degrees of freedom at a significance level of .05 yields 5.99. Because the F ratio is
greater than the table value, we reject the hypothesis that the reduction in error we obtained by using family size to
predict credit card usage was a chance occurrence. This outcome means that, considering the sample used for estimation, we can explain 18 times more variation than when using the average, which is not likely to happen by chance
(less than 5% of the time). Likewise, the F ratio for the multiple regression model with two independent variables is
1 18.96 4 2 2 / 1 3.04 4 5 2 5 15.59. The multiple regression model is also statistically significant, indicating that the
additional independent variable was substantial in adding to the regression model’s predictive ability.
ASSeSS PRActicAL SiGniFicAnce

Adjusting the Coefficient of Determination As was discussed earlier in defining degrees of freedom, the addition

of a variable will always increase the R2 value. This increase then creates concern with generalizability because R2
will increase even if non-significant predictor variables are added. The impact is most noticeable when the sample
size is close in size to the number of predictor variables (termed overfitting—when the degrees of freedom is small).
With this impact minimized when the sample size greatly exceeds the number of independent variables, a number
of guidelines have been proposed as discussed earlier (e.g., 10 to 15 observations per independent variable to a
minimum of 5 observations per independent variable). Yet what is needed is a more objective measure relating the
level of overfitting to the R2 achieved by the model.
This measure involves an adjustment based on the number of independent variables relative to the sample size. In
this way, adding non-significant variables just to increase the R2 can be discounted in a systematic manner. As part of
all regression programs, an adjusted coefficient of determination (adjusted R2) is given along with the coefficient
of determination. Interpreted the same as the unadjusted coefficient of determination, the adjusted R2 decreases
as we have fewer observations per independent variable. The adjusted R2 value is particularly useful in comparing
across regression equations involving different numbers of independent variables or different sample sizes because
it makes allowances for the degrees of freedom for each model.
In our example of credit card usage, R2 for the simple regression model is .751, and the adjusted R2 is .709. As we
add the second independent variable, R2 increases to .861, but the adjusted R2 increases to only .806. When we add
the third variable, R2 increases to only .872, and the adjusted R2 decreases to .776. Thus, while we see the R2 always
increased when adding variables, the decrease in the adjusted R2 when adding the third variable indicates an overfitting of the data. When we discuss assessing the statistical significance of regression coefficients in the next section,
we will see that the third variable was not statistically significant. The adjusted R2 not only reflects overfitting, but
also the addition of variables that do not contribute significantly to predictive accuracy.
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Statistical significance testing for the estimated coefficients in
regression analysis is appropriate and necessary when the analysis is based on a sample of the population rather than
a census. When using a sample, the researcher is not just interested in the estimated regression coefficients for that
sample, but is also interested in how the coefficients are expected to vary across repeated samples. The interested
reader can find more detailed discussion of the calculations underlying significance tests for regression coefficients
in the Basic Stats appendix on the text’s websites.

Significance Tests of Regression Coefficients

eStABLiSHinG A conFiDence inteRVAL Significance testing of regression coefficients is a statistically-based probability
estimate of whether the estimated coefficients across a large number of samples of a certain size will indeed be different from zero. To make this judgment, a confidence interval must be established around the estimated coefficient.
If the confidence interval does not include the value of zero, then it can be said that the coefficient’s difference from
zero is statistically significant. To make this judgment, the researcher relies on three concepts:

Establishing the significance level (alpha) denotes the chance the researcher is willing to take
of being wrong about whether the estimated coefficient is different from zero. A value typically used is .05. As the
researcher desires a smaller chance of being wrong and sets the significance level smaller (e.g., .01 or .001), the statistical test becomes more demanding. Increasing the significance level to a higher value (e.g., .10) allows for a larger
chance of being wrong, but also makes it easier to conclude that the coefficient is different from zero.
Significance Level

Sampling Error The reason for variation in the estimated regression coefficients for each sample drawn from a
population is sampling error. For small sample sizes, the sampling error is larger and the estimated coefficients
will most likely vary widely from sample to sample. As the size of the sample increases, the samples become more
representative of the population (i.e., sampling error decreases), and the variation in the estimated coefficients for
these large samples become smaller. This relationship holds true until the analysis is estimated using the population.
Then the need for significance testing is eliminated because the sample is equal to, and thus perfectly representative
of, the population (i.e., no sampling error).
Standard Error The expected variation of the estimated coefficients (both the constant and the regression coefficients) due to sampling error is represented by the standard error. The standard error acts like the standard deviation
of a variable by representing the expected dispersion of the coefficients estimated from repeated samples of this size.
With the significance level selected and the standard error calculated, we can establish a confidence interval for
a regression coefficient based on the standard error just as we can for a mean based on the standard deviation. For
example, setting the significance level at .05 would result in a confidence interval of 61.96 3 standard error, denoting
the outer limits containing 95 percent of the coefficients estimated from repeated samples.

With the confidence interval in hand, the researcher now must ask three questions
about the statistical significance of any regression coefficient:

APPLYinG tHe conFiDence inteRVAL

1 Was statistical significance established? The researcher sets the significance level from which the confidence
interval is derived (e.g., a significance level of 5 percent for a large sample establishes the confidence interval
at 61.96 3 standard error). A coefficient is deemed statistically significant if the confidence interval does not
include zero.
2 How does the sample size come into play? If the sample size is small, sampling error may cause the standard error
to be so large that the confidence interval includes zero. However, if the sample size is larger, the test has greater
precision because the variation in the coefficients becomes less (i.e., the standard error is smaller). Larger
samples do not guarantee that the coefficients will not equal zero, but instead make the test more precise.
3 Does it provide practical significance in addition to statistical significance? As we saw in assessing the R2 value for
statistical significance, just because a coefficient is statistically significant does not guarantee that it also is practically significant. Be sure to evaluate the sign and size of any significant coefficient to ensure that it meets the
research needs of the analysis.
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Significance testing of regression coefficients provides the researcher with an empirical assessment of their “true”
impact. Although it is not a test of validity, it does determine whether the impacts represented by the coefficients are
generalizable to other samples from this population.
UnDeRStAnDinG inFLUentiAL oBSeRVAtionS
Up to now, we focused on identifying general patterns within the entire set of observations. Here we shift our attention to individual observations, with the objective of finding the observations that:
●

lie outside the general patterns of the data set
or

●

strongly influence the regression results.

These observations are not necessarily “bad” in the sense that they must be deleted. In many instances they
represent the distinctive elements of the dataset. However, we must first identify them and assess their impact before
proceeding [13]. This section introduces the concept of influential observations and their potential impact on the
regression results.
Types of Influential Observations Influential observations, in the broadest sense, include all observations that

have a disproportionate effect on the regression results. The three basic types are based upon the nature of their
impact on the regression results:
Observations that have large residual values and can be identified only with respect to a specific regression
model are outliers [2]. Outliers were traditionally the only form of influential observation considered in regression
models, and specialized regression methods (e.g., robust regression) were even developed to deal specifically with
outliers’ impact on the regression results [8, 100]. Chapter 2 provides additional procedures for identifying outliers
as well as a discussion in a later section of this chapter.
oUtLieRS

Observations that are distinct from the remaining observations based on their independent variable
values are known as leverage points. Their impact is particularly noticeable in the estimated coefficients for one or
more of the independent variables.

LeVeRAGe PointS

This is the broadest category, including all observations that have a disproportionate effect
on the regression results. Influential observations potentially include outliers and leverage points but may include
other observations as well. Also, not all outliers and leverage points are necessarily influential observations.

inFLUentiAL oBSeRVAtionS

Influential observations many times are difficult to identify through the
traditional analysis of residuals when looking for outliers. Their patterns of residuals would go undetected because
the residual for the influential points (the perpendicular distance from the point of the estimated regression line)
would not be so large as to be classified as an outlier. Thus, focusing only on large residuals would generally ignore
these influential observations. Figure 5.15 illustrates several types of impacts of influential observations and their
corresponding pattern of residuals:

Impacts of Influential Observations

In Figure 5.15a, the influential point is a “good” one, reinforcing the general pattern of the data and
lowering the standard error of the prediction and coefficients. It is a leverage point but has a small or zero residual
value, because it is predicted well by the regression model. In Figure 5.15b, two influential observations almost totally
account for the observed relationship, because without them no real pattern emerges from the other data points.
They also would not be identified if only large residuals were considered, because their residual value would be small.

ReinFoRcinG

Influential points can have an effect that is contrary to the general pattern of the remaining data but
still have small residuals. In Figure 5.15c, we see a profound effect in which the influential observations counteract
the general pattern of all the remaining data. In this case, the real data would have larger residuals than the bad

conFLictinG
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Figure 5.15
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influential points. Multiple influential points may also work toward the same result. In Figure 5.15e, two influential
points have the same relative position, making detection somewhat harder. In Figure 5.15f, influentials have quite
different positions but a similar effect on the results.
SHiFtinG Influential observations may affect all of the results in a similar manner. One example is shown in
Figure 5.15d, where the slope remains constant but the intercept is shifted. Thus, the relationship among all observations remains unchanged except for the shift in the regression model. Moreover, even though all residuals would
be affected, little in the way of distinguishing features among them would assist in diagnosis.
These examples illustrate that we must develop an expanded toolkit of methods for identifying these influential
cases. Procedures for identifying all types of influential observations are becoming quite widespread, yet are still less
well known and utilized infrequently in regression analysis. All computer programs provide an analysis of residuals
from which those with large values (particularly standardized residuals greater than 2.0) can be easily identified.
Moreover, most computer programs now provide at least some of the diagnostic measures for identifying leverage
points and other influential observations.

Identifying Influential Observations In the following discussion, we discuss a four-step process of identifying outliers,

leverage points, and influential observations. As noted before, an observation may fall into one or more of these classes,
and the course of action to be taken depends on the judgment of the researcher, based on the best available evidence.
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SteP 1: exAMininG ReSiDUALS AnD PARtiAL ReGReSSion PLotS Residuals are instrumental in detecting violations of model
assumptions, and they also play a role in identifying observations that are outliers on the dependent variable once
the model has been estimated. We employ two methods of detection: the analysis of residuals and partial regression
plots.
Analysis of Residuals The residual is the primary means of classifying an observation as an outlier. The residual for
the ith observation is calculated as the actual minus predicted values of the dependent variable, or:

Residuali 5 Yi 2 Y^ i
The residual can actually take many forms based on the results of two procedures: the cases used for calculating
the predicted value, and the use (or nonuse) of some form of standardization. We will review each procedure in the
following sections and then discuss how they are “combined” to derive specific types of residuals.
●

●

Cases used in calculating the residual. We have already seen how we calculate the residual using all of the
observations, but a second form, the deleted residual, differs from the normal residual in that the ith observation is omitted when estimating the regression equation used to calculate the predicted value for that observation. Thus, each observation has no impact on its own predicted value in the deleted residual. The deleted
residual is less commonly used, although it has the benefit of reducing the influence of the observation on its
calculation.
Standardizing the residual. The second procedure in defining a residual involves whether to standardize the residuals. Residuals that are not standardized are in the scale of the dependent variable, which is useful in interpretation
but gives no insight as to what is too large or small enough not to consider. Standardized residuals are the result
of a process of creating a common scale by dividing each residual by the standard deviation of residuals. After
standardization, the residuals have a mean of zero and a standard deviation of one. With a fairly large sample
size (50 or above), standardized residuals approximately follow the t distribution, such that residuals exceeding
a threshold such as 1.96 (the critical t value at the .05 confidence level) can be deemed statistically significant. A
stricter test of significance has also been proposed, which accounts for multiple comparisons being made across
various sample sizes [18].
A special form of standardized residual is the studentized residual. It is similar in concept to the deleted
residual, but in this case the ith observation is eliminated when deriving the standard deviation used to standardize
the ith residual. The studentized residual eliminates the case’s impact on the standardization process and offers a
“less influenced” residual measure. It can be evaluated by the same criteria as the standardized residual.

The five types of residuals typically calculated by combining the options for calculation and standardization are (1) the
normal residual, (2) the deleted residual, (3) the standardized residual, (4) the studentized residual, and (5) the studentized deleted residual. Each type of residual offers unique perspectives on both the predictive accuracy of the regression
equation by its designation of outliers and the possible influences of the observation on the overall results.
Partial Regression Plots To graphically portray the impact of individual cases, the partial regression plot is most
effective. Because the slope of the regression line of the partial regression plot is equal to the variable’s coefficient in
the regression equation, an outlying case’s impact on the regression slope (and the corresponding regression equation coefficient) can be readily seen. The effects of outlying cases on individual regression coefficients are portrayed
visually. Again, most computer packages have the option of plotting the partial regression plot, so the researcher
need look only for outlying cases separated from the main body of observations. A visual comparison of the partial
regression plots with and without the observation(s) deemed influential can illustrate their impact.

Our next step is finding those observations that are substantially different from
the remaining observations on one or more independent variables. These cases are termed leverage points in that
they may “lever” the relationship in their direction because of their difference from the other observations. There
are two measures generally used to identify leverage points: Hat values and Mahalanobis distance.

SteP 2: iDentiFYinG LeVeRAGe PointS
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Hat Matrix When only two predictor variables are involved, plotting each variable on an axis of a two-dimensional
plot will show those observations substantially different from the others. Yet, when a larger number of predictor
variables are included in the regression equation, the task quickly becomes impossible through univariate methods. However, we are able to use a special matrix, the hat matrix, which contains values (hat values) for each
observation that indicate leverage. The hat values represent the combined effects of all independent variables for
each case.
Hat values (found on the diagonal of the hat matrix) measure two aspects of influence. First, for each observation, the hat value is a measure of the distance of the observation from the mean center of all other observations
on the independent variables (similar to the Mahalanobis distance discussed next). Second, large diagonal values
also indicate that the observation carries a disproportionate weight in determining its predicted dependent
variable value, thus minimizing its residual. This is an indication of influence, because the regression line must
be closer to this observation (i.e., strongly influenced) for the small residual to occur. This is not necessarily
“bad,” as illustrated in the text, when the influential observations fall in the general pattern of the remaining
observations.
What is a large hat value? The range of possible hat values is between 0 and 1, and the average value is p/n, where
p is the number of predictors (the number of coefficients plus one for the constant) and n is the sample size. The
rule of thumb for situations in which p is greater than 10 and the sample size exceeds 50 is to select observations
with a leverage value greater than twice the average (2p/n). When the number of predictors is less than 10 or the
sample size is less than 50, use of three times the average (3p/n) is suggested. The more widely used computer
programs all have options for calculating and printing the leverage values for each observation. The analyst must
then select the appropriate threshold value (2p/n or 3p/n) and identify observations with values larger than the
threshold.

A measure comparable to the hat value is the Mahalanobis distance (D2), which considers
only the distance of an observation from the mean values of the independent variables and not the impact on the
predicted value. The Mahalanobis distance is another means of identifying outliers. It is limited in this purpose
because threshold values depend on a number of factors, and a rule of thumb threshold value is not possible. It is
possible, however, to determine statistical significance of the Mahalanobis distance from published tables [8]. Yet
even without the published tables, the researcher can look at the values and identify any observations with substantially higher values than the remaining observations. For example, a small set of observations with the highest
Mahalanobis values that are two to three times the next highest value would constitute a substantial break in the
distribution and another indication of possible leverage.
Mahalanobis Distance

Up to now we have found outlying points on the predictor and criterion variables but
have not formally estimated the influence of a single observation on the results. In this third step, all the methods
rely on a common proposition: the most direct measure of influence involves deleting one or more observations and
observing the changes in the regression results in terms of the residuals, individual coefficients, or overall model fit.
The researcher then needs only to examine the values and select those observations that exceed the specified value.
We have already discussed one such measure, the studentized deleted residual, but will now explore several other
measures appropriate for diagnosing individual cases.
SteP 3: SinGLe-cASe DiAGnoSticS

Influences on Individual Coefficients The impact of deleting a single observation on each regression coefficient is shown
by the DFBETA and its standardized version the SDFBETA. Calculated as the change in the coefficient when the
observation is deleted, DFBETA is the relative effect of an observation on each coefficient. Guidelines for identifying
particularly high values of SDFBETA suggest that a threshold of 61.0 or 62.0 be applied to small sample sizes, whereas
62/Un should be used for medium and larger data sets.
Overall Influence Measures These measures assess the impact on overall model fit. Cook’s distance (Di) is considered the single most representative measure. It captures the impact of an observation from two sources: the size of
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changes in the predicted values when the case is omitted (outlying studentized residuals) as well as the observation’s
distance from the other observations (leverage). A rule of thumb is to identify observations with a Cook’s distance
of 1.0 or greater, although the threshold of 4/ 1 n 2 k 2 1 2 , where n is the sample size and k is the number of independent variables, is suggested as a more conservative measure in small samples or for use with larger datasets. Even
if no observations exceed this threshold, however, additional attention is dictated if a small set of observations has
substantially higher values than the remaining observations.
A similar measure is the COVRATIO, which estimates the effect of the observation on the efficiency of the estimation process. Specifically, COVRATIO represents the degree to which an observation impacts the standard errors of
the regression coefficients. It differs from the DFBETA and SDFBETA in that it considers all coefficients collectively
rather than each coefficient individually. A threshold can be established at 1 6 3p/n. Values above the threshold of
1 1 3p/n make the estimation process more efficient, whereas those less than 1 2 3p/n detract from the estimation
efficiency. This allows the COVRATIO to act as another indicator of observations that have a substantial influence
both positively and negatively on the set of coefficients.
A third measure is SDFFIT, the degree to which the fitted values change when the case is deleted. A cut-off value
2" 1 k 1 1 2 / 1 n 2 k 2 1 2 of has been suggested to detect substantial influence. Even though both Cook’s distance
and SDFFIT are measures of overall fit, they must be complemented by the measures of steps 1 and 2 to enable us
to determine whether influence arises from the residuals, leverage, or both. An unstandardized version (DFFIT) is
also available.

SteP 4: SeLectinG inFLUentiAL oBSeRVAtionS The identification of influential observations is more a process of convergence by multiple methods than a reliance on a single measure. Because no single measure totally represents all
dimensions of influence, it is a matter of interpretation, although these measures typically identify a small set of
observations.
One particularly useful diagnostic tool is a plot of the two fundamental elements of an influential observation –
leverage values versus standardized or studentized residuals (see Figure 5.16). By using the threshold values for
studentized residuals 1 6 1.96 2 and leverage, observations can be placed in one of four categories:

A. No issues. These are the observations that are fit well by the model (acceptable residuals) and also do not exhibit
any extreme values on the independent variables (acceptable leverage).
B. High leverage, but not an outlier. These observations have high or extreme values on one or more independent
variables, but are still predicted within acceptable limits by the regression model. They may act as the reinforcing influential observations described earlier.
c. Outliers, but acceptable leverage. These observations are outliers, but we can assume that the reason is not
because of some extreme values on the independent variables, but instead some other fundamental problem.
Any number of issues could relate to the poor fit, but it most likely is not because of the values of the independent variables.
D. Outliers and high leverage. This final set of observations are those that have very different values on the independent variables, yet are still not well predicted by the model. These most likely correspond to those conflicting influential observations that represent distinct impacts on the regression results.
While this graph does not provide a complete perspective of all aspects of outliers, it does provide the researcher
with a concise portrayal of these two key elements of influential observations.
In addition to the leverage and residual graph, the researcher can also identify those observations with
large values on the diagnostic measures. In doing so, first identify all observations exceeding the threshold
values, and then examine the range of values in the dataset being analyzed and look for large gaps between the
highest values and the remaining data. Some additional observations will be detected that should be classified
as influential.
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Figure 5.16
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The need for additional study of leverage points and influentials is highlighted when we see
the substantial extent to which the generalizability of the results and the substantive conclusions (the importance of variables, level of fit, and so forth) can be changed by only a small number of observations. Whether good (accentuating the
results) or bad (substantially changing the results), these observations must be identified to assess their impact. Influentials,
outliers, and leverage points are based on one of four conditions, each of which has a specific course of corrective action:

Remedies for Influentials

1 An error in observations or data entry. Remedy by correcting the data or deleting the case.
2 A valid but exceptional observation that is explainable by an extraordinary situation. Remedy by deletion of the
case unless variables reflecting the extraordinary situation are included in the regression equation.
3 An exceptional observation with no likely explanation. Presents a special problem because it lacks reasons for
deleting the case, but its inclusion cannot be justified either, suggesting analyses with and without the observations to make a complete assessment.
4 An ordinary observation in its individual characteristics but exceptional in its combination of characteristics. Indicates modifications to the conceptual basis of the regression model and should be retained.
In all situations, the researcher is encouraged to delete truly exceptional observations but still guard against
deleting observations that, although different, are representative of the population. If, however, deletion cannot be
justified, several more “robust” estimation techniques are available, among them robust regression [27, 101, 99].
Remember that the objective is to ensure the most representative model for the sample data so that it will best reflect
the population from which it was drawn. This practice extends beyond achieving the highest predictive fit, because
some outliers may be valid cases that the model should attempt to predict, even if poorly. The researcher should also
be aware of instances in which the results would be changed substantially by deleting just a single observation or a
small number of observations.
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Rules of thumb 5-6
Statistical Significance and influential observations
●

●
●

●

●

Always ensure practical significance when using large sample sizes, because the model results and regression coefficients could be deemed irrelevant even when statistically significant due just to the statistical
power arising from large sample sizes.
Use the adjusted R2 as your measure of overall model predictive accuracy.
Statistical significance is required for a relationship to have validity, but statistical significance without theoretical support does not support validity.
Although outliers may be easily identifiable, the other forms of influential observations requiring more
specialized diagnostic methods can be equal to or have even more impact on the results.
Use the case-wise diagnostics to better understand the impact of each observation and the potential
sources of its impact—residuals or leverage.

Stage 5: interpreting the Regression Variate
The researcher’s next task is to interpret the regression variate by evaluating the estimated regression coefficients
for their explanation of the dependent variable. The researcher must evaluate not only the regression model that
was estimated but also the potential independent variables that were omitted if a sequential search or combinatorial
approach was employed. In those approaches, multicollinearity may substantially affect the variables ultimately
included in the regression variate. Thus, in addition to assessing the estimated coefficients, the researcher must also
evaluate the potential impact of omitted variables to ensure that the managerial significance is evaluated along with
statistical significance.
USinG tHe ReGReSSion coeFFicientS
The estimated regression coefficients, termed the b coefficients, represent both the type of relationship (positive or
negative) and the strength of the relationship between independent and dependent variables in the regression variate.
The sign of the coefficient denotes whether the relationship is positive or negative, and the value of the coefficient
indicates the change in the dependent value each time the independent variable changes by one unit.
For example, in the simple regression model of credit card usage with family size as the only independent variable,
the coefficient for family size was .971. This coefficient denotes a positive relationship showing that as a family adds
a member, credit card usage is expected to increase by almost one (.971) credit card. Moreover, if the family size
decreases by one member, credit card usage would also decrease by almost one credit card (2.971).
The regression coefficients play two key functions in meeting the objectives of prediction and explanation for
any regression analysis.
Prediction is an integral element in regression analysis, both in the estimation process as well as in
forecasting situations. As described in the first section of the chapter, regression involves the use of a variate (the
regression model) to estimate a single value for the dependent variable. This process is used not only to calculate
the predicted values in the estimation procedure, but also with additional samples used for validation or forecasting
purposes.

Prediction

eStiMAtion First, in the ordinary least squares (OLS) estimation procedure used to derive the regression variate, a
prediction of the dependent variable is made for each observation in the dataset. The estimation procedure sets the
weights of the regression variate to minimize the residuals (e.g., minimizing the differences between predicted and
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actual values of the dependent variable). No matter how many independent variables are included in the regression
model, a single predicted value is calculated. As such, the predicted value represents the total of all effects of the
regression model and allows the residuals, as discussed earlier, to be used extensively as a diagnostic measure for
the overall regression model.
Although prediction is an integral element in the estimation procedure, the real benefits of prediction
come in forecasting applications. A regression model is used in these instances for prediction with a set of observations not used in estimation. For example, assume that a sales manager developed a forecasting equation to forecast
monthly sales of a product line. After validating the model, the sales manager inserts the upcoming month’s expected
values for the independent variables and calculates an expected sales value.
A simple example of a forecasting application can be shown using the credit card example. Assume that we are
using the following regression equation that was developed to estimate the number of credit cards (Y) held by a family:

FoRecAStinG

Y 5 .286 1 .635V1 1 .200V2 1 .272V3

Now, suppose that we have a family with the following characteristics: Family size 1 V1 2 of 2 persons, family
income 1 V2 2 of 22 ($22,000), and number of autos 1 V3 2 being 3. What would be the expected number of credit
cards for this family?
We would substitute the values for V1, V2, and V3 into the regression equation and calculate the predicted value:
Y 5 .286 1 .635 1 2 2 1 .200 1 22 2 1 .272 1 3 2
5 .286 1 1.270 1 4.40 1 .819
5 6.775

Our regression equation would predict that this family would have 6.775 credit cards.
Explanation Many times the researcher is interested in more than just prediction. It is important for a regression

model to have accurate predictions to support its validity, but many research questions are more focused on assessing the nature and impact of each independent variable in making the prediction of the dependent variable. In
the multiple regression example discussed earlier, an appropriate question is to ask which variable—family size or
family income—has the larger effect in predicting the number of credit cards used by a family. Independent variables
with larger regression coefficients, all other things equal, would make a greater contribution to the predicted value.
Insights into the relationship between independent and dependent variables are gained by examining the relative
contributions of each independent variable. In our simple example, a marketer looking to sell additional credit cards
and looking for families with higher numbers of cards would know whether to seek out families based on family size
or family income.
Thus, for explanatory purposes, the regression coefficients become indicators of the relative impact and importance of the independent variables in their relationship with the dependent
variable. Unfortunately, in many instances the regression coefficients do not give us this information directly, the
key issue being “all other things equal.” As we will see, the scale of the independent variables also comes into play.
To illustrate, we use a simple example.
Suppose we want to predict the amount a married couple spends at restaurants during a month. After gathering a
number of variables, it was found that two variables, the husband’s and wife’s annual incomes, were the best predictors. The following regression equation was calculated using a least squares procedure:

inteRPRetAtion WitH ReGReSSion coeFFicientS

Y 5 30 1 4INC1 1 .004INC2
where:
INC1 5 Husband's annual income (in $1,000s)
INC2 5 Wife's annual income (in dollars)
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If we just knew that INC1 and INC2 were annual incomes of the two spouses, then we would probably conclude
that the income of the husband was much more important (actually 1,000 times more) than that of the wife. On
closer examination, however, we can see that the two incomes are actually equal in importance, the difference being
in the way each was measured. The husband’s income is in thousands of dollars, such that a $40,000 income is used
in the equation as 40, whereas a wife’s $40,000 income is entered as 40,000. If we predict the restaurant dollars due
just to the wife’s income, it would be $160 1 40,000 3 .004 2 , which would be exactly the same for a husband’s income
of $40,000 1 40 3 4 2 . Thus, each spouse’s income is equally important, but this interpretation would probably not
occur through just an examination of the regression coefficients.
In order to use the regression coefficients for explanatory purposes, we must first ensure that all of the independent variables are measured on comparable scales. Yet even then, differences in variability from one variable to
another variable can affect the size of the regression coefficients. What is needed is a way to make all independent
variables comparable in both scale and variability. We can achieve both these objectives and resolve this problem in
explanation by using a modified regression coefficient called the beta coefficient.
StAnDARDiZinG tHe ReGReSSion coeFFicientS: BetA coeFFicientS The variation in response scale and variability
across variables makes direct interpretation problematic. Yet, what if each of our independent variables had been
standardized before we estimated the regression equation? Standardization converts variables to a common
scale and variability, the most common being a mean of zero (0.0) and standard deviation of one (1.0). In this
way, we make sure that all variables are comparable. If we still want the original regression coefficients for
predictive purposes, is our only recourse to standardize all the variables and then perform a second regression
analysis?
Luckily, multiple regression gives us not only the regression coefficients, but also coefficients resulting from the
analysis of standardized data termed beta (β) coefficients. Their advantage is that they eliminate the problem of
dealing with different units of measurement (as illustrated previously) and thus reflect the relative impact on the
dependent variable of a change in one standard deviation in either variable. Now that we have a common unit of
measurement, we can determine which variable has the most impact. We will return to our credit card example to
see the differences between the regression (b) and beta (β) coefficients.
In the credit card example, the regression (b) and beta (β) coefficients for the regression equation with three
independent variables (V1, V2, and V3) are shown in Figure 5.17.
Interpretation using the regression versus the beta coefficients yields substantially different results. The regression
coefficients indicate that V1 is markedly more impact than either V2 or V3, which are roughly comparable. The beta
coefficients tell a different story. V1 is still the most impactful, but V2 is now almost as impactful, while V3 now is
marginally important at best. These simple results portray the inaccuracies in interpretation that may occur when
regression coefficients are used with variables of differing scale and variability.
Although the beta coefficients represent an objective measure of importance that can be directly compared, three
cautions must be observed in their use:
●

First, they should be used as a guide to the relative importance of individual independent variables only when
collinearity is minimal. As we will see in the next section, collinearity can distort the contributions of any independent variable even if beta coefficients are used. Moreover, there are other measures of relative importance
that better accommodate the impacts of multicollinearity.

Coefficients
Variable

Regression (b)

Beta (b)

V1 Family Size

.635

.566

V2 Family Income

.200

.416

V3 Number of Autos

.272

.108

Figure 5.17
Regression coefficients versus
Standardized Beta coefficients
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Second, the beta values can be interpreted only in the context of the other variables in the equation. For example,
a beta value for family size reflects its importance only in relation to family income, not in any absolute sense.
If another independent variable were added to the equation, the beta coefficient for family size would probably
change, because some relationship between family size and the new independent variable is likely.
Third, the scale of beta weights after standardization is in terms of standard deviations of the original variable.
The beta weight now represents the change in the dependent measure for a one standard deviation change in the
independent variable. This transformation of scale may impact how a one unit change in standard deviation is
perceived versus a one unit change in the original scale.

In summary, beta coefficients should be used only as a guide to the relative importance of the independent variables
included in the equation and only for those variables with minimal multicollinearity. We will discuss a number of
alternative measures of relative importance in a later section.
ASSeSSinG MULticoLLineARitY
A key issue in interpreting the regression variate is the correlation among the independent variables. This problem
is one of data, not of model specification. The ideal situation for a researcher would be to have a number of independent variables highly correlated with the dependent variable, but with little correlation among themselves. If you
refer back to Chapter 3 and our discussion of exploratory factor analysis, the use of factor scores that are orthogonal
(uncorrelated) was suggested to achieve such a situation.
Yet in most situations, particularly situations involving consumer response data, some degree of multicollinearity
is unavoidable. On some other occasions, such as using dummy variables to represent nonmetric variables or polynomial terms for nonlinear effects, the researcher is creating situations of high multicollinearity. The researcher’s
task includes the following:
●
●
●
●

Understand new measures of correlation which incorporate multicollinearity.
Assess the degree of multicollinearity.
Determine its impact on the results.
Apply the necessary remedies if needed.

In the following sections we discuss in detail some new measures of correlation, useful diagnostic procedures, the
effects of multicollinearity, and then possible remedies.
Measure of Correlation Incorporating Multicollinearity We have already discussed several times the impact of
multicollinearity creating shared variance with another variable(s), but have not addressed how this can be quantified. The Pearson correlation we are accustomed to is a bivariate or zero-order correlation. It represents only the
association between two variables, not accounting for the variation shared with any other variables and is the type of
correlation that appears in the correlation matrix. But we also know that the correlation matrix shows correlations
of every variable with all other variables, and since those values are not generally zero, there is always some level of
multicollinearity. Moreover, the level of multicollinearity differs for each variable as each variable will have differing
correlations with the other variables in the analysis.
There are two other forms of correlation that reflect the degree of shared variance from multicollinearity (see
Figure 5.18). First, the bivariate or zero correlation of X2 and Y includes both b (unique variance) and c (shared variance) as we have already discussed. This differs from the semi-partial or part correlation, which only contains the
unique variance (b). The partial correlation also only has the unique variance (b), but differs in that the denominator
is not the total variance of Y, but instead only the portion of Y not explained by any other variables 1 d 1 b 2 . These
distinctions are important, as you will later see, that the squared semi-partial correlation quantifies the amount that
R2 will decrease when the variable is removed, while the partial correlation is used in stepwise regression for selecting additional variables to add to the model. Thus, each of these correlations provides specific perspectives into the
impact of multicollinearity on the bivariate correlation.
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Figure 5.18
Partial and Part
correlation:
Reflecting
Multicollinearity

Y

• Correlation of X2 and Y:
(b + c) / (a + b + c + d)
• Semipartial (Part) Correlation of X2 and Y
b / (a + b + c + d)
• Partial Correlation of X2 and Y
b / (d + b)

d
a

X1

c

b

X2

a = variance of Y uniquely explained by X1
b = variance of Y uniquely explained by X2
c = variance of Y explained jointly by X1 and X2
d = variance of Y not explained by X1 or X2

This example illustrates how the bivariate correlation can be modified to reflect multicollinearity. Note that in
our example we only had one other variable, but both correlations can easily be extended to include any number of
other variables contributing to the shared variance arising from multicollinearity.
Identifying Multicollinearity The simplest and most obvious means of identifying collinearity is an examination
of the correlation matrix for the independent variables. We could look for other variables that are highly correlated
with a specific independent variable, but that only reflects collinearity. The presence of high correlations (generally
.70 and higher) is the first indication of substantial collinearity. Lack of any high correlation values, however, does
not ensure a lack of collinearity. Collinearity may be due to the combined effect of two or more other independent
variables (termed multicollinearity).
To assess multicollinearity, we need a measure expressing the degree to which each independent variable is
explained by the set of other independent variables. In simple terms, each independent variable becomes a dependent
variable and is regressed against the remaining independent variables. Two approaches are available to assess multicollinearity. First, overall measures (tolerance and its inverse, the variance inflation factor) of multicollinearity show
the level of multicollinearity for each variable. Second, a decomposition of the multicollinearity among variables can
identify specific sets of variables where the multicollinearity may originate.
oVeRALL MeASUReS The first diagnosis of multicollinearity should be with the overall measures of multicollinearity for each
variable. While these measures do not provide any information as to the source of the multicollinearity (i.e., which other
variables are collinear), they do provide an indication if multicollinearity does exist and if further examination is needed.

The first overall measure of multicollinearity is tolerance, which is defined as the amount of variability
of the selected independent variable not explained by the other independent variables. Thus, for any regression model
with two or more independent variables the tolerance can be simply defined in two steps:
Tolerance

1 Take each independent variable, one at a time, and calculate R2*—the amount of that independent variable that is
explained by all of the other independent variables in the regression model. In this process, the selected independent variable is made a dependent variable predicted by all the other remaining independent variables.
2 Tolerance is then calculated as 1 2 R2*. For example, if the other independent variables explain 25 percent of
independent variable X1 1 R2* 5 .25 2 , then the tolerance value of X1 is .75 1 1.0 2 .25 5 .75 2 .
The tolerance value should be high, which means a small degree of multicollinearity (i.e., the other independent
variables do not collectively have any substantial amount of shared variance). Determining the appropriate levels of
tolerance will be addressed in a following section.
A second measure of multicollinearity is the variance inflation factor (VIF), which is calculated simply as the inverse of the tolerance value. In the preceding example with a tolerance of .75, the VIF would
Variance Inflation Factor
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be 1.33 1 1.0 4 .75 5 1.33 2 . Thus, instances of higher degrees of multicollinearity are reflected in lower tolerance
values and higher VIF values. The VIF gets its name from the fact that the square root of the ("VIF) is the degree
to which the standard error has been increased due to multicollinearity. Let us examine a couple of examples to
illustrate the interrelationship of tolerance, VIF, and the impact on the standard error.
For example, if the VIF equals 1.0 (meaning that tolerance equals 1.0 and thus no multicollinearity), then the

"VIF 5 1 and the standard error is unaffected. However, assume that the tolerance is .25 (meaning that there is
fairly high multicollinearity, because 75 percent of the variable’s variance is explained by other independent vari-

ables). In this case the VIF is 4.0 1 1.0 4 .25 5 4 2 and the standard error has been doubled 1 "4 5 2 2 due to
multicollinearity.
The VIF translates the tolerance value, which directly expresses the degree of multicollinearity, into an impact on
the estimation process. As the standard error is increased, it makes the confidence intervals around the estimated
coefficients larger, thus making it harder to demonstrate that the coefficient is significantly different from zero.
DecoMPoSition oF MULticoLLineARitY The decompositional method provides the researcher a means to identify the
set(s) of variables which have high multicollinearity [13]. There are two components that depict the overall level of
multicollinearity as well as its presence across the independent variables:
●
●

Condition index. This represents the collinearity of combinations of variables in the dataset.
Regression coefficient variance–decomposition matrix. This shows the proportion of variance for each regression
coefficient (and its associated independent variable) attributable to each condition index.
We combine these two components in a two-step procedure:

1 Identify all condition indices above a threshold value. The threshold value usually is in a range of 15 to 30, with
30 the most commonly used value.
2 For all condition indices exceeding the threshold, identify variables associated with that condition index that
have variance proportions above 90 percent. A collinearity problem is indicated when a condition index identified in step 1 as above the threshold value accounts for a substantial proportion of variance (.90 or above) for
two or more coefficients.
The application of the decompositional method is only needed if there are indications of high multicollinearity.
But it does provide a means of identifying the sets of variables that should be examined more closely if there is a
need to remedy multicollinearity.
The Effects of Multicollinearity The effects of multicollinearity can be categorized in terms of estimation or explanation. In either instance, however, the underlying reason is the same: Multicollinearity creates “shared” variance
between variables, thus decreasing the ability to predict the dependent measure as well as ascertain the relative roles
of each independent variable. Figure 5.19 portrays the proportions of shared and unique variance for two independent variables in varying instances of collinearity. If the collinearity of these variables is zero, then the individual
variables predict 36 and 25 percent of the variance in the dependent variable, for an overall prediction 1 R2 2 of 61
percent. As multicollinearity increases, the total variance explained decreases (estimation). Moreover, the amount
of unique variance for the independent variables is reduced to levels that make estimation of their individual effects
quite problematic (explanation). The following sections address these impacts in more detail.

Multicollinearity can have substantive effects not only on the predictive ability of regression
model (as just described), but also on the estimation of the regression coefficients and their statistical significance tests.

iMPActS on eStiMAtion

Singularity First, the extreme case of multicollinearity in which two or more variables are perfectly correlated,
termed singularity, prevents the estimation of any coefficients. Although singularities may occur naturally among
the independent variables, many times they are a result of researcher error. A common mistake is to include all of the
dummy variables used to represent a nonmetric variable, rather than omitting one as the reference category. Also,
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Figure 5.19
Proportions of Unique and Shared
Variance by Levels of Multicollinearity
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A: Total explained variance
B: Shared variance between X1 and X2
C: Unique variance explained by X1
D: Unique variance explained by X2
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actions such as including a summated scale along with the individual variables that created it will result in singularities. For whatever reason, however, the singularity must be removed before the estimation of coefficients can proceed.
As multicollinearity increases, the ability to demonstrate that the estimated regression coefficients are significantly different from zero can become markedly impacted due to increases in the standard error as shown in the VIF value. This issue becomes especially problematic at smaller sample sizes, where the
standard errors are generally larger due to sampling error.
INCREASES IN STANDARD ERRORS

Apart from affecting the statistical tests of the coefficients or the overall model, high
degrees of multicollinearity can also result in regression coefficients being incorrectly estimated and even having the
wrong signs. Two examples illustrate this point.
Our first example (see Figure 5.20) illustrates the situation of reversing signs due to high negative correlation between
two variables. In Example A it is clear in examining the correlation matrix and the simple regressions that the relationship
between Y and V1 is positive, whereas the relationship between Y and V2 is negative. The multiple regression equation,
however, does not maintain the relationships from the simple regressions. It would appear to the casual observer examining only the multiple regression coefficients that both relationships (Y and V1, Y and V2) are negative, when we know
that such is not the case for Y and V1. The sign of V1’s regression coefficient is wrong in an intuitive sense, but the strong
negative correlation between V1 and V2 results in the reversal of signs for V1. Even though these effects on the estimation
procedure occur primarily at relatively high levels of multicollinearity (above .80), the possibility of counterintuitive and
misleading results necessitates a careful scrutiny of each regression variate for possible multicollinearity.
A similar situation can be seen in Example B of Figure 5.20. Here, both Z1 and Z2 are positively correlated with the
dependent measure (.293 and .631, respectively), but have a higher intercorrelation (.642). In this regression model,
even though both bivariate correlations of the independent variables are positive with the dependent variable and the
two independent variables are positively intercorrelated, when the regression equation is estimated the coefficient
for Z1 becomes negative 1 2.343 2 and the other coefficient is positive (.702). This typifies the case of high multicollinearity reversing the signs of the weaker independent variables (i.e., lower correlations with the dependent variable).
In some instances, this reversal of signs is expected and desirable. Termed a suppression effect, it denotes
instances when the “true” relationship between the dependent and independent variable(s) has been hidden in the
bivariate correlations (e.g., the expected relationships are non-significant or even reversed in sign). By adding additional independent variables and inducing multicollinearity, some unwanted shared variance is accounted for and
the remaining unique variance allows for the estimated coefficients to be in the expected direction. More detailed
descriptions of all of the potential instances of suppression effects are shown in [29].
Reversal of Signs of Coefficients
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Figure 5.20
Regression estimates with Multicollinear Data
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Y 5 24.75 1 1.5V1

Simple Regression 1 Z2 2 :

Simple Regression 1 V2 2 :

Z2

1.0
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Regression Estimates

Y 5 2.996 1 .525Z1

Y 5 29.75 2 1.95V2
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Multiple Regression (V1, V2):

Multiple Regression (Z1, Z2):

Y 5 44.75 2 .75V1 2 2.7V2

Z1

1.0

Y 5 2.659 2 .343Z1 1 .702Z2

However, in other instances, the theoretically supported relationships are reversed because of multicollinearity, leaving the researcher to explain why the estimated coefficients are reversed from the expected sign. In these
instances, the researcher may need to revert to using the bivariate correlations to describe the relationship rather
than the estimated coefficients that are impacted by multicollinearity.
The reversal of signs may be encountered in all of the estimation procedures, but is seen more often in confirmatory estimation processes where a set of variables is entered into the regression model and the likelihood of weaker
variables being affected by multicollinearity is increased.
The effects on explanation primarily concern the ability of the regression procedure and
the researcher to represent and understand the effects of each independent variable in the regression variate. As
multicollinearity occurs (even at the relatively low levels of .30 or so) the process for identifying the unique effects
of independent variables becomes increasingly difficult. This has an impact on several aspects of explanation.

iMPActS on exPLAnAtion

Interpretation of Coefficients Remember that the regression coefficients represent the amount of unique variance
explained by each independent variable. As multicollinearity results in larger portions of shared variance and lower
levels of unique variance, the effects of the individual independent variables become less distinguishable. It is even
possible to find those situations in which multicollinearity is so high that none of the independent regression coefficients are statistically significant, yet the overall regression model has a significant level of predictive accuracy. We
will discuss measures of relative importance in a later section that portrays both the unique and shared variance of
an independent variable.
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Interpretation of Shared Variance As multicollinearity increases, the amount of shared variance may increase dramatically, yet there has been little attempt to understand the composition of this shared variance and how it might be
interpreted. Recent research [103] has proposed a method to “decompose” the shared variance based on the work
of Mood [82]. Somewhat similar to dominance analysis, a technique for assessing a variable’s relative importance,
this decompositional approach can provide some perspectives on how to interpret the shared variance portion of R2.
More recent research employs a structural equation modeling approach to decompose the shared variance among
independent variables into criterion-relevant (related to the dependent variable) versus criterion-irrelevant (not
related to the dependent variable) [10]. The criterion-irrelevant effects are similar to suppression effects described
earlier and by eliminating these effects from the estimation process more accurate regression weights can be estimated.
iGnoRABLe eFFectS There are situations in which a high degree of multicollinearity may be expected and thus ignored.
The most common is when interaction terms are included in the analysis (e.g., moderation effects). Since the interaction terms are a product of two other variables in the equation, multicollinearity is to expected. Similarly, when
polynomials are included to represent non-linear effects of variables there can be high multicollinearity. This is why
many times significance tests for the interaction or polynomial terms are accomplished through incremental fit
tests of significance. Also, there may be multicollinearity among the dummy variables used to represent nonmetric
variables. Finally, if there are variables included as control variables, then there is no need for interpretation and they
can exhibit high multicollinearity as well.

How Much Multicollinearity is Too Much? Because the tolerance value is the amount of a variable unexplained by

the other independent variables, small tolerance values (and thus large VIF values because VIF 5 1 4 tolerance)
denote high collinearity. A common cut-off threshold is a tolerance value of .10, which corresponds to a VIF value
of 10. However, particularly when samples sizes are smaller, the researcher may wish to be more restrictive due to the
increases in the standard errors due to multicollinearity. With a VIF threshold of 10, this tolerance would correspond to
standard errors being “inflated” more than three times 1 "10 5 3.16 2 what they would be with no multicollinearity.
Each researcher must determine the degree of collinearity that is acceptable, because most defaults or recommended
thresholds still allow for substantial collinearity. Some suggested guidelines for bivariate and multicollinearity follow.
BiVARiAte coRReLAtionS When assessing bivariate correlations, two issues should be considered. First, correlations of
even .70 (which represents “shared” variance of 50%) can impact both the explanation and estimation of the regression results. Moreover, even lower correlations can have an impact if the correlation between the two independent
variables is greater than either independent variable’s correlation with the dependent measure (e.g., the situation in
our earlier example of the reversal of signs). These patterns should be examined for each variable with the highest
two or three correlations, particularly if they involve correlations with different signs [128].

The suggested cut-off for the tolerance value is .10 (or a corresponding VIF of 10.0), which corresponds to a multiple correlation of .95 with the other independent variables. When values at this level are encountered, multicollinearity problems are quite likely. However, problems are likely at much lower levels as well [88]. For
example, a VIF of 5.3 corresponds to a multiple correlation of .9 between one independent variable and all other
independent variables. Even a VIP of 3.0 represents a multiple correlation of .82, which would be considered high if
between dependent and independent variables.
Therefore, the researcher should always assess the degree and impact of multicollinearity even when the diagnostic
measures are substantially below the suggested cut-off (e.g., VIF values of 3 to 5). While multicollinearity is many
times the results of a large number of variables, understanding the patterns of correlations among the strongest three
or four variables can provide substantial insight into the impact of multicollinearity [128].
We strongly suggest that the researcher always specify the allowable tolerance values in regression programs,
because the default values for excluding collinear variables allow for an extremely high degree of collinearity. For
example, the default tolerance value in IBM SPSS for excluding a variable is .0001, which means that until more
than 99.99 percent of variance is predicted by the other independent variables, the variable could be included in the
toLeRAnce oR ViF
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regression equation. Estimates of the actual effects of high collinearity on the estimated coefficients are possible but
beyond the scope of this text (see Neter et al. [85]).
Remedies for Multicollinearity The remedies for multicollinearity range from modification of the regression
variate to the use of specialized estimation procedures. Once the degree of collinearity has been determined, the
researcher has a number of options:

Omit one or more highly correlated independent variables and identify other independent variables to help the prediction. The researcher should be careful when following this option, however, to avoid
creating specification error when deleting one or more independent variables.

DeLete coLLineAR VARiABLeS

APPLY DiMenSionAL ReDUction As discussed earlier, dimensional reduction provides an alternative to using the original
independent variables by substituting values for composites/factors in place of the original variables. The composites are estimated to “combine” highly collinear variables into a single measure so that their predictive effect can be
retained, but without the multicollinearity from the entire set of individual variables.
SPeciFic eStiMAtion tecHniQUeS Use a more sophisticated method of analysis such as Bayesian regression or regression
on principal components to obtain a model that more clearly reflects the simple effects of the independent variables.
These procedures are discussed in more detail in several texts [13, 85]. Variable selection techniques discussed
earlier such as ridge regression and LASSO also help mitigate multicollinearity effects.
Do notHinG Use the model with the highly correlated independent variables for prediction only (i.e., make no attempt

to interpret the regression coefficients), while acknowledging the lowered level of overall predictive ability. Use the
simple correlations between each independent variable and the dependent variable to understand the independent–
dependent variable relationship.
Each of these options requires that the researcher make a judgment on the variables included in the regression
variate, which should always be guided by the theoretical background of the study.
ReLAtiVe iMPoRtAnce oF inDePenDent VARiABLeS
As we have seen in the past discussions, the presence of multicollinearity complicates the interpretation of the regression coefficients, especially when assessing the impact of independent variables on the dependent measure. Something as simple as the bivariate correlations overstates the impact of individual variables, but using only the estimated
regression coefficients can have complications as well. To this end a series of new measures of relative importance
have been developed to provide an assessment of the overall impact of the independent variables, accounting for
both shared and unique variance explained and in measures that are comparable across all the independent variables
[69]. These newer measures help clarify which independent variables are contributing most to a regression model
by providing supplemental information to the traditional regression results.
The following discussion will first review the available direct measures of variable importance available from the
regression results and correlations used in the estimation process. Then a series of relative importance measures will
be discussed that extend the basic regression results by either performing a series of regression models or undertake
some independent variable transformations.
Direct Measures of Variable Importance Researchers have long relied on the regression results and measures of

correlation to make assessments of variable importance. We will quickly review those measures and discuss their
advantages and limitations.
The first and most basic measure of a variable’s impact is the bivariate correlation with the
dependent variable. It represents the fundamental relationship of regression analysis and thus should always be considered. In some ways it represents our most fundamental information about the relationship used in regression analysis
and thus provides a starting point for understanding a variable’s impact. It is limited, however, as we have seen in past
discussions by the presence of multicollinearity. This is perhaps best reflected in the fact that the sum of individual

BiVARiAte coRReLAtionS
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bivariate correlations (remember that squared correlations equal variance explained) is always greater than the regression model’s R2. Thus, while representing the fundamental relationships that should be represented in the regression
model, the bivariate correlations do have limitations in terms of their actual impact when combined in the variate.
SQUAReD SeMi-PARtiAL coRReLAtion This represents the percentage of the variance in the dependent variables that is
unique to the independent variables and not any of the other variate variables. It can also be viewed as the decrease
in R2 that results from removing a predictor from the model. Thus, while representing the unique variance of the
independent variable, it does not reflect any of the shared effect with other variables.

The estimated regression coefficients reflect the “unique” relationship, but also the variable’s
overall impact is diminished by its multicollinearity with other variables in the model. As a result, it does not reflect
any of the shared impact with other variables.

ReGReSSion WeiGHtS

The regression weights are expressed on a standardized scale and thus are now free of
the effects of differing scales (e.g., 1–10 scale for one variable and 1 to a 100 scale for another variable) in impacting
the estimated coefficients. They are not, however, adjusted for in any manner for multicollinearity and thus suffer
the same limitations as the regression weights in expressing only unique variance and no measure of shared variance.

BetA (StAnDARDiZeD) WeiGHtS

The measures of relative importance discussed below provide differing perspectives on (a) an independent variable’s unique and shared impacts on the dependent measures while (b) expressing
these effects in a manner which makes them directly comparable (e.g., summing to R2 or 100 percent). While several
different approaches are taken by the various measures, they all provide additional insights into the total impact of the
different independent variables in the presence of multicollinearity [87, 69]. While we can only provide an overview
of the various measures and their relative benefits, we encourage researchers to explore these measures as they develop
and new measures emerge. Also, these measures will be illustrated in the HBAT example at the end of this chapter.
Measures of Relative Importance

ALL PoSSiBLe SUBSetS ReGReSSion This method is not strictly a measure of relative importance, but is discussed briefly
as it is the foundation for several of the measures that follow. The concept of all possible subsets regression, as
discussed earlier in the variable selection section, is to estimate all of the possible regression equations that can be
formed from differing combinations of the independent variables and then compare them on some criterion measure
(e.g., adjusted R2). Thus, when rank-ordered by the criterion measure, the researcher can identify the variables in the
models with the best predictive fit. As will be seen when examining these results, many models are generally very
close in predictive fit and thus it is impractical for the researcher to make any assessments just on these results. One
drawback is that analyses quickly become quite complex, as even a model with just 20 independent variables requires
over a million regression models to be estimated.
StRUctURe coeFFicientS The structure coefficients are the bivariate correlations of each independent variable with the
predicted value, not the dependent variable as seen in the input correlation matrix [32]. As such, they are a measure of
the relative contribution to the predicted value. They do not make any distinction between unique versus shared variance, just as the case with the bivariate correlations with the dependent variable. But their relationship to the predicted
value makes them quite useful in comparisons to the regression weights. Variables with small regression weights yet
large squared structure coefficients have a high shared predictive effect, but a small unique effect. In a counter situation,
large regression weights but small structure coefficients indicate variables that may exhibit suppression effects [87].

Based upon all possible subsets regression, commonality analysis divides each independent
variable’s impact into a unique component (the squared semi-partial correlation) and the shared component,
with both of these totaling across all variables to the model R2 [25, 86, 94]. For each variable’s shared component,
it identifies each unique combination of variables (e.g., for V1, V2, and V3 the shared variance is divided into
V1–V2, V1–V3, V2–V3 and V1–V2–V3). There are also combined effects for each variable (unique and shared). One

coMMonALitY AnALYSiS
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aspect of commonality analysis that can be particularly useful is that negative effects (either unique or shared) are
indicators of suppression effects and they can be summed across all effects to get a total suppression effect [95].
The dominance analysis method is also based on all possible subsets regression, but provides a
different comparison among the independent variables [23, 24]. The basic measure of impact is the average squared
semi-partial correlation across all regression models in which that variable is included. Also provided are two
measures of dominance between each pair of variables: (a) complete dominance is when one variable always has the
greater squared semi-partial correlation, no matter what other variables are in the model, (b) conditional dominance
is when one variable exceeds the other in some model specifications, but they reverse in other model specifications.
A third measure of general dominance simply focuses on the overall importance weights and not specific combinations. As such, it is the average contribution of an independent variable to the dependent variable, both on its own and
when considering all the other independent variables. Also, general dominance weights sum to the overall model R2.

DoMinAnce AnALYSiS

The final measure of relative importance is relative weights, which is a two-step process involving
transformation of the independent variables [64]. A new set of uncorrelated predictors 1 Zj 2 that are maximally
related to the original set of correlated predictors 1 Xi 2 are created. The Z are first used as independent variables in
predicting the dependent variable and then the estimated Z values are predicted by the independent variables. The
relative weights are the product of the squared standardized regression weights from two equations [64]. The relative
weights sum to R2, but do not distinguish between unique and shared variance. This approach has generated substantial application, including an online tool [118]. There has also been considerable research in examining the impacts
of measurement error and sampling error [65], statistical significance [119], an extension to logistic regression [116]
and even multiple outcome measures [72]. While there have been some criticisms of relative weights [111], they are
generally regarded as one of the more useful measures [66, 84].
ReLAtiVe WeiGHtS

No matter which measure of relative importance is used, researchers should consider these
measures as a critical supplement to the more traditional measures of variable importance [117]. All of the measures
we have discussed, even the direct measures, provide some insights into variable importance. Figure 5.21 provides a
comparison of these measures on a range of variable importance characteristics. The reader should note that no measure
WHicH MeASURe to USe?

Figure 5.21
comparing Measures of Variable importance
Values are
Measures of Variable
importance

Always
2

totals R

identical When

identifies

Predictors

Multi-

total

Direct

Partial

identifies

Uncorrelated

collinearity

effect

effect

effect

Suppressor

Bivariate correlation

x

Beta weights

x

x
x
x

Structure Coefficients
Commonality Coefficients

x

x
x

Unique

x
x

Common

x

Dominance Analysis
x

Complete
General
Relative Weights

x

x
x

Conditional
x
x

x

Source: [84]

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

320

Section III Dependence Techniques – Metric Outcomes

Rules of thumb 5-7
interpreting the Regression Variate
●

●

Examine the bivariate correlations with the dependent variable as “starting point” for the nature of the relationships among dependent and independent variables.
Use the results of the regression model to interpret the unique impact of each independent variable relative to the other variables in the model, because model respecification can have a profound effect on the
remaining variables:
●

●

●

●

Regression coefficients describe changes in the dependent variable, but can be difficult in comparing
across independent variables if the response formats vary.

Multicollinearity may be considered “good” when it reveals a suppressor effect, but generally it is viewed as
harmful because increases in multicollinearity:
●

Reduce the overall R2 that can be achieved.

●

Confound estimation of the regression coefficients.

●

Negatively affect the statistical significance tests of coefficients.

Generally accepted levels of multicollinearity (tolerance values up to .10, corresponding to a VIF of 10)
almost always indicate problems with multicollinearity, but these problems may also be seen at much lower
levels of collinearity and multicollinearity:
●

●

●

Use beta weights as a measure of comparing relative importance among independent variables, but
remember that they only reflect unique impact.

Bivariate correlations of .70 or higher may result in problems, and even lower correlations may be problematic if they are higher than the correlations between the independent and dependent variables.
Values much lower than the suggested thresholds (VIF values of even 3 to 5) may result in interpretation
or estimation problems, particularly when the relationships with the dependent measure are weaker.

Additional measures of variable importance (e.g., commonality analysis, dominance analysis and relative
weights) all represent both the unique and shared impact of the independent variables. The shared impact,
not reflected in the regression coefficients, is the result of multicollinearity among independent variables.

provides all of the possible characteristics and each has its specific insights. While to some extent the choice of one of these
measures may rest on which foundational approach is considered more appropriate (all possible subsets regression or data
transformations), measures from each approach (dominance analysis and relative weights) are considered to be the most
successful in representing relative importance in the presence of multicollinearity. One challenge to these methods comes
from interaction and polynomial terms, but integration of higher-order effects is also possible [73]. Fostering the more
widespread use of these measures is the availability of software supplements for SAS and SPSS [69], Excel [69] and R [87].
SUMMARY
Interpreting the regression weights of the variables in the regression model is a critical step in achieving any objective
of regression analysis requiring explanation. As we have seen, the estimated regression weights are critical elements
in the regression model, but multicollinearity among the independent variables results in shared variance in the
prediction of the dependent variable that is not directly represented in the estimated regression weights. As the level
of multicollinearity increases, the proportion of the overall explained variance that is shared also increases. As a
result, the research needs to employ measures that capture not only the unique effects of each independent variable,
but also some insight into its contribution to the shared explanatory effect of the dependent measure. The impact
played by multicollinearity accentuates the importance of “Managing the variate” through the options available in
both variable specification and variable selection.
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Stage 6: Validation of the Results
After identifying the best regression model, the final step is to ensure that it represents the general population (generalizability) and is appropriate for the situations in which it will be used (transferability). The best guideline is the
extent to which the regression model matches an existing theoretical model or set of previously validated results on
the same topic. In many instances, however, prior results or theory are not available. Thus, we also discuss empirical
approaches to model validation.
ADDitionAL oR SPLit SAMPLeS
The most appropriate empirical validation approach is to test the regression model on a new sample drawn from the
general population. A new sample will ensure representativeness and can be used in several ways. First, the original
model can predict values in the new sample and predictive fit can be calculated. Second, a separate model can be
estimated with the new sample and then compared with the original equation on characteristics such as the significant variables included; sign, size, and relative importance of variables; and predictive accuracy. In both instances,
the researcher determines the validity of the original model by comparing it to regression models estimated with
the new sample.
Many times the ability to collect new data is limited or precluded by such factors as cost, time pressures, or
availability of respondents. Then, the researcher may divide the sample into two parts: an estimation subsample
for creating the regression model and the holdout or validation subsample used to test the equation. Many procedures, both random and systematic, are available for splitting the data, each drawing two independent samples
from the single dataset. All the popular statistical packages include specific options to allow for estimation and
validation on separate subsamples. Chapter 1 provides a discussion of the basic approaches to validation, including
cross-validation.
Whether a new sample is drawn or not, it is likely that differences will occur between the original model and
other validation efforts. The researcher’s role now shifts to being a mediator among the varying results, looking for
the best model across all samples. The need for continued validation efforts and model refinements reminds us that
no regression model, unless estimated from the entire population, is the final and absolute model.
cALcULAtinG tHe PReSS StAtiStic
An alternative approach to obtaining additional samples for validation purposes is to employ the original sample
in a specialized manner by calculating the PRESS statistic (Prediction Sum of Squares), a measure similar to R2
used to assess the predictive accuracy of the estimated regression model. It differs from the prior approaches in that
not one, but n 2 1 regression models are estimated in a procedure similar to the jackknife validation approach. The
procedure omits one observation in the estimation of the regression model and then predicts the omitted observation with the estimated model. Thus, the observation cannot affect the coefficients of the model used to calculate its
predicted value. The procedure is applied again, omitting another observation, estimating a new model, and making
the prediction. The residuals for the “hold-out” observations can then be summed to provide an overall measure of
predictive fit as well as compared to the original model to assess the increase in sum of squares of the residuals due
to the validation procedure.
A relative measure of prediction is P2, the coefficient of prediction, which substitutes PRESS for SSE:
P2 5 1 2

PRESS
2
n
B
R SST
n21

This measure is an “out-of-sample” measure of expected predicted accuracy similar to R2 and acts similar to
adjusted R2 in that a decrease in P2 indicates the inclusion of an irrelevant variable or deleting a relevant variable.
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coMPARinG ReGReSSion MoDeLS
When comparing regression models, the most common standard used is overall predictive fit. R2 provides us with
this information, but it has one drawback: As more variables are added, R2 will always increase. Thus, by including
all independent variables, we will never find another model with a higher R2, but we may find that a smaller number
of independent variables result in an almost identical value. Therefore, to compare between models with different
numbers of independent variables, we use the adjusted R2. The adjusted R2 is also useful in comparing models
between different datasets, because it will compensate for the different sample sizes.
The most popular alternatives to R2 are the Akaike Information Criterion [3] and the Bayesian Information Criterion (or Schwartz Information Criterion) [104]. These information measure statistics are designed to identify the
model with the best predictive power. Usually, the model that gives the smallest value of the AIC (or BIC) statistic
is the preferred one. The BIC is claimed to be an improvement over the AIC since the AIC is inclined to overfitting
the data, but both measures work in a consistent manner [121]. These measures can compare any set of models as
long as the dependent measure and sample remain consistent.
FoRecAStinG WitH tHe MoDeL
Forecasts can always be made by applying the estimated model to a new set of independent variable values and
calculating the dependent variable values. However, in doing so, we must consider several factors that can have a
serious impact on the quality of the new predictions:
●

●

●

When applying the model to a new sample, we must remember that the predictions now have not only the
sampling variations from the original sample, but also those of the newly drawn sample. Thus, we should
always calculate the confidence intervals of our predictions in addition to the point estimate to see the expected
range of dependent variable values.
We must make sure that the conditions and relationships measured at the time the original sample was taken
have not changed materially. For instance, in our credit card example, if most companies started charging
higher fees for their cards, actual credit card holdings might change substantially, yet this information would
not be included in the model.
Finally, do not use the model to estimate beyond the range of independent variables found in the sample. For
instance, in our credit card example, if the largest family had 6 members, it might be unwise to predict credit
card holdings for families with 10 members. One cannot assume that the relationships are the same for values
of the independent variables substantially greater or less than those in the original estimation sample.

extending Multiple Regression
As might be expected, the widespread usage of multiple regression across all areas of analytics, both academic and
organizational, has spawned a myriad set of variants for addressing a wide range of issues, many of which have
already been discussed. Among the most widely used are the following: robust regression to deal with outliers
without their deletion, quantile regression where the dependent variable is divided into subgroups and models
estimated for each, constrained regression where constraints are placed on the range or even direction of the parameter estimates, regression with censored or truncated outcome data (similar to survival analysis), regression with
measurement error corrections and some other multiple equation regression models – seemingly unrelated regression and multivariate regression. It is beyond the scope of this chapter to delve into all of these methods, but the
researcher should be aware that there are a wide variety of regression-based models for dealing with a range of
different research questions.
In the following discussion we will introduce two additional regression-based models that have become increasingly popular – multilevel/hierarchical models and panel models. Each is designed to analyze unique types of data
structures – nested or hierarchical data for multilevel models and cross-sectional longitudinal data for panel models.
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MULtiLeVeL MoDeLS
The rise of multilevel models across a wide range of disciplines has acknowledged that multilevel or hierarchical
effects (1) foster theoretical frameworks more appropriate for many of the actual settings in which they are studied,
as well as (2) provide a unified framework for addressing many of the statistical issues which occur naturally when
hierarchical data structures are present. Moreover, the software and resources for multilevel modeling have developed
to the point that any researcher should incorporate multilevel modeling when appropriate. The following discussion focuses on first providing an introduction to multilevel modeling, the importance of contextual effects and the
resulting hierarchical data structures, levels of effects in hierarchical models and its widespread use across disciplines
and basic resources available. The next section details some of the basic concepts in multilevel modeling, matching
measurement properties to level, the intraclass correlation, random versus fixed effects, sample size considerations,
while the final section describes a five-stage modeling strategy to develop multilevel models.
Introduction to MLM Context matters! All individuals are embedded within contexts that have an influence on
their behavior. Contexts are any external factor outside the unit of analysis that not only impact the outcome of
multiple individuals, but also create differences between individuals in separate contexts and foster dependencies
between the individuals in a single context. Failure to acknowledge the impact of contexts and group effects is
termed the psychologistic fallacy [36]. Contexts create data structures that are termed nested, hierarchical or clustered, and have long been acknowledged as a fundamental effect applicable to almost all research settings [19, 12].
Perhaps the most widely used example is student achievement as the outcome measure of interest. We know that
student achievement is based to some degree on a number of student attributes, which we define as Level-1, the most
fundamental unit of analysis. But we also assume that the context for that outcome (e.g., the classroom setting with
the teacher, resources, other students, etc. which is termed Level-2) has an impact. Each level above Level-1 is an
aggregation into groups of observations in the lower level (i.e., students into classrooms). The primary objective of
any analysis of hierarchical data structure is to accurately assess the effects of each attribute of Level-1 (the student)
and characteristic of Level-2 (the classroom) while also determining the extent to which Level-1 and Level-2 collectively impact the outcome. A multilevel model (MLM) is an extension of regression analysis that allows for the
incorporation of both individual (Level-1) and contextual (Level-2) effects with the appropriate statistical treatment.
As we will discuss in more detail later, the effects of context can create dependencies among the individuals within
each context (e.g., students within a class) and thus violate the basic statistical assumption of independence. We
should note that for simplicity we will discuss hierarchical data at two levels, but the technique can accommodate
hierarchical structures with many levels (e.g., students in classrooms in schools in school districts in states).

Let’s take a simplified look at how multilevel models work in a simple two-level model, with individual observations (e.g., single wage earners) at Level-1 grouped together by a Level-2 variable (e.g., regions). In our
example, the basic model is that single wage earner income is a function of educational level. A regional predictor
is the percentage of the regional budget devoted to education, which is proposed to assist in individuals achieving
their educational level.

A SiMPLe exAMPLe

Separate Equations by Region The simplest way to assess the impact of the Level-2 variable on the Level-1 equations
is to estimate a separate equation for each Level-2 variable (e.g., region). Intercepts and slopes for educational level
can now vary by region. But the researcher faces two additional questions. First, what about the dependencies among
individuals within regions? We have to assume that they may be correlated and thus violate the statistical assumption
of independence, even if randomly sampled within the region. The dependency comes from knowing that the single
wage earners, when grouped by region, are correlated in their outcome measures. Also, even when we do find that
there are differences between regions on the regression coefficients, we do not know what about the regions impacts
these changes. Since the context/group level characteristics (e.g., percentage of regional budget devoted to education)
are constant within each group (e.g., region), analyzing each group separately doesn’t allow for these group characteristics to be included since there isn’t any variance on this variable within the group.
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Before the development of multilevel models researchers were forced into two compromises. First, violations of
the assumptions of independence were generally ignored. Second, variables characterizing the regions were entered
directly into a single regression equation pooled across regions, even though they were measured at a different level
and thus a region’s single value was used for all individuals within that region. Both of these actions violated tenets
fundamental to multiple regression, but were the only course of action at the time.
Multilevel models approach the problem in a somewhat more complex, but fundamentally simple fashion—separate equations for each level that are then combined. The Level-1 equations are like our
basic regression models before, varying by region:
The Multilevel Model Approach

Level-1 equation (by region): Single wage earner income 5 intercept 1 CoefficientEducation*Educational level
But multilevel models add a second type of equation—the Level-2 equation. The purpose of the Level-2 equation,
which can have a set of characteristics of the level (e.g., region), is to now predict the intercepts and regression coefficients within each region. Thus, the dependent variables of the Level-2 equations are the slopes and coefficients
of the Level-1 model, not the dependent variable of student achievement. For example, the Level-2 equation for the
Level-1 coefficients would be:
Level-2 equation (by region) CoefficientEducation 5 intercept 1 CoefficientPctBudgetEducation*Pct budget in education
When these two equations are combined, we get a new equation which has an “average” intercept and coefficient
of the Level-1 variable that does not vary across regions (i.e., fixed effects), an estimate of the impact of the region
characteristics on the Level-1 parameters (i.e., another fixed effect) and estimates of the variation of the Level-1
intercepts and regression coefficients across groups/regions (i.e., random effects). Additional terms allow for the
dependencies among observations within groups.
While this is a very simplified view of how the models are estimated, it does highlight one feature of the multilevel
model—the effects of each level are directed at the results of the level below—which is theoretically consistent with
how we expect nested or hierarchical effects to occur. The higher-level effects “work through” the lower level effects,
somewhat akin to mediation effects discussed earlier.
BeneFitS oF MLM The benefits of MLM are both methodological and conceptual [58]. From a methodological perspective, the most important improvement is the incorporation of the dependencies among observations introduced by
the nested data structure. These dependencies create two statistical problems when not corrected by using MLM.
First, the standard errors of coefficients are biased downward (i.e., smaller), thus making it easier to find statistical
significance than it should be [107]. This is especially problematic for higher-level variables that are many times the
key variables of interest [77]. Second, the effective sample size that should be used is smaller than the overall sample
because of the nested data structure [112]. This impacts the estimates of statistical power and overstates the level
of statistical power that is actually achieved. In addition to addressing these issues, MLM can directly incorporate
repeated measure data as well as be applied directly to more complicated stratified sampling plans that have a nesting
effect.
From a conceptual perspective, MLM allows for inclusion of characteristics from multiple levels of a conceptual
model while retaining the hierarchical nature of the effects. Many conceptual models are theorized in a hierarchical
structure (e.g., educational outcomes, organizational behavior, social and political groups, etc.). MLM provides a
method that “preserves” the level’s effects to relationships within that level (i.e., independent variables in the level’s
equation are only variables measured at that level). This also allows for an apportionment of impact to the various
levels that was not available before. Finally, as will be discussed in the section on fixed versus random effects, the use
of random effects allows for a generalization of the impacts to the population that is not possible with fixed effects.
BRieF HiStoRY oF MLM These effects have long been recognized and it was not until early pioneering work in several areas
that a more unified approach was developed [16, 22, 46]. From these and other early efforts came research and application of multilevel models come from a wide range of disciplines, among them education [16, 48, 34, 92, 20], health
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science [38, 96, 90], public policy [102], sociology [37, 81, 89], organizational behavior [74, 60, 21, 35, 50] and many
others. As a result, what is today generally referred to as multilevel models is also known by a number of other names
as developed in various disciplines, including hierarchical linear models, mixed models, random-coefficients, random
parameter or random-effects models and nested or clustered data models.
One of the most positive benefits of the multi-disciplinary development of MLM is the diversity
of software available. The first software widely used for MLM was HLM that is still widely used today [93]. A more
recent development has been MLwiN [26] and multilevel modules are available in many statistical programs (Stata,
MPLUS) or through basic statistical methods (e.g., MIXED models in IBM SPSS and SAS). Besides software availability, there are multiple excellent texts with a more detailed explanation of MLM from any number of perspectives
[62, 45, 47, 108, 6] as well as texts oriented towards specific software – IBM SPSS [58], SAS [122], MPLUS [41]
Stata [91] and R [42].
ReSoURceS FoR MLM

Basic Concepts and Issues Three fundamental concepts distinguish MLM from more basic regression models:
matching measurement properties to level, the intra-class correlation coefficient, fixed versus random effects and
sample size at each level. Each of these concepts plays a critical role in understanding and operationalizing MLM.

As noted earlier, distinguishing variables by their appropriate level has
conceptual and operational benefits. From a conceptual perspective, matching a variable to its appropriate level
ensures that it will be included in the appropriate set of effects. But just as important is to match the variable so that
it represents a “true” characteristic of that level and avoids misrepresentation of the effect [62, 71]. While it may seem
obvious that the measure and level should correspond, there are common instances when they do not match. The
most widespread is when the characteristic of a higher-level is derived from characteristics of a lower level, principally through aggregation. In our example this could occur by adding a new variable, percentage male, as a regional
characteristic, but then interpreting it as a gender effect at the individual level. This approach results in an ecological
fallacy since it has been consistently shown that aggregated values have quite different relationships than individual
values [97]. Thus, it is incorrect to infer individual behavior based solely on group-level relationships. The reverse
has been termed the atomistic fallacy, where group level relationships are assumed to equate to individual-level
relationships [70]. While MLM can separate effects by level, it is the responsibility of the researcher to ensure that
measures are included at their appropriate level.

MAtcHinG MeASUReMent PRoPeRtieS to LeVeL

The intraclass correlation (ICC) is a measure of the degree of dependence among
individuals within a higher-level grouping. Examples of the ICC at Level-2 might be students in the same class,
employees under the same supervisor or repeated responses from the same individual. At higher levels the ICC might
be classes within a school or supervisors in a firm. In all these instances, it represents the expected correlation in
the dependent variable between two randomly drawn units in a level. So in our example, it would be the expected
correlation in single wage earner income between two randomly drawn individuals in a region. As this correlation
increases, it demonstrates that the individuals in that region are not independent, thus violating this assumption
of regression. It can also be thought of as the degree of covariance among error terms within the group [62]. As it
increases it represents that the groups are more homogeneous and thus different from one another. In assessing the
size of the ICC, researchers should note that ICC values as low as .10 have been found to be impactful when group
sizes are large [113]. A simple measure of the ICC is a one-factor ANOVA, where the independent variable is the
Level-2 variable. The ICC is then defined as the proportion of variance that exists between groups compared to the
total variation.
The usefulness of the ICC comes from its use as both a diagnostic tool and a statistical adjustment for dependency.
As a diagnostic tool, if the ICC for a level is non-significant, there is no reason to perform a MLM with that level
since there are no significant effects. Moreover, the ICC can be used to estimate the extent to which the standard
errors need to be increased to accurately reflect the Type I error [14]. The ICC also provides a means of calculating
the effective sample size in clustered sampling designs such that the appropriate standard errors are utilized [68].

intRAcLASS coRReLAtion (icc)
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Increased ICC values can be offset in some regard by smaller group sizes, but this diminishes the ability to make
group-level estimates. We will discuss this issue in more detail in the section below on sample size.
Perhaps the concept most unfamiliar to most researchers using regression is fixed
versus random effects [11, 28]. A common distinction between fixed and random effects is that fixed effects are
used for population parameters (i.e., single fixed value across the population) and random effects are used when the
variable represents only a sample of possible effects. As an example, gender would be assumed to be a fixed effect
since there are a set number of categories that never change. But what about classes chosen randomly in a school?
Here we know that there are other classes that are not included. In this situation, a random effect for class would
provide information about the variation or range of values across this sample of classes that could be extrapolated
to the population of classes.
Technically, a fixed effect is the “default” in regression, such that a parameter estimate (either an intercept or coefficient) is made as a point estimate with no variation. We make an estimate of its variation across repeated samples
with the standard error, but the parameter itself is considered as a fixed or single effect. So in almost all regression
analyses we assume fixed parameters. But in a MLM setting, fixed effects for Level-2 and higher can become problematic. For example, assume that we just want to estimate a single fixed effect for each group at Level-2 that would
require a dummy variable (the fixed effect) for each Level-2 group. For situations with a large number of groups, this
introduces a large number of parameter estimates for each dummy variable (i.e., number of groups minus 1) into the
model. Moreover, since groups at higher levels may have relatively few observations per group, then that estimate
can have high variance, large standard error and be impacted by just a single observation. As a result, while fixed
effects are unbiased, they do have the potential to have high variability as well as using a large number of parameters. A random effect attempts to reduce that variability of effect within a group by a form of pooling across groups
and focusing on the best estimate of the variability or distribution of effects across the set of groups. In making the
estimate of the variability of effects across all the groups, it has a tendency to minimize outlier groups to achieve a
more stable estimate of variation, but at the expense of some degree of bias.
The use of random effects for Level-2 and higher is based on several considerations. First, if we used fixed effects,
we would essentially be estimating a separate equation for each group to avoid the effect of dependency among
observations. Yet for a Level-2 model, the dependent variable is the Level-1 parameter (either intercept or coefficient).
Using a fixed effect here would be impossible since the dependent variable value would be the same for all observations within the group. This would also prevent any group characteristics to act as independent variables since they
would all have the same value as well. So we need some method of “pooling” across the groups and still address the
issue of dependency among observations. This is where the random effect comes into play. The relationships of the
Level-2 equation are now estimated as random effects, such that we can “pool” across groups and estimate relationships between group characteristics we couldn’t do earlier. The trade-off becomes one of bias versus precision. The
fixed effects equations generate many more parameters, each unbiased but less precise (few observations per parameter) and limited in types of effects that can be estimated. The random effects introduce some bias, but with much
more precision as to the variance of the effects and the ability to introduce a set of Level-2 characteristics into the
analysis. This is why MLM employ random effects at Level-2 and higher, thus the name “random coefficients” models.
A second consideration between fixed and random effects is the impact of endogeneity – what we termed earlier
as bias due to omitted variables. Fixed effect models of grouped data can eliminate many forms of endogeneity since
they in essence estimate model effects separately for each group (i.e., all the potential endogeneity effects are constant
for observations within the group, thus having no effect). But since random effects “pool” across groups, endogeneity
can have an impact and must be eliminated in some other fashion. This consideration comes less into consideration
in MLM, but will be more impactful in panel models to be discussed in a later section.
Finally, is the choice between fixed and random effects just a conceptual issue? While the researcher should
consider the implications of fixed versus random effects based on the issues discussed above, there is an empirical
test to also provide guidance. The Hausman test [53] compares the results of the fixed effects model to that of the
random effects model. A significance level of p , 0.05 supports the hypothesis that there is a difference between
FixeD VeRSUS RAnDoM eFFectS
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the two models and thus the fixed effects model should be used. If there is not a significant difference, then the
random effects model can be used since it is preferred over the fixed effects model. As noted earlier, random effects
are generally the default in MLM, but the choice is more critical in panel models.
SAMPLe SiZe BY LeVeL The sample size is dependent upon level and is based on the number of units of analysis.
At Level-1 all of the sample is used, so the sample size if the number of observations. But as we move to higher
levels, the unit of analysis changes to the number of groups per level (e.g., number of classroom, not the number of
students). Moreover, the number of observations per group is less important than the number of groups. Group sizes
of even five observations or more are acceptable as long as the number of groups is sufficient. So how many groups
and observations per group are acceptable? Heck and Thomas [57] propose the 20/30 rule—at least 20 groups and
30 observations per group. Hox [61] varies this slightly with a 30/30 rule—at least 30 groups and 30 observations
per group. Yet many research situations will vary in terms of individuals or groups, so which is most important to
consider. In a practical sense, it is the number of groups at any level, since the groups are now the units of observation
for the analysis. It is must better to have 30 groups of 10 observations than 10 groups of 60 observations since there
are more groups for estimating the parameters. So increasing the number of groups at any level is always useful for
estimating effects at that level and increases statistical power.
So how small can a group size be? Group sizes of five are encountered in many research situations and provide
reasonable estimates. Moreover, they do not impact the power of the tests since that comes from the number of
groups. But smaller group sizes will limit the power of the random coefficient tests—the differences between groups
on the intercepts or independent variables [109]. So should group sizes be as large as possible? A trade-off should be
considered as larger group sizes increase the impact of the ICC, especially as the ICC increases [7]. This is a logical
outcome since larger group sizes reinforce the ICC across a larger number of observations in the group.
So what is the best sample size at each level? Obviously, all things equal, more observations are better. But the
researcher needs to consider how observations are distributed in the nested structure. The limiting consideration
is the smallest number of groups at any level. Following the 30/30 rule may be fairly easy for Level-2/Level-1, but
it becomes much more difficult as we move to Level-3/Level-2 data structure. That does not mean that a smaller
number of groups than 20 or 30 necessarily means the level effects cannot be estimated, but the research should
always remember that the number of groups determines the sample size for that level’s effects. If you only had eight
groups at a level, would you feel comfortable estimating a regression equation with only eight observations? The
types of effects being estimated and the requisite precision are always considerations on which levels to include in
an analysis.
SUMMARY The issues of appropriate measurement by level, the intraclass correlation, fixed versus random effects and
sample size by level are among the most impactful for a MLM design. Our discussion has touched on the most basic
considerations in each of these issues and considerable research exists which provides more insight into each issue.
Moreover, issues such as missing data and imputation in nested data structures are also critical in many research
situations. We encourage the researcher to investigate these issues in more detail before undertaking a MLM analysis.

Five-Stage Modeling Strategy While the decisions involved in MLM may seem somewhat arbitrary, consensus on

a five-stage modeling strategy has evolved which tests progressively more complex models [58, 62]. As the researcher
finds sufficient model improvement at each stage the models can incorporate more effects at different levels. In this
discussion we will focus on a two-level model, but this process can be extended to any pair of levels. In our example Level-1 will be individuals and Level-2 groups of individuals (the first contextual factor). We will use the term
coefficient to refer to the regression coefficient estimated for an independent variable at a specific level. Also, the
criterion for moving to the next level is incremental model fit since these are nested models.
The first step is to make sure that there is enough variation between groups to
justify including the level in the analysis. If there are not differences between groups, then there will not be enough
difference to estimate group-level effects and the ICC will be so low as to have no effect. The most direct test is a

SteP 1: SUFFicient VARiAtion At LeVeL 2

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

328

Section III Dependence Techniques – Metric Outcomes

simple one-way ANOVA with the single independent variable being Level-2 groups. If this does not reveals group
differences, then no reason to include the Level-2 effects. In terms of the equations at each level, the Level-1 equation
is just the single overall intercept and the Level-2 equation is the group-specific intercepts (means).
SteP 2: LeVeL-1 MoDeL WitH LeVeL-2 eFFectS In this model, the basic regression equation for Level-1 is specified—the
intercept and independent variables for Level-1 are specified as fixed effects and the Level-2 effects (intercepts) are
added. Here we test the basic ability of Level-2 effects to relate to Level-1 effects that we demonstrated in general in
Step 1. The Level-2 model is just an intercept to control for group differences.

At this step the Level-2 characteristics are introduced into the Level-2
equations to establish their relationships with the Level-1 parameters. Remember that the Level-2 equations have
as their dependent variable the Level-1 intercept or coefficient for that group. So we now have three fixed effects—
Level-1 intercept and coefficient and Level-2 coefficient along with a random effect for group differences.

SteP 3: intRoDUce LeVeL-2 inDePenDent VARiABLeS

SteP 4: teSt FoR RAnDoM coeFFicientS The next model is one that is many times most associated with MLM and that
is a test for random coefficients of the Level-1 variables. We have the fixed effects of the Level-1 intercept and coefficients, plus any Level-2 coefficients for explanatory variables. The model also provides the random effects for both
intercepts and coefficients—Do the intercepts vary across groups? Do the Level-1 coefficients vary across groups?
Most often each Level-1 variable is tested separately and then all significant random effects entered into the final
model.

This final step is to identify which Level-2
characteristics are related to the Level-1 variables that had random coefficients (i.e., varied across groups). Interaction terms are used to test this cross-level effect in a manner similar to moderation discussed earlier. Significant
interaction terms demonstrate the relationships between Level-2 variables and the differences between coefficients
across groups.
SteP 5: ADD cRoSS-LeVeL inteRActionS to exPLAin VARiAtionS in coeFFicientS

The five-stage process builds incrementally more complex models to ascertain at each step whether an additional model specification is justified—are the groups sufficiently different, how does the group and its characteristics
impact the basic regression model, do the intercepts vary across groups, do the coefficients vary across groups and
finally do the group characteristics relate to any variation in coefficients across groups. While the researcher may
focus on results from one of the more complex models, we strongly recommend that all steps be performed so the
researcher more fully understands the nature of the effects at each step.

ReVieW

Summary Multilevel models have gained widespread acceptance across a wide range of disciplines because they
allow researchers to address research questions in a more realistic framework—one where the relationship of interest
takes is impacted by contextual factors. No researcher wants to fall prey to the psychologistic fallacy and assume that no
force outside the unit of analysis have any impact. In some sense we are looking at higher-level effects as moderators—
the individual group behavior is conditional on its higher-level group. In this manner researchers can (a) accommodate
these types of effects in a framework which separates the Level-1 effects of interest from those of a higher-level (b) in a
statistically appropriate manner and (c) correcting for any dependencies among observations due to these groupings.
The evolution of this technique has eliminated software availability and resources as reasons to not use the technique. Thus we strongly recommend that researchers become familiar with MLM as a “standard” technique when
dealing with these types of effects and data structures.

PAneL MoDeLS
In an analysis framework somewhat similar to multilevel models, panel models or panel analysis is a regression-based analytical technique designed to handle cross-sectional analyses of longitudinal or time-series data. In
the cross-sectional perspective, it accommodates the typical regression analysis with a series of independent variables
being related to an outcome variable. The analysis could be analyzing individuals, firms, brands, schools, countries
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or other analysis units, and what factors influence their outcomes. But the unique element of panel models is that
they also accommodate longitudinal data for both the dependent and independent variables. So instead of having to
conduct separate analyses for each year or pool these data across years in some manner, panel models were designed
to address the necessary characteristics of this type of data.
For readers who are acquainted with multilevel models or reviewed our earlier
discussion, some of these concepts seem familiar. Using the terminology of multilevel models, each analysis unit
(e.g., individual, firm, school, etc.) forms a group (i.e., Level-2), with the longitudinal data for that analysis unit the
observations within the group (i.e., Level-1). In multilevel models we were concerned about dependencies within
the group. With longitudinal data we know that we have some patterns of serial correlation that must be accounted
for. Panel models will utilize many of the same concepts, particularly fixed versus random effects, to analyze this
specific form of grouped data.
The basic panel model uses a data structure that can be visualized as rows representing an analysis unit (e.g.,
individual, brand, school, etc.) with both dependent measure and independent variables. This is comparable to a
typical regression analysis. But there is one additional variable – a time period indicator. This allows multiple years
to be contained in the same dataset so that the complete dataset has all the observations for each analysis unit in each
of the time periods. As will be discussed in a later section, the researcher can now select whether to employ a fixed
or random effect for each estimated parameter as well as identify if there are any time-related effects.

Similarity to Multilevel Models

Benefits of Panel Models The ability to integrate cross-sectional and longitudinal analyses into a single framework
has several benefits over other methods. First, by using a fixed effects estimate for an effect, the omitted variable
problem (endogeneity) is accounted for. In doing so the model can also account for heterogeneity among the analysis
units. The combined use of fixed and random effects allows for precise control over variation due to heterogeneity
across analysis units and dependencies within groups. The ability to employ a full range of independent variable also
allows for the testing of more complex models than alternative methods
Background Panel models provide an alternative to any number of other analytical techniques devoted to longi-

tudinal data. A first approach would be repeated cross-sectional models, which suffer from the inability to “link”
the analyses across years that we discussed in the multilevel model section. A second approach is the event history
model, including such techniques as survival analysis, failure time analysis, and hazards or risks models. This model
type is quite applicable to specific processes (e.g., survival) and emerging methods are facilitating the inclusion of
more covariates (i.e., independent variables). But these models are still disadvantaged by the limited variates they
can accommodate and the resulting focus on prediction rather than explanation, along with some complex data
management issues. The third alternative method is time series analysis, which is best characterized as few variables,
many time periods. It has unique advantages in the extensive analytical procedures for estimation and predictions and
the detailed insights into patterns across time. It is generally limited in terms of the complexity of the relationships
being evaluated and requires a fairly large number of time periods (generally at least 30).
Panel models provide an alternative analytical framework that has been a central analytical method in areas such
as economics [5, 49, 27], epidemiology [51], sociology [17, 52] political science [9, 126] and spatial analysis [40].
The ability to include a large number of cross-sectional units and time periods while also integrating the analytical
capabilities of regression for explanatory purposes makes panel models a perfect match for many types of research
questions, particularly those utilizing secondary data.
As with our discussion of multilevel models we will only be able to discuss briefly some of the fundamental issues involved in panel models and expose the reader to the types of issues that must be addressed in this
method. In the sections below we will cover the types of variables than can be incorporated into panel models, the
types of models that can be estimated by combining fixed and random effects, some of the basic questions when
choosing fixed versus random effects and the ability to add a time dimension to the results.
Basic Issues
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There are four basic types of variables that can be used in a panel model. First are variables that
differ between units of analysis, but don’t change over time (e.g., race and gender, type of firm or level of school). The
second variable type can change over time, but are the same for all units of analysis at any given time period (e.g.,
national economic indicators). A third type is a variable that can vary over both time and units (e.g., income, firm
expenditures, school student composition). The final variable is one that varies over time in a predictable pattern (e.g.,
any measure of age or tenure). The inclusion of some variables, such as those that vary over units but not time, are
dependent on whether fixed or random effects are used. The others, such as those with a time element will depend
on how the time aspect is modeled. But panel analysis has options by which all of these variable types can be included
in some fashion.

tYPe oF VARiABLeS

As we saw with multilevel models, panel models can be used for a range of models, from the
simple to those with quite complex relationships. The most basic model type is a simple pooled regression, which
disregards the interdependencies among observations within a unit of analysis and estimates a single intercept and
slope coefficient that are constant across time and units. This is equivalent to running a basic regression model
where the time period variable is disregarded and all observations analyzed together. While this model does have
issues with disregarding the dependencies within units, it can form a baseline model for comparison purposes.
But the analyst must be cautioned as the estimated coefficients may provide misleading results. The next set of
models focused on varying levels of unit-specific results (similar to the random effects in the multilevel models)
where intercepts, coefficients or both vary by unit. The unique model in panel models when compared to multilevel models is the time dependent effects model, where the intercept and coefficients may vary over time as well.

tYPeS oF MoDeLS

SeLectinG BetWeen FixeD VeRSUS RAnDoM eFFectS The choice between fixed and random effects in panel models is
primarily focused on the trade-off between controlling for endogeneity with fixed effects versus the statistical efficiency, yet biased results that result from random effects. As we discussed briefly in our earlier discussion of fixed
effects, they provide a simple way to control for variables that have not or cannot be measured. This is done by
analyzing each unit separately with the fixed effects. In this way, unobserved variables that do not change over time
are constant over the time periods and thus cannot have any effect on the results. By using each unit as its own control,
and making the observations relative to each other within the group, most forms of endogeneity are eliminated. It
cannot account for unmeasured variables that change over time, but all other forms are addressed. Moreover, variables that do not vary by unit, such as gender, etc., cannot be analyzed since they have no variance over the time
period. Thus, fixed effects use within-unit change for estimating all effects and increase consistency at the expense
of efficiency.
Random effects, however, present a different set of benefits and limitations. They require fewer estimated parameters (primarily by not estimating an intercept for each unit) and thus increase the degrees of freedom available. Also,
time-invariant variables such as gender or race can now be included in the analysis. But all of these benefits must
be weighed against the potential bias from endogeneity effects that can impact random effects estimates. Thus, the
choice between fixed and random effects is the trade-off of controlling endogeneity versus increased efficiency and
expanded variable types.

In addition to the cross-sectional effects we have discussed so far, panel models also provide for estimating time-variant effects just as was possible for unit-specific effects. To estimate the time-variant effects there
needs to be at least enough time periods for a basic relationship to be estimated (five or more). As the number of
time periods increases, the possible types of time-variant effects also increase.

ADDinG tiMe

Summary Panel models are an analytical framework designed for a specific data structure – cross-sectional analyses
coupled with longitudinal data. Many of the statistical concepts underlying panel models are shared with multilevel
models, making each model type more accessible to potential users. We encourage researchers to consider panel
models whenever their data structures dictate, and also hope that researchers will now expand their research efforts
to incorporate longitudinal aspects with the availability of this technique.
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illustration of a Regression Analysis
The issues concerning the application and interpretation of regression analysis have been discussed in the preceding
sections by following the six-stage model-building framework introduced in Chapter 1 and discussed earlier in this
chapter. To provide an illustration of the important questions at each stage, an illustrative example is presented here
detailing the application of multiple regression to a research problem specified by HBAT. Chapter 1 introduced a
research setting in which HBAT had obtained a number of measures in a survey of customers. To demonstrate the
use of multiple regression, we show the procedures used by researchers to attempt to predict customer satisfaction
of the individuals in the sample with a set of 13 independent variables.
StAGe 1: oBjectiVeS oF MULtiPLe ReGReSSion
HBAT management has long been interested in more accurately predicting the satisfaction level of its customers.
If successful, it would provide a better foundation for their marketing efforts. To this end, researchers at HBAT
proposed that multiple regression analysis should be attempted to predict the customer satisfaction based on their
perceptions of HBAT’s performance. In addition to finding a way to accurately predict satisfaction, the researchers
also were interested in identifying the factors that lead to increased satisfaction for use in differentiated marketing
campaigns. Thus, explanation was a critical objective since this analysis was intended to provide management with
the key elements necessary to improve customer satisfaction.
To apply the regression procedure, researchers selected customer satisfaction 1 X19 2 as the dependent variable
(Y) to be predicted by 13 independent variables representing perceptions of HBAT’s performance (X6 to X18). Brief
descriptions of the independent variables are included in Table 5.1.
The relationship among the 13 independent variables and customer satisfaction was assumed to be statistical, not
functional, because it involved perceptions of performance and may include levels of measurement error.
StAGe 2: ReSeARcH DeSiGn oF A MULtiPLe ReGReSSion AnALYSiS
The HBAT survey obtained 100 respondents from their customer base. All 100 respondents provided complete
responses, resulting in 100 observations available for analysis. The first question to be answered concerning sample
size is the level of relationship 1 R2 2 that can be detected reliably with the proposed regression analysis.
Figure 5.7 indicates that the sample of 100, with 13 potential independent variables, is able to detect relationships
with R2 values of approximately 23 percent at a power of .80 with the significance level set at .01. If the significance
level is relaxed to .05, then the analysis will identify relationships explaining about 18 percent of the variance. The
sample of 100 observations also meets the guideline for the minimum ratio of observations to independent variables
(5:1) with an actual ratio of 7:1 (100 observations with 13 variables).
The proposed regression analysis was deemed sufficient to identify not only statistically significant relationships
but also relationships that had managerial significance. Although HBAT researchers can be reasonably assured that
they are not in danger of overfitting the sample, they should still validate the results if at all possible to ensure the
generalizability of the findings to the entire customer base, particularly when using a stepwise estimation technique.

table 5.1 Dependent and independent Variables included in Multiple Regression Analysis
X6

Product Quality

X13

Competitive Pricing

X7

E-Commerce

X14

Warranty & Claims

X8

Technical Support

X15

New Products

X9

Complaint Resolution

X16

Ordering & Billing

X10

Advertising

X17

Price Flexibility

X11

Product Line

X18

Delivery Speed

X12

Salesforce Image
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StAGe 3: ASSUMPtionS in MULtiPLe ReGReSSion AnALYSiS
Meeting the assumptions of regression analysis is essential to ensure that the results obtained are truly representative
of the sample and that we obtain the best results possible. Any serious violations of the assumptions must be detected
and corrected if at all possible. Analysis to ensure the research is meeting the basic assumptions of regression analysis
involves two steps: (1) testing the individual dependent and independent variables and (2) testing the overall relationship after model estimation. This section addresses the assessment of individual variables. The overall relationship
will be examined after the model is estimated.
The three assumptions to be addressed for the individual variables are linearity, constant variance (homoscedasticity), and normality. For purposes of the regression analysis, we summarize the results found in Chapter 2 detailing
the examination of the dependent and independent variables.
First, scatterplots of the individual variables did not indicate any nonlinear relationships between the dependent
variable and the independent variables. Tests for heteroscedasticity found that only two variables (X6 and X17) had
minimal violations of this assumption, with no corrective action needed. Finally, in the tests of normality, six variables
(X6, X7, X12, X13, X16, and X17) were found to violate the statistical tests. For all but one variable 1 X12 2 , transformations were sufficient remedies. In the HBAT example, we will first provide the results using the original variables and
then compare these findings with the results obtained using the transformed variables.
Although regression analysis has been shown to be quite robust even when the normality assumption is violated,
researchers should estimate the regression analysis with both the original and transformed variables to assess the
consequences of non-normality of the independent variables on the interpretation of the results. To this end, the
original variables are used first and later results for the transformed variables are shown for comparison.
StAGe 4: eStiMAtinG tHe ReGReSSion MoDeL AnD ASSeSSinG oVeRALL MoDeL Fit
With the regression analysis specified in terms of dependent and independent variables, the sample deemed adequate
for the objectives of the study, and the assumptions assessed for the individual variables, the model-building process now
proceeds to estimation of the regression model and assessing the overall model fit. As depicted in Figure 5.13, there are two
options for variable selection: user- or software-controlled. For purposes of illustration, the stepwise procedure is employed
to select variables for inclusion in the regression variate. Given the relatively small number of variables it was not deemed
necessary to use a constrained approach to variable selection. After the regression model has been estimated, the variate
will be assessed for meeting the assumptions of regression analysis. Finally, the observations will be examined to determine whether any observation should be deemed influential. Each of these issues is discussed in the following sections.
Stepwise Estimation: Selecting the First Variable The stepwise estimation procedure maximizes the incremental
explained variance at each step of model building. In the first step, the highest bivariate correlation (also the highest partial correlation, because no other variables are in the equation) will be selected. The process for the HBAT
example follows.
Table 5.2 displays all the correlations among the 13 independent variables and their correlations with the dependent variable (X19, Customer Satisfaction). Examination of the correlation matrix (looking down the first column)
reveals that complaint resolution 1 X9 2 has the highest bivariate correlation with the dependent variable (.603). The
first step is to build a regression equation using just this single independent variable. The results of this first step
appear as shown in Table 5.3.

From Table 5.3 the researcher can address issues concerning both overall model fit as well as the
stepwise estimation of the regression model.

oVeRALL MoDeL Fit

Multiple R Multiple R is the correlation coefficient (at this step) for the simple regression of X9 and the dependent
variable. It has no plus or minus sign because in multiple regression the signs of the individual variables may vary,
so this coefficient reflects only the degree of association. In the first step of the stepwise estimation, the Multiple R
is the same as the bivariate correlation (.603) because the equation contains only one variable.
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table 5.2 correlation Matrix: HBAt Data
X19

X6

X7

X8

X9

X10

X11

X12

X13

X14

X15

X16

X17

X18

Dependent Variable
X19 Customer
Satisfaction
independent Variables
.486

X6 Product

1.000

Quality
X7 E-Commerce

.283 2.137 1.000

X8 Technical

.113

.096

.001 1.000

.603

.106

.140

Support
X9 Complaint

.097 1.000

Resolution
X10 Advertising

.305 2.153

X11 Product Line

.551

X12 Salesforce

.500 2.152

.430 2.063

.477 2.053
.792

.197 1.000

.193

.561 2.012 1.000

.017

.230

.542 2.061 1.000

Image
X13 Competitive

2.208 2.401

.229 2.271 2.128

.134 2.495

.265 1.000

Pricing
.178

.088

X15 New Products

.071

.027 2.027 2.074

.059

.084

.046

.032

X16 Order & Billing

.522

.104

.080

.757

.184

.424

.195 2.115

X17 Price Flexibility

.056 2.493

.271 2.186

.395

.334 2.378

.352

X18 Delivery Speed

.577

.192

.865

.276

.272 2.073

X14 Warranty &

.052

.797

.140

.011

.273

.107 2.245 1.000

Claims

.028

.156

.025

.602

.023

.035 1.000
.197

.471 2.170
.109

.069 1.000
.094

.407 1.000

.106

.751

.497

1.000

Note: Items in bold are significant at .05 level.

R square 1 R2 2 is the correlation coefficient squared 1 .6032 5 .364 2 , also referred to as the coefficient of
determination. This value indicates the percentage of total variation of Y (X19, Customer Satisfaction) explained by
the regression model consisting of X9.
R Square

Standard Error of the Estimate The standard error of the estimate is another measure of the accuracy of our predictions. It is the square root of the sum of the squared errors divided by the degrees of freedom, also represented by
the square root of the MSresidual 1 "89.45 4 98 5 .955 2 . It represents an estimate of the standard deviation of the
actual dependent values around the regression line; that is, it is a measure of variation around the regression line. The
standard error of the estimate also can be viewed as the standard deviation of the prediction errors; thus it becomes
a measure to assess the absolute size of the prediction error. It is used also in estimating the size of the confidence
interval for the predictions. See Neter et al. [85] for details regarding this procedure.

The ANOVA analysis provides the statistical test for the overall model fit in terms of the F
ratio. The total sum of squares 1 51.178 1 89.450 5 140.628 2 is the squared error that would occur if we used
only the mean of Y to predict the dependent variable. Using the values of X9 reduces this error by 36.4 percent
1 51.178 4 140.628 2 . This reduction is deemed statistically significant with an F ratio of 56.070 and a significance
level of .000.
ANOVA and F Ratio

VARiABLeS in tHe eQUAtion (SteP 1) In step 1, a single independent variable 1 X9 2 is used to calculate the regression
equation for predicting the dependent variable. For each variable in the equation, several measures need to be
defined: the regression coefficient, the standard error of the coefficient, the t value of variables in the equation, and
the collinearity diagnostics (tolerance and VIF).
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table 5.3 example output: Step 1 of HBAt Multiple Regression example
Step 1-Variable entered: X9 complaint Resolution
Multiple R

.603

Coefficient of Determination 1 R2 2

.364

Adjusted R

.357

Standard error of the estimate

.955

2

Analysis of Variance
Sum of Squares

Mean Square

df

Regression

51.178

1

51.178

Residual

89.450

98

.913

Total

140.628

Sig.

F
56.070

.000

99
Variables entered into the Regression Model
Statistical

Regression Coefficients
Variables

Collinearity

Significance

Correlations

Std.

entered

B

(Constant)

3.680

.443

.595

.079

X9

Statistics

Zero-

error

Beta
.603

t

Sig.

8.310

.000

7.488

.000

toler-

order

Partial

.603

.603

Part
.603

ance

ViF

1.000

1.000

Complaint
Resolution
Variables not entered into the Regression Model
Partial

Statistical Significance
Beta in

t

Sig.

correlation

Collinearity Statistics
tolerance

ViF

X6 Product Quality

.427

6.193

.000

.532

.989

1.011

X7 E-Commerce

.202

2.553

.012

.251

.980

1.020

X8 Technical Support

.055

.675

.501

.068

.991

1.009

X10 Advertising

.193

2.410

.018

.238

.961

1.040

X11 Product Line

.309

3.338

.001

.321

.685

1.460
1.056

X12 Salesforce Image

.382

5.185

.000

.466

.947

2.133

21.655

.101

2.166

.984

1.017

X14 Warranty & Claims

.095

1.166

.246

.118

.980

1.020

X15 New Products

.035

.434

.665

.044

.996

1.004

X16 Order & Billing

.153

1.241

.218

.125

.427

2.341

X17 Price Flexibility

2.216

22.526

.013

2.248

.844

1.184

X18 Delivery Speed

.219

1.371

.173

.138

.252

3.974

X13 Competitive Pricing

Regression Coefficients (b and Beta) The regression coefficient (b) and the standardized coefficient (β) reflect the
change in the dependent measure for each unit change in the independent variable. Comparison between regression
coefficients allows for a relative assessment of each variable’s importance in the regression model.
The value .595 is the regression coefficient 1 b9 2 for the independent variable 1 X9 2 . The predicted value for each
observation is the intercept (3.680) plus the regression coefficient (.595) times its value of the independent variable
1 Y 5 3.680 1 .595X9 2 . The standardized regression coefficient, or beta value, of .603 is the value calculated from
standardized data. With only one independent variable, the squared beta coefficient equals the coefficient of determination. The beta value enables you to compare the effect of X9 on Y to the effect of other independent variables on
Y at each stage, because this value reduces the regression coefficient to a comparable unit, the number of standard
deviations. (Note that at this time we have no other variables available for comparison.)
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Standard Error of the Coefficient The standard error of the regression coefficient is an estimate of how much the
regression coefficient will vary between samples of the same size taken from the same population. In a simple sense,
it is the standard deviation of the estimates of b9 across multiple samples. If one were to take multiple samples of the
same sample size from the same population and use them to calculate the regression equation, the standard error
is an estimate of how much the regression coefficient would vary from sample to sample. A smaller standard error
implies more reliable prediction and therefore smaller confidence intervals.
The standard error of b9 is .079, denoting that the 95 percent confidence interval for b9 would be
.595 6 1 1.96 3 .079 2 , or ranging from a low of .44 to a high of .75. The value of b9 divided by the standard error
1 .595 4 .079 5 7.488 2 is the calculated t value for a t test of the hypothesis b9 5 0 (see following discussion).
The t Value of Variables in the Equation The t value of variables in the equation, as just calculated, measures the significance of the partial correlation of the variable reflected in the regression coefficient. As such, it indicates whether
the researcher can confidently say, with a stated level of error, that the coefficient is not equal to zero. F values may
be given at this stage rather than t values. They are directly comparable because the t value is approximately the
square root of the F value.
The t value is also particularly useful in the stepwise procedure in helping to determine whether any variable
should be dropped from the equation once another independent variable has been added. The calculated level of
significance is compared to the threshold level set by the researcher for dropping the variable. In our example, we set
a .10 level for dropping variables from the equation. The critical value for a significance level of .10 with 98 degrees
of freedom is 1.658. As more variables are added to the regression equation, each variable is checked to see whether
it still falls within this threshold. If it falls outside the threshold (significance greater than .10), it is eliminated from
the regression equation, and the model is estimated again.
In our example, the t value (as derived by dividing the regression coefficient by the standard error) is 7.488, which
is statistically significant at the .000 level. It gives the researcher a high level of assurance that the coefficient is not
equal to zero and can be assessed as a predictor of customer satisfaction.
Correlations Three different correlations are given as an aid in evaluating the estimation process. The zero-order
correlation is the simple bivariate correlation between the independent and dependent variable. The partial correlation denotes the incremental predictive effect, controlling for other variables in the regression model on both dependent and independent variables. This measure is used for judging which variable is next added in sequential search
methods. Finally, the part or semi-partial correlation denotes the unique effect attributable to each independent
variable.
For the first step in a stepwise solution, all three correlations are identical (.603) because no other variables are in
the equation. As variables are added, these values will differ, each reflecting their perspective on each independent
variable’s contribution to the regression model.
Collinearity Diagnostics Both collinearity measures (tolerance and VIF) are given to provide a perspective on the
impact of collinearity on the independent variables in the regression equation. Remember that the tolerance value is
the amount of an independent variable’s predictive capability that is not predicted by the other independent variables
in the equation. Thus, it represents the unique variance remaining for each variable. The VIF is the inverse of the
tolerance value.
In the case of a single variable in the regression model, the tolerance is 1.00, indicating that it is totally unaffected
by other independent variables (as it should be since it is the only variable in the model). Also, the VIF is 1.00. Both
values indicate a complete lack of multicollinearity.
VARiABLeS not in tHe eQUAtion With X9 included in the regression equation, 12 other potential independent variables
remain for inclusion to improve the prediction of the dependent variable. For each of these variables, four types of
measures are available to assess their potential contribution to the regression model: partial correlations, collinearity
measures, standardized coefficients (Beta), and t values.
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Partial Correlation and Collinearity Measures The partial correlation is a measure of the variation in Y that can be
accounted for by each of these additional variables, controlling for the variables already in the equation (only X9 in
step 1). As such, the sequential search estimation methods use this value to denote the next candidate for inclusion. If
the variable with the highest partial correlation exceeds the threshold of statistical significance required for inclusion,
it will be added to the regression model at the next step.
The partial correlation represents the correlation of each variable not in the model with the unexplained
portion of the dependent variable. As such, the contribution of the partial correlation (the squared partial correlation) is that percentage of the unexplained variance that is explained by the addition of this independent variable. Assume that the variable(s) in the regression model already account for 60 percent of the dependent measure
1 R2 5 .60 with unexplained variance 5 .40 2 . If a partial correlation has a value of .5, then the additional explained
variance it accounts for is the square of the partial correlation times the amount of unexplained variance. In this
simple example, that is .52 3 .40, or 10 percent. By adding this variable, we would expect the R2 value to increase
by 10 percent (from .60 to .70).
For our example, the values of partial correlations range from a high of .532 to a low of .044. The X6, with
the highest value of .532, should be the variable next entered if this partial correlation is found to be statistically significant (see later section). It is interesting to note, however, that X6 had only the sixth highest bivariate
correlation with X19. Why was it the second variable to enter the stepwise equation, ahead of the variables
with higher correlations? The variables with the second, third, and fourth highest correlations with X19 were
X18 (.577), X11 (.551), and X16 (.522). Both X18 and X16 had high correlations with X9, reflected in their rather
low tolerance values of .252 and .427, respectively. It should be noted that this fairly high level of multicollinearity is not unexpected, because these three variables (X9, X16, and X18) constituted the first factor derived in
Chapter 3. The X11, even though it did not join this factor, is highly correlated with X9 (.561) to the extent that
the tolerance is only .685. Finally, X12, the fifth highest bivariate correlation with X19, only has a correlation with
X9 of .230, but it was just enough to make the partial correlation slightly lower than that of X6. The correlation
of X9 and X6 of only .106 resulted in a tolerance of .989 and transformed the bivariate correlation of .486 into a
partial correlation of .532, which was highest among all the remaining 12 variables.
If X6 is added, then the R2 value should increase by the partial correlation squared times the amount of unexplained variance (change in R2 5 .5322 3 .636 5 .180). Because 36.4 percent was already explained by X9, X6 can
explain only 18.0 percent of the remaining variance.

For each variable not in the equation, the standardized coefficient (Beta) that it would
have if entered into the equation is calculated. In this manner, the researcher can assess the relative magnitude of
this variable if added to those variables already in the equation. Moreover, it allows for an assessment of practical
significance in terms of relative predictive power of the added variable.
In Table 5.3, we see that X6, the variable with the highest partial correlation, also has the highest Beta coefficient
if entered. Even though the magnitude of .427 is substantial, it can also be compared with the beta for the variable
now in the model (X9 with a beta of .603), indicating that X6 will make a substantive contribution to the explanation
of the regression model, as well as to its predictive capability.
Standardized Coefficients

The t value measures the significance of the partial correlations for variables
not in the equation. They are calculated as a ratio of the additional sum of squares explained by including a particular variable and the sum of squares left after adding that same variable. If this t value does not exceed a specified
significance level (e.g., .05), the variable will not be allowed to enter the equation. The tabled t value for a significance
level of .05 with 97 degrees of freedom is 1.98.
Looking at the column of t values in Table 5.3, we note that six variables (X6, X7, X10, X11, X12, and X17)
exceed this value and are candidates for inclusion. Although all are significant, the variable added will be that
The t Values of Variables Not in the Equation

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 5 Multiple Regression Analysis

337

variable with the highest partial correlation. We should note that establishing the threshold of statistical significance before a variable is added precludes adding variables with no significance even though they increase the
overall R2.
With the first step of the stepwise procedure completed, the final task is to evaluate the variables
not in the equation and determine whether another variable meets the criteria and can be added to the regression
model. As noted earlier, the partial correlation must be great enough to be statistically significant at the specified level (generally .05). If two or more variables meet this criterion, then the variable with the highest partial
correlation is selected.
As described earlier, X6 (Product Quality) has the highest partial correlation at this stage, even though four other
variables had higher bivariate correlations with the dependent variable. In each instance, multicollinearity with X9,
entered in the first step, caused the partial correlations to decrease below that of X6.
We know that a significant portion of the variance in the dependent variable is explained by X9, but the stepwise
procedure indicates that if we add X6 with the highest partial correlation coefficient with the dependent variable
and a t value is significant at the .05 level, we will make a significant increase in the predictive power of the overall
regression model. Thus, we can now look at the new model using both X9 and X6.
LooKinG AHeAD

Stepwise estimation: Adding a Second Variable (X6)

The next step in a stepwise estimation is to check and
delete any of the variables in the equation that now fall below the significance threshold, and once done, add
the variable with the highest statistically significant partial correlation. The following section details the newly
formed regression model and the issues regarding its overall model fit, the estimated coefficients, the impact of
multicollinearity, and identification of a variable to add in the next step.
As described in the prior section, X6 was the next variable to be added to the regression model in
the stepwise procedure. The multiple R and R2 values have both increased with the addition of X6 (see Table 5.4).
The R2 increased by 18.0 percent, the amount we derived in examining the partial correlation coefficient from X6 of
.532 by multiplying the 63.6 percent of variation that was not explained after step 1 by the partial correlation squared
1 63.6 3 .5322 5 18.0 2 . Then, of the 63.3 percent unexplained with X9, 1 .532 2 2 of this variance was explained by
adding X6, yielding a total variance explained 1 R2 2 of .544. The adjusted R2 also increased to .535 and the standard
error of the estimate decreased from .955 to .813. Both of these measures also demonstrate the improvement in the
overall model fit.
oVeRALL MoDeL Fit

The regression coefficient for X6 is .364 and the beta weight is .427. Although not as large as
the beta for X9 1 .558 2 , X6 still has a substantial impact in the overall regression model. The coefficient is statistically
significant and multicollinearity is minimal with X9 (as described in the earlier section). Thus, tolerance is quite
acceptable with a value of .989 indicating that only 1.1 percent of either variable is explained by the other.

eStiMAteD coeFFicientS

The lack of multicollinearity results in little change for either the value of b9 1 .550 2
or the beta of X9 1 .558 2 in step 1. It further indicates that variables X9 and X6 are relatively independent (the
simple correlation between the two variables is .106). If the effect of X6 on Y were totally independent of the
effect of X9, the b9 coefficient would not change at all. The t values indicate that both X9 and X6 are statistically
significant predictors of Y. The t value for X9 is now 8.092, whereas it was 7.488 in step 1. The t value for X6
relates to the contribution of this variable given that X5 is already in the equation. Note that the t value for X6
(6.193) is the same value shown for X6 in step 1 under the heading “Variables Not Entered into the Regression
Model” (see Table 5.3).
iMPAct oF MULticoLLineARitY
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table 5.4 example output: Step 2 of HBAt Multiple Regression example
Step 2 – Variable entered: X6 Product Quality
Multiple R

.738

Coefficient of Determination 1 R2 2

.544

Adjusted R

.535

Standard error of the estimate

.813

2

Analysis of Variance
Sum of Squares
Regression
Residual
Total

Mean Square

F

Sig.

76.527

2

38.263

57.902

.000

64.101

97

.661

140.628

99

df

Variables entered into the Regression Model
Statistical
Regression Coefficients
Variables entered
(Constant)

B

Std. error

Significance

Beta

t

Sig.

Collinearity
Correlations
Zero-order

Partial

Statistics
Part

tolerance

ViF

1.077

.564

1.909

.059

X9

Complaint Resolution

.550

.068

.558

8.092

.000

.603

.635

.555

.989

1.011

X6

Product Quality

.364

.059

.427

6.193

.000

.486

.532

.425

.989

1.011

Variables not entered into the Regression Model
Statistical Significance

Collinearity Statistics
Partial

Beta in

t

Sig.

correlation

tolerance

ViF
1.045

X7

E-Commerce

.275

4.256

.000

.398

.957

X8

Technical Support

.018

.261

.794

.027

.983

1.017

X10

Advertising

.228

3.423

.001

.330

.956

1.046

X11

Product Line

.066

.683

.496

.070

.508

1.967

X12

Salesforce Image

.477

8.992

.000

.676

.916

1.092

X13

Competitive Pricing

.041

.549

.584

.056

.832

1.202

X14

Warranty & Claims

.063

.908

.366

.092

.975

1.026

X15

New Products

.026

.382

.703

.039

.996

1.004

X16

Order & Billing

.129

1.231

.221

.125

.427

2.344

X17

Price Flexibility

.084

.909

.366

.092

.555

1.803

X18

Delivery Speed

.334

2.487

.015

.246

.247

4.041

Because X9 and X6 both make significant contributions, neither will be dropped in the
stepwise estimation procedure. We can now ask “Are other predictors available?” To address this question, we can
look in Table 5.4 under the section “Variables Not Entered into the Regression Model.”
Looking at the partial correlations for the variables not in the equation in Table 5.4, we see that X12 has the highest
partial correlation (.676), which is also statistically significant at the .000 level. This variable would explain 45.7
percent of the previously unexplained variance 1 .6762 5 .457 2 , or 20.9 percent of the total variance 1 .6762 3 .456 2 .
This substantial contribution actually slightly surpasses the incremental contribution of X6, the second variable
entered in the stepwise procedure.
iDentiFYinG VARiABLeS to ADD

Stepwise Estimation: A Third Variable (X12) is Added The next step in a stepwise estimation follows the same
pattern of (1) first checking and deleting any variables in the equation falling below the significance threshold
and then (2) adding the variable with the highest statistically significant partial correlation. The following section
describes the newly formed regression model and the issues regarding its overall model fit, the estimated coefficients,
the impact of multicollinearity, and identification of a variable to add in the next step (see Table 5.5).
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table 5.5 example output: Step 3 of HBAt Multiple Regression example
Step 3 – Variable entered: X12 Salesforce image
Multiple R

.868

Coefficient of Determination 1 R2 2

.753

Adjusted R

.745

Standard error of the estimate

.602

2

Analysis of Variance
Sum of Squares

df

Mean Square

F

Sig.

105.833

3

35.278

97.333

.000

34.794

96

.362

140.628

99

Regression
Residual
Total

Variables entered into the Regression Model
Statistical
Regression Coefficients
Variables entered
(Constant)

B

Std. error

Significance

Beta

t

Sig.

Collinearity
Correlations
Zero-order

Partial

Statistics
Part

tolerance

ViF

21.569

.511

23.069

.003

X9

Complaint Resolution

.433

.052

.439

8.329

.000

.603

.648

.423

.927

1.079

X6

Product Quality

.437

.044

.512

9.861

.000

.486

.709

.501

.956

1.046

.530

.059

.477

8.992

.000

.500

.676

.457

.916

1.092

X12 Salesforce Image

Variables not entered into the Regression Model
Statistical Significance

Collinearity Statistics
Partial

Beta in

t

Sig.

correlation

tolerance

ViF

2.232

2.2.890

.005

2.284

.372

2.692

X7

E-Commerce

X8

Technical Support

X10

Advertising

X11

Product Line

X13

Competitive Pricing

X14

Warranty & Claims

X15

New Products

X16

Order & Billing

.101

1.297

.198

.132

.426

2.348

X17

Price Flexibility

2.063

2.892

.374

2.091

.525

1.906

X18

Delivery Speed

.219

2.172

.032

.217

.243

4.110

.013

.259

.796

.027

.983

1.017

2.019

2.307

.760

2.031

.700

1.428

.180

2.559

.012

.254

.494

2.026

2.094

2.1.643

.104

2.166

.776

1.288

.020

.387

.700

.040

.966

1.035

.016

.312

.755

.032

.996

1.004

oVeRALL MoDeL Fit Entering X12 into the regression equation gives the results shown in Table 5.5. As predicted,
the value of R2 increases by 20.9 percent 1 .753 2 .544 5 .209 2 . Moreover, the adjusted R2 increases to .745 and
the standard error of the estimate decreases to .602. Again, as was the case with X6 in the previous step, the new
variable entered 1 X12 2 makes substantial contribution to overall model fit.
eStiMAteD coeFFicientS The addition of X12 brought a third statistically significant predictor of customer satisfaction
into the equation. The regression weight of .530 is complemented by a beta weight of .477, second highest among
the three variables in the model (behind the .512 of X6).
iMPAct oF MULticoLLineARitY It is noteworthy that even with the third variable in the regression equation, multicollinearity is held to a minimum. The lowest tolerance value is for X12 (.916), indicating that only 8.4 percent of variance
of X12 is accounted for by the other two variables. This pattern of variables entering the stepwise procedure should
be expected, however, when viewed in light of the factor analysis done in Chapter 3. From those results, we see that
the three variables now in the equation (X9, X6, and X12) were each members of different factors in that analysis.
Because variables within the same factor exhibit a high degree of multicollinearity, it would be expected that when
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one variable from a factor enters a regression equation, the odds of another variable from that same factor entering
the equation are rather low (and if it does, the impact of both variables will be reduced due to multicollinearity).
At this stage in the analysis, only three variables (X7, X11, and X18) have the statistically significant partial correlations necessary for inclusion in the regression equation. What happened to the other variables’
predictive power? By reviewing the bivariate correlations of each variable with X19 in Table 5.1, we can see that of
the 13 original independent variables, three variables had non-significant bivariate correlations with the dependent
variable (X8, X15, and X17). Thus X10, X13, X14, and X16 all have significant bivariate correlations, yet their partial
correlations are now non-significant. For X16, the high bivariate correlation of .522 was reduced markedly by high
multicollinearity (tolerance value of .426, denotes that less than half of original predictive power remaining). For the
other three variables, X10, X13, and X14, their lower bivariate correlations (.305, 2.208, and .178) have been reduced
by multicollinearity just enough to be non-significant.
At this stage, we will skip to the final regression model and detail the entry of the final two variables (X7 and X11)
in a single stage for purposes of conciseness.
LooKinG AHeAD

Stepwise Estimation: Fourth and Fifth Variables (X7 and X11) are Added

The final regression model (Table 5.6)
is the result of two more variables (X7 and X11) being added. For purposes of conciseness, we omitted the details
involved in adding X7 and will focus on the final regression model with both variables included.

table 5.6 example output: Step 5 of HBAt Multiple Regression example
Step 5—Variable entered: X11 Product Line
Multiple R

Coefficient of Determination 1 R2 2

.889
.791

Adjusted R2
Standard error of the estimate

.780
.559

Analysis of Variance
Sum of Squares

df

Mean Square

F

Sig.

111.205
29.422
140.628

5
94
99

22.241
.313

71.058

.000

Regression
Residual
Total

Variables entered into the Regression Model
Statistical
Regression Coefficients
Variables entered

B

Std. error
.500
.061
.047
.089
.132
.061

2.1.151
(Constant)
X9 Complaint Resolution
.319
X6 Product Quality
.369
X12 Salesforce Image
.775
X7 E-Commerce
2.417
X11 Product Line
.174

Significance

Beta
.323
.432
.697
2.245
.192

t
2.2.303
5.256
7.820
8.711
2.3.162
2.860

Collinearity
Correlations

Sig.

Zero-order

.023
.000
.000
.000
.002
.005

.603
.486
.500
.283
.551

Partial

Statistics
Part

tolerance

ViF

.588
.728
.347
.370
.492

1.701
1.373
2.880
2.701
2.033

.477 .248
.628 .369
.668 .411
2.310 2.149
.283 .135

Variables not entered into the Regression Model
Statistical Significance
X8
X10
X13
X14
X15
X16
X17
X18

Technical Support
Advertising
Competitive Pricing
Warranty & Claims
New Products
Order & Billing
Price Flexibility
Delivery Speed

Collinearity Statistics

Beta in

t

Sig.

Partial correlation

tolerance

ViF

2.009
2.009
2.040
2.023
.002
.124
.129
.138

2.187
2.162
2.685
2.462
.050
1.727
1.429
1.299

.852
.872
.495
.645
.960
.088
.156
.197

2.019
2.017
2.071
2.048
.005
.176
.147
.133

.961
.698
.667
.901
.989
.423
.272
.197

1.041
1.432
1.498
1.110
1.012
2.366
3.674
5.075
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oVeRALL MoDeL Fit The final regression model with five independent variables (X9, X6, X12, X7, and X11) explains
almost 80 percent of the variance of customer satisfaction 1 X19 2 . The adjusted R2 of .780 indicates no overfitting of
the model and that the results should be generalizable from the perspective of the ratio of observations to variables
in the equation (20:1 for the final model). Also, the standard error of the estimate has been reduced to .559, which
means that at the 95 percent confidence level (61.96 3 standard error of the estimate), the margin of error for any
predicted value of X19 can be calculated at 61.1.
eStiMAteD coeFFicientS The five regression coefficients, plus the constant, are all significant at the .05 level, and all
except the constant are significant at the .01 level. The next section (Stage 5) provides a more detailed discussion of
the regression coefficients and beta coefficients as they relate to interpreting the variate.
iMPAct oF MULticoLLineARitY The impact of multicollinearity, even among just these five variables, is substantial. Of
the five variables in the equation, three of them (X12, X7, and X11) have tolerance values less than .50 indicating that
over one-half of their variance is accounted for by the other variables in the equation. Moreover, these variables were
the last three to enter in the stepwise process.
If we examine the zero-order (bivariate) and partial correlations, we can see more directly the effects of multicollinearity. For example, X11 has the third highest bivariate correlation (.551) among all 13 variables, yet multicollinearity (tolerance of .492) reduces it to a partial correlation of only .135, making it a marginal contributor to
the regression equation. In contrast, X12 has a bivariate correlation (.500) that even with high multicollinearity
(tolerance of .347) still has a partial correlation of .411. Thus, multicollinearity will always affect a variable’s contribution to the regression model, but must be examined to assess the actual degree of impact.
If we take a broader perspective, the variables entering the regression equation correspond almost exactly to the
factors derived in Chapter 3. X9 and X6 are each members of separate factors, with multicollinearity reducing the
partial correlations of other members of these factors to a nonsignificant level. X12 and X7 are both members of a third
factor, but multicollinearity caused a change in the sign of the estimated coefficient for X7 (see a more detailed discussion in Stage 5). Finally, X11 did not load on any of the factors, but was a marginal contributor in the regression model.
The impact of multicollinearity as reflected in the factor structure becomes more apparent in using a stepwise
estimation procedure and will be discussed in more detail in Stage 5. Even apart from issues in explanation, however,
multicollinearity can have a substantial impact on the overall predictive ability of any set of independent variables.
LooKinG AHeAD As noted earlier, the regression model at this stage consists of the five independent variables with the
addition of X11. Examining the partial correlations of variables not in the model at this stage (see Table 5.6), we see
that none of the remaining variables have a significant partial correlation at the .05 level needed for entry. Moreover,
all of the variables in the model remain statistically significant, avoiding the need to remove a variable in the stepwise
process. Thus, no more variables are considered for entry or exit and the model is finalized.

The stepwise estimation procedure is designed to develop a regression
model with the fewest number of statistically significant independent variables and maximum predictive accuracy.
In doing so, however, the regression model can be markedly affected by issues such as multicollinearity. Moreover,
the researcher relinquishes control over the formation of the regression model and runs a higher risk of decreased
generalizability. The following section provides an overview of the estimation of the stepwise regression model
discussed earlier from the perspective of overall model fit. Issues relating to interpretation of the variate, other estimation procedures, and alternative model specifications will be addressed in subsequent sections.
Table 5.7 provides a step-by-step summary detailing the measures of overall fit for the regression model used by
HBAT in predicting customer satisfaction. Each of the first three variables added to the equation made substantial
contributions to the overall model fit, with substantive increases in the R2 and adjusted R2 while also decreasing the
standard error of the estimate. With only the first three variables, 75 percent of the variation in customer satisfaction is
explained with a confidence interval of 61.2. Two additional variables are added to arrive at the final model, but these
variables, although statistically significant, make much smaller contributions. The R2 increases by 3 percent and the
confidence interval decreases to 61.1, an improvement of .1. The relative impacts of each variable will be discussed in
Stage 5, but the stepwise procedure highlights the importance of the first three variables in assessing overall model fit.
An Overview of the Stepwise Process
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table 5.7 Model Summary of Stepwise Multiple Regression Model
Model Summary
R2 Change Statistics

Overall Model Fit

Significance of

F Value of R2

Std. error of
R

R2

Adjusted R2

the estimate

R2 change

change

df1

df2

R2 change

1

603

.364

.357

.955

.364

56.070

1

98

.000

2

.738

.544

.535

.813

.180

38.359

1

97

.000

3

868

.753

.745

.602

.208

80.858

1

96

.000

4

.879

.773

.763

.580

.020

8.351

1

95

.005

5

.889

.791

.780

.559

.018

8.182

1

94

.005

Step

Step 1: X9 Complaint Resolution
Step 2: X9 Complaint Resolution, X6 Product Quality
Step 3: X9 Complaint Resolution, X6 Product Quality, X12 Salesforce Image
Step 4: X9 Complaint Resolution, X6 Product Quality, X12 Salesforce Image, X7 E-Commerce Activities
Step 5: X9 Complaint Resolution, X6 Product Quality, X12 Salesforce Image, X7 E-Commerce Activities, X11 Product Line
Note: Constant (intercept term) included in all regression models.

Figure 5.22
Analysis of Standardized Residuals

3

Studentized Residual

2

1

0

–1

–2

–3
–3

–2

–1

0

1

2

3

Standardized Predicted Value

In evaluating the estimated equation, we considered statistical significance. We must also address two other basic
issues: (1) meeting the assumptions underlying regression and (2) identifying the influential data points. We consider
each of these issues in the following sections.
To this point, we examined the individual
variables for meeting the assumptions required for regression analysis in Step 3. However, we must also evaluate
the variate for meeting these assumptions as well. The assumptions to examine are linearity, homoscedasticity,
independence of the residuals, and normality. The principal measure used in evaluating the regression variate is the
residual—the difference between the actual dependent variable value and its predicted value. For comparison, we
use the studentized residuals, a form of standardized residuals (see Key Terms).
The most basic type of residual plot is shown in Figure 5.22, the studentized residuals versus the predicted values.
As we can see, the residuals fall within a generally random pattern, similar to the null plot in Figure 5.11a. However,
we must make specific tests for each assumption to check for violations.
Evaluating the Variate for the Assumptions of Regression Analysis
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LineARitY The first assumption, linearity, will be assessed through an analysis of residuals (testing the overall variate)
and partial regression plots (for each independent variable in the analysis).
Figure 5.22 does not exhibit any nonlinear pattern to the residuals, thus ensuring that the overall equation is
linear. We must also be certain, when using more than one independent variable, that each independent variable’s
relationship is also linear to ensure its best representation in the equation. To do so, we use the partial regression
plot for each independent variable in the equation. In Figure 5.23 we see that the relationships for X6, X9, and X12
are reasonably well defined; that is, they have strong and significant effects in the regression equation. Variables X7
and X11 are less well defined, both in slope and scatter of the points, thus explaining their lesser effect in the equation
(evidenced by the smaller coefficient, beta value, and significance level). For all five variables, no nonlinear pattern
is shown, thus meeting the assumption of linearity for each independent variable.

The next assumption deals with the constancy of the residuals across values of the independent
variables. Our analysis is again through examination of the residuals (Figure 5.22), which shows no pattern of
HoMoSceDASticitY
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Figure 5.23
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increasing or decreasing residuals. This finding indicates homoscedasticity in the multivariate (the set of independent
variables) case. Moreover, no pattern of heteroscedasticity seen in Figure 5.23.
inDePenDence oF tHe ReSiDUALS The third assumption deals with the effect of carryover from one observation to
another, thus making the residual not independent. When carryover is found in such instances as time series data,
the researcher must identify the potential sequencing variables (such as time in a time series problem) and plot the
residuals by this variable. For example, assume that the identification number represents the order in which we collect
our responses. We could plot the residuals and see whether a pattern emerges.
In our example, several variables, including the identification number and each independent variable, were tried
and no consistent pattern was found. We must use the residuals in this analysis, not the original dependent variable
values, because the focus is on the prediction errors, not the relationship captured in the regression equation. Also,
there were no omitted variables that suggested dependency among the observations.

The final assumption we will check is normality of the error term of the variate with a visual examination of the normal probability plots of the residuals. As shown in Figure 5.24, the values fall along the diagonal with
no substantial or systematic departures; thus, the residuals are considered to represent a normal distribution. The
regression variate is found to meet the assumption of normality.
noRMALitY

After testing for violations of the four basic assumptions of multivariate
regression for both individual variables and the regression variate, the researcher should assess the impact of any
remedies on the results.
In the examination of individual variables in Chapter 2, the only remedies needed were the transformations of
X6, X7, X12, X13, X16, and X17 in terms of meeting the normality assumption. A set of differing transformations were
used, including the squared term (X6 and X16), logarithm 1 X7 2 , cubed term 1 X13 2 , and inverse 1 X16 2 . Only in the
case of X12 did the transformation not achieve normality. If we substitute these variables for their original values and
re-estimate the regression equation with a stepwise procedure, we achieve almost identical results. The same variables
enter the equation with no substantive differences in either the estimated coefficients or overall model fit as assessed
with R2 and standard error of the estimate. The independent variables not in the equation still show non-significant
levels for entry—even those that were transformed. Thus, in this case, the remedies for violating the assumptions
improved the prediction slightly but did not alter the substantive findings.
While the visual examination of the residuals did not suggest substantive issues with heteroscedasticity, the
model was estimated with heteroscedasticity-consistent standard errors (HCSE) for comparative purposes. Table 5.8
contains the original standard errors along with the HCSE estimates. As noted earlier, the HCSE process only impacts
the standard errors. As can be seen in Table 5.8, estimation of the HCSE adjustments does not change the standard
APPLYinG ReMeDieS FoR ASSUMPtion VioLAtionS

Figure 5.24
normal Probability Plot: Standardized Residuals
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table 5.8 corrections for Potential Heteroscedasticity: HcSe Standard errors
original Standard error

Heteroscedasticity consistent Standard error

Variable

Standard error

t Value

Significance

intercept

0.49984

22.3

0.0235

Standard error

t Value

Significance

0.45082

22.55

0.0123

X6

0.04719

7.82

, .0001

X7

0.13192

23.16

0.0021

0.04566

8.08

, .0001

0.11992

23.48

X9

0.06068

5.26

, .0001

0.0008

0.05675

5.62

, .0001

X11

0.06095

2.86

X12

0.08898

8.71

0.0052

0.05265

3.31

0.0013

, .0001

0.09886

7.84

, .0001

errors or significance levels in any substantive fashion. This would be expected with the low to moderate levels of
multicollinearity in this set of variables, but the differences would be more marked if multicollinearity levels were
higher. We will see an example of these effects in a later example.
For our final analysis, we attempt to identify any observations that
are influential (having a disproportionate impact on the regression results) and determine whether they should be
excluded from the analysis. Although more detailed procedures are available for identifying outliers as influential
observations, we address the use of residuals in identifying outliers in the following section.

Identifying Outliers as Influential Observations

The most basic diagnostic tool involves the residuals and identification of any outliers—that is,
observations not predicted well by the regression equation that have large residuals. Figure 5.25 shows the studentized
residuals for each observation. Because the values correspond to t values, upper and lower limits can be set once the
AnALYSiS oF ReSiDUALS

Figure 5.25
Plot of Studentized Residuals
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desired confidence interval has been established. Perhaps the most widely used level is the 95 percent confidence interval
1 a 5 .05 2 . The corresponding t value is 1.96, thus identifying statistically significant residuals as those with residuals
greater than this value (1.96). Seven observations can be seen in Figure 5.25 (2, 10, 20, 45, 52, 80, and 99) to have significant
residuals and thus be classified as outliers. Outliers are important because they are observations not represented by the
regression equation for one or more reasons, any one of which may be an influential effect on the equation that requires
a remedy.
Examination of the residuals also can be done through the partial regression plots
(see Figure 5.23). These plots help to identify influential observations for each independent–dependent variable
relationship. Consistently across each graph in Figure 5.23, the points at the lower portion are those observations
identified as having high negative residuals (observations 2, 10, 20, 45, 52, 80, and 99 in Figure 5.25). These points
are not well represented by the relationship and thus affect the partial correlation as well.

Analysis of Partial Regression Plots

A final graphical analysis is the Residual versus Leverage Plot (see Figure 5.26) which
combines the residual analysis discussed above with leverage values, which characterize the observations on the variate variables (i.e., the set of independent variables). We see two distinct patterns of potential influential observations.
The first are those observations identified as outliers (i.e., standardized residuals outside the 1.96 threshold). In this
instance, eight observations have negative residuals outside this range. The second pattern is four observations that
have high leverage values (i.e., beyond the threshold of 2p 4 n or .12). While there are outliers and high leverage
observations, no observations have both characteristics. Thus, further analysis of the measures of overall influence
or influence on specific estimated parameters is needed.
Analysis of Residual vs Leverage Plot

To complement the residual and leverage diagnostics in
identifying influential observations, an overall measure of influence (DFFITS) and the influences on the model
parameter estimates (DFBETAs) are also considered. Table 5.9 contains all of the observations which exceeded the
thresholds for standardized residuals 1 61.96 2 , leverage 1 2p 4 n 5 .12 2 , DFFITS 1 2 3 U 1 p 4 n 2 5 .49 2 or any of
the DFBETAs 1 6.2 2 .
AnALYSiS oF MeASUReS oF oVeRALL AnD inDiViDUAL inFLUence

Figure 5.26
Diagnosing influential observations: Residual Versus Leverage Plot
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table 5.9 Diagnostic Measures for identifying influential observations
DFBetA

Standardized
iD

Residual

2

x

10

x

X6

x
x

x

x

X12
x

x

x

x

x
x
x

x
x

x

x

x

x

x

x

x

x
x

47

x

49
x

x

x
x

x

x

53
x

59

x

x

x

60
x

71

x

x
x

x

x
x

x

x

74
x

x

x

x

x

x

85
x

87

x

x
x

88
99

X11

x

x

x

46

80

X9

x

43

52

X7

x
x

35
45

intercept

x

x

22
25

DFFitS

x

13
20

Leverage

x

x

x

x

As seen in the residual versus leverage plot earlier, no observation was both an outlier and high leverage. Moreover, only one of the high leverage observations (#22) had any other impact and that was on three of the estimated
parameters. But several of the outliers had substantially more impact (#20 had high DFFITS as well as impacting
five of the six estimated parameters, while #35 and #71 also had high DFFITS and impacted four of the estimated
parameters). Four additional observations (#59, 60, 80 and 87) impacted three parameters, but only two of those had
high DFFITS. So for purposes of this analysis, the three observations with high DFFITS and impacts on more than
three parameters) were deemed influential. It is interesting to note that observation 35 was neither a high leverage
nor an outlier, although the residual value was 21.53. Thus, extending the analysis beyond just the residual versus
leverage plot did identify an additional influential observation.
Based on the influential analysis, three observations (#20, 35 and 71) are deleted
and the results compared to the original results. In viewing the overall model fit measures, the results are slightly
improved, but that would be expected since all three of these observations were outliers. What is more impactful,
however, is the change in the final model variate, where X11 in the original model is replaced by X18 in the reduced
sample model. In the original model, X11 was the final variable added and X18 had the next highest t value for entry,
but it was not significant (see Table 5.6). Likewise, in the reduced sample results, X18 was the final variable added
and X11 the variable with highest non-significant t value for entry. Thus, we see that deleting these three observations
shifted the marginal variables from significant to non-significant in the two sets of results. Another impact was to
reduce the coefficient for X9 even though it was the first variable entered in both models. Here its collinearity with
X18 had an impact in the reduced sample model.

DeLetion oF inFLUentiAL oBSeRVAtionS
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table 5.10 impact of Deleting three influential observations
Model Results

original Sample

Sample Minus influential observations

R

0.889

0.905

R Square

0.791

0.819

0.78

0.809

0.559

0.527

21.151

21.939

Adjusted R Square
Std. Error of the Estimate
Estimated Coefficients
Intercept
X9 Complaint Resolution

0.319

0.19

X6 Product Quality

0.369

0.472

X12 Salesforce Image
X7 E-Commerce
X11 Product Line
X18 Delivery Speed

0.775

0.833

20.417

20.47

0.174
0.42

SUMMARY These results do not necessarily support either retention or deletion of the observations, that is an issue
for further analysis. What is important, however, is demonstrating the impact of deleting even a few observations
can have on the results. Researchers are cautioned when approaching the issue of influential observations and the
decision to eliminate observations from the sample. Results from both the original sample and any reduced sample
should always be compared to understand the full implications of such an action.

StAGe 5: inteRPRetinG tHe ReGReSSion VARiAte
With the model estimation completed, the regression variate specified, and the diagnostic tests that confirm the
appropriateness of the results administered, we can now examine our predictive equation based on five independent
variables (X6, X7, X9, X11, and X12).
Interpretation of the Regression Coefficients The first task is to evaluate the regression coefficients for the esti-

mated signs, focusing on those of unexpected direction.
The section of Table 5.6 headed “Variables Entered into the Regression Equation” yields the prediction equation
from the column labeled “Regression Coefficient: B.” From this column, we read the constant term 1 21.151 2 and
the coefficients (.319, .369, .775, 2.417, and .174) for X9, X6, X12, X7, and X11, respectively. The predictive equation
would be written:
Y 5 21.151 1 .319X9 1 .369X6 1 .775X12 1 1 2.417 2 X7 1 .174X11

Note: The coefficient of X7 is included in parentheses to avoid confusion due to the negative value of the coefficient.
With this equation, the expected customer satisfaction level for any customer could be calculated if that customer’s
evaluations of HBAT are known. For illustration, let us assume that a customer rated HBAT with a value of 6.0 for
each of these five measures. The predicted customer satisfaction level for that customer would be:
Predicted Customer 5 21.151 1 1 .319 3 6 2 1 1 .369 3 6 2 1 1 .775 3 6 2 1 1 1 2.417 2 3 6 2
Satisfaction 1 1 .174 3 6 2
5 21.151 1 1.914 1 2.214 1 4.650 2 2.502 1 1.044
5 6.169

We first start with an interpretation of the constant. It is statistically significant 1 significance 5 .023 2 , thus making
a substantive contribution to the prediction. However, because in our situation it is highly unlikely that any respondent would have zero ratings on all the HBAT perceptions, the constant merely plays a part in the prediction process
and provides no insight for interpretation.
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In viewing the regression coefficients, the sign is an indication of the relationship (positive or negative) between
the independent and dependent variables. All of the variables except one have positive coefficients. Of particular
note is the reversed sign for X7 (E-Commerce), suggesting that an increase in perceptions on this variable has a
negative impact on predicted customer satisfaction. All the other variables have positive coefficients, meaning that
more positive perceptions of HBAT (higher values) increase customer satisfaction.
Does X7, then, somehow operate differently from the other variables? In this instance, the bivariate correlation
between X7 and customer satisfaction is positive, indicating that when considered separately, X7 has a positive relationship with customer satisfaction, just as the other variables. We will discuss in the following section the impact
of multicollinearity on the reversal of signs for estimated coefficients.
Assessing Variable Importance In addition to providing a basis for predicting customer satisfaction, the regression coefficients also provide a means of assessing the relative importance of the individual variables in the overall
prediction of customer satisfaction. In any interpretation of the regression variate, the researcher must be aware
of the impact of multicollinearity. As discussed earlier, highly collinear variables can distort the results substantially or make them quite unstable and thus not generalizable. We will first examine the levels of multicollinearity
in the stepwise solution where hopefully the stepwise approach has minimized the level of multicollinearity.
We will then examine the various measures of variable importance to identify the varying levels of importance
for this set of variables. We should note that the same process will be undertaken in a later examination of the
confirmatory approach where all 13 variables are entered into the equation and multicollinearity is expected to
be much more impactful.

Two measures are available for testing the impact of
collinearity: (1) calculating the tolerance and VIF values and (2) using the condition indices and decomposing
the regression coefficient variance online. The tolerance value is 1 minus the proportion of the variable’s variance explained by the other independent variables. Thus, a high tolerance value indicates little collinearity, and
tolerance values approaching zero indicate that the variable is almost totally accounted for by the other variables
(high multicollinearity). The variance inflation factor is the reciprocal of the tolerance value; thus we look for
small VIF values as indicative of low correlation among variables.
Measuring the Degree and Impact of Multicollinearity

In our example, tolerance values for the variables in the equation range from .728 1 X6 2
1
2
to .347 X12 , indicating a wide range of multicollinearity effects (see Table 5.6). Likewise, the VIF values range from
1.373 to 2.701. Even though none of these values indicate levels of multicollinearity that should seriously distort the
regression variate, we must be careful even with these levels to understand their effects, especially on the stepwise estimation process. The following section will detail some of these effects on both the estimation and interpretation process.
A second approach to identifying multicollinearity and its effects is through the decomposition of the coefficient
variance. Table 5.11 shows both the condition indices and the variance proportions of each coefficient. Using the
two step process, we first identify any condition indices exceeding (at a minimum) 30 and find that all of the condition indices are below this threshold. This is expected since the stepwise procedure minimizes multicollinearity by
including variables based on the partial correlations that account for collinearity with variables in the model. We
would expect, however, to perhaps see more multicollinearity when variables are entered in a confirmatory fashion
into the model.
DiAGnoSinG MULticoLLineARitY

Although multicollinearity is not so high that the researcher must take corrective
action before valid results can be obtained, multicollinearity still has impact on the estimation process, particularly
on the composition of the variate and the estimated regression coefficients.
If you examine the bivariate correlations, after X9 (the first variable added to the regression variate in the stepwise process), the second-highest correlation with the dependent variable is X18 (Delivery Speed), followed by X11
(Product Line), and X16 (Order & Billing). Yet due to collinearity with X9, the second variable entered was X6, only
the sixth highest bivariate correlation with X19.
iMPActS DUe to MULticoLLineARitY
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table 5.11 condition indexes and Variance Decompositions for Assessing Multicollinearity
Variance Proportions
number
1

eigenvalue

condition index

(constant)

X9

X6

X12

X7

X11

5.858

1.000

0.00

0.00

0.00

0.00

0.00

0.00

2

0.073

8.935

0.00

0.02

0.04

0.06

0.04

0.09

3

0.037

12.661

0.02

0.38

0.24

0.00

0.00

0.01

4

0.015

19.668

0.12

0.41

0.08

0.01

0.06

0.78

5

0.010

24.543

0.65

0.05

0.53

0.27

0.05

0.04

6

0.007

28.647

0.21

0.14

0.11

0.65

0.84

0.08

The impacts of multicollinearity are seen repeatedly throughout the estimation process, such that the final set of
five variables entered into the regression model (X6, X7, X9, X11, and X12) represent the first, sixth, fifth, eighth, and
third highest correlations with the dependent variable, respectively. Variables with the second highest correlation
(X18 at .577) and fourth highest correlation (X16 at .522) are never entered into the regression model. Does their exclusion mean they are unimportant? Are they lacking in impact? If a researcher went only by the estimated regression
model, multicollinearity would cause serious problems in interpretation. What happened is that X16 and X18 are highly
correlated with X9, to such an extent that they have little unique explanatory power apart from that shared with X9.
Yet by themselves, or if X9 was not allowed to enter the model, they would be important predictors of customer
satisfaction. The extent of multicollinearity among these three variables is evidenced in Chapter 3, where these three
variables were found to all form one of the four factors arising from the HBAT perceptions.
In addition to affecting the composition of the variate, multicollinearity has a distinct impact on the signs of the
estimated coefficients. In this situation, it relates to the collinearity between X12 (Salesforce Image) and X7 (E-Commerce). As noted in our earlier discussion about multicollinearity, one possible effect is the reversal of sign for an
estimated regression coefficient from the expected direction represented in the bivariate correlation. Here, the high
positive correlation between X12 and X7 1 correlation 5 .792 2 causes the sign for the regression coefficient for X7 to
change from positive (in the bivariate correlation) to a negative sign. If the researcher did not investigate the extent
of multicollinearity and its impact, the inappropriate conclusion might be drawn that increases in E-Commerce
activities decrease customer satisfaction.
Thus, the researcher must understand the basic relationships supported by the conceptual theory underlying the
original model specification and make interpretation based on this theory, not just on the estimated variate. The
researcher must never allow an estimation procedure to dictate the interpretation of the results, but instead must
understand the issues of interpretation accompanying each estimation procedure. For example, if all 13 independent
variables are entered into the regression variate, the researcher must still contend with the effects of collinearity on
the interpretation of the coefficients, but in a different manner than if stepwise were used.
Measures of Variable Importance The impacts of multicollinearity discussed above not only influence the
estimation process, but also the ability to discern the total impact of each independent variable in the regression
model, whether it be for purposes of prediction or explanation. We will first examine a series of measures directly
related to the regression results—bivariate correlations, squared semi-partial correlations, regression weights and
standardized regression weights. Then a series of additional measures will be reviewed which extend beyond just the
single regression model—structure correlations, commonality, dominance analysis and relative weights. Table 5.12
provides these measures for the five variables in the final stepwise model. Each of these measures provides some unique
insights into the importance of the independent variables in the regression results. We will also examine the results
of all possible subsets regression to compare the final regression model to any number of alternatives.

The first measure is the bivariate correlation between each independent variable and the
dependent variable X19. While we know that multicollinearity reduces this relationship once multiple variables enter
the regression variate, these correlations still provide the most fundamental perspective on the relationships with
BiVARiAte coRReLAtionS
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table 5.12 Stepwise Regression Results: Measures of Variable importance
Measure of Variable importance

X6

X7

X9

X11

X12

Bivariate Correlation with X19

0.4863

0.2827

0.6033

0.5505

0.5002

Squared Semi-partial (Part) correlation

0.1361

0.0223

0.0615

0.0182

0.1689

Regression weight

0.3690

20.4171

0.3190

0.1744

0.7751

Standardized regression weight (Beta)

0.4323

20.2452

0.3234

0.1924

0.6974

Structure correlation (with predicted value)

0.5469

0.3180

0.6784

0.6191

0.5625

Unique

0.1361

0.0223

0.0615

0.0182

0.1689

Shared

0.1004

0.0577

0.3024

0.2849

0.0813

Total

0.2365

0.0799

0.3639

0.3031

0.2502

Overall

0.1850

0.0541

0.1885

0.1478

0.2154

Models of 1 variable

0.2365

0.0799

0.3639

0.3031

0.2502

Models of 2 variables

0.2124

0.0741

0.2525

0.2141

0.2415

Models of 3 variables

0.1827

0.0562

0.1633

0.1340

0.2203

Models of 4 variables

0.1573

0.0381

0.1012

0.0696

0.1961

Models of 5 variables

0.1361

0.0223

0.0615

0.0182

0.1689

0.1831

0.0478

0.1812

0.1315

0.2051

Commonality

Dominance Analysis:
Average Predictor Contributions
Overall and to Models of Each Size

Relative Weights
Note: Bold values indicate highest value.

the dependent variable. Yet while many would accept these correlations as the “truth” which must be reflected in the
model results, we have also discussed issues such as mediation and confounding (see Chapter 6 for a more complete
discussion) may give rise to prescribing these as “causal” factors. As such, the researcher should always understand
the bivariate correlations as the “first look” at the relationships. In this example, the highest bivariate correlation is
for X9, which is the reason it enters the stepwise process as the first variable. But it is closely followed by three other
variables (X11, X12, and X6), with only X7 a somewhat lower correlation. As expected given the stepwise approach
used for variable selection, all of the variables have substantial bivariate correlations with the dependent variable.
2

SQUAReD SeMi-PARtiAL coRReLAtionS The squared semi-partial correlations represent the amount that R

would decrease
if the variable were eliminated from the regression variate. Thus, they quantify in some measure the unique explanatory impact of each variable that is also reflected in the regression and standardized regression weights. As we can
see in Table 5.12, X12 has the highest value, followed closely by X6. The other three variables have markedly lower
values. Of note is the lower value for X9 that had the highest bivariate correlation, but its unique impact is diminished by multicollinearity. We should also note that the sum of the squared semi-partial correlations is roughly only
40 percent, which about half of the models R2 value of 79 percent. The difference is the amount of shared variance
among the independent variables. So as we can see, even when a stepwise approach is used to reduce multicollinearity,
the amount of shared explanation is substantial.
ReGReSSion AnD BetA WeiGHtS In this situation, all the variables are expressed on the same scale, but we will use the
beta coefficients for comparison between independent variables. Using the beta coefficients from Table 5.12, the
researcher can make direct comparisons among the variables to determine their relative importance in the regression
variate based on their unique explanatory impact. For our example, X12 (Salesforce Image) was the most important,
followed by X6 (Product Quality), X9 (Complaint Resolution), X7 (E-Commerce), and finally X11 (Product Line).
This is the same pattern seen with the squares semi-partial correlations. With a steady decline in size of the beta
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coefficients across the variables, it is difficult to categorize variables as high, low, or otherwise. However, viewing the
relative magnitudes does indicate that, for example, X12 (Salesforce Image) shows a more marked effect (three times
as much) than X11 (Product Line). Thus, to the extent that salesforce image can be increased uniquely from other
perceptions, it represents the most direct way, ceterus paribus, of increasing customer satisfaction.
The next measure of importance is the structure coefficient, which is the correlation of each
variable with the predicted value of X19, not the actual value. In this sense it most directly reflects the relationship
between each independent variable and the predicted outcome. But since this is a bivariate correlation, it reflects
both unique and shared relationships with the predicted value. The ordering of the variables also follows that of the
bivariate correlations with the dependent variable, with X9 having the highest value and X7 the lowest.
StRUctURe coeFFicientS

ReLAtiVe WeiGHtS The next measure of variable importance involves a data transformation to (a) identify uncorrelated

predictors of the dependent variable and (b) relate the original independent variables to these uncorrelated predictors to quantify each independent variable’s importance. While expressed in terms of model fit (i.e., R2), it should
be noted that relative weights do not distinguish between unique and shared effect. In our example (see Table 5.12),
X12 has the highest value, followed closely by X6 and then X9. There is relatively little difference among these three
variables, thus reflecting their role as the major impacts on X19.
While the measures discussed to this point have only dealt with the estimated regression
model, the final two measures extend past this single model and evaluate the independent variables in a series of
models to assess each variable’s impact across this entire set. In the case of commonality and dominance analysis (see
next section) all possible subsets regression is used to provide a complete range of potential models involving this
set of variables. Commonality analysis focused on the distinction between unique and shared variance across all of
the possible models. As we can see in Table 5.12, X12 has the greatest level of unique variance explained, but X9 has
the greatest level of shared variance explained. The difference between these two variables is a markedly different
pattern. The X12 has .1689 in unique variance and .0813 in shared variance, while X12 has the opposite pattern (.0615
in unique variance and .3024 in shared variance). This markedly higher level of shared variance compared to all of
the other variables results in X9 also having the highest overall impact. The distinction between unique and shared
variation across all of the potential model specifications gives the researcher a much better understanding of the
source of impact for each independent variable.
coMMonALitY AnALYSiS

This final measure also employs all possible subsets regression, but focuses on variable importance both overall and by the number of variables in the model. The overall measure is an average across all possible
models as to variable impact, but the method also provides average impacts by model size. In our situation we can
see a distinct pattern that supports the earlier findings of X9 being more heavily weighted towards shared impact
while X12 is more oriented towards unique impact. This is reflected by X9 having the largest impacts in the one and
two variable models, where the effects of multicollinearity are the smallest. But as the model sizes increase and thus
the effects of multicollinearity increase, the largest impact shifts to X12 where its unique effects persist. Thus, these
results differ from commonality analysis in that X12 was deemed the most impactful overall based on its higher levels
of impact in more complex model specifications.
DoMinAnce AnALYSiS

ALL PoSSiBLe SUBSetS ReGReSSion While all possible subsets regression does not directly reflect variable importance, it is

useful to assess the relative model fit of alternative model specifications and thus the role of variables in those models.
Table 5.13 shows the results of the top ten models as ranked by adjusted R2. As would be expected in this situation,
the final regression model is ranked first. But several models are very close in terms of R2 and the other measures
of overall fit. When we examine the confirmatory approach of including all the independent variables in the model,
the all possible subsets regression results will present a number of alternatives to the five-variable stepwise solution.
SUMMARY The set of measures of variable importance highlight several points regarding the set of independent variables. First, most of the measures of variable importance directly associated with the regression model point to
X12 because it has the largest unique impact of all of the independent variables. This is reflected in the squared
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table 5.13 All Possible Subsets Regression Results: top ten Models (Based on R2) for Stepwise Solution
Model

number of

index

Variables

Standard
error

in the

Variables in

Adjusted

Model

Model

R-Square

Mallows
R-Square

of the

C(p)

Aic

Bic

MSe

estimate

1

5

X6 X7 X9 X11 X12

0.7797

0.7908

6.0000

2110.342

2107.585

0.31300

0.55947

2

4

X6 X7 X9 X12

0.763

0.7726

12.1817

2103.997

2102.211

0.33666

0.58023

3

4

X6 X9 X11 X12

0.7588

0.7685

13.9979

2102.235

2100.622

0.34265

0.58536

4

3

X6 X9 X12

0.7448

0.7526

19.1640

297.5712

296.3948

0.36244

0.60203

5

4

X6 X7 X11 X12

0.7179

0.7293

31.6300

286.5735

286.4151

0.40074

0.63304

6

3

X6 X11 X12

0.6903

0.6997

42.9097

278.2113

278.4153

0.43986

0.66322

7

4

X7 X9 X11 X12

0.6401

0.6547

65.1505

262.2323

264.0396

0.51118

0.71497

8

3

X9 X11 X12

0.6155

0.6272

75.5105

256.5673

258.1163

0.54616

0.73902

9

3

X7 X11 X12

0.6103

0.6221

77.7649

255.2304

256.8558

0.55351

0.74398

10

4

X6 X7 X9 X11

0.6060

0.6219

79.8847

253.1598

255.6119

0.55973

0.74815

semi-partial correlations, regression and beta weights and the relative weights. But when we employ methods that
examine the variables in the context of a range of potential models that can be specified with this set of variables,
then the role of unique versus shared impact becomes more pronounced, and X9 is deemed most impactful due
to its higher levels of shared impact. Neither of the results is definitive, and the researcher should consider both
aspects—unique impact and shared impact—and determine how they align with the objectives of the analysis when
interpreting the regression variate.
Interpretation of the regression variate is of critical importance in achieving the objective of explanation
and enabling the researcher to provide insights into how the relationships between the variate and the dependent
variable is apportioned across the independent variables. This becomes a key element when the researcher is attempting to provide insights into the elements that give rise to the outcome, whether the research context is academic or
organizational. The influence of multicollinearity on the impact of the independent variables and how their impact
can be reflected in shared versus unique components is the reason for the additional measures of variable importance
that look beyond just the estimated model results.
SUMMARY

StAGe 6: VALiDAtinG tHe ReSULtS
The final task facing the researcher involves the validation process of the regression model. The primary concern
of this process is to ensure that the results are generalizable to the population and not specific to the sample used
in estimation. The most direct approach to validation is to obtain another sample from the population and assess
the correspondence of the results from the two samples. In the absence of an additional sample, the researcher can
assess the validity of the results in several approaches, including an assessment of the adjusted R2 or estimating the
regression model on two or more subsamples of the data (see Table 5.14).
Examining the adjusted R2 value reveals little loss in predictive power
when compared to the R2 value (.780 versus .791, see Table 5.14), which indicates a lack of overfitting that would be
shown by a more marked difference between the two values. Moreover, with five variables in the model, it maintains
an adequate ratio of observations to variables in the variate.
Adjusted Coefficient of Determination

Split-Sample Estimation A second approach is to divide the sample into two subsamples, estimate the regression

model for each subsample, and compare the results. Table 5.14 contains the stepwise models estimated for two subsamples of 50 observations each. Comparison of the overall model fit demonstrates a high level of similarity of the
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table 5.14 Split-Sample Validation of Stepwise estimation
overall Model Fit
Sample 1
Multiple R

Sample 2

Coefficient of Determination 1 R2 2

.910

.888

.828

.788

Adjusted R2

.808

.769

Standard error of the estimate

.564

.529

Analysis of Variance
SAMPLe 1

SAMPLe 2

Sum of

Sum of

Squares

df

Mean Square

F

Sig.

Squares

df

Regression

67.211

5

13.442

2.223

.000

46.782

4

Residual

14.008

44

.318

12.607

45

Total

81.219

49

59.389

49

Mean Square

F

Sig.

41.747

.000

.280

Variables entered into the Stepwise Regression Model
SAMPLe 1

SAMPLe 2
Statistical

Regression Coefficients

Significance

Statistical
Regression Coefficients

Significance

Variables
entered

t

Sig.

B

Std. error

2.1.920

.061

2.689

.686

.916

7.084

.000

.594

.105

.066

.381

5.232

.000

.447

2.728

.218

2.416

2.3.336

.002

X11 Product Line

.295

.078

.306

3.780

.000

X16 Order &

.285

.115

.194

2.473

.017

(Constant)
X12 Salesforce

B

Std. error

2.1.413

.736

1.069

.151

.343

Beta

Beta

t

Sig.

2.1.005

.320

.568

5.679

.000

.062

.518

7.170

.000

2.349

.165

2.212

2.2.115

.040

.421

.070

.445

5.996

.000

Image
X6 Product
Quality
X7 E-Commerce

Billing
X9 Complaint
Resolution

results in terms of R2, adjusted R2, and the standard error of the estimate. Yet in comparing the individual coefficients,
some differences do appear. In sample 1, X9 did not enter in the stepwise results as it did in sample 2 and the overall
sample. Instead, X16, highly collinear with X9, entered. Moreover, X12 had a markedly greater beta weight in sample
1 than found in the overall results. In the second sample, four of the variables entered as with the overall results,
but X11, the least forceful variable in the overall results, did not enter the model. The omission of X11 in one of the
subsamples confirms that it was a marginal predictor, as indicated by the low beta and t values in the overall model.
Calculating the PRESS Statistic An alternative to a split sample or cross-validation is the PRESS (predicted resid-

ual error sum of squares) statistic, which is a variation of the jackknife or hold-one-out approach. As described earlier,
a separate regression equation is estimated for each time a different observation is “held out” and then its predicted
value is from the model based on all of the other observations in the sample. In this manner each observation has
no impact on the model estimation used to make its predicted value.
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The research can compare the PRESS value to the residual sum of squares from the original model to determine
the degree to which there is an increase. In this example the original residual sum of squares is 29.42 out of a total
sum of squares of 140.63, resulting in an R2 of .7908. We can calculate a comparable measure, the coefficient of
prediction, using the PRESS value of 33.53 and obtain a value of .7662, quite close to the original R2 From this we
can conclude that the model is generalizable and we would expect to achieve comparable levels of model fit on other
samples of observations.
Summary The concept of validation is extremely important for models oriented to either prediction or explana-

tion. In both cases the degree of generalizability is at stake and the researcher must be assured that the model would
produce comparable results on other samples of comparable observations. While the PRESS statistic is quite useful in
overall model validation, only some form of split sample or cross-validation allows for assessment of the individual
variables as well, which is of critical importance if explanation is an objective of the analysis.

evaluating Alternative Regression Models
The stepwise regression model examined in the previous discussion provided a solid evaluation of the research problem as formulated. However, it represents only one of the variable selection options available to the researcher. The
researcher is always well served in evaluating alternative regression models in the search of additional explanatory
power and confirmation of earlier results. In this section, we examine three additional regression models: (1) a model
including all 13 independent variables in a confirmatory approach to assess the other option in variable selection,
(2) a model substituting summated scales developed in Chapter 3 for the multicollinear independent variables to
address the advantages/disadvantages of using composite measures and (3) a model adding a nonmetric variable
(X3, Firm Size) through the use of a dummy variable.
conFiRMAtoRY ReGReSSion MoDeL
A primary alternative to the stepwise regression estimation method in variable selection is the confirmatory approach,
whereby the researcher specifies the independent variable to be included in the regression equation. In this manner,
the researcher retains complete control over the regression variate in terms of both prediction and explanation. This
approach is especially appropriate in situations of replication of prior research efforts or for validation purposes.
In this situation, the confirmatory perspective involves the inclusion of all 13 perceptual measures as independent variables. These same variables are considered in the stepwise estimation process, but in this instance all are
directly entered into the regression equation at one time. Here the researcher can judge the potential impacts of
multicollinearity on the selection of independent variables and the effect on overall model fit from including all
thirteen variables.
The primary comparisons between the stepwise and confirmatory procedures involve (1) examination of the
overall model fit of each procedure, (2) the interpretations drawn from each set of results, (3) a review the multicollinearity diagnostics given the confirmatory approach, and finally (4) examining the all possible subsets regression
method to compare competing models to the confirmatory and stepwise models.
Impact on Overall Model Fit The results in Table 5.15 are similar to the final results achieved through stepwise

estimation (see Table 5.6), with two notable exceptions:
DecReASe in MoDeL Fit Even though more independent variables are included, the overall model fit decreases. Whereas
the coefficient of determination increases (.889 to .897) because of the additional independent variables, the adjusted R2
decreases slightly (.780 to .774), which indicates the inclusion of several independent variables that were non-significant
in the regression equation. Although they contribute to the overall R2 value, they detract from the adjusted R2.
This change illustrates the role of the adjusted R2 in comparing regression variates with differing numbers of
independent variables.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

356

Section III Dependence Techniques – Metric Outcomes

table 5.15 Multiple Regression Results Using a confirmatory estimation Approach with All 13 independent
Variables
confirmatory Specification with 13 Variables
Multiple R

.897

Coefficient of Determination 1 R2 2

.804

Adjusted R2

.774

Standard error of the estimate

.566

Analysis of Variance
Sum of Squares

df

Mean Square

F

Sig.

113.044

13

8.696

27.111

.000

27.584

86

.321

140.628

99

Regression
Residual
Total

Variables entered into the Regression Model
Statistical
Regression Coefficients
Variables entered
(Constant)
X6

Product

B

Std. error

21.336

1.120

.377

.053

2.456
.035

Beta

Collinearity

Significance

Correlations
Zero-order

Partial

Statistics

t

Sig.

21.192

.236

Part

tolerance

ViF

.442

7.161

.000

.486

.611

.342

.598

1.672

.137

2.268

23.341

.001

.283

2.339

2.160

.354

2.823

.065

.045

.542

.589

.113

.058

.026

.328

3.047

.154

.104

.156

1.489

.140

.603

.159

.071

.207

4.838

Quality
X7

E-Commerce

X8

Technical
Support

X9

Complaint
Resolution

X10

Advertising

2.034

.063

2.033

2.548

.585

.305

2.059

2.026

.646

1.547

X11

Product Line

.362

.267

.400

1.359

.178

.551

.145

.065

.026

37.978

X12

Salesforce

.827

.101

.744

8.155

.000

.500

.660

.389

.274

3.654

2.047

.048

2.062

2.985

.328

2.208

2.106

2.047

.584

1.712

2.107

.126

2.074

2.852

.397

.178

2.092

2.041

.306

3.268
1.075

Image
X13

Competitive
Pricing

X14

Warranty &
Claims

X15

New Products

2.003

.040

2.004

2.074

.941

.071

2.008

2.004

.930

X16

Order & Billing

.143

.105

.111

1.369

.175

.522

.146

.065

.344

2.909

X17

Price Flexibility

.238

.272

.241

.873

.385

.056

.094

.042

.030

33.332

X18

Delivery Speed

2.249

.514

2.154

2.485

.629

.577

2.052

2.023

.023

44.004

Another indication of the overall poorer fit of the confirmatory model is the increase in the standard error of the estimate (SEE) from .559 to .566, which illustrates that overall R2 should not be the sole criterion for predictive accuracy because it can be influenced by many factors, one being the number of independent
variables.
incReASe in See

The other substantive difference is in the regression variate, where multicollinearity affects the number and strength of the significant variables.

Impact on Variate Interpretation
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FeWeR SiGniFicAnt VARiABLeS First, only three variables (X6, X7, and X12) are statistically significant, whereas the stepwise
model contains two more variables (X9 and X11). In the stepwise model, X11 was the least significant variable, with a
significance level of .005. When the confirmatory approach is used, the multicollinearity with other variables (as indicated
by its tolerance value of .026) renders it non-significant. The same happens to X9, which was the first variable entered
in the stepwise solution, but it now has a non-significant coefficient in the confirmatory model. Again, multicollinearity
had a sizeable impact, reflected in its tolerance value of .207—an 80 percent overlap with other variables in the model.

The impact of multicollinearity on other variables not in the stepwise model is also
substantial. In the confirmatory approach, three variables (X11, X17, and X18) have tolerance values under .05 (with
corresponding VIF values of 33.3, 37.9, and 44.0), meaning that 95 percent or more of their variance is accounted
for by the other HBAT perceptions. In such situations, it is practically impossible for these variables to be significant
predictors. Six other variables have tolerance values under .50, indicating that the regression model variables account
for more than half of the variance in these variables.
Given the high levels of multicollinearity, the additional collinearity diagnostics of condition indices and decomposition of variance were performed. As shown in Table 5.16, six of the condition indices exceed the threshold of 30 to
merit further examination. Only the last condition index, however, had two or more variables with values exceeding
.90. In this instance the variables were X11, X17, and X18, the same variables that had tolerance/VIF values indicating
high multicollinearity. If warranted, these variables could be examined for combination in some form of composite
or perhaps only a subset used in further analyses.
Another implication of multicollinearity is inflation of standard errors and the potential for heteroscedasticity. To
address this concern, HCSE estimates were obtained to assess whether they impacted any of the significance tests.
A seen in Table 5.17, the estimation of HCSE standard errors resulted in one additional variable 1 X11 2 becoming
statistically significant 1 p 5 .014 2 . Thus, the impact of multicollinearity and heteroscedasticity on the standard
errors was substantial. We should note, however, that X9, the variable with a substantial shared impact, was still not
significant in the confirmatory model.
Given that multicollinearity provided for the creation of four well-developed factors in Chapter 3, here the inclusion of all variables creates issues in estimation and interpretation. We will explore the use of summated scales as a
replacement for the individual variables in a later section.
incReASe in MULticoLLineARitY

Measures of Variable Importance The final issue facing the analyst using a confirmatory approach is the assessment

of variable importance in the face of possible multicollinearity. Even with adjustments with the HCSE estimates, only
four of the thirteen variables are statistically significant even though the model R2 is 80 percent. The set of measures
for variable importance discussed earlier can be employed to assess as best possible the impacts (shared and unique)
for each of the independent variables. Rather than pursue this approach however, the next section illustrates the use
of summated scales to avoid these sets of multicollinear variables that make interpretation difficult. The interested
reader is encouraged to apply the measures discussed earlier for purposes of explanation using the original variables.
Summary The confirmatory approach provides the researcher with control over the regression variate, but at the

possible cost of a regression equation with poorer prediction and explanation if the researcher does not closely examine the results. The two approaches to variable selection—user-controlled (confirmatory) versus software-controlled
(sequential approaches)—both have strengths and weaknesses that should be considered in their use, but the prudent
researcher will employ both approaches in order to address the strengths of each.
USe oF SUMMAteD ScALeS AS ReMeDieS FoR MULticoLLineARitY
Up to this point all of the regression models have used the full set of 13 independent variables, either in a confirmatory or stepwise model. But the researcher has another option available in variable specification—the creation of
composite measures, such as summated scales, to replace the original independent variables and hopefully mitigate
to some extent the potentially high levels of multicollinearity.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

358

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

9.67308

0.04786

0.03102

0.01913

0.0123

0.00965

0.00724

0.00539

0.00292

0.00037354 189.98195

6

7

8

9

10

11

12

13

14
0.471

0.427

0.049

0.011

0.035

0.003

0.001

0.001

0.003

0.000

0.000

0.000

0.000

0.000

intercept
X6

0.003

0.253

0.090

0.008

0.098

0.092

0.305

0.049

0.067

0.019

0.004

0.001

0.011

0.000

Note: Bold values indicate patterns of high multicollinearity.

67.90061

50.00918

43.15705

37.38604

33.10879

26.5457

20.8462

16.78455

14.48068

12.86311

0.08148

0.0643

12.10019

5

0.09208

3

1

index

4

0.14409

2

eigenvalue

13.48216

1

number

condition

0.019

0.085

0.042

0.589

0.117

0.000

0.010

0.113

0.004

0.009

0.005

0.004

0.003

0.000

X7

0.001

0.247

0.237

0.184

0.083

0.008

0.003

0.002

0.069

0.049

0.030

0.055

0.031

0.000

X8

0.002

0.000

0.635

0.031

0.263

0.036

0.007

0.001

0.001

0.002

0.001

0.020

0.001

0.000

X9

table 5.16 collinearity Diagnostics for confirmatory Model with All 13 Variables

X10

0.010

0.001

0.019

0.040

0.000

0.035

0.031

0.392

0.174

0.254

0.016

0.002

0.027

0.000

0.961

0.003

0.009

0.000

0.008

0.000

0.015

0.000

0.001

0.001

0.000

0.001

0.002

0.000

X11

0.070

0.075

0.082

0.500

0.155

0.003

0.001

0.091

0.000

0.010

0.005

0.003

0.004

0.000

X12

Proportion of Variation
X13

0.011

0.057

0.035

0.053

0.184

0.149

0.237

0.045

0.152

0.029

0.001

0.018

0.027

0.000

X14

0.002

0.611

0.173

0.148

0.048

0.011

0.000

0.000

0.000

0.002

0.000

0.003

0.002

0.000

X15

0.011

0.000

0.002

0.036

0.031

0.004

0.001

0.062

0.171

0.000

0.664

0.018

0.000

0.000

X16

0.003

0.093

0.040

0.000

0.000

0.724

0.108

0.000

0.001

0.005

0.001

0.025

0.000

0.000

X17

0.941

0.001

0.006

0.001

0.012

0.022

0.006

0.001

0.001

0.005

0.000

0.001

0.003

0.000

X18

0.958

0.011

0.023

0.000

0.002

0.003

0.002

0.000

0.000

0.000

0.000

0.001

0.000

0.000
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table 5.17 HcSe estimates for confirmatory Model with 13 Variables
original Standard error estimates
Standard error

t value

HcSe estimates

Significance

Standard error

t value

Significance

21.19

0.2364

0.99482

21.34

0.1829

intercept

1.12031

x6

0.05271

7.16

, .0001

0.04954

7.62

, .0001

x7

0.13651

23.34

0.0012

0.11256

24.05

0.0001

x8

0.06492

0.54

0.5891

0.05883

0.6

0.5511

x9

0.1036

1.49

0.1401

0.09424

1.64

0.1052

x10

0.06283

20.55

0.5853

0.05416

20.64

0.5269

x11

0.26669

1.36

0.1778

0.14449

2.51

0.014

x12

0.10146

8.15

, .0001

0.1005

8.23

, .0001

x13

0.0482

20.98

0.3275

0.03583

21.32

0.1888

x14

0.12553

20.85

0.3965

0.10979

20.97

0.3326

x15

0.03953

20.07

0.9409

0.03219

20.09

0.9275

x16

0.10452

1.37

0.1746

0.10275

1.39

0.1674

x17

0.27249

0.87

0.385

0.15732

1.51

0.1341

x18

0.5141

0.6291

0.28609

20.87

0.3862

20.48

Note: Significant values in bold

In this section we will examine four regression models that illustrate the basic methods available by combining
options from both variable specification and variable selection. We will review the models using all thirteen independent variables that employed confirmatory and stepwise variable selection as well as estimate two additional
models—substituting summated scales for most of the independent variables and then using the confirmatory
and stepwise approaches to variable selection. Comparison of these four models provides coverage of all of the
basic model types and highlights the advantages and disadvantages of each combination. Models 1 and 2 use the
original set of thirteen variables, while Models 3 and 4 use the summated scales. Table 5.18 shows the correspondence of summated scales and individual variables as well as the bivariate correlations of each variable with X19.
The application of exploratory factor analysis in Chapter 3 is the basis for creating the four summated scales,
each representing two or three of the original variables. Three variables (X11, X15, and X17) were not included in
the final factor results and thus are included here as individual variables in Models 3 and 4 to make equivalent
comparisons.
Overall Model Fit The first comparison across models is in terms of model fit. Models 1 and 2, using all thirteen
independent variables, show a substantially higher model fit than the regression models using the summated scales—
R2 of about 80 percent versus 64 percent respectively. This is expected since the summated scales primarily represent
the shared variation among the variables in each scale and in doing so decrease the multicollinearity among the
summated scales to levels much lower than found among the individual variables (i.e., highest VIF among summated
sales is 1.15). The result is a reduction in multicollinearity among the summated scales, but with each scale representing the collinearity of the variables within the scale.
Regression Coefficients As discussed earlier, Models 1 and 2 using all of the individual independent variables

had only a small number of variables achieve statistical significance. Model 1, using the confirmatory approach, had
three significant variables while the stepwise model had five significant variables. Yet nine of the thirteen variables
had significant bivariate correlations with X19. What about the variables that were not significant – does this mean
they are not important? Especially troubling is that in Model 1 none of the variables contained in Summated Scale 1
achieved significance, yet all of them had significant bivariate correlations (ranking first, second and fourth among
all variables). Since summated scales are based on collinearity among the variables in the scale, this multicollinearity
may have diminished the predictive relationship for each of these variables enough such that none were significant.
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Note: Significant values in bold.

Scale

not in Summated

Summated Scale 4

Summated Scale 3

Summated Scale 2

Summated Scale 1

Summated Scales

20.003
0.238

12
13

X15

X17

0.362

20.047

3

9

X11

0.377

6

20.107

10

X14

X6

0.035

X13

0.827

5
11

X12

X8

20.034

7

X10

20.249
20.456

2

X18
8

0.143

X7

0.154

4

0.174

0.369

0.775

20.417

0.319

0.780

0.774

Adj. R2

1

0.791

0.804

R2

Model 2:
Stepwise

Model 1:
confirmatory

20.094

0.015

0.067

0.344

20.032

0.633

0.614

0.622

0.649

confirmatory

Model 3:

0.430

0.608

0.601

0.6278

0.639

Stepwise

Model 4:

Variable Selection

X9

X19

correlation With

Rank of Bivariate

Model Fit

Summated Scales

Variable Selection

independent Variable Specification
original Variables: X6 to X18

X16

Variable

independent

independent Variables

table 5.18 comparison of Model options for Variable Specification and Variable Selection
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This conclusion is reinforced since in Model 2 the stepwise approach found one of the variables 1 X9 2 to be significant.
Viewing the results of Models 3 and 4 demonstrates the benefits of using summated scales when facing high levels
of multicollinearity among the independent variables. Three of the four summated scales were significant in both
models, and the other scale (#3) was based on two variables, neither of which had significant bivariate correlations
with X19. These three factors represent eight of the nine variables with significant bivariate correlations, something
not achieved in either Models 1 or 2.
Summary Managing the variate through variable specification and variable selection options provides the
researcher with a number of alternatives that can identify relationships for specific variables as well as the broader
composite measures. By examining a number of model forms, the researcher can gain a clear insight into not only
the estimated relationships, but also the underlying relationships among variables that impact the estimated models.

incLUDinG A nonMetRic inDePenDent VARiABLe
The prior discussion focused on the confirmatory estimation method as an alternative for possibly increasing prediction and explanation, but the researcher also should consider the possible improvement from the addition of nonmetric independent variables. As discussed in an earlier section and in Chapter 2, nonmetric variables must be modified
(re-coded) to be directly included in the regression equation. The process involves the creation of a series of new
variables (dummy variables) that represent the separate categories of the nonmetric variable.
In this example, the variable of firm size 1 X3 2 , which has the two categories (large and small firms), will be included
in the stepwise estimation process. The variable is already coded in the appropriate form, with large firms (500 or
more employees) coded as 1 and small firms as 0. The variable can be directly included in the regression equation to
represent the difference in customer satisfaction between large and small firms, given the other variables in the regression equation. Specifically, because large firms have the value 1, small firms act as the reference category. The coding
is developed to facilitate interpretation of the new dummy variable in the regression model, with the larger number
(1) representing the large firms and the smaller number (0) representing the smaller firms (the reference group).
The regression coefficient is interpreted as the value for large firms compared to small firms. A positive coefficient indicates that large firms have higher customer satisfaction than small firms, whereas a negative coefficient
indicates that small firms have higher customer satisfaction. The amount of the coefficient represents the difference
in customer satisfaction between the means of the two groups, controlling for all other variables in the model.
Table 5.19 contains the results of the addition of X3 in a stepwise model, where it was added with the five variables that formed the stepwise model earlier in this section (see Table 5.6). Examination of the overall fit statistics
indicates minimal improvement, with all of the measures (R2, adjusted R2, and SEE) increasing over the original
stepwise model (see Table 5.6).
When we examine the regression coefficients, note that the coefficient for X3 is .271 and is significant at the .03
level. The positive value of the coefficient indicates that large firms, given their characteristics on the other five
independent variables in the equation, still have a customer satisfaction level that is about a quarter point higher
(.271) on the 10-point customer satisfaction question. The use of X3 increased the prediction only slightly. From an
explanatory perspective, though, we now know that large firms enjoy higher customer satisfaction.
This example illustrates the manner in which the researcher can add nonmetric variables to the metric variables
in the regression variate and improve both prediction and explanation.
A MAnAGeRiAL oVeRVieW oF tHe ReSULtS
The regression results, including the evaluation of the confirmatory model, estimation of the additional models using
summated scales as substitutes for the individual variables, and the addition of the nonmetric variable, all assist in
addressing the basic research question: What affects customer satisfaction? In formulating a response, the researcher
must consider two aspects: prediction and explanation.
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table 5.19 Multiple Regression Results Adding X3 (Firm Size) as an independent Variable by Using a Dummy
Variable
Stepwise Regression with transformed Variables
Multiple R

.895

Coefficient of Determination (R2)

.801

Adjusted R2

.788

Standard error of the estimate

.548

Analysis of Variance
Sum of Squares
Regression
Residual
Total

df

Mean Square

F

Sig.

112.669

6

18.778

62.464

.000

27.958

93

.301

140.628

99

Variables entered into the Regression Model
Statistical
Regression Coefficients
Variables

Significance

Std.

entered

B

error

(Constant)

21.250

.492

Collinearity
Correlations

Statistics

ZeroBeta

t

Sig.

22.542

.013

order

Partial

Part

tolerance

ViF
1.736

X9

Complaint Resolution

.300

.060

.304

4.994

.000

.603

.460

.231

.576

X6

Product Quality

.365

.046

.427

7.881

.000

.486

.633

.364

.727

1.375

X12

Salesforce Image

.701

.093

.631

7.507

.000

.500

.614

.347

.303

3.304

X7

E-Commerce

2.333

.135

2.196

22.473

.015

.283

2.248

2.114

.341

2.935

X11

Product Line

.203

.061

.224

3.323

.001

.551

.326

.154

.469

2.130

X3

Firm Size

.271

.123

.114

2.207

.030

.229

.223

.102

.798

1.253

In terms of prediction, the regression models all achieve high levels of predictive accuracy. The amount of variance explained equals about 80 percent and the expected error rate for any prediction at the 95 percent confidence
level is about 1.1 points. In this type of research setting, these levels, augmented by the results supporting model
validity, provide the highest levels of assurance as to the quality and accuracy of the regression models as the basis
for developing business strategies.
In terms of explanation, all of the estimated models arrived at essentially the same results: three strong influences
(X12, Salesforce Image; X6, Product Quality; and X9, Complaint Resolution). Increases in any of these variables result
in increases in customer satisfaction. For example, an increase of 1 point in the customer’s perception of Salesforce
Image 1 X12 2 will result in an average increase of at least seven-tenths (.701) of a point on the 10-point customer
satisfaction scale. Similar results are seen for the other variables. Moreover, at least one firm characteristic, firm size,
demonstrated a significant effect on customer satisfaction. Larger firms have levels of satisfaction about a quarter
of a point (.271) higher than the smaller firms. These results provide management with a framework for developing
strategies for improving customer satisfaction. Actions directed toward increasing the perceptions of HBAT can be
justified in light of the corresponding increases in customer satisfaction.
The impact of two other variables (X7, E-Commerce; X11, Product Line) on customer satisfaction is less
certain. Even though these two variables were included in the stepwise solution, their combined explained variance was only .038 out of an overall model R2 of .791. Both variables were not significant in the confirmatory
model. Moreover, X7 had the reversed sign in the stepwise model, which, although due to multicollinearity, still
represents a result contrary to managerial strategy development. As a result, the researcher should consider
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reducing the influence allotted to these variables and even possibly omit them from consideration as influences
on customer satisfaction.
In developing any conclusions or business plans from these results, the researcher should also note that the
three major influences (X12, X6, and X9) are primary components of the perceptual dimensions identified through
exploratory factor analysis in Chapter 3. When these dimensions are represented by summated scales, three of the
four dimensions are shown to be significantly related to customer satisfaction. These dimensions, which represent
broad measures of customers’ perceptions of HBAT, should also be considered in any conclusions. To state that
only these three specific variables are influences on customer satisfaction would be a serious mis-statement of the
more complex patterns of collinearity among variables. Thus, these variables are better viewed as representatives of
the perceptual dimensions, with the other variables in each dimension also considered in any conclusions drawn
from these results.
Management now has an objective analysis that confirms not only the specific influences of key variables, but
also the perceptual dimensions that must be considered in any form of business planning regarding strategies aimed
at affecting customer satisfaction.

Summary
This chapter provided an overview of the fundamental concepts underlying multiple regression analysis. Multiple
regression analysis can describe the relationships among two or more intervally-scaled variables and is much more
powerful than simple regression with a single independent variable. This chapter helps you to do the following:
Determine when regression analysis is the appropriate statistical tool in analyzing a problem. Multiple regression analysis can be used to analyze the relationship between a single dependent (criterion) variable and several independent (predictor) variables. The objective of multiple regression analysis is to use the several independent variables
whose values are known to predict the single dependent value. Multiple regression is a dependence technique. To use it
you must be able to divide the variables into dependent and independent variables, and both the dependent and independent variables are metric. Under certain circumstances, it is possible to include nonmetric data either as independent variables (by transforming either ordinal or nominal data with dummy variable coding) or the dependent variable
(by the use of a binary measure in the specialized technique of logistic regression). Thus, to apply multiple regression
analysis: (1) the data must be metric or appropriately transformed, and (2) before deriving the regression equation,
the researcher must decide which variable is to be dependent and which remaining variables will be independent.
Understand how regression helps us make both predictions and explanations using the least squares concept.
One objective of regression analysis is to predict a single dependent variable from the knowledge of one or more
independent variables. Before estimating the regression equation, we must calculate the baseline against which we
will compare the predictive ability of our regression models. The baseline should represent our best prediction without the use of any independent variables. In regression, the baseline predictor is the simple mean of the dependent
variable. Because the mean will not perfectly predict each value of the dependent variable, we must have a way to
assess predictive accuracy that can be used with both the baseline prediction and the regression models we create.
The customary way to assess the accuracy of any prediction is to examine the errors in predicting the dependent
variable. Although we might expect to obtain a useful measure of prediction accuracy by simply adding the errors,
this approach is not possible because the errors from using the mean value always sum to zero. To overcome this
problem, we square each error and add the results together. This total, referred to as the sum of squared errors (SSE),
provides a measure of prediction accuracy that will vary according to the amount of prediction errors. The objective
is to obtain the smallest possible sum of squared errors as our measure of prediction accuracy. Hence, the concept
of least squares enables us to achieve the highest accuracy possible.
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Another objective of regression analysis is explanation where the variate and the individual values contained in
the variate are examined for the relationship to the dependent measure. Regression weights or coefficients for each
independent variable provide a formal basis for assessing the change in the dependent measure for each one unit
change in the independent variable. While the regression coefficients are “scaled” by the nature of each independent
variable, other measures, such as standardized coefficients, provide some basis for assessing the relative impact of
each independent variable. A series of other measures can assess a variable’s impact in terms of its unique impact
and that shared with other variables due to multicollinearity among variables.
Use dummy variables with an understanding of their interpretation. A common situation faced by researchers
is the desire to utilize nonmetric independent variables. Many multivariate techniques assume metric measurement
for both independent and dependent variables. When the dependent variable is measured as a dichotomous (0, 1)
variable, either discriminant analysis or a specialized form of regression (logistic regression), is appropriate. When
the independent variables are nonmetric and have two or more categories, we can create dummy variables that act
as replacement independent variables. Each dummy variable represents one category of a nonmetric independent
variable, and any nonmetric variable with k categories can be represented as k 2 1 dummy variables. Thus, nonmetric variables can be converted to a metric format for use in most multivariate techniques.
Be aware of the assumptions underlying regression analysis and how to assess them. Improvements in predicting the dependent variable are possible by adding independent variables and even transforming them to represent
nonlinear relationships. To do so, we must make several assumptions about the relationships between the dependent
and independent variables that affect the statistical procedure (least squares) used for multiple regression. The basic
issue is to know whether in the course of calculating the regression coefficients and predicting the dependent variable
the assumptions of regression analysis have been met. We must know whether the errors in prediction are the result
of the absence of a relationship among the variables or caused by some characteristics of the data not accommodated
by the regression model. The assumptions to be examined include linearity of the phenomenon measured, constant
variance of the error terms, independence of the error terms, and normality of the error term distribution. The
assumptions underlying multiple regression analysis apply both to the individual variables (dependent and independent) and to the relationship as a whole. Once the variate has been derived, it acts collectively in predicting the
dependent variable, which necessitates assessing the assumptions not only for individual variables, but also for the
variate. The principal measure of prediction error for the variate is the residual—the difference between the observed
and predicted values for the dependent variable. Plotting the residuals versus the independent or predicted variables
is a basic method of identifying assumption violations for the overall relationship.
Understand the implications of managing the variate and its implications on the regression results. Managing the variate involves two decisions that the researcher can employ to achieve the objectives of explanation and/or
prediction. The first decision area is variable specification, where the researcher must make the fundamental choice
between using the individual variables or some form of composite, such as factor scores or summated scales, based
on exploratory factor analysis. While this decision may be driven just by the sheer numbers of variables encountered
in some situations today, it primarily reflects the researcher’s choice for dealing with multicollinearity among the
independent variables. Using the individual variables reflects a choice to deal with multicollinearity in other ways
(e.g., variable selection approaches) to achieve the most detailed effects from the independent variables. A choice
for composite measures greatest detail reflects the decision to minimize multicollinearity effects, but also rely in the
interpretation stage on making assessments as to the meaning of the composites versus the independent variables.
The second decision involves variable selection for model estimation. In the confirmatory approach the researcher
strictly controls the variables to be included in the estimated model. In a software-controlled approach the researcher
uses algorithms to determine which independent variables are ultimately included in the regression model. This
decision is related to how the researcher elected to approach variable specification since the use of composite
measures reduces the need for software-controlled approach.
The authors strongly recommend that researchers carefully consider both decisions as they are quite impactful
in the resulting model. Researcher may wish to compare various combinations of these decisions, as was done when
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comparing regression models using individual variables to those using composite measures. In any instance, the
researcher should always understand the implications for decisions in each of these areas.
Address the implications of user- versus software-controlled variable selection and explain the options available in software-controlled variable selection. In managing the variate, researcher must choose how variables are to
be included in the final model. One choice is for the researcher to specify the exact set of independent variables such
that the regression model is essentially used in a confirmatory approach. This approach, referred to as simultaneous
regression, includes all the variables at the same time. The researcher may also utilize a combinatorial approach -- a
generalized search process across all possible combinations of independent variables. The best-known procedure is
all-possible-subsets regression, which is exactly as the name suggests. All possible combinations of the independent
variables are examined, and the best-fitting set of variables is identified.
The other option is to employ some form of software-controlled process, where the researcher may use the estimation technique to “pick and choose” among the set of independent variables with either sequential or constrained
processes. The most popular sequential search method is stepwise estimation, which enables the researcher to examine the contribution of each independent variable to the regression model. There are also constrained approaches
which place some constraints on the estimated coefficients and LASSO will even reduce coefficients to zero to effectively eliminate some variables from the analysis. All of these options are designed to assist the researcher in finding
the best regression model using different approaches.
Interpret the results of regression and variable importance, especially in light of multicollinearity. The regression variate must be interpreted by evaluating the estimated regression coefficients for their explanation of the dependent variable. The researcher must evaluate not only the regression model that was estimated, but also the potential
independent variables that were omitted if a sequential search or combinatorial approach was employed. In those
approaches, multicollinearity may substantially affect the variables ultimately included in the regression variate. The
researcher can start this process by examining the bivariate correlation that are independent of the estimated model
as the fundamental relationships that should be reflected in the model results. Then using the model results, the
researcher can assess the estimated coefficients which provides some perspective in the impact of each variable. The
estimated regression coefficients, or beta coefficients, represent both the type of relationship (positive or negative) and
the strength of the relationship between independent and dependent variables in the regression variate. The sign of
the coefficient denotes whether the relationship is positive or negative, whereas the value of the coefficient indicates
the change in the dependent value each time the independent variable changes by one unit. Additional measures of
variable importance extend the analysis of impact to assessing not only the unique impact which is reflected in the
regression coefficients, but also the shared impact among independent variables that is due to multicollinearity. These
measures, such as commonality analysis, dominance analysis and relative weights, all attempt to reflect a variable’s
total impact. If some form of software-controlled procedures is used, the researcher must also evaluate the potential
impact of omitted variables to ensure that the managerial significance is evaluated along with statistical significance.
Prediction is an integral element in regression analysis, both in the estimation process as well as in forecasting
situations. Regression involves the use of a variate to estimate a single value for the dependent variable. This process
is used not only to calculate the predicted values in the estimation procedure, but also with additional samples for
validation or forecasting purposes. When prediction is the primary focus, understanding variable importance many
times becomes less important.
Apply the diagnostic procedures necessary to assess influential observations. Influential observations include
all observations that have a disproportionate effect on the regression results. The three basic types of influentials
are as follows: (1) Outliers—observations that have large residual values and can be identified only with respect to a
specific regression model (2) Leverage points—observations that are distinct from the remaining observations based
on their independent variable values, and (3) Influential observations—all observations that have a disproportionate
effect on the regression results. Influentials, outliers, and leverage points are based on one of four conditions: (1) An
error in observations or data entry: Remedy by correcting the data or deleting the case, (2) A valid but exceptional
observation that is explainable by an extraordinary situation: Remedy by deletion of the case unless variables reflecting
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the extraordinary situation are included in the regression equation., (3) An exceptional observation with no likely
explanation: Presents a special problem because the researcher has no reason for deleting the case, but its inclusion
cannot be justified either, suggesting analyses with and without the observations to make a complete assessment,
and (4) An ordinary observation in its individual characteristics but exceptional in its combination of characteristics:
Indicates modifications to the conceptual basis of the regression model and should be retained. The researcher may
delete truly exceptional observations but avoid deleting observations that, although different, are representative of
the population. when deleting influential observations, always test the sensitivity of the results by estimating the
model by samples with and without the influential observations.
Understand the benefits gained from the extended forms of regression, namely multilevel models and panel
models. While multiple regression can handle a wide array of research questions, two extensions of regression have
emerged to more easily address two specifics of research problems. The first extension is multilevel models, developed
to more easily handle hierarchical or nested data structures. Hierarchical data structures reflect common “grouping”
effects that result from contextual factors faced in all facets of behavior. The impact of the contextual factor is to
create dependencies among those impacted by the factor, such that they cannot be considered statistically independent as required by one of the fundamental assumptions of regression. The researcher can attempt to address these
contextual effects within regression analysis, but multilevel analysis makes this much easier and provides a framework
for assessing a range of potential effects while also accounting for the dependencies among observations within the
groups. Thus, whether analyzing students grouped within classrooms, employees under a specific supervisor or
residents in a particular neighborhood, multilevel analysis provides a coordinated analysis of the unique effects from
the individuals as well as the impacts due to the contextual factors (e.g., classrooms, supervisors or neighborhoods).
The second extension, panel models, shares many of the technical aspects of multilevel models, but is oriented
to another specific research situation—cross-sectional analyses of longitudinal or time-series data. It provides a
means of accommodating a large cross-sectional data structure while also integrating a time-series component not
generally addressed in regression analysis. Quite applicable to many forms of longitudinal secondary data (e.g., firm
or brand sales over time, economic performance of countries or even individual’s repeated decisions), panel models
have developed a sophisticated analytical approach to addressing many of the statistical challenges faced in these
types of research situations.
This chapter provides a fundamental presentation of how regression works and what it can achieve. Familiarity
with the concepts presented will provide a foundation for regression analyses the researcher might undertake and
help you to better understand the more complex and detailed technical presentations in other textbooks on this topic.

Questions
1 How might regression analysis be performed
differently when facing a research question using
Big Data?
2 How do the objectives of explanation and prediction
differ as well as overlap?
3 How does sample size impact statistical power and
generalizability?
4 What options do the creation of additional variables
provide in addition to data transformations?
5 What are mediation and moderation? What
characteristics do they share and how do they differ?
6 Why is it important to examine the assumptions
of linearity and homoscedasticity when using

regression? What are the potential remedies for violations of each?
7 Could you find a regression equation that would be
acceptable as statistically significant and yet offer no
acceptable interpretational value to management?
What would be the underlying reason and how might
it be explained?
8 Are influential cases always omitted? Give examples of
occasions when they should or should not be omitted.
9 What is multicollinearity? Is it “Good” or “Bad” when
found within the variables in a regression variate.?
How should it be addressed?
10 How would you explain the relative importance of the
independent variables used in a regression equation?
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Differentiate between using information directly
from the analysis as well as additional measures of
variable importance.
11 What is the difference in interpretation between
regression coefficients associated with interval-scale
independent variables and dummy-coded (0, 1)
independent variables?
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12 What are the differences between interaction effects
and correlated independent variables? Do any of
these differences affect your interpretation of the
regression equation?

Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)

References
1 Aguinis H., J. C. Beaty, R. J. Boik, and C. A. Pierce. 2005.
Effect Size and Power in Assessing Moderating Effects
of Categorical Variables Using Multiple Regression: A
30-Year Review. Journal of Applied Psychology 90: 94–107.
2 Aguinis, H., R. K. Gottfredson, and H. Joo. 2013.
Best-Practice Recommendations for Defining, Identifying, and Handling Outliers. Organizational Research
Methods 16: 270–301.
3 Akaike, H. 1974. A New Look at the Statistical Model
Identification. IEEE Transactions on Automatic Control
19: 716–23.
4 Alkharusi, H. 2012. Categorical Variables in Regression
Analysis: A Comparison of Dummy and Effect Coding.
International Journal of Education 4: 202–10.
5 Baltagi, B. 2008. Econometric Analysis of Panel Data. New
York: Wiley.
6 Banerjee, S., B. P. Carlin, and A. E. Gelfan. 2014.
Hierarchical Modeling and Analysis for Spatial Data. Boca
Raton, FL: CRC Press.
7 Barcikowski, R. S. 1981. Statistical Power with Group
Mean as the Unit of Analysis. Journal of Educational
Statistics 6: 267–85.
8 Barnett, V., and T. Lewis. 1994. Outliers in Statistical
Data, 3rd edn. New York: Wiley.
9 Beck, Nathaniel. 2001. Time-Series–Cross-Section Data:
What Have We Learned in the Past Few Years? Annual
Review of Political Science 4: 271–93.
10 Beckstead, J. W. 2012. Isolating and Examining Sources
of Suppression and Multicollinearity in Multiple Linear
Regression. Multivariate Behavioral Research 47: 224–46.
11 Bell, A., and K. Jones. 2015. Explaining Fixed Effects:
Random Effects Modeling of Time-Series Cross-Sectional and Panel Data. Political Science Research and
Methods 3: 133–53.
12 Belsley, D. A., E. Kuh, and E. Welsch. 1980. Regression
Diagnostics: Identifying Influential Data and Sources of
Collinearity. New York: Wiley.
13 Blalock, H. M. 1984. Contextual-Effects Models:
Theoretical and Methodological Issues. Annual Review of
Sociology 10: 353–72.

14 Bliese, P. D., and P. J. Hanges. 2004. Being Both Too
Liberal and Too Conservative: The Perils of Treating
Grouped Data as Though They Were Independent. Organizational Research Methods 7: 400–17.
15 BMDP Statistical Software, Inc. 1991. SOLO Power Analysis. Los Angeles: BMDP.
16 Bock, R. D. (ed.). 2014. Multilevel Analysis of Educational
Data. Amsterdam: Elsevier.
17 Bollen, K. A., and J. E. Brand. 2010. A General Panel
Model with Random and Fixed Effects: A Structural
Equations Approach. Social Forces 89: 1–34.
18 Box, G. E. P., and D. R. Cox. 1964. An Analysis of Transformations. Journal of the Royal Statistical Society B 26: 211–43.
19 Boyd, L. H., and G. R. Iversen. 1979. Contextual Analysis:
Concepts and Statistical Techniques. Belmont, CA:
Wadsworth.
20 Bryk, A. S., and S. W. Raudenbush. 1988. Toward a More
Appropriate Conceptualization of Research on School
Effects: A Three-Level Hierarchical Linear Model. American Journal of Education 97: 65–108.
21 Bryk, A. S., and S. W. Raudenbush. 1989. Methodology
for Cross-Level Organizational Research. In S. B. Bacharach (ed.), Research in the Sociology of Organizations, Vol.
1, Greenwich, CT: JAI Press, pp. 233–73.
22 Bryk, A. S., and S. W. Raudenbush. 1992. Hierarchical
Linear Models. Newbury Park, CA: Sage.
23 Budescu D. V. 1993. Dominance Analysis: A New Approach
to the Problem of Relative Importance of Predictors in
Multiple Regression. Psychological Bulletin 114: 542–51.
24 Budescu D. V., and R. Azen. 2004. Beyond Global
Measures of Relative Importance: Insights from
Dominance Analysis. Organizational Research Methods
7: 341–50.
25 Capraro, R. M. and M. M. Capraro, 2001. Commonality Analysis: Understanding Variance Contributions to
Overall Canonical Correlation Effects of Attitude Toward
Mathematics on Geometry Achievement. Multiple Linear
Regression Viewpoints 27: 16–23.
26 Charlton, C., J. Rasbash, W. J. Browne, M. Healy, and
B. Cameron. 2017. MLwiN Version 3.00. Centre for
Multilevel Modelling, University of Bristol.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

368

Section III Dependence Techniques – Metric Outcomes

27 Chen, C. 2002. Robust Regression and Outlier Detection
with the ROBUSTREG Procedure. In Proceedings of the
Proceedings of the Twenty-Seventh Annual SAS Users
Group International Conference, Paper 265-27.
28 Clark, T. S., and D. A. Linzer. 2015. Should I Use Fixed or
Random Effects? Political Science Research and Methods
3: 399–408.
29 Cohen, J., Stephen G. West, Leona Aiken, and P. Cohen.
2002. Applied Multiple Regression/ Correlation Analysis for
the Behavioral Sciences, 3rd edn. Hillsdale, NJ: Lawrence
Erlbaum Associates.
30 Cortina J. M. 1993. Interaction, Nonlinearity, and Multicollinearity: Implications for Multiple Regression. Journal of Management 19: 915–22.
31 Cortina J. M., and R. S. Landis. 2009. When Small Effect
Sizes Tell a Big Story, and When Large Effect Sizes Don’t.
In C. E. Lance and R. J. Vandenberg (eds.), Statistical
and Methodological Myths and Urban Legends: Doctrine,
Verity and Fable in the Organizational and Social Sciences.
New York: Routledge, pp. 287–308.
32 Courville, T., and B. Thompson. 2001. Use of Structure
Coefficients in Published Multiple Regression Articles: β
is Not Enough. Educational and Psychological Measurement 61, 229–48.
33 Daniel, C., and F. S. Wood. 1999. Fitting Equations to
Data, 2nd edn. New York: Wiley-Interscience.
34 De Leeuw, J., and I. Kreft. 1986. Random Coefficient
Models for Multilevel Analysis. Journal of Educational
Statistics 11: 57–85.
35 Deadrick, D. L., N. Bennett, and C. J. Russell. 1997. Using
Hierarchical Linear Modeling to Examine Dynamic
Performance Criteria Over Time. Journal of Management
23: 745–57.
36 Diez-Roux, A. V. 1998. Bringing Context Back into
Epidemiology: Variables and Fallacies in Multilevel Analysis. American Journal of Public Health 88: 216–22.
37 DiPrete, T. A., and J. D. Forristal. 1994. Multilevel
Models: Methods and Substance. Annual Review of
Sociology 20: 331–57.
38 Duncan, C., K. Jones, and G. Moon. 1998. Context,
Composition and Heterogeneity: Using Multilevel Models
in Health Research. Social Science and Medicine 46: 97–117.
39 Edwards, J. R., and L. S. Lambert. 2007. Methods for
Integrating Moderation and Mediation: A General
Analytical Framework Using Moderated Path Analysis.
Psychological Methods 12: 1–22.
40 Elhorst, J. P. 2014. Spatial Panel Models. In Handbook of
Regional Science, Berlin: Springer, pp. 1637–52.
41 Finch, H., and J. Bolin. 2017. Multilevel Modeling Using
Mplus. Boca Raton, FL: CRC Press.
42 Finch, W. H., J. E. Bolin, and K. Kelley. 2014. Multilevel
Modeling Using R. Boca Raton, FL: CRC Press.
43 Ganzach, Y. 1997. Misleading Interaction and
Curvilinear Terms. Psychological Methods 2: 235–47.
44 Ganzach, Y. 1998. Nonlinearity, Multicollinearity and
the Probability of Type II Error in Detecting Interaction.
Journal of Management 24: 615–22.

45 Gelman, A., and J. Hill. 2007. Data Analysis Using Regression and Multilevel/Hierarchical Models, Vol. 1. New York:
Cambridge University Press.
46 Goldstein, H. 1995. Multilevel Statistical Models. New
York: Halsted Press.
47 Goldstein, H. 2011. Multilevel Statistical Models, Wiley Series
in Probability and Statistics, Vol. 922. New York: Wiley.
48 Goldstein, H., J. Rasbash, M. Yang, G. Woodhouse, H.
Pan, D. Nuttall, and S. Thomas. 1993. A Multilevel Analysis of School Examination Results. Oxford Review of
Education 19: 425–33.
49 Greene, W. H. 2018. Econometric Analysis, 8th edn.
Harlow: Pearson.
50 Griffin, M. A. 1997. Interaction Between Individuals
and Situations; Using HLM Procedures to Estimate
Reciprocal Relationships. Journal of Management 23:
759–73.
51 Gunasekara, F. I., K. Richardson, K. Carter, and T. Blakely.
2013. Fixed Effects Analysis of Repeated Measures Data.
International Journal of Epidemiology 43: 264–69.
52 Halaby, C. N. 2004. Panel Models in Sociological
Research: Theory into Practice. Annual Review of Sociology 30: 507–44.
53 Hausman, Jerry A. 1978. Specification Tests in
Econometrics. Econometrica 46:1251–71.
54 Hayes, A. F. 2015. An Index and Test of Linear Moderated
Mediation. Multivariate Behavioral Research 50: 1–22.
55 Hayes, A. F., and J. Matthes. 2009. Computational
Procedures for Probing Interactions in OLS and Logistic
Regression: SPSS and SAS Implementations. Behavior
Research Methods 41: 924–36.
56 Hayes, A. F., and L. Cai. 2007. Using HeteroskedasticityConsistent Standard Error Estimators in OLS Regression:
An Introduction and Software Implementation. Behavior
Research Methods 39: 709–22.
57 Heck, R. and S. Thomas. 2000. An Introduction to
Multilevel Modeling Techniques. Mahwah, NJ: Lawrence
Erlbaum Associates.
58 Heck, R. H., S. L. Thomas, and L. N. Tabata. 2013. Multilevel and Longitudinal Modeling with IBM SPSS. New
York: Routledge.
59 Hoerl, A. E., and Kennard, R. W. 1970. Ridge Regression:
Biased Estimation for Nonorthogonal Problems. Technometrics 12: 55–67.
60 Hofmann, D. A. 1997. An Overview of the Logic and
Rationale of Hierarchical Linear Models. Journal of
Management 23: 723–44.
61 Hox, J. 2002. Multilevel Analysis: Techniques and
Applications. Mahwah, NJ: Lawrence Erlbaum Associates.
62 Hox, J. J., M. Moerbeek, and R. van de Schoot. 2017.
Multilevel Analysis: Techniques and Applications, 3rd edn.
New York: Routledge.
63 Jaccard, J., R. Turrisi, and C. K. Wan. 2003. Interaction Effects
in Multiple Regression, 2nd edn. Beverly Hills, CA: Sage.
64 Johnson, J. W. 2000. A Heuristic Method for Estimating
the Relative Weight Of Predictor Variables in Multiple
Regression. Multivariate Behavioral Research 35: 1–19.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 5 Multiple Regression Analysis

65 Johnson, J. W. 2004. Factors Affecting Relative Weights:
The Influence of Sampling and Measurement Error.
Organizational Research Methods 7: 283–99.
66 Johnson, J. W., and J. M. LeBreton. 2004. History and
Use of Relative Importance Indices in Organizational
Research. Organizational Research Methods 7: 238–57.
67 Johnson, R. A., and D. W. Wichern. 2002. Applied Multivariate Statistical Analysis, 5th edn. Upper Saddle River,
NJ: Prentice Hall.
68 Kish, L. 1965. Survey Sampling. New York: Wiley
69 Kraha, A., H. Turner, K. Nimon, L. R. Zientek, and
R. K. Henson. 2012. Tools to Support Interpreting Multiple Regression in the Face of Multicollinearity. Frontiers
in Psychology 3: 1–16.
70 Kreft, I. G., I. Kreft, and J. de Leeuw. 1998. Introducing
Multilevel Modeling. Thousand Oaks, CA: Sage.
71 Lazarsfeld, P. F., and H. Menzel. 1961. On the Relation
Between Individual and Collective Properties. In P.
Lazarsfeld and H. Menzel (eds.), Complex Organizations:
A Sociological Reader, New York: Holt, Rinehart and
Winston, pp. 422–40.
72 LeBreton, J. M., and S. Tonidandel. 2008. Multivariate
Relative Importance: Extending Relative Weight Analysis
to Multivariate Criterion Spaces. Journal of Applied
Psychology 93: 329–45.
73 LeBreton, J. M., S. Tonidandel, and D. V. Krasikova. 2013.
Residualized Relative Importance Analysis: A Technique
for the Comprehensive Decomposition of Variance in
Higher Order Regression Models. Organizational Research
Methods 16: 449–73.
74 Liao, H., and A. Chuang. 2004. A Multilevel Investigation
of Factors Influencing Employee Service Performance
and Customer Outcomes. Academy of Management Journal 47: 41–58.
75 Long, J. S., and L. H. Ervin. 2000. Using Heteroscedasticity Consistent Standard Errors in the Linear Regression
Model. American Statistician 54: 217–24.
76 Longford, N. T. 1993. Random Coefficient Models. New
York: Oxford University Press.
77 Maas, C. J., and J. J. Hox. 2005. Sufficient Sample Sizes
for Multilevel Modeling. Methodology 1: 86–92.
78 MacKinnon, D. P., J. L. Krull, and C. M. Lockwood.
2000. Equivalence of the Mediation, Confounding and
Suppression Effect. Prevention Science 1: 173–81.
79 MacKinnon, J. G., and H. White. 1985. Some Heteroskedasticity-Consistent Covariance Matrix Estimators with
Improved Finite Sample Properties. Journal of Econometrics 29: 305–25.
80 Mason, C. H., and W. D. Perreault, Jr. 1991. Collinearity,
Power, and Interpretation of Multiple Regression Analysis. Journal of Marketing Research 28: 268–80.
81 Mason, W. M., G. Y. Wong, and B. Entwisle. 1983,
Contextual analysis through the multilevel linear model.
In S. Leinhardt (ed.), Sociological Methodology, San Francisco, CA; Jossey-Bass, pp. 72–103.

369

82 Mood, A. M. 1971. Partitioning Variance in Multiple
Regression Analyses as a tool for Developing Learning
Models. American Educational Research Journal 8: 191–202.
83 Mosteller, F., and J. W. Tukey. 1977. Data Analysis
and Regression. Reading, MA: Addison-Wesley.
84 Nathans, L. L., F. L. Oswald, and K. Nimon. 2012. Interpreting Multiple Linear Regression: A Guidebook of
Variable Importance. Practical Assessment, Research and
Evaluation, 17: 1–19.
85 Neter, J., M. H. Kutner, W. Wassermann, and C. J. Nachtsheim. 1996. Applied Linear Regression Models, 3rd edn.
Homewood, IL: Irwin.
86 Newton, R. G. and Spurrell, D. 1967. A Development of
Multiple Regression for the Analysis of Routine Data.
Applied Statistics 16: 51–64.
87 Nimon, K. F., and F. L. Oswald. 2013. Understanding the
Results of Multiple Linear Regression: Beyond Standardized Regression Coefficients. Organizational Research
Methods 16: 650–74.
88 O’Brien, R. M. 2007. A Caution Regarding Rules of
Thumb for Variance Inflation Factors. Quality and Quantity 41: 673–90.
89 Paterson, L., and H. Goldstein.1991. New Statistical
Methods for Analysing Social Structures: An
Introduction to Multilevel Models. British Educational
Research Journal 17: 387–93.
90 Pickett, K. E., and M. Pearl. 2001. Multilevel Analyses
of Neighbourhood Socioeconomic Context and Health
Outcomes: A Critical Review. Journal of Epidemiology
and Community Health 55: 111–22.
91 Rabe-Hesketh, S., and A. Skrondal. 2012. Multilevel and
Longitudinal Modeling Using Stata. College Station, TX:
Stata Press.
92 Raudenbush, S. W. 1988. Educational Applications of
Hierarchical Linear Models: A Review. Journal of Educational Statistics 13: 85–116.
93 Raudenbush, S. W., A. S. Bryk, and R. Congdon. 2013.
HLM 7.01 for Windows. Skokie, IL: Scientific Software
International, Inc.
94 Ray-Mukherjee, J., K. Nimon, S. Mukherjee, D.
W. Morris, R. Slotow, and M. Hamer. 2014. Using
Commonality Analysis in Multiple Regressions: A Tool
to Decompose Regression Effects in the Face of Multicollinearity. Methods in Ecology and Evolution 5: 320–8.
95 Reichwein Zientek, L., and B. Thompson. 2006.
Commonality Analysis: Partitioning Variance to
Facilitate Better Understanding of Data. Journal of Early
Intervention 28: 299–307.
96 Rice, N., and Leyland, A. 1996. Multilevel Models:
Applications to Health Data. Journal of Health Services
Research 1: 154–64.
97 Robinson, W. S. 1950. Ecological Correlations and the
Behavior of Individuals. American Sociological Review 15:
351–7.
98 Rosopa, P. J., M. M. Schaffer, and A. N. Schroeder. 2013.
Managing Heteroscedasticity in General Linear Models.
Psychological Methods 18: 335–51.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

370

Section III Dependence Techniques – Metric Outcomes

99 Rousseeuw, P. J., and A. M. Leroy. 1987. Robust
Regression and Outlier Detection. New York: Wiley.
100 Rousseeuw, P. J., and A. M. Leroy. 2003. Robust
Regression and Outlier Detection. New York: Wiley.
101 Rousseeuw, P. J., and A. M. Leroy. 2005. Robust
Regression and Outlier Detection, Wiley Series in
Probability and Statistics Vol. 589. New York: Wiley.
102 Sampson, R. J., S. W. Raudenbush, and F. Earls. 1997.
Neighborhoods and Violent Crime: A Multilevel Study
of Collective Efficacy. Science 277(5328): 918–24.
103 Schoen, J. L., J. A. DeSimone, and L. R. James. 2011.
Exploring Joint Variance Between Independent
Variables and a Criterion: Meaning, Effect, and Size.
Organizational Research Methods 14: 674–95.
104 Schwarz, G. 1978. Estimating the Dimension of a
Model. Annals of Statistics 6: 461–4.
105 Seber, G. A. F. 2004. Multivariate Observations. New
York: Wiley.
106 Sharma, S., R. M. Durand, and O. Gur-Arie. 1981. Identification and Analysis of Moderator Variables. Journal
of Marketing Research 18: 291–300.
107 Singer, J. D. 1987. An Intraclass Correlation Model for
Analyzing Multilevel Data. Journal of Experimental
Education 55: 219–28.
108 Snijders, T., and R. J. Bosker. 2012. Multilevel Analysis: An Introduction to Basic and Advanced Multilevel
Modeling, 2nd edn. Thousand Oaks, CA: Sage.
109 Snijders, Tom A. B. 2005. Power and Sample Size in
Multilevel Linear Models. In B. S. Everitt and
D. C. Howell (eds.), Encyclopedia of Statistics in Behavioral Science, Volume 3, Chicester: Wiley, pp. 1570–73.
110 Soyer, E., and R. M. Hogarth. 2012. The Illusion of
Predictability: How Regression Statistics Mislead
Experts. International Journal of Forecasting 28: 695–711.
111 Thomas, D. R., B. D. Zumbo, E. Kwan, and L. Schweitzer.
2014. On Johnson’s (2000) Relative Weights Method
for Assessing Variable Importance: A Reanalysis.
Multivariate Behavioral Research 49: 329–38.
112 Thomas, S. L., and R. H. Heck. 2001. Analysis of LargeScale Secondary Data in Higher Education Research:
Potential Perils Associated with Complex Sampling
Designs. Research in Higher Education 42: 517–40.
113 Thompson, D. M., D. H. Fernald, and J. W. Mold.
2012. Intraclass Correlation Coefficients Typical of
Cluster-Randomized Studies: Estimates from the Robert
Wood Johnson Prescription for Health Projects. Annals
of Family Medicine 10: 235–40.
114 Tibshirani, R. 1996. Regression Shrinkage and Selection
via the Lasso. Journal of the Royal Statistical Society
Series B 58: 267–88.

115 Tibshirani, R. 2011. Regression Shrinkage and Selection via the Lasso: A Retrospective. Journal of the Royal
Statistical Society Series B 73: 273–82.
116 Tonidandel, S., and J. M. LeBreton. 2010. Determining
the Relative Importance of Predictors in Logistic
Regression: An Extension of Relative Weights Analysis.
Organizational Research Methods 13: 767–81.
117 Tonidandel, S., and J. M. LeBreton. 2011. Relative Importance Analysis: A Useful Supplement to Regression Analysis. Journal of Business and Psychology 26: 1–9.
118 Tonidandel, S., and J. M. LeBreton. 2015. RWA web:
A Free, Comprehensive, Web-Based, and User-Friendly
Tool for Relative Weight Analyses. Journal of Business
and Psychology 30: 207–16.
119 Tonidandel, S., J. M. LeBreton, and J. W. Johnson. 2009.
Determining the Statistical Significance of Relative
Weights. Psychological Methods 14: 387–99.
120 Varian, H. R. 2014. Big Data: New Tricks for
Econometrics. Journal of Economic Perspectives 28: 3–27.
121 Vrieze, S. I. 2012. Model Selection and Psychological
Theory: A Discussion of the Differences Between the
Akaike Information Criterion (AIC) and the Bayesian
Information Criterion (BIC). Psychological Methods 17:
228–43.
122 Wang, J., H. Xie, and J. F. Fisher. 2011. Multilevel Models:
Applications Using SAS®. Berlin: Walter de Gruyter.
123 Weisberg, S. 1985. Applied Linear Regression, 2nd edn.
New York: Wiley.
124 White, H. 1980. A Heteroskedasticity-Consistent
Covariance Matrix Estimator and a Direct Test for
Heteroskedasticity. Econometrica 48: 817–38.
125 Wilkinson, L. 1975. Tests of Significance in Stepwise
Regression. Psychological Bulletin 86: 168–74.
126 Wilson, Sven E., and Daniel M. Butler. 2007. A Lot
More to Do: The Sensitivity of Time-Series CrossSection Analyses to Simple Alternative Specifications.
Political Analysis 15: 101–23.
127 Wooldridge, J. M. 2010. Econometric Analysis of Cross
Section and Panel Data. Cambridge, MA: MIT Press.
128 Yoo, W., R. Mayberry, S. Bae, K. Singh, K., Q. (Peter) He,
and J. W. Lillard. 2014. A Study of Effects of MultiCollinearity in the Multivariable Analysis. International
Journal of Applied Science and Technology 4: 9–19.
129 Zhang, C. H., and J. Huang. 2008. The Sparsity and
Bias of the Lasso Selection in High-Dimensional Linear
Regression. Annals of Statistics 1567–94.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

6

MANOVA: Extending ANOVA

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

●

Explain the difference between the univariate null hypothesis of ANOVA and the multivariate null hypothesis
of MANOVA.
Discuss the advantages of a multivariate approach to significance testing compared to the more traditional
univariate approaches.

●

State the assumptions for the use of MANOVA.

●

Discuss the different types of test statistics that are available for significance testing in MANOVA.

●

Describe the purpose of post hoc tests in ANOVA and MANOVA.

●

Interpret interaction results when more than one independent variable is used in MANOVA.

●

Describe the purpose of multivariate analysis of covariance (MANCOVA).

●

Describe the uses and insights gained from incorporating mediation and moderation effects.

●

Identify situations in which causal inferences may be strengthened even in non-randomized studies.

chapter Preview
Multivariate analysis of variance (MANOVA) is an extension of analysis of variance (ANOVA) to accommodate
more than one dependent variable. It is a dependence technique that measures the differences for two or more metric
dependent variables based on a set of categorical (nonmetric) variables acting as independent variables. ANOVA and
MANOVA can be stated in the following general forms:
Analysis of Variance
Y1 5 X1 1 X2 1 X3 1 c1 Xn
1 metric 2
1 nonmetric 2
Multivariate Analysis of Variance
Y1 1 Y2 1 Y3 1 c1 Yn 5 X1 1 X2 1 X3 1 c1 Xn
1 metric 2
1 nonmetric 2
Like ANOVA, MANOVA is concerned with differences between groups (or experimental treatments). ANOVA is
termed a univariate procedure because we use it to assess group differences on a single metric dependent variable.
MANOVA is termed a multivariate procedure because we use it to assess group differences across multiple metric
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dependent variables simultaneously. In MANOVA, each treatment group is observed on two or more dependent
variables.
The concept of multivariate analysis of variance was introduced more than 70 years ago by Wilks [125].
However, it was not until the development of appropriate test statistics with tabled distributions and the more
recent widespread availability of software programs to compute these statistics that MANOVA became a practical
tool for researchers.
Both ANOVA and MANOVA are particularly useful when used in conjunction with experimental designs. That
is, research designs in which the researcher directly controls or manipulates one or more independent variables to
determine the effect on the dependent variable(s). ANOVA and MANOVA provide the tools necessary to judge the
observed effects (i.e., whether an observed difference is due to a treatment effect or to random sampling variability). However, MANOVA has a role in non-experimental designs (e.g., survey research) where groups of interest
(e.g., gender, purchaser/non-purchaser) are defined and then the differences on any number of metric variables
(e.g., attitudes, satisfaction, purchase rates) are assessed for statistical significance.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology to
be used. Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key
term cross-references are italicized.
Alpha (a) Significance level associated with the statistical testing of the differences between two or more groups. Typically, small

values, such as .05 or .01, are specified to minimize the possibility of making a Type I error.
Analysis of variance (AnoVA) Statistical technique used to determine whether samples from two or more groups come

from populations with equal means (i.e., Do the group means differ significantly?). Analysis of variance examines one
dependent measure, whereas multivariate analysis of variance compares group differences on two or more dependent
variables.
A priori test See planned comparison.
Assumption of the strongly ignorable treatment assignment A condition for making causal inferences, it requires that all
confounding be eliminated from the treatment and control groups. Random assignment controls for this assumption and
propensity score models attempt to adjust the treatment and control groups so that they meet it as well.
Ate Average treatment effect of the treatment represents the expected difference in the outcome between treatment and control
groups.
Att Average treatment effect for the treated represents the difference between those who were treated versus those that were
not. The ATT does not equal the ATE.
Balance Comparison on a covariate/confound between the treatment and control groups. Balance is achieved when there is no
statistical significance between the two groups on a covariate/confound, with each tested separately for balance.
Balanced design Experimental design with an equal number of respondents in each cell. Also see unbalanced design.
Beta (b) See Type II error.
Blocking factor Characteristic of respondents in the ANOVA or MANOVA that is used to reduce within-group variability by
becoming an additional factor in the analysis. Most often used as a control variable (i.e., a characteristic not included in the
analysis but one for which differences are expected or proposed). By including the blocking factor in the analysis, additional
groups are formed that are more homogeneous and increase the chance of showing significant differences on the main effect
of interest. As an example, assume that customers were asked about their buying intentions for a product and the independent
measure used was age. Prior experience showed that substantial variation in buying intentions for other products of this type
was also due to gender. Then gender could be added as a further factor so that each age category was split into male and female
groups with greater within-group homogeneity. Used to address nuisance factors.
Bonferroni inequality Approach for adjusting the selected alpha level to control for the overall Type I error rate when performing
a series of separate tests. The procedure involves calculating a new critical value by dividing the proposed alpha rate by the
number of statistical tests to be performed. For example, if a .05 significance level is desired for a series of five separate tests,
then a rate of .01 1 .05 4 5 2 is used in each separate test.
Box’s M test Statistical test for the equality of the variance–covariance matrices of the dependent variables across the groups. It is
especially sensitive to the presence of non-normal variables. Use of a conservative significance level (i.e., .01 or less) is suggested
as an adjustment for the sensitivity of the statistic.
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causal effects The difference (main effect) between treatment and control groups can be attributed solely to the treatment effect,

with no confounds or other influences. See causal inference.
causal inference The process of estimating causal effects, whether by randomized experiments or other means (e.g., propensity

score models).
complete mediation When the indirect effect of mediation “replaces” the original main effect such that the mediated main effect

is nonsignificant.
confound An omitted variable from the analysis which is related to both factor/treatment and outcome such that it acts as another

“cause” for the main effect. Its omission calls into question whether the treatment S outcome relationship is valid or if the
confound is the true explanation.
contrast Procedure for investigating specific group differences of interest in conjunction with ANOVA and MANOVA
(e.g., comparing group mean differences for a specified pair of groups).
control group Group of respondents identical to the treatment group except that they did not receive the treatment.
controlled experiment Experiment in which respondents are randomly assigned to treatment or control group to ensure that
causal inferences can be made.
counterfactual When participants are exposed to either the treatment or control, they obviously cannot be exposed to both. The
counterfactual represents the outcome of each participant that is “missing” (e.g., the outcome of a participant in the treatment
group would have had if they were in the control group or vice versa).
covariates, or covariate analysis Use of regression-like procedures to remove extraneous (nuisance) variation in the dependent
variables due to one or more uncontrolled metric independent variables (covariates). The covariates are assumed to be linearly
related to the dependent variables. After adjusting for the influence of covariates, a standard ANOVA or MANOVA is carried
out. This adjustment process (known as ANCOVA or MANCOVA) usually allows for more sensitive tests of treatment effects.
critical value Value of a test statistic (t test, F test) that denotes a specified significance level. For example, 1.96 denotes a
.05 significance level for the t test with large sample sizes.
cross-sectional study See observational study.
DAG (directed acyclic graphs) Conceptual framework for identifying causal effects among the presence of confounds, both measured
and unmeasured. The DAG is a graphical representation of the network of effects that impact the causal effect of interest.
Discriminant function Dimension of difference or discrimination between the groups in the MANOVA analysis. The discriminant
function is a variate of the dependent variables.
Disordinal interaction Form of interaction effect among independent variables that invalidates interpretation of the main effects
of the treatments. A disordinal interaction is exhibited graphically by plotting the means for each group and having the lines
intersect or cross. In this type of interaction the mean differences not only vary, given the unique combinations of independent
variable levels, but the relative ordering of groups changes as well.
effect size Standardized measure of group differences used in the calculation of statistical power. Calculated as the difference
in the group means divided by the standard deviation, it is then comparable across research studies as a generalized measure
of effect (i.e., differences in group means).
experiment Research approach typically characterized by (a) random assignment of respondents to treatment and control groups,
and (b) researcher manipulation of the treatment.
experimental design Research plan in which the researcher directly manipulates or controls one or more independent variables
(see treatment or factor) and assesses their effect on the dependent variables. Associated with the scientific method, it is gaining in popularity in business and the social sciences. For example, respondents are shown separate advertisements that vary
systematically on a characteristic, such as different appeals (emotional versus rational) or types of presentation (color versus
black-and-white) and are then asked their attitudes, evaluations, or feelings toward the different advertisements.
experimentwide error rate The combined or overall error rate that results from performing multiple t tests or F tests that are
related (e.g., t tests among a series of correlated variable pairs or a series of t tests among the pairs of categories in a multichotomous variable).
external validity Extent to which the results of an analysis can be generalized to other contexts (e.g., situations, populations).
Factor Nonmetric independent variable, also referred to as a treatment or experimental variable.
Factorial design Design with more than one factor (treatment). Factorial designs examine the effects of several factors simultaneously by forming groups based on all possible combinations of the levels (values) of the various treatment variables.
Field experiment Implementation of a controlled experiment in a “natural” setting (i.e., outside a controlled laboratory environment) in an attempt to increase external validity, but also raising threats to internal validity.
General linear model (GLM) Extension of the linear model that can accommodate multiple dependent and independent variables.
As such, it can perform a wide range of multivariate techniques, including multiple regression, canonical correlation, ANOVA,
MANOVA and discriminant analysis.
Generalized linear model (GLZ) Generalized estimation procedure based on three components: (1) a variate formed by the
linear combination of independent variables, (2) a probability distribution specified by the researcher based on the characteristics of the dependent variables, and (3) a link function that denotes the connection between the variate and the probability
distribution.
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Homogeneity of regression effect Assumption of covariance analysis where covariates are assumed to have the same relationship

(i.e., slope coefficient) with all dependent variables.
Hotelling’s T 2 Test to assess the statistical significance of the difference on the means of two or more variables between two groups.

It is a special case of MANOVA used with two groups or levels of a treatment variable.
independence Critical assumption of ANOVA or MANOVA that requires that the dependent measures for each respondent be

totally uncorrelated with the responses from other respondents in the sample. A lack of independence severely affects the
statistical validity of the analysis unless corrective action is taken.
indirect effect The effect in mediation that “transmits” the main effect through the mediating variable and is formed by two
interrelated relationships: (a) treatment S mediator, and (b) mediator S outcome.
instructional manipulation check Questions inserted into a research design to assess if respondents are following instructions
and attentive to the task. An example would be the question in which respondent is given the answer, so an incorrect answer
would suggest inattention to questions.
instrumental variable Variable related solely to the treatment that is used in observational studies to “control” for confounds
and allowing for making causal inferences.
interaction effect In factorial designs, the joint effects of two treatment variables in addition to the individual main effects.
It means that the difference between groups on one treatment variable varies depending on the level of the second treatment
variable. For example, assume that respondents were classified by income (three levels) and gender (males versus females).
A significant interaction would be found when the differences between males and females on the independent variable(s)
varied substantially across the three income levels.
internal validity Degree to which the research design and analysis is correctly performed. Particularly important in experimental
research as it deals with direct threats (e.g., confounds) to making causal inferences.
inverse probability of treatment weighting (iPtW) Process of weighting individual observations to adjust for the covariate set
rather than matching or stratification.
intervening effect See indirect effect.
Link function A primary component of the generalized linear model (GLZ) that specifies the transformation between the variate
of independent variables and the specified probability distribution. In MANOVA (and regression) the identity link can be
used with a normal distribution, corresponding to our statistical assumptions of normality.
Main effect The individual effect of each treatment variable on the dependent variable(s).
Manipulation check Question(s) focused on ensuring that respondents correctly perceived or experienced the treatment. Not
directed toward the outcome, but only used to assess if the treatment performs as expected.
Matching Method of creating comparable treatment and control groups by “matching” observations from one group with observations from the other group with equal or very similar propensity scores.
Mediator An intervening variable that attempts to explain “Why” a treatment S outcome relationship occurs. The mediator
is assumed to be “caused” by the treatment and the mediator then “causes” the outcome in a causal chain. In this manner it
becomes an alternative representation of the main effect.
Moderator The strength and/or direction of a main effect varies between different values of a third variable—the moderator.
Model overlap Comparison of the range of propensity scores between treatment and control groups.
Multivariate normal distribution Generalization of the univariate normal distribution to the case of p variables. A multivariate
normal distribution of sample groups is a basic assumption required for the validity of the significance tests in MANOVA
(see Chapter 2 for more discussion of this topic).
natural experiment A non-random form of experimental research where the treatment occurs naturally (e.g., natural disaster, etc.).
nuisance factor A characteristic of respondents or the research context which may increase the variability of the outcome, but
has no relevance to the research question. Can be accounted for through use of a blocking factor or covariate.
null hypothesis Hypothesis with samples that come from populations with equal means (i.e., the group means are equal) for
either a dependent variable (univariate test) or a set of dependent variables (multivariate test). The null hypothesis can be
accepted or rejected depending on the results of a test of statistical significance.
observational study Non-random research design common to many research contexts. Primary limitations are that respondent
selection is not controlled by the researcher and confounds are very difficult to identify and then account for in the analysis.
ordinal interaction Acceptable type of interaction effect in which the magnitudes of differences between groups vary but the
groups’ relative positions remain constant. This type of interaction is graphically represented by plotting mean values and
observing non-parallel lines that do not intersect.
orthogonal Statistical independence or absence of association. Orthogonal variates explain unique variance, with no variance
explanation shared between them. Orthogonal contrasts are planned comparisons that are statistically independent and represent unique comparisons of group means.
outcome Term used in controlled experimental setting to represent the dependent variable.
Partial mediation When the indirect effect of mediation is significant but does not completely “replace” the original main effect
such that the mediated main effect is still significant as well. Also see complete mediation.
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Pillai’s criterion Test for multivariate differences similar to Wilks’ lambda.
Planned comparison A priori test that tests a specific comparison of group mean differences. These tests are performed in

conjunction with the tests for main and interaction effects by using a contrast.
Post hoc test Statistical test of mean differences performed after the statistical tests for main effects have been performed. Most

often, post hoc tests do not use a single contrast, but instead test for differences among all possible combinations of groups.
Even though they provide abundant diagnostic information, they do inflate the overall Type I error rate by performing multiple
statistical tests and thus must use strict confidence levels.
Potential outcomes Framework for causal inferences developed by Rubin which provides an approach for achieving the comparability for estimating causal effects between treatment and control groups in non-experimental settings (e.g., observational data).
Power Probability of identifying a treatment effect when it actually exists in the sample. Power is defined as 1 2 b (see beta).
Power is determined as a function of the statistical significance level 1 a 2 set by the researcher for a Type I error, the sample
size used in the analysis, and the effect size being examined.
PRoceSS macro Software available for IBM SPSS and SAS that provides template-driven models of mediation, moderation and
even combinations of mediation/moderation.
Propensity score A single value that represents the set of covariates/confounders impacting the causal effect. Most often calculated
as the predicted probability from a propensity scoring model and used to “match” observations from treatment and control
groups.
Propensity scoring model Technique in which all potential confounders are combined into a single variate through a logistic
regression model to generate a propensity score. The propensity score is then used to adjust treatment and control groups so
that they are equivalent across all the confounders, meet the strongly ignorable treatment assignment assumption and allow for
causal inferences to be made.
Quasi-experiment Similar to a controlled experiment except it lacks assignment to the two groups through randomization.
Repeated measures Use of two or more responses from a single individual in an ANOVA or MANOVA analysis. The purpose of
a repeated measures design is to control for individual-level differences that may affect the within-group variance. Repeated
measures represent a lack of independence that must be accounted for in a special manner in the analysis.
Replication Repeated administration of an experiment with the intent of validating the results in another sample of
respondents.
Roy’s greatest characteristic root (gcr) Statistic for testing the null hypothesis in MANOVA. It tests the first discriminant function of the dependent variables for its ability to discern group differences.
Significance level See alpha.
Sobel test A parametric statistical test for the significance of the indirect effect in mediation. Criticized for low power, researchers
have suggested using bootstrapping as an alternative test of significance.
Sphericity assumption Found in repeated measures ANOVA designs, assumes that differences between all possible pairs of levels
of the independent variable are equal. MANOVA can be used when violations occur.
Stable unit treatment value assumption (SUtVA) Assumption applicable to all causal inferences that the treatment assignment
process does not impact the outcomes (i.e., one person’s assignment does not impact another person’s outcomes).
Stepdown analysis Test for the incremental discriminatory power of a dependent variable after the effects of other dependent
variables have been taken into account. Similar to stepwise regression or discriminant analysis, this procedure, which relies on
a specified order of entry, determines how much an additional dependent variable adds to the explanation of the differences
between the groups in the MANOVA analysis.
Stratification Formation of subgroups of observations that have similar values on the propensity scores. The number of strata can
vary based on the degree of equivalence desired in each stratum.
t statistic Test statistic that assesses the statistical significance between two groups on a single dependent variable (see t test).
t test Test to assess the statistical significance of the difference between two sample means for a single dependent variable.
The t test is a special case of ANOVA for two groups or levels of a treatment variable.
treatment Independent variable (factor) that a researcher manipulates to see the effect (if any) on the dependent variables. The
treatment variable can have several levels. For example, different intensities of advertising appeals might be manipulated to
see the effect on consumer believability.
type i error Probability of rejecting the null hypothesis when it should be accepted, that is, concluding that two means are
significantly different when in fact they are the same. Small values of alpha (e.g., .05 or .01), also denoted as a, lead to rejection
of the null hypothesis that population means are equal, and acceptance of the alternative hypothesis that population means
are not equal.
type ii error Probability of failing to reject the null hypothesis when it should be rejected, that is, concluding that two means are
not significantly different when in fact they are different. Also known as the beta 1 b 2 error.
Unbalanced design When the cell sizes formed by the treatment(s) are unequal in size. Most easily occurs in noncontrolled
settings such as observational studies or natural experiments.
U statistic See Wilks’ lambda.
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Variate Linear combination of variables. In MANOVA, the dependent variables are formed into variates in the discriminant

function(s).
Vector Set of real numbers (e.g., X1, c, Xn) that can be written in either columns or rows. Column vectors are considered

conventional, and row vectors are considered transposed. Column vectors and row vectors are shown as follows:

X1
X
X 5 D 2T
(
Xn

XT 5 3 X1 X2 cXn 4

Column vector Row vector
Wilks’ lambda One of the four principal statistics for testing the null hypothesis in MANOVA. Also referred to as the maximum

likelihood criterion or U statistic.

Re-emergence of experimentation
Experimentation has long been associated with the physical sciences and is a foundational principle of the scientific
method of research. Yet while the social sciences were a less frequent user of experimentation in past years, that
trend has now been reversed. First, the traditional randomized laboratory experiment found its way into areas such
as consumer behavior and behavioral economics, and recent years have seen an explosion in the use of field experiments in many disciplines [85, 17, 30]. Academic researchers are increasingly looking to all forms of experimental
methods to address an ever-widening range of research questions.
Along with this increased use in academia, the business sector has embraced experimentation, particularly field
experiments, in the era of Big Data [2]. The rise of massive datasets of customer information and the ready access
to customer behavior data through digital means make applications of experimentation accessible to a wide range
of firms. Examples include Capital One’s use of tens of thousands of experiments a year or Facebook’s embrace of
experimentation [106]. Of particular focus has been customer-oriented studies given the access to customer data
(e.g., the gaming industry [90]), but it applies to all business sectors, even public organizations [6]. See Chapter 1 for
a broader overview of Big Data and the impact on all areas of analytics.

experimental Approaches Versus other Multivariate Methods
ANOVA and MANOVA are perhaps most widely associated with experiments and their numerous variations
across every discipline. The fundamental characteristic across all types of experiments is the treatment S outcome
relationship, where a factor/treatment(s) is conceptualized to “cause” a specific outcome (i.e., cause-and-effect).
We use the term “cause” in a rather general sense to establish at least an ordering to the variables in the relationship. There is a vast research tradition of experimental design and it is beyond the scope of this chapter
to address all of its facets covered in a number of fields of research [25, 8, 104, 87]. We generally associate a
“hypothesis” with this treatment S outcome relationship, although it may or may not conform to the principles
of causation. But as we will discuss in a later section on causal inference, it is not the statistical techniques that
confer causation, but the conceptual and theoretical development and specific research design that are necessary
before causality can be assessed.
What distinguishes research with an experimental emphasis from many other multivariate techniques discussed
in this text is the focus on a single or small number of “causes” to establish a very specific “effect.” Certainly the
interdependence techniques (exploratory factor analysis and cluster analysis) have quite different objectives, but
even multiple regression, discriminant analysis, logistic regression, and structural equation modeling, which all
focus on prediction and explanation, rely on a much more complex variate with multiple independent variables.
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There are methods such as sequential variable selection and variable importance measures to provide assistance
in assessing the impact of the variate elements. But these methods are not employed in experimental designs
since the focus is on a much smaller number of independent variables, many times trying to isolate the effect of
a single variable.

MAnoVA: extending Univariate Methods for Assessing Group Differences
Multivariate techniques are often extensions of univariate techniques, as in the case for multiple regression, which
extended simple bivariate regression (with only one independent variable) to a multivariate analysis where two
or more independent variables could be used. A similar situation is found in analyzing group differences. These
procedures are classified as univariate not because of the number of independent variables (known as treatments or
factors), but instead because of the number of dependent variables. In multiple regression, the terms univariate and
multivariate refer to the number of independent variables, but for ANOVA and MANOVA the terminology applies
to the use of single or multiple dependent variables.
The univariate techniques for analyzing group differences are the t test (two groups) and analysis of variance
(ANOVA) for two or more groups. The multivariate equivalent procedures are the Hotelling T2 and multivariate analysis
of variance, respectively. The relationships between the univariate and multivariate procedures are shown in Figure 6.1.
The t test and Hotelling’s T2 are portrayed as specialized cases in that they are limited to assessing only two groups
(categories) for an independent variables. Both ANOVA and MANOVA can also handle the two group situations as
well as address analyses where the independent variables have more than two groups. A review of both the t test and
ANOVA are available in the Basic Stats appendix available in the online resources at the text’s websites.
MULtiVARiAte PRoceDUReS FoR ASSeSSinG GRoUP DiFFeRenceS
As statistical inference procedures, both the univariate techniques (t test and ANOVA) and their multivariate extensions (Hotelling’s T2 and MANOVA) are used to assess the statistical significance of differences between groups. In
the t test and ANOVA, the null hypothesis tested is the equality of a single dependent variable means across groups.
In the multivariate techniques, the null hypothesis tested is the equality of vectors of means on multiple dependent
variables across groups. The distinction between the hypotheses tested in ANOVA and MANOVA is illustrated in
Figure 6.2. In the univariate case, a single dependent measure is tested for equality across the groups. In the multivariate case, a variate is tested for equality. The concept of a variate has been instrumental in our discussions of the
previous multivariate techniques and is covered in detail in Chapter 1.
In MANOVA, the researcher actually has two variates – one for the dependent variables and another for the independent variables. The dependent variable variate is of more interest because the metric-dependent measures can
be combined in a linear combination as we have already seen in multiple regression and discriminant analysis. The
unique aspect of MANOVA is that the variate for the dependent variables optimally combines the multiple dependent
measures into a single value that maximizes the differences across groups.
Figure 6.1
extending the Univariate Methods (t test and AnoVA) to the Multivariate Analysis
number of Dependent Variables
number of Groups

one

two or More

(Univariate)

(Multivariate)

t test

Hotelling’s T2

two or More Groups

Analysis of

Multivariate analysis

(Generalized case)

variance (ANOVA)

of variance (MANOVA)

in independent Variable
two Groups
(Specialized case)
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Figure 6.2
null Hypothesis testing
of AnoVA and MAnoVA

ANOVA
H0 : µ1= µ2= . . . µk
Null hypothesis (H0) = all the group means are equal,
that is, they come from the same population.
MANOVA
µ11
µ21

H0 :

µ12
µ22

=

µp1

µ1k
µ2k

=.......=

µp2

µpk

Null hypothesis (H0) = all the group mean vectors are equal,
that is, they come from the same population.
µpk = means of variable p, group k

The Two-Group Case: Hotelling’s T2

Assume that researchers were interested in both the appeal and purchase
intent generated by two advertising messages. If only univariate analyses were used, the researchers would perform
separate t tests on the ratings of both the appeal of the messages and the purchase intent generated by the messages.
Yet the two measures are interrelated; thus, what is really desired is a test of the differences between the messages on
both variables collectively. Here is where Hotelling’s T2, a specialized form of MANOVA and a direct extension of
the univariate t test, can be used.
Hotelling’s T2 provides a statistical test of the variate formed from the dependent
variables, which produces the greatest group difference. It also addresses the problem of inflating the Type I error
rate that arises when making a series of t tests of group means on several dependent measures. It controls this inflation of the Type I error rate by providing a single overall test of group differences across all dependent variables at
a specified a level.
How does Hotelling’s T2 achieve these goals? Consider the following equation for a variate of the dependent
variables:
C 5 W1X1 1 W2X2 1 c1 WnXn
where:
contRoLLinG FoR tYPe i eRRoR RAte

C 5 composite or variate score for a respondent
Wi 5 weight for dependent variable i
Xi 5 dependent variable i
In our example, the ratings of message appeal are combined with the purchase intentions to form the composite. For
any set of weights, we could compute composite scores for each respondent and then calculate an ordinary t statistic
for the difference between groups on the composite scores. However, if we can find a set of weights that gives the
maximum value for the t statistic for this set of data, these weights would be the same as the discriminant function
between the two groups (as shown in Chapter 7). The maximum t statistic that results from the composite scores
produced by the discriminant function can be squared to produce the value of Hotelling’s T2 [43].
The computational formula for Hotelling’s T2 represents the results of mathematical derivations used to solve
for a maximum t statistic (and, implicitly, the most discriminating linear combination of the dependent variables).
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It is equivalent to saying that if we can find a discriminant function for the two groups that produces a significant
T2, the two groups are considered different across the mean vectors. Figure 6.3 is a graphical portrayal of the test
for group differences for the t test and Hotelling’s T2. As we will discuss later, MANOVA is statistically equivalent to
discriminant analysis and readers familiar with graphical portrayals of discriminant analysis will see the similarities.
How does Hotelling’s T2 provide a test of the hypothesis of no group difference on the vectors
of mean scores? Just as the t statistic follows a known distribution under the null hypothesis of no treatment effect
on a single dependent variable, Hotelling’s T2 follows a known distribution under the null hypothesis of no treatment effect on any of a set of dependent measures. This distribution turns out to be an F distribution with p and
N1 1 N2 2 2 2 1 degrees of freedom after adjustment (where p 5 the number of dependent variables). To get the
critical value for Hotelling’s T2, we find the tabled value for Fcrit at a specified a level and compute T2crit as follows:
StAtiSticAL teStinG

T2crit 5

p 1 N1 1 N2 2 2 2
3 Fcrit
N1 1 N2 2 p 2 1

The K-Group Case: MANOVA Just as ANOVA was an extension of the t test, MANOVA can be considered an
extension of Hotelling’s T2 procedure. We estimate dependent variable weights to produce a variate score for each
respondent that is maximally different across all of the groups. Many of the same analysis design issues discussed for
ANOVA apply to MANOVA, but the method of statistical testing differs markedly from that of ANOVA.

All of the issues of analysis design applicable to ANOVA (number of levels per factor, number of
factors, etc.) also apply to MANOVA. Moreover, the number of dependent variables and the relationships among
these dependent measures raise additional issues that will be discussed later. MANOVA enables the researcher to
assess the impact of multiple independent variables on not only the individual dependent variables, but on the
dependent variables collectively as well.

AnALYSiS DeSiGn

StAtiSticAL teStinG In the case of two groups, once the variate is formed, the procedures of ANOVA are basically used
to identify whether differences exist. With three or more groups (either by having a single independent variable with
three levels or by using two or more independent variables), the analysis of group differences becomes more closely
allied to discriminant analysis (see Chapter 7). For three or more groups, just as in discriminant analysis, multiple
variates of the dependent measures are formed. The first variate, termed a discriminant function, specifies a set of
weights that maximize the differences between groups, thereby maximizing the F value. The maximum F value itself

Hotelling’s T 2

B

A

Group A

Group B

Dependent Variable Y1

Dependent Variable Y1

t test

Figure 6.3
extending the t test to
Hotelling’s T2

Gr
ou
p
B

Gr
ou
p
A

Dependent Variable Y2

Note: Letters A and B designate group means in t test and group centroids in Hotelling’s T2
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enables us to compute directly what is called Roy’s greatest characteristic root (gcr) statistic, which allows for the
statistical test of the first discriminant function. The greatest characteristic root statistic can be calculated as [43]:
Roy’s gcr 5 1 k 2 1 2 Fmax/ 1 N 2 k 2

To obtain a single test of the hypothesis of no group differences on this first vector of mean scores, we could refer
to tables of Roy’s gcr distribution. Just as the F statistic follows a known distribution under the null hypothesis of
equivalent group means on a single dependent variable, the gcr statistic follows a known distribution under the null
hypothesis of equivalent group mean vectors (i.e., group means are equivalent on a set of dependent measures). A
comparison of the observed gcr to Roy’s gcrcrit gives us a basis for rejecting the overall null hypothesis of equivalent
group mean vectors.
Any subsequent discriminant functions are orthogonal; they maximize the differences among groups based
on the remaining variance not explained by the prior function(s). Discriminant functions are created for significance testing of each effect—for each independent variable (main effect) and each interaction created when
two or more independent variables are included in the analysis. Thus, in some instances, the test for differences
between groups involves not just the first variate score but also a set of variate scores that are evaluated simultaneously. In these cases, a set of multivariate tests is available (e.g., Wilks’ lambda, Pillai’s criterion), and each
test is designed for specific situations of testing these multiple variates. Again, these are the same multivariate
tests used in discriminant analysis.
We noted earlier that in statistical testing MANOVA employs
a discriminant function, which is the variate of dependent variables that maximizes the difference between groups.
The question may arise: What is the difference between MANOVA and discriminant analysis? In some aspects,
MANOVA and discriminant analysis are mirror images:

DiFFeRenceS BetWeen MAnoVA AnD DiScRiMinAnt AnALYSiS

●

●

The dependent variables in MANOVA (a set of metric variables) are the independent variables in discriminant
analysis,
The single nonmetric dependent variable of discriminant analysis becomes the independent variable in
MANOVA.

Moreover, both use the same methods in forming the variates and assessing the statistical significance between
groups [51]. The differences, however, center around the objectives of the analyses and the role of the nonmetric
variable(s).
●

●

Discriminant analysis employs a single nonmetric variable as the dependent variable. The categories of the
dependent variable are assumed as given, and the independent variables are used to form variates that maximally differ between the groups formed by the dependent variable categories. Discriminant analysis does not
have the ability to use more than one nonmetric variable as the dependent measure. Moreover, emphasis is
placed on detecting which of the metric independent variables provide discrimination between the groups,
which are assumed as fixed.
MANOVA uses the set of given metric variables as dependent variables and the objective becomes finding
groups of respondents that exhibit differences on the set of dependent variables. The groups of respondents are
not prespecified as they were in discriminant analysis. Instead, the researcher uses one or more independent
variables (nonmetric variables) to form groups. MANOVA, even while forming these groups, still retains the
ability to assess the impact of each nonmetric variable separately.

So we can see that while the two techniques use the same underlying statistical model, their focus differs. In
discriminant analysis, the groups formed by the nonmetric dependent measure are assumed as given and interest is
in the set of metric independent variables for their ability to discriminate among the groups. In MANOVA, however,
the set of metric variables used as dependent measures are assumed given and interest is in finding the nonmetric
variable(s) that form groups with the greatest differences on the set of dependent measures.
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A Hypothetical illustration of MAnoVA
A simple example can illustrate the benefits of using MANOVA while also illustrating the use of two independent
variables to assess differences on two dependent variables.
Assume that HBAT’s advertising agency identified two characteristics of HBAT’s advertisements (product type
being advertised and customer status), which they thought caused differences in how people evaluated the advertisements. They asked the research department to develop and execute a study to assess the impact of these characteristics on advertising evaluations.
AnALYSiS DeSiGn
In designing the study, the research team defined the following elements relating to factors used, the dependent
variables, and sample size:
●

●

●

Factors. Two factors (independent variables) were defined as representing Product Type and Customer Status.
For each factor, two levels were also defined: product type (product 1 versus product 2) and customer status
(current customer versus ex-customer). In combining these two variables, we get four distinct groups of
respondents as shown in Figure 6.4.
Dependent variables. Evaluation of the HBAT advertisements used two variables (ability to gain attention and
persuasiveness) measured with a 10-point scale.
Sample. Respondents were shown one of the hypothetical advertisements (one for each combination of
ability to gain attention and persuasiveness) and asked to rate it on the two dependent measures (see
Figure 6.4).

DiFFeRenceS FRoM DiScRiMinAnt AnALYSiS
Although MANOVA constructs the variate and analyzes differences in a manner similar to discriminant analysis,
the two techniques differ markedly in how the groups are formed and analyzed. Let us use the following example to
revisit and illustrate these differences:
●

●

With discriminant analysis, we could only examine the differences between the set of four groups (forming a
single nonmetric variable with levels for each combination of the two independent variables), without making
the distinction as to a group’s characteristics (product type or customer status). The researcher would be able
to determine whether the variate significantly differed only across the groups, but could not assess which
characteristics of the groups related to these differences.
With MANOVA, however, the researcher analyzes the differences in the groups while also assessing whether
the differences are due to product type, customer type, or both. Thus, MANOVA focuses the analysis on the
composition of the groups based on their characteristics (the independent variables).

Figure 6.4
Analysis Design with two Factors and two Dependent Measures
Factor 1: Product type
Factor 2:
customer Status
current customer

ex-customer

Product 1

Product 2

Group 1

Group 3

DV: Attention

DV: Attention

DV: Persuasiveness

DV: Persuasiveness

Group 2

Group 4

DV: Attention

DV: Attention

DV: Persuasiveness

DV: Persuasiveness
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MANOVA enables the researcher to propose a more complex research design by using any number of independent nonmetric variables (within limits) to form groups and then look for significant differences in the dependent
variable variate associated with specific nonmetric variables.
FoRMinG tHe VARiAte AnD ASSeSSinG DiFFeRenceS
With MANOVA we combine multiple dependent measures into a single variate that will then be assessed for differences across one or more independent variables. Let us see how a variate is formed and used in our example.
Assume for this example that the two dependent measures (attention and persuasion) were equally weighted
when summed into the variate value 1 variate total 5 scoreability to gain attention 1 scorepersuasiveness 2 . This first step is
similar to discriminant analysis (see example in Chapter 7) by providing a single composite value with the variables
weighted to achieve maximum differences among the groups. Here the independent variables (product type and
customer status) formed the groups (i.e., the dependent variable in discriminant analysis) and the two dependent
measures were combined in the variate (i.e., like the independent variables in discriminant analysis). It is this process
that provides the variate composed of the two dependent variables (attention and persuasion) that is compared across
the four groups formed by the independent variables.
With the variate formed from the two dependent variables, we can now calculate variate means for each of the
four groups (formed as the combination of the two independent variables) as well as the overall variate mean for
each level. From Figure 6.5 we can draw several conclusions:
●

●

Overall group differences. The four group means for the composite variable totals (i.e., 4.25, 8.25, 11.75,
and 14.0 5 Total column) vary significantly between each group, and are quite different from each other.
MANOVA and discriminant analysis both have a statistical test of this conclusion. But this is where discriminant analysis is limited. Since discriminant analysis is limited to a single nonmetric dependent variable, we can
only assess the differences in the composite variate and the two variables it represents across the four groups,
but with no insight as to how the two variables that formed the four group variable (i.e., product type and
customer status) individually contributed to these differences.
Group differences by independent variable. MANOVA, however, goes beyond analyzing only the differences
across groups by assessing whether product type and/or customer status created groups with these differences.
In MANOVA product type and customer status are now the independent variables and are treated separately

Figure 6.5
Respondent Data for the Hypothetical example of MAnoVA
Product 1
xattention 5 3.50

Product 2

xpurchase 5 4.50

xattention 5 5.50

xtotal 5 8.00
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Figure 6.6
Graphical Display of Group
Means of Variate (total) for
Hypothetical example

xcustomer
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Product 1
xproduct 2

11
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9
8

xproduct 1

7
6

xex-customer

5
4
3

Ex-Customer

Customer

rather than having to be combined into a single nonmetric dependent variable in discriminant analysis. Keeping them as separate independent variables allows for the evaluation of each variable separately (product 1
versus product 2 and customer versus ex-customer—denoted by the symbol j), which are shown in Figure 6.6
along with the means of the four groups (the two lines connect the groups—ex-customer and customer—for
product 1 and product 2). If we look at product type (ignoring distinctions as to customer status), we can see
a mean value of 8.0 for users of product 1 versus a mean value of 11.125 for users of product 2. Likewise, for
customer status, ex-customers had a mean value of 6.25 and customers a mean value of 12.875. Visual examination suggests that both category means show significant differences, with the differences for customer type
1 12.875 2 6.25 5 6.625 2 greater than that for product 1 11.125 2 8.00 5 3.125 2 .
By being able to represent these independent variable category means separately in the analysis, MANOVA not
only shows that overall differences between the four groups do occur (as was done with discriminant analysis), but
also that both customer type and product type contribute significantly to forming these different groups. Therefore,
both characteristics “cause” significant differences, a finding not possible with discriminant analysis.

A Decision Process for MAnoVA
The process of performing a multivariate analysis of variance is similar to that found in many other multivariate
techniques, so it can be described through the six-stage model-building process described in Chapter 1. The
process begins with the specification of research objectives. It then proceeds to a number of design issues facing a
multivariate analysis and then an analysis of the assumptions underlying MANOVA. With these issues addressed,
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the process continues with estimation of the MANOVA model and the assessment of overall model fit. When an
acceptable MANOVA model is found, then the results can be interpreted in more detail. The final step involves
efforts to validate the results to ensure generalizability to the population. Figure 6.7 (Stages 1–3) and Figure 6.10
(Stages 4–6, shown later in the text) provide a graphical portrayal of the process, which is discussed in detail in
the following sections.

Figure 6.7
Stages 1–3 in the Multivariate Analysis of Variance (MAnoVA) Decision Diagram

Stage 1

Stage 2

Research Objectives
Specify type of research problem
Multiple univariate
Structural multivariate
Intrinsically multivariate
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Research Design Issues
Distinguish type of research approach
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Number of treatments (independent variables)
Two or More
Develop factorial design
Interpret interactions

One
Simple MANOVA

Consider Additional Relationships
Moderation
Mediation

Stage 3
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Independence
Homogeneity of variance/covariance matrices
Normality
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Sensitivity to outliers

To
Stage
4
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Stage 1: objectives of MAnoVA
The selection of MANOVA is based on the desire to analyze a dependence relationship represented as the differences
in a set of dependent measures across a series of groups formed by one or more categorical independent measures.
As such, MANOVA represents a powerful analytical tool suitable to a wide array of research questions. Whether used
in actual or quasi-experimental situations (i.e., field settings or survey research for which the independent measures
are categorical), MANOVA can provide insights into not only the nature and predictive power of the independent
measures, but also the interrelationships and differences seen in the set of dependent measures.
WHen SHoULD We USe MAnoVA?
With the ability to examine several dependent measures simultaneously, the researcher can gain in several ways from
the use of MANOVA. Here we discuss the issues in using MANOVA from the perspectives of controlling statistical
accuracy and efficiency while still providing the appropriate forum for testing multivariate questions.
The use of separate univariate ANOVAs or t tests can create a problem
when trying to control the experimentwide error rate [49]. For example, assume that we evaluate a series of five
dependent variables by separate ANOVAs, each time using .05 as the significance level. Given no real differences in
the dependent variables, we would expect to observe a significant effect on any given dependent variable five percent
of the time. However, across our five separate tests, the probability of a Type I error lies somewhere between five
percent, if all dependent variables are perfectly correlated, and 23 percent 1 1 2 .955 2 , if all dependent variables are
uncorrelated. Thus, a series of separate statistical tests leaves us without control of our effective overall or experimentwide Type I error rate (i.e., the probability of at least one false rejection of the hypothesis of no differences). If
the researcher desires to maintain control over the experimentwide error rate and at least some degree of correlation
is present among the dependent variables, then MANOVA is appropriate.

Control of Experimentwide Error Rate

A series of univariate ANOVA tests also ignores the
possibility that some composite (linear combination) of the dependent variables may provide evidence of an overall
group difference that may go undetected by examining each dependent variable separately. Individual tests ignore the
correlations among the dependent variables, and in the presence of multicollinearity among the dependent variables,
MANOVA will be more powerful than the separate univariate tests in several ways:

Differences Among a Combination of Dependent Variables

●
●

●

MANOVA may detect combined differences not found in the univariate tests.
If multiple variates are formed, then they may provide dimensions of differences that can distinguish among the
groups better than single variables.
If the number of dependent variables is kept relatively low (five or fewer), the statistical power of the MANOVA
tests equals or exceeds that obtained with a single ANOVA [20].

The considerations involving sample size, number of dependent variables, and statistical power are discussed in a
subsequent section.
tYPeS oF MULtiVARiAte QUeStionS SUitABLe FoR MAnoVA
The advantages of MANOVA versus a series of univariate ANOVAs extend past the statistical issues in its ability
to provide a single method of testing a wide range of differing multivariate questions. Throughout the text,
we emphasize the interdependent nature of multivariate analysis. MANOVA has the flexibility to enable the
researcher to select the test statistics most appropriate for the question of concern. Hand and Taylor [42] have
classified multivariate problems into three categories, each of which employs different aspects of MANOVA in
its resolution. These three categories are multiple univariate, structured multivariate, and intrinsically multivariate questions.
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Multiple Univariate Questions A researcher studying multiple univariate questions identifies a number of separate
dependent variables (e.g., age, income, education of consumers) that are to be analyzed separately but needs some
control over the experimentwide error rate. In this instance, MANOVA is used to assess whether an overall difference is found between groups, and then the separate univariate tests are employed to address the individual issues
for each dependent variable.
Structured Multivariate Questions A researcher dealing with structured multivariate questions gathers two or more
dependent measures that have specific relationships among them. A common situation in this category is repeated
measures, where multiple responses are gathered from each subject, perhaps over time or in a pretest–posttest exposure to some stimulus, such as an advertisement. Here MANOVA provides a structured method for specifying the
comparisons of group differences on a set of dependent measures while maintaining statistical efficiency.
Intrinsically Multivariate Questions An intrinsically multivariate question involves a set of dependent measures
in which the principal concern is how they differ as a whole across the groups. Differences on individual dependent
measures are of less interest than their collective effect. One example is the testing of multiple measures of response
that should be consistent, such as attitudes, preference, and intention to purchase, all of which relate to differing
advertising campaigns. The full power of MANOVA is utilized in this case by assessing not only the overall differences but also the differences among combinations of dependent measures that would not otherwise be apparent.
This type of question is served well by MANOVA’s ability to detect multivariate differences, even when no single
univariate test shows differences.

SeLectinG tHe DePenDent MeASUReS
In identifying the questions appropriate for MANOVA, it is important also to discuss the development of the research
question, specifically the selection of the dependent measures. A common problem encountered with MANOVA is
the tendency of researchers to misuse one of its strengths—the ability to handle multiple dependent measures—by
including variables without a sound conceptual or theoretical basis. The fundamental reason for conceptual support
is that MANOVA cannot distinguish whether a dependent variable is suitable for inclusion, only if there are actual
differences among groups. This is seen in both extremes when the results indicate that a subset of the dependent
variables has the ability to influence interpretation of the overall differences among groups. If some of the dependent
measures with the strong differences are not really appropriate for the research question, then “false” differences may
lead the researcher to draw incorrect conclusions about the set as a whole.
Likewise, if the set of dependent variables have been selected only because of their differences across groups, and
other dependent variables excluded because of a lack of differences, then the research question is also confounded.
The researcher should always scrutinize the dependent measures and form a solid rationale for including them. Any
ordering of the variables, such as possible sequential effects, should also be noted. MANOVA provides a special test,
stepdown analysis, to assess the statistical differences in a sequential manner, much like the addition of variables to
a regression analysis.
In addition to the set of dependent variables in the analysis, their level of correlation also must be considered.
The recommended level of inter-correlation is between .4 and .6, with inter-correlations lower (or higher) creating
problems in the analysis.
●

●

If the inter-correlations are very high (..7 or .8), they have a tendency to create redundancies and reduce the
statistical efficiency. This may become especially impactful if multiple composite variates (i.e., discriminant
functions) are formed when analyzing two or more independent variables. In such a situation, removing some
of the highly correlated items or forming composite measures is suggested.
If the correlations are very low (,.3), the analyst should consider running separate ANOVAs and adjusting for
the experiment-wide error (e.g., Bonferroni adjustment). This is due to a reduced power of the multivariate test
versus the univariate tests.
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Rules of thumb 6-1
Decision Processes for MAnoVA
●

●

●

MANOVA is an extension of ANOVA that examines the effect of one or more nonmetric independent
variables on two or more metric dependent variables.
The focus of MANOVA and ANOVA is typically on a single or very small number of independent variables
(i.e., a specific treatment S outcome relationship) with all other variables impacting the relationship
accounted for in some manner.
In addition to the ability to analyze multiple dependent variables, MANOVA also has the advantages of:
●

●
●

●

Controlling the experiment-wide error rate when some degree of intercorrelation among dependent variables is present.
Providing more statistical power than ANOVA when the number of dependent variables is five or fewer.

Nonmetric independent variables create groups between which the dependent variables are compared;
many times the groups represent experimental variables or “treatment effects.”
Researchers should include only dependent variables that have strong theoretical support.

In summary, the researcher should assess all aspects of the research question carefully, both in conceptual and
statistical terms, thereby ensuring that MANOVA is applied in the correct and most powerful way. The following
sections address many issues that have an impact on the validity and accuracy of MANOVA. But it is ultimately the
responsibility of the researcher to employ the technique properly.

Stage 2: issues in the Research Design of MAnoVA
MANOVA follows all of the basic design principles of ANOVA, yet in some instances the multivariate nature of the
dependent measures requires a unique perspective. In the following section we will review the basic design principles
and illustrate those unique issues arising in a MANOVA analysis. As noted earlier, ANOVA and MANOVA have long
been associated with experimentation, but are commonly used in non-experimental situations as well. The distinguishing characteristic in all of these applications is the interest in a single or small number of effects of the independent variables
or treatments. As such, even in non-experimental settings, we think in terms of experimental design principles (e.g.,
treatments and outcomes). And as we discuss in a later section, techniques are emerging to bring non-experimental
data into much closer alignment with the experimental approach, thereby enabling causal inferences to be made.
We should note that we provide only an overview of the broader principles of experimental design and the various
approaches available to the researcher. Whether it be the type of experimental approach (e.g., controlled experiment
versus other methods) or the various types of effects that can be accounted for in the research design and analysis
plan, interested researchers are strongly encouraged to review more complete discussions of these topics.
tYPeS oF ReSeARcH APPRoAcHeS
The techniques of ANOVA and MANOVA are applicable in a wide range of research settings. While they are not
totally mutually exclusive, we can identify several distinct types of situations in which the principles of experimentation are applied.
Experimental: Randomization of groups A key element of any experimental approach is the use of randomization

in assigning participants into the experimental groups. Randomization provides comparability between the experimental groups on all variables except the treatment. The correct use of randomization is the strongest element in any
claim of a research design to assess causality of the treatment S outcome relationship. There are two experimental
approaches that include randomization.
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contRoLLeD exPeRiMent A controlled experiment is the “typical” type of experiment with two groups—one group
of respondents exposed to the treatment of interest (the independent variable) as well as a control group, a group of
respondents that were not exposed to the treatment. Both groups participate in the experiment under identical conditions which attempt to eliminate any external influences as well. Causation, as we will discuss in more detail in the later
section on causal inference, can be inferred if we can be assured that the two groups do not differ in any way except for
exposure to the treatment. With equivalence of the two groups, then we can draw the conclusion that any differences
between the two groups is due only to the treatment since the two groups are equal on all other characteristics, both
observed and unobserved. Randomization is used to establish this equivalence between the two groups by randomly
assigning respondents to either the treatment or control group. The important characteristic is that there is no systematic
or non-random effect on how the two groups are formed. The presence of a systematic effect, as we will see in other forms
of experiments, can introduce differences into the groups and bias the group differences, thus distorting the causal effect.

While controlled experiments provide a setting in which causation is most easily supported, a
primary criticism is that they lack external validity—they do not represent realistic conditions for the basic relationship to operate (e.g., experiments about consumer behavior conducted in a lab, voter turnout in an election or
leadership behaviors by supervisors). The field experiment is an attempt to conduct the controlled experiment in a
more realistic or natural context rather than the strictly controlled setting. The problem that the more realistic setting
also increases the chance for possible exposure to external factors and thus contamination of the causal effect. Even
with these caveats, this form of experimentation is gaining widespread use across multiple disciplines [56, 57, 58].
FieLD exPeRiMent

Experimental: Non-randomization While randomization is always desired, there are numerous situations in which
random assignment is not possible, either due to the nature of the research question (e.g., impact of smoking on
health) or data collection (e.g., data already available in non-experimental form). The lack of randomization is a threat
to internal validity (i.e., the equivalence of the two groups) and thus may introduce bias into any differences between
the groups. The researcher is still interested in analyses using the experimental approach, but cannot directly make
causal claims. Attempts to control the possible effects of a non-randomized design are discussed in a later section.

A quasi-experiment is similar to a controlled experiment except it does not employ randomization
for the assignment process to the two groups. Instead, the researcher explicitly controls the assignment process. While
attempting to control for comparability of the groups in making the treatment assignment, it cannot be assured to
be random and thus also has the problems of equivalence and comparability.

QUASi-exPeRiMent

In some situations the assignment to groups is determined by nature (i.e., weather-related event
exposes some individuals to an event) or by other factors which appear random, thus the term natural experiment.
But even though exposure to the treatment may seem random, the natural experiment does not provide a means for
assessing causal inference as the researchers cannot be assured of the equivalence of the groups. These types of situations are more like observational studies and really differ only in that the exposure to the treatment occurs outside
the control of the researcher, thus making it appear to be random.

nAtURAL exPeRiMent

Non-Experimental

Many times, an observational study, also known as a cross-sectional study, is analyzed with
techniques associated with the experimental approach (e.g., ANOVA or MANOVA). But the use of these techniques
does not qualify this approach as an experimental study nor can any causal inference be made directly. Yet many times
data is already available or it is not possible to assign groups to treatment versus control (i.e., ethically we can’t assign
some respondents to be smokers and others not). With no ability to apply randomization to control for factors creating
biases in the estimated effects, this approach has little basis for making causal inferences and the researcher addresses
the research questions using the natural group differences in the sample. Recent advances, however, have developed a
range of statistical methods that utilize the respondents from observational data to form groups comparable to random
assignment. These methods will be discussed briefly in a later section on making causal inferences.

oBSeRVAtionAL StUDY

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 6 MANOVA: Extending ANOVA

389

Selecting the Research Approach As seen in our discussion, there is a broad range of approaches available to
researchers today, each with its own specific advantages and disadvantages. Many times the research context dictates
the approach that is even feasible. It is beyond the scope of this text to provide a full discussion of the trade-offs
inherent in each, but researchers should be pleased that all of these approaches have research frameworks that allow
for the critical examination of research hypotheses. Even the observational study, with the development of methods
for causal inference (e.g., propensity scores, inverse probability weighting and instrumental variables), can now
address questions originally thought the purview of only the controlled experiment. We discuss these approaches
in a subsequent section.

tYPeS oF VARiABLeS in exPeRiMentAL ReSeARcH
Given the wide range of research contexts for ANOVA/MANOVA, the basic elements have taken many labels across
contexts and disciplines. Figure 6.8 provides an overview of many of the types of variables and relationships encountered in these types of research contexts. For purposes of simplification, we have divided them into three classes:
basic relationships, extended relationships and external influences.
The basic relationship is the primary interest of the research—i.e., the impact of the independent variable/treatment in “causing” the dependent variable/outcome. The independent variable acts like its counterparts in other techniques—the reason/”cause” for the associated outcomes. In experimental research the independent
variable is known as a treatment or factor and is manipulated by the researcher. As noted earlier, the independent
variable/treatment is always a nonmetric variable, such that it relates in many instances to discrete actions (e.g., one
group given a drug treatment and another a placebo). While many times we think of experiments as having only a
single treatment, there may be multiple treatments in an experimental design. Yet most often the number is much
more limited (two or three at the most) than other multivariate techniques (e.g., multiple regression) since a larger
number of treatments creates a quite complicated experimental design.
The dependent variable is many times known as the outcome and represents the expected effect due to the
different levels of the independent variable/treatment. While we cannot always attribute causality to an experimental
approach, we do expect the impact of the treatment to be reflected in differences in the outcome variable.
These differences in the outcome between groups of respondents formed by the independent variable/treatment is
the main effect—a measure of the impact of the independent variable on the outcome(s) and a test of the hypothesis of
interest in the analysis. Thus, there is a separate main effect for each independent variable or treatment in the analysis.
Basic Relationship

Figure 6.8
Variable types and Relationships in AnoVA/MAnoVA Models
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For our purposes we will use the term independent variable and treatment somewhat interchangeably, although
in practice the term independent variable is more associated with non-experimental approaches and treatments with
those of an experimental focus (i.e., actual manipulation of the treatment). This distinction is more important in
the interpretation of the results and whether or not we can attempt to attribute causality to the main effect. But the
distinction does not substantially impact the basic elements of the analytical technique.
Additional Relationships The additional relationships are researcher-controlled additions to the basic model
that either provide for greater validity (i.e., by controlling for additional variables) or examine relationships
that supplement the main effect. These relationships all address additional aspects of the main effect and thus
require the same strong conceptual support. We will discuss each briefly here and then elaborate on their use
in a later section.
The two additional relationships that add to the explanation of the main effect are mediation and moderation.
A mediator is a third variable that acts as a conduit for the main effect, either partially or in full. In this regard, the
mediator provides a “why” explanation of the main effect. A moderator changes the main effect across values of the
moderator (i.e., interacts with treatment variable). In this case, the moderator details “how” the main effect works in
different contexts (i.e., the values of the moderator). In a simple sense it is a test of generalizability—does the main
effect change in strength and/or direction when viewed in different situations.
The final types of additional relationships to be considered are covariates and blocking factors. Covariates are
metric variables that are related to the outcome, but not to the treatment, and are used to control for external factors.
As will be discussed later, this independence from the treatment is an important feature of the covariate, otherwise it
will diminish the main effect. A blocking factor is a nonmetric variable, just like a treatment, that is included solely
to reduce the unexplained variation in the outcome and “strengthen” the main effect. We are not interested in the
blocking factor per se, but add it to the analysis to reduce “noise” that weakens the main effect.
External Influences The final two variables reflect relationships that impact the ability to generate causal inferences
from the analysis. A confound is a variable, which if omitted, “confounds” the main effect because it is related to both
treatment and outcome (i.e., it is another “cause” that could explain the main effect). The presence of a confound
casts doubt on the observed main effect, either in part or in total. It is the primary “threat” to causal inference and is
a concern for any experimental approach. As we will discuss in a later section, specialized models have been developed to address confounds specifically and hopefully account for their effects. Finally, an instrumental variable is
a variable utilized solely to assist in causal inference in the presence of confound variables. Related only to the treatment variable, an instrumental variable is many times difficult to identify since they must be exogenous – causally
unrelated to all variables in the model except the treatment variable.
It is important to understand the distinction between a mediator and a confound. They both “explain” the treatment effect and have the same statistical impact on the results. But a variable is termed a mediator or confound
based on the conceptual model, not any statistical criteria. If it is intrinsic to the causal process (i.e., transmits the
effect) then it is a mediator. If the variable is external to the causal process and acts as an additional “cause,” then it
is a confound.
Which Variables to Include in the Experimental Design Obviously, every experimental approach will include the

basic relationship (main effect), with one or more treatments and an outcome(s). The inclusion of additional relationships reflects the additional research questions (i.e., mediation and/or moderation) that are of interest along with
those variables for which the researcher wishes to control for (covariates and/or blocking factors). Every experiment
must consider the potential impact of confounds as they can have a substantive impact on the basic relationship. The
extent to which these additional relationships are required to meet the criteria for causality is primarily due to the
research approach taken. Thus, all analyses must consider the types of variables to be included to accurately assess
the research question and draw the desired inferences.
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SAMPLe SiZe ReQUiReMentS—oVeRALL AnD BY GRoUP
MANOVA, like all of the other multivariate techniques, can be markedly affected by the sample size used. A number
of basic issues arise concerning the sample sizes needed in MANOVA.
Overall Sample Size What differs most for MANOVA (and the other techniques assessing group differences
such as the t test and ANOVA) is that the sample size requirements relate to individual group sizes and not the total
sample per se. Yet while there is no required overall sample size, the number of respondents can start to increase
dramatically as the number of treatments and number of levels of treatments increases. We will illustrate some of
these considerations in the next section.
Group/Cell Sample Size

As a bare minimum, the sample in each cell (group) must be greater than the number of dependent
variables. Although this concern may seem minor, the inclusion of just a small number of dependent variables (from
5 to 10) in the analysis may place a bothersome constraint on data collection. This problem is particularly prevalent
in field experimentation or survey research, where the researcher has less control over the achieved sample.
MiniMUM ceLL SiZe

As a practical guide, a recommended minimum cell size is 20 (and preferably 30) observations [18]. Again, remember this quantity is per group, necessitating fairly large overall samples even for relatively
simple analyses. In our earlier example of advertising messages, we had only two factors, each with two levels, but
this analysis would require 80 observations for an adequate analysis. If the recommended minimum group sample
size cannot be achieved, even small increases in cell size are beneficial. For example, for a three group design with
seven respondents per cell and a moderate effect size (.50), statistical power is .50. Increasing the cell size to fourteen
respondents increases the power to the desired level of .80 [69].

RecoMMenDeD ceLL SiZe

nUMBeR oF DePenDent VARiABLeS As noted earlier, each cell size must exceed the number of dependent variables. But
even meeting that requirement, the increases in the number of dependent variables requires increases in the sample
size required to maintain statistical power. We will defer our discussion of sample size and power until a later section,
but as an example, required samples sizes increase by almost 50 percent as the number of dependent variables goes
from two to just six.

Researchers should strive to maintain equal or approximately equal sample sizes per
group. A balanced design has equal cell sizes for all cells, while an unbalanced design has varying cell sizes across the
different cells. Although computer programs can easily accommodate unequal group sizes, the objective is to ensure that
an adequate sample size is available for all groups. The smallest cell size is the basis for power, so increasing larger cells
has no negative impact, but it also has limited positive impact. Also, balanced designs provide orthogonal estimates of
the effects of the treatments [26]. This should lead the researcher to always be aware of the cell sizes, particularly in field
studies where control over the achieved cell sizes may be limited. Finally, when cell sizes are very different (e.g., one group
20 and the other group 80), this difference can bias the test of statistical significance between the groups.
eQUAL VeRSUS UneQUAL ceLL SiZeS

FActoRiAL DeSiGnS—tWo oR MoRe tReAtMentS
Many times the researcher wishes to examine the effects of several independent variables or treatments rather than
using only a single treatment in either the ANOVA or MANOVA tests. This capability is a primary distinction
between MANOVA and discriminant analysis in being able to determine the impact of multiple independent variables in forming the groups with significant group differences. Moreover, including multiple independent variables
allows for testing of interactions between treatments (see later discussion). An analysis with two or more independent variables (treatments or factors) is called a factorial design. In general, a design with n treatments is called an
n-way factorial design.
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The most common use of factorial designs involves those research questions that relate
two or more nonmetric independent variables to a set of dependent variables. In these instances, the independent
variables are specified in the design of the experiment or included in the design of the field experiment or survey
questionnaire.

Selecting Treatments

As discussed throughout the chapter, a treatment or factor is a nonmetric independent
variable with a defined number of levels (categories). Each level represents a different condition or characteristic
that affects the dependent variable(s). The treatment(s) represent the theoretical constructs of interest in the main
effect. In most controlled experiments, the treatments are manipulated so as to ensure exactly what the respondent
is reacting toward. In an experiment these treatments and levels are designed by the researcher and administered
in the course of the experiment. In field or survey research, they are characteristics of the respondents gathered by
researcher and then included in the analysis.
When treatments are manipulated you should include a manipulation check, which is a variable(s) assessing
if the respondent perceived the manipulation correctly. For example, if the experiment manipulates the type of
ad (e.g., humorous vs. non-humorous), then the manipulation check would determine if the respondent interpreted the humorous ad as humorous, if that is the ad they were exposed to, and if the respondent interpreted
the non-humorous ad as lacking humor, if that is the ad they saw. The manipulation check is not to ensure
that the outcome was impacted, but solely to ensure that the manipulation worked as planned. Manipulation
checks are many times insightful when the main effect is not supported, since the reasons may be either (a) an
ineffective manipulation or (b) a failure of the treatment to create a difference. Respondents may be eliminated
from the analysis if they fail a manipulation check, but researchers should be cautious in this regard so as to
not impact (a) effects of the treatment as well as (b) sample size.
Successful manipulation checks help ensure that the reason for the results are truly the treatments and not their
implementation. Manipulation checks are also recommended when mediation relationships are considered (see
discussion in subsequent section) since the treatment impacts not only the outcome, but the mediator as well. One
form of manipulation check that has gained in popularity is the instructional manipulation check which is a question or questions inserted to assess if the respondents are following instructions and providing sufficient attention
to the actual questions [91]. It takes many forms (e.g., a Likert statement in which the respondent is told which
response to answer) and can focus on any portion of the experiment to help support internal validity and identify
any respondents that should be eliminated.

BASic MoDeL tReAtMentS

contRoLS AS tReAtMentS In some instances treatments are used in addition to those involved in the main effects.
Two common uses are as blocking factors or controls for confounds (see next section). A blocking factor is
a nonmetric characteristic used to segment the sample to account for variability other than the treatment(s).
A blocking factor represents conditions (e.g., method of data collection) or characteristics of the respondents
(e.g., geographic location, gender, etc.) that potentially create differences in the dependent measures. Even though
they are not independent variables of interest to the study and are independent of the treatment, neglecting them
ignores potential sources of difference that, left unaccounted for, may obscure some results of interest to the study.
As such, a blocking factor is many times termed a nuisance factor—a factor that may have variability we wish
to control. Ideally blocking factors are known before an experiment is administered and can be integrated into
the design, resulting in a randomized block design where randomization occurs within levels of the blocks. But
blocking factors can also be applied post hoc to account for this source of variability in the outcome and hopefully
strengthen the main effect.
Assume in our earlier advertising example we discovered that males in general reacted differently than females
to the advertisements. If gender is then used as a blocking factor, we can evaluate the effects of the independent
variables separately for males and females. Hopefully, this approach will make the effects more apparent than
when we assume they both react similarly by not making a distinction on gender. The effects of message type
and customer type can now be evaluated for males and females separately, providing a more precise test of their
individual effects.
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As discussed earlier, confounds are “common causes” that impact both treatment and outcome, thus becoming
an alternative explanation for the main effect. To achieve a correct estimate of the main effect, the researcher must
control for the confound(s). The most direct approach is randomization, which “breaks” the naturally occurring
correlation of confound and treatment in the two groups. But when that is not possible, then the confounding variable can be included in the analysis to “control” for its effect. If the confound is a nonmetric variable (e.g., graduated
college or not), then it enters the analysis in the same manner as the treatments. In this approach we are controlling
for the confound by stratifying the sample across the confound group. If it is a metric variable, then it will be entered
as a covariate (discussed in later section).
Thus, any nonmetric characteristic can be incorporated directly into the analysis to account for its impact on the
dependent measures. However, if the variables you wish to control for are metric, they can be included as covariates,
which are discussed in the next section.
Number of Treatments One of the advantages of multivariate techniques is the use of multiple variables in a single

analysis. For MANOVA, this feature relates to both the number of dependent as well as independent variables that can
be analyzed concurrently. As already discussed, the number of dependent variables affects the sample sizes required
and other issues. But does the number of treatments (i.e., independent variables) affect the required sample size?
Although ANOVA and MANOVA can analyze several treatments at the same time, several considerations relate to
the number of treatments in an analysis.
Perhaps the most limiting issue involving multiple treatments is the number of cells (groups)
formed. As discussed in our earlier example, the number of cells is the product of the number of levels for each treatment. For example, if we had two treatments with two levels each and one treatment with four levels, a total of 16 cells
1 2 3 2 3 4 5 16 2 would be formed. Maintaining a sufficient sample size for each cell (assuming 20 respondents
per cell) would then require a total sample of 320.
When applied to survey or field experimentation data, however, increasing the number of cells becomes much
more problematic. Because surveys or field research are generally not able to administer the survey individually to
each cell of the design, the researcher must plan for a large enough overall sample to fill each cell to the required
minimum. The proportions of the total sample in each cell most likely vary widely (i.e., some cells would be much
more likely to occur than others), especially as the number of cells increases. In such a situation, the researcher must
plan for an even larger sample size than the size determined by multiplying the number of cells by the minimum per
cell. Let’s look back to our earlier example to illustrate this problem.
Assume that we have a simple two-factor design with two levels for each factor 1 2 3 2 2 . If this four-cell design
were a controlled experiment, the researcher would be able to randomly assign 20 respondents per cell for an overall
sample size of 80. What then if it is a field survey? If it were equally likely that respondents would fall into each cell,
then the researcher could get a total sample of 80 and each cell should have a sample of 20. Such tidy proportions and
samples rarely happen. What if one cell was thought to represent only 10 percent of the population? If we use a total
sample of 80, then this cell would be expected to have a sample of only 8. Thus, if the researcher wanted a sample of
20 even for this small cell, the overall sample would have to be increased to 200.
Unless sophisticated sampling plans are used to ensure the necessary sample per cell, increasing the number of
cells (thus the likelihood of unequal population proportions across the cells) will necessitate an even greater sample
size than in a controlled experiment. Failure to do so would create situations in which the statistical properties of
the analysis could be markedly diminished. This issue arises even in controlled experiments where constraints may
limit a full factorial design or even suggest several ANOVAs versus MANOVA [21].

nUMBeR oF ceLLS FoRMeD

cReAtion oF inteRAction eFFectS Any time more than one treatment is used, interaction effects are created.
The interaction term represents the joint effect of two or more treatments. In simple terms, it means that the
difference between groups of one treatment depends on the values of another treatment [76]. Let us look at a
simple example.
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Figure 6.9
interaction terms for Factorial Models (two, three and Four treatments)
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Assume that we have two treatments: region (East versus West) and customer status (customer and non-customer).
First, assume that on the dependent variable (attitude toward HBAT) customers score 15 points higher than non-customers.
However, an interaction of region and customer status would indicate that the amount of the difference between customer
and non-customer depended on the region of the customer. For example, when we separated the two regions, we might
see that customers from the East scored 25 points higher than non-customers in the East, while in the West the difference
was only 5 points. In both cases the customers scored higher, but the amount of the difference depended on the region.
This outcome would be an interaction of the two treatments.
Interaction terms are created for each combination of treatment variables. Two-way interactions are treatments
taken two at a time. Three-way interactions are combinations of three treatments, and so on. The number of treatments determines the number of interaction terms possible. Figure 6.9 shows the interactions created for two, three,
and four independent variables:
We will discuss the various types of interaction terms and their interpretation in Stage 5, but the researcher
must be ready to interpret and explain the interaction terms, whether significant or not, depending on the research
question.
Obviously, the sample size considerations are of most importance, but the researcher should not overlook the
implications of interaction terms. Besides using at least one degree of freedom for each interaction, the interactions
directly impact how the effects for treatments can be interpreted.
USinG coVARiAteS—AncoVA AnD MAncoVA
We discussed earlier the use of a blocking factor to control for influences on the dependent variable that are not part
of the research design yet need to be accounted for in the analysis. It enables the researcher to control for nonmetric
variables, but what about metric variables? One approach would be to convert the metric variable into a nonmetric
variable (e.g., median splits, etc.), but this process is generally deemed unsatisfactory because much of the information contained in the metric variable is lost in the conversion. A second approach is to include the metric variables
as covariates. These variables can extract extraneous influences from the dependent variable, thus increasing the
within-group variance 1 MSW 2 . The process follows two steps:
1 Procedures similar to linear regression are employed to remove variation in the dependent variable associated
with one or more covariates.
2 A conventional analysis is carried out on the adjusted dependent variable. In a simplistic sense, it becomes an
analysis of the regression residuals once the effects of the covariate(s) are removed.
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When used with ANOVA, the analysis is termed analysis of covariance (ANCOVA) and the simple extension of
the principles of ANCOVA to multivariate (multiple dependent variables) analysis is termed MANCOVA.
Objectives of Covariance Analysis The objective of the covariate is to eliminate any effects that (1) affect only
a portion of the respondents or (2) vary among the respondents. Similar to the uses of a blocking factor, covariate
analysis can achieve two specific purposes:

1 To eliminate some systematic error outside the control of the researcher that can bias the results
2 To account for differences in the responses due to unique characteristics of the respondents
In experimental settings, most systematic bias can be eliminated by the random assignment of respondents to various treatments. But in non-experimental research, such controls are not possible. For example, in testing advertising,
effects may differ depending on the time of day or the composition of the audience and their reactions. Moreover,
personal differences, such as attitudes or opinions, may affect responses, but the analysis does not include them as
a treatment factor. The researcher uses a covariate to take out any differences due to these factors before the effects
of the experiment are calculated.
An effective covariate is one that is highly correlated with the dependent variable(s) but not
correlated with the treatment(s). Let us examine why. Variance in the dependent variable forms the basis of our error
term. In randomized experimental settings they are most often used to reduce any “noise” in the outcome measure.
In nonrandomized settings they may act as a control variable to make the groups as comparable as possible on all
factors except the treatment(s).
Selecting Covariates

If the covariate is correlated with the dependent variable and not the treatment(s),
we can explain some of the variance with the covariate (through linear regression), leaving a smaller residual (unexplained) variance in the dependent variable. This residual variance provides a smaller error term 1 MSW 2 for the
F statistic and thus a more efficient test of treatment effects. The amount explained by the uncorrelated covariate
would not have been explained by the independent variable anyway (because the covariate is not correlated with the
independent variable). Thus, the test of the independent variable(s) is more sensitive and powerful.

UncoRReLAteD WitH tReAtMent(S)

However, if the covariate is correlated with the treatment(s), then the covariate will
explain some of the variance that could have been explained by the treatment and reduce its effects. Because the
covariate is extracted first, any variation associated with the covariate is not available for the treatment. In the case of
a substantial correlation with the treatment, then the covariate is accounting for a substantive confounding variable,
and should be “controlled for” so as to more accurately assess the main effect.
Thus, it is critical that the researcher ensure that the correlation of the covariates and independent variable(s)
is small enough such that the reduction in explanatory power from reducing the variance that could have been
explained by the independent variable(s) is less than the decrease in unexplained variance attributable to the
covariates.

coRReLAteD WitH tReAtMent(S)

Number of Covariates A common question involves how many covariates to add to the analysis. Although the

researcher wants to account for as many extraneous effects as possible, too large a number will reduce the statistical efficiency of the procedures. A rule of thumb [52] dictates that the maximum number of covariates is determined as follows:
Maximum number of covariates 5 1 .10 3 Sample size 2 2 1 Number of groups 2 1 2

For example, for a sample size of 100 respondents and 5 groups, the number of covariates should be less than
3
6 6 5 .10 3 100 2 1 5 2 1 2 4 . However, for only two groups, the analysis could include up to nine covariates.
The researcher should always attempt to minimize the number of covariates, while still ensuring that effective
covariates are not eliminated, because in many cases, particularly with small sample sizes, they can markedly improve
the sensitivity of the statistical tests.
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Assumptions for Covariance Analysis Two requirements for use of an analysis of covariance are the following:

1 The covariates must have some relationship (correlation) with the dependent measures.
2 The covariates must have a homogeneity of regression effect, meaning that the covariate(s) have equal effects
on the dependent variable across the groups. In regression terms, it implies equal coefficients for all groups.
Statistical tests are available to assess whether this assumption holds true for each covariate used. If either of these
requirements is not met, then the use of covariates is inappropriate.

MoDeLinG otHeR ReLAtionSHiPS BetWeen tReAtMent AnD oUtcoMe
Recent years have seen an increased emphasis on elaborate conceptual models and increasingly sophisticated
analytical procedures that have shifted the focus solely from the main effect to a set of additional relationships—
notably mediation and moderation. As noted earlier, mediation is a third variable that “links” the treatment
and outcome. Many times it is conceptualized as the variable that transmits the main effect to the outcome.
Moderation is when the direction and/or strength of the main effect varies based on values of a third variable,
i.e., an interaction. And as we will see later, these two relationships can be combined into an extended framework
where we can assess if the direction and/or strength of a mediation is contingent on a variable separate from the
mediation effect (i.e., moderated mediation) or identify the variable that transmits the moderation effect to the
main effect (i.e., mediated moderation).
We should note that mediation and moderation are conceptual extensions of the theoretical models used for
the main effect [122]. They should never be approached from a strictly empirical perspective and require the same
level of conceptual support. Ultimately the failure to view mediation and moderation in the basic conceptual model
may lead to seriously compromised results. Moreover, the emphasis on conceptual support reinforces the fact that
statements as to causality come from the research design, not the statistical techniques.
Mediation Mediation is based on effects being transmitted from the treatment to the outcome through the mediator.

As noted earlier, this is not a statistical relationship, but a conceptual relationship that can be verified by statistical
analysis. The viability of mediation rests first and foremost on the conceptual model, then the nature of the study
design, and finally on the statistical tests. Any mediation effect assumes that the causal ordering is correct, as the
actual statistical results are similar in nature to other types of effects.
Mediation explains the process of “why” and “how” a main effect occurs [47, 55, 65]. In simple terms, the treatment causes the mediator, and in turn, the mediator causes the outcome. This mediation effect is commonly known
as an indirect effect or intervening effect. The depiction of mediation as similar to the line of dominoes falling
one after another [22] highlights the necessity of the mediation effect being both correct in causal ordering and the
transmission of the effect from treatment to mediator to outcome.
The original analytical framework for examining mediation was proposed by Baron and Kenny [5] and Judd and
Kenny [62]. A first step in this initial framework was to assess three constituent bivariate relationships of a mediation
effect: treatment S outcome, treatment S mediator and mediator S outcome (refer back to Figure 6.8). Only if all
three bivariate relationships are significant does the researcher move to the next step, which is assessing the mediated
main effect by controlling for/partialling out the mediator (e.g., enter both mediator and treatment as effects on the
outcome). While simplistic in design and applied across many disciplines, it still has generated substantial debate
and research. From a more conceptual perspective, issues have been raised involving the necessity of the first step
(e.g., does the main effect have to be significant) as well as subsequent tests on the type of mediation (full versus
partial) and the significance tests for the indirect effect [130]. There are also more specific analytical issues such as
statistical power anomalies [65], differences in results when testing through the Baron and Kenny approach versus
structural equation modeling [60], and the ability to infer causal effects outside of a controlled experiment [78]. The
interested reader is directed toward any number of special issues within various disciplines [e.g., 68, 70] or excellent
texts/articles/chapters on the issues [80, 44, 77, 66, 72, 81, 61].
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The second type of additional relationship is moderation, where the strength and/or direction of a
main effect varies between different values of the moderator [5, 31, 44]. A classic moderator is gender, where the
main effect is tested to see if it is the same for males versus females. Whereas mediation addresses the question “why,”
moderation addresses the question “when.” Many researchers are expanding the domain of moderation testing and
highlighting the additional insights gained [117].
Moderation is referred to many times as an interaction effect, which we also discussed in factorial designs earlier
as a necessary condition for assessing the nature of the main effect. The moderation effect is not a statistical requirement, but instead an element of the conceptual model. While it shares statistical equivalence with a two-way interaction, only a select subset (if any) of the total set of interactions in a factorial design could be considered moderators
as they may lack the requisite conceptual support. Moreover, a moderator is distinct from a covariate since the
covariate requires the homogeneity of regression assumption, which is inconsistent with the basic characteristic of
a moderator having different slopes.

Moderation

Selecting Mediation or Moderation Both mediation and moderation pose fundamentally different questions. But
is the researcher limited to addressing only one or the other, or can both be addressed concurrently? While there are
procedures for estimating mediated moderation and moderated mediation effects, researchers generally approach
mediation and moderation separately. We will discuss the two separate approaches in Stage 4 and provide interested
readers with resources to address the more complicated effects.

MAnoVA coUnteRPARtS oF otHeR AnoVA DeSiGnS
Many types of ANOVA designs exist and are discussed in standard experimental design texts [67, 86, 94]. Every
ANOVA design has its multivariate counterpart; that is, any ANOVA on a single dependent variable can be
extended to MANOVA designs. To illustrate this fact, we would have to discuss each ANOVA design in detail.
Clearly, this type of discussion is not possible in a single chapter because entire books are devoted to the subject
of ANOVA designs. For more information, the reader is referred to more statistically oriented texts [3, 15, 24, 33,
35, 9, 11, 20, 25].

A SPeciAL cASe oF MAnoVA: RePeAteD MeASUReS
We discussed a number of situations in which we wish to examine differences on several dependent measures.
A special situation of this type occurs when the same respondent provides several measures, such as test scores
over time, and we wish to examine them to see whether any trend emerges. Without special treatment, however, we
would be violating the most important assumption, independence. Special ANOVA and MANOVA models, termed
repeated measures models, account for this dependence and still ascertain whether any differences occurred across
individuals for the set of dependent variables. The within-person perspective is important so that each person is
placed on equal footing.
For example, assume we were assessing improvement on test scores over the semester. We must account for the
earlier test scores and how they relate to later scores, and we might expect to see different trends for those with low
versus high initial scores. Thus, we must match each respondent’s scores when performing the analysis. The differences we are interested in become how much each person changes, not necessarily the changes in group means over
the semester.
The use of ANOVA models for repeated measures analysis requires that the variances of the differences between
all possible pairs of the treatment levels are equal. This is known as the sphericity assumption. If this is violated,
then MANOVA provides a means of analysis where each repeated measure is treated separately. Panel analysis (see
Chapter 5) also provides a framework for this type of research question. We do not address the details of repeated
measures models in this text because it is a specialized form of MANOVA. The interested reader is referred to any
number of excellent treatments on the subject [3, 15, 24, 33, 35, 34, 43, 89, 113].
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Rules of thumb 6-2
Research Design of MAnoVA
●

A number of research approaches are applicable to ANOVA/MANOVA analysis:
●

●

●

●

●

●

●

●

Even observational studies provide data which can be analyzed with specialized techniques to allow for
valid inferences of specific effects.

●

Additional explanatory effects such as moderation and mediation.

●

Control for external influences through covariates and blocking factors.

●

External variables such as confounds and instrumental variables.

Cells (groups) are formed by the combination of independent variables; for example, a three-category
nonmetric variable (e.g., low, medium, high) combined with a two-category nonmetric variable (e.g., gender
of male versus female) will result in a 3 3 2 design with six cells (groups).
Sample size per group is a critical design issue:
●

Minimum sample size per group must be greater than the number of dependent variables.

●

The recommended minimum cell size is 20 observations per cell (group).

●

Researchers should try to have balanced designs (equal sample sizes per cell, i.e., group).

Manipulation checks provide the researcher with objective measures of the “success” of the manipulation
and perception of the treatment and also degree to which respondents are following instructions and maintaining engagement.
Covariates and blocking variables are effective ways of controlling for external influences on the dependent
variables that are not directly represented in the independent variables.

●

An effective covariate is one that is highly correlated with the dependent variable(s) but not correlated
with the independent variables.

The maximum number of covariates in a model should be 1 .10 3 Sample size 2 2 1 Number of groups 2 1 2 .

Mediation provides a supplementary explanation for “Why” a main effect might occur:
●
●

●

Nonrandom designs, such as natural experiments and quasi-experiments, apply some of the
experimental design principles to focus on specific effects.

While the primary focus is on the main effect (i.e., the relationship between treatment/independent variable
and the dependent/outcome variable), additional variables and relationships are also considered:

●

●

Randomized designs, such as controlled experiments and field experiments, are most closely
associated with these techniques.

Requires strong conceptual support before any empirical testing
The type of mediation (complete or partial) is based on the extent to which the indirect effect (i.e.,
causal path through the mediator) accounts for/equals to the original main effect.

Moderation addresses external validity in terms of whether the main effect generalizes to the population
or must be viewed as moderated (i.e., main effect varies in strength and/or direction based on a third variable). An example of moderation would be if the main effect varied based on gender.

Stage 3: Assumptions of AnoVA and MAnoVA
The univariate test procedures of ANOVA described in this chapter are valid (in a statistical sense) if it is assumed
that the dependent variable is normally distributed, the groups are independent in their responses on the dependent
variable, and variances are equal for all treatment groups. Some evidence [86, 126], however, indicates that F tests in
ANOVA are robust with regard to these assumptions except in extreme cases.
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For the multivariate test procedures of MANOVA to be valid, three assumptions must be met:
●
●
●

Observations must be independent.
Variance–covariance matrices must be equal for all treatment groups.
The set of dependent variables must follow a multivariate normal distribution (i.e., any linear combination of
the dependent variables must follow a normal distribution) [43].

In addition to the strict statistical assumptions, the researcher must also consider several issues that influence the
possible effects—namely, the linearity and multicollinearity of the variate of dependent variables, and the impact of
outliers.
inDePenDence
The most basic, yet most serious, violation of an assumption comes from a lack of independence among observations, meaning that the responses in each cell (group) are correlated with each other by some characteristic of the
group. Violations of this assumption can occur as easily in experimental as well as non-experimental situations and
increase the Type I error, making it easier to find significant differences. Any number of extraneous and unmeasured
effects can affect the results by creating dependence within the groups, but two of the most common violations of
independence follow:
●

●

Time-ordered effects (serial correlation) occurring if measures are taken over time, even from different
respondents.
Gathering information in group settings, so that a common experience (such as a noisy room or confusing set
of instructions) would cause a subset of individuals (those with the common experience) to have answers that
are somewhat correlated.

Although no tests provide an absolute certainty of detecting all forms of dependence, the researcher should explore
all possible effects and correct for them if found. One potential solution is the use of a blocking factor for the potential
clustering effect in the research design and then randomize within each block as well. Another solution is application
of hierarchical, multilevel or cluster sampling methods, each of which attempts to correct for the correlation within
each cell. We discuss multilevel models in Chapter 5. In either case, or when dependence is suspected, the researcher
should use a stricter level of significance (.01 or even lower).
eQUALitY oF VARiAnce–coVARiAnce MAtRiceS
The second assumption of MANOVA is the equivalence of covariance matrices across the groups. Here we are
concerned with substantial differences in the amount of variance of one group versus another for the dependent variables (similar to the problem of heteroscedasticity in multiple regression and homogeneity of variance in ANOVA).
In MANOVA, with multiple dependent variables, the interest is in the variance–covariance matrices of the dependent
measures for each group.
The variance equivalence test is a very “strict” test because instead of equal variances for a single variable in
ANOVA, the MANOVA test examines all elements of the covariance matrix of the dependent variables. For example,
for five dependent variables, the five correlations and 10 covariances are all tested for equality across the groups. As
a result, increases in the number of dependent variables and/or the number of cells/groups in the analysis make the
test more sensitive to finding differences and thus influence the significance levels used to determine if a violation
has occurred.
MANOVA programs conduct the test for equality of
covariance matrices—typically the Box’s M test—and provide significance levels for the test statistic that indicate the
likelihood of differences between the groups. Thus, the researcher is looking for nonsignificant differences between
the groups, and the observed significance level of the test statistic is considered acceptable if it is less significant

Testing for Equality of the Variance-Covariance Matrices
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than the threshold value for comparison. For example, if a .01 level was considered the threshold level for indicating
violations of the assumption, values greater than .01 (e.g., .02) would be considered acceptable because they indicate
no differences between groups, whereas values less than .01 (e.g., .001) would be problematic because they indicate
that significant differences were present. Since the Box’s M test very often indicates significant differences in the
variance-covariance matrices if the .05 level is used, a value of .01 is often a better rule of thumb.
Given the sensitivity of the Box’s M test to the size of the covariance matrices and the number of groups in the
analysis, even simple research designs (four to six groups) with a small number of dependent variables will want to use
a very different guideline for the level of significant differences (e.g., a significance level , .01 rather than , .05) when
assessing whether differences are present. As the design complexity increases, even more conservative levels of
significance may be considered acceptable.
The sensitivity of the Box’s M test results in many situations in which significant
differences between the covariance matrices are indicated. In these instances, the researcher has several options for
proceeding with the analysis.

When the Assumption is Not Met

The Box’s M test is especially sensitive to departures from normality [43, 110]. Thus, one
should always check for univariate normality of all dependent measures before performing this test. Fortunately, a violation of this assumption has minimal impact if the groups are of approximately equal size (i.e.,
Largest group size 4 Smallest group size , 1.5).
cHecK FoR noRMALitY

Apply one of the many variance-stabilizing transformations available (see Chapter 2 for
a discussion of these approaches) and retest to see whether the problem is remedied. This approach becomes more
difficult as the number of dependent variables increases, both in transforming the appropriate variables and interpretation of results, particularly interaction terms.
VARiABLe tRAnSFoRMAtion

In most cases with balanced or relatively equal cell sizes violations of this assumption are mitigated.
This reinforces the importance of a research design that strives for balanced designs as well as highlights the difficulties that may arise in non-controlled experimental approaches.

eQUAL ceLL SiZeS

UneQUAL ceLL SiZeS If unequal variances persist after transformation and the group sizes differ markedly, the
researcher should make adjustments for their effects in the interpretation of the significance levels of both main
and interaction effects. First, one must ascertain which group has the largest variance. This determination is
easily made either by examining the variance–covariance matrix or by using the determinant of the variance–
covariance matrix, which is provided by all statistical programs. In both measures high values indicate greater
variance.
●

●

If the larger variances are found with the larger group sizes, the alpha level is overstated, meaning that differences should actually be assessed using a somewhat lower value (e.g., use .03 instead of .05).
If the larger variance is found in the smaller group sizes, then the reverse is true. The power of the test has been
reduced, and the researcher should increase the significance level.

The researcher has a number of options to address violations of the assumption, ranging from specific variable
transformations to adjustment of significance levels. Consistent in all cases, however, is the impact of balanced versus
unbalanced designs and the role they play in this issue.

noRMALitY
The last assumption for MANOVA concerns normality of the dependent measures. In the strictest sense, the assumption is that all the variables are multivariate normal. A multivariate normal distribution assumes that the joint effect
of two variables is normally distributed. Even though this assumption underlies most multivariate techniques, no
direct test is available for multivariate normality. Therefore, most researchers test for univariate normality of each
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Rules of thumb 6-3
MAnoVA/AnoVA Assumptions
●

For the multivariate test procedures used with MANOVA to be valid:
●

Observations must be independent.

●

Variance–covariance matrices must be equal (or comparable) for all treatment groups.

●

The dependent variables must have a multivariate normal distribution.

●

Multivariate normality is assumed, but many times hard to assess; univariate normality does not guarantee multivariate normality, but if all variables meet the univariate normality requirement, then departures
from multivariate normality are inconsequential.

●

F tests are generally robust if violations of these assumptions are modest.

●

Outliers can have substantial influence on the results and should be identified and potentially eliminated.

variable. Although univariate normality does not guarantee multivariate normality, if all variables meet this requirement, then any departures from multivariate normality are usually inconsequential.
Violations of this assumption have little impact with larger sample sizes, just as is found with ANOVA. Violating
this assumption primarily creates problems in applying the Box’s M test, but transformations can correct these problems in most situations. For a discussion of transforming variables, refer to Chapter 2. With moderate sample sizes,
modest violations can be accommodated as long as the differences are due to skewness and not outliers.
LineARitY AnD MULticoLLineARitY AMonG tHe DePenDent VARiABLeS
In addition to the three assumptions impacting the statistical results, analysts must also consider the linearity of the
relationships between the outcomes (and any covariates, if included). The researcher is again encouraged first to
examine the data, this time assessing the presence of any nonlinear relationships. If these exist, then the decision can
be made whether they need to be incorporated into the dependent variable set, at the expense of increased complexity
but greater representativeness. Chapter 2 addresses such tests.
In addition to the linearity requirement, the dependent variables should not have high multicollinearity (discussed
in Stage 2), which indicates redundant dependent measures and decreases statistical efficiency. We discuss the impact
of multicollinearity on the statistical power of the MANOVA in the next section.
SenSitiVitY to oUtLieRS
Finally, in addition to the impact of heteroscedasticity discussed earlier, MANOVA (and ANOVA) are especially
sensitive to outliers and their impact on the Type I error. The researcher is strongly encouraged first to examine the
data for outliers and eliminate them from the analysis, if at all possible, because their impact will be disproportionate
in the overall results.

Stage 4: estimation of the MAnoVA Model and Assessing overall Fit
Once the MANOVA analysis is formulated and the assumptions tested for compliance, the assessment of significant
differences among the groups formed by the treatment(s) can proceed (see Figure 6.10). Estimation procedures based
on the general linear model are becoming more common and the basic issues will be addressed. With the estimated
model, the researcher then can assess the differences in means based on the test statistics most appropriate for the
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From
Stage
3

Stage 4

Stage 5

Figure 6.10
Stages 4–6 in the Multivariate
Analysis of Variance (MAnoVA)
Decision Diagram

Select Multivariate Tests
Assessing Statistical Power
Increasing power
Use in planning and analysis
Effects of dependent variable multicollinearity
Estimation of moderation effects
Use of interaction term
Estimation of mediation effect
Estimate mediated main effect
Calculating the indirect effect
Significance of indirect effect

Interpreting the Effects of Variables
Evaluating covariates
Effects of the treatments/independent variables
Main effects
Interactions (for factorial designs)
Significance of interactions
Ordinal versus disordinal interactions

Identifying the Differences Between Groups
Post hoc methods
A priori or planned comparison methods

Interpreting Mediation
Assessing complete versus partial mediation
Relative strength of mediating/indirect effect
Interpreting Moderation

Stage 6

Validating the Results
Replication
Split-sample analysis
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study objectives. Moreover, in any situation, but especially as the analysis becomes more complex, the researcher
must evaluate the power of the statistical tests to provide the most informed perspective on the results obtained.
eStiMAtion WitH tHe GeneRAL LineAR MoDeL
The traditional means of calculating the appropriate test statistics for ANOVA and MANOVA were established more
than 70 years ago [125]. But it is useful to note that ANOVA/MANOVA in addition to multiple regression and its
variants, plus discriminant analysis, are all forms of the general linear model (GLM). The GLM is a more general
version of the basic linear model in that it can accommodate a wide range of dependence models (e.g., multiple
regression, ANOVA and MANOVA) In many instances procedures specific to each model (e.g., multiple regression,
ANOVA) have gained popularity because of their specialization to each technique. But in some instances, such as
with IBM SPSS and SAS, the GLM procedure is used rather than a specific MANOVA procedure. Note that the GLM
differs from the generalized linear model (GLZ), which allows error distributions other than the normal distribution.
For further discussion on these two model forms see Chapter 1.
MeASUReS FoR SiGniFicAnce teStinG
In our discussions of the similarity of MANOVA to discriminant analysis we referred to the greatest characteristic
root and the first discriminant function, and these terms imply that multiple discriminant functions may act as variates of the dependent variables. The number of functions used to test the significance of any effect (for treatments or
interactions if present) is defined by the smaller of 1 k 2 1 2 or p where k is the number of groups and p is the number
of dependent variables. Thus, any measure for testing the statistical significance of group differences in MANOVA
may need to consider differences across multiple discriminant functions.
As we discussed with discriminant analysis (Chapter 7), researchers use a number of statistical criteria to apply
significance tests relating to the differences across dimensions of the dependent variables. The most widely used
measures are:
●

●

●

Roy’s greatest characteristic root (gcr), as the name implies, measures the differences on only the first
discriminant function among the dependent variables. This criterion provides advantages in power and specificity of the test but makes it less useful in certain situations where all dimensions should be considered. Roy’s
gcr test is most appropriate when the dependent variables are strongly interrelated on a single dimension, but it
is also the measure most likely to be severely affected by violations of the assumptions.
Wilks’ lambda (also known as the U statistic) is many times referred to as the multivariate F and is commonly
used for testing overall significance between groups in a multivariate situation. Unlike Roy’s gcr statistic, which
is based on the first discriminant function, Wilks’ lambda considers all the discriminant functions; that is, it
examines whether groups are somehow different without being concerned with whether they differ on at least
one linear combination of the dependent variables. Although the distribution of Wilks’ lambda is complex,
good approximations for significance testing are available by transforming it into an F statistic [94].
Pillai’s criterion and Hotelling’s T2 are two other measures similar to Wilks’ lambda because they consider all
the characteristic roots and can be approximated by an F statistic.

With only two groups, all of the measures are equivalent. Differences occur as the number of discriminant functions increase. Rules of Thumb 6-4 identify the measure(s) best suited to differing situations.
StAtiSticAL PoWeR oF tHe MULtiVARiAte teStS
In simple terms for MANOVA, power is the probability that a statistical test will identify a treatment’s effect if it
actually exists. Power can also be expressed as one minus the probability of a Type II error or beta 1 b 2 error (i.e.,
Power 5 1 2 b). Statistical power plays a critical role in any MANOVA analysis because it is used both in the
planning process (i.e., determining necessary sample size) and as a diagnostic measure of the results, particularly
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Rules of thumb 6-4
Selecting a Statistical Measure
●

The preferred measure is the one that is most immune to violations of the assumptions underlying MANOVA
and yet maintains the greatest power. Each measure is preferred in differing situations:
●

●

●

●
●

Pillai’s criterion or Wilks’ lambda is the preferred measure when the basic design considerations
(adequate sample size, no violations of assumptions, approximately equal cell sizes) are met.
Pillai’s criterion is considered more robust and should be used if sample size decreases, unequal cell
sizes appear, or homogeneity of covariances is violated.
Roy’s gcr is a more powerful test statistic if the researcher is confident that all assumptions are strictly
met and the dependent measures are representative of a single dimension of effects.

In a vast majority of the situations, all of the statistical measures provide similar conclusions.
When faced with conflicting conditions, however, statistical measures can be selected that meet the situation faced by the researcher.

when nonsignificant effects are found. The following sections first examine the impacts on statistical power and then
address issues unique to utilizing power analysis in a MANOVA design. The reader is also encouraged to review the
discussion of power in Chapter 1.
Impacts on Statistical Power The level of power for any of the four statistical criteria—Roy’s gcr, Wilks’ lambda,
Hotelling’s T2, or Pillai’s criterion—is based on three considerations: the alpha 1 a 2 level, the effect size of the treatment, and the sample size of the groups. Each of these considerations is controllable in varying degrees in a MANOVA
design and provides the researcher with a number of options in managing the power in order to achieve the desired
level of power in the range of .80 or above.

As discussed in Chapter 1, power is inversely related to the alpha 1 a 2 level
selected. Many researchers assume that the significance level is fixed at some level (e.g., .05), but it actually is a judgment by the researcher as to where to place the emphasis of the statistical testing. Many times the other two elements
affecting power (effect size and sample size) are already specified or the data have been collected, thus the alpha level
becomes the primary tool in defining the power of an analysis.
By setting the alpha level required to denote statistical significance, the researcher is balancing the desire to be
strict in what is deemed a significant difference between groups while still not setting the criterion so high that
differences cannot be found.

StAtiSticAL SiGniFicAnce LeVeL ALPHA (α)

Increasing Alpha (i.e., a becomes more conservative, such as moving from .05 to .01) reduces the chances of accepting
differences as significant when they are not really significant. However, doing so decreases power because being more
selective in what is considered a statistical difference also increases the difficulty in finding a significant difference.

(e.g., a moves from .05 to .10) is considered many times as being “less statistical” because
the researcher is willing to accept smaller group differences as significant. However, in instances where effect
sizes or sample sizes are smaller than desired it may be necessary to be less concerned about accepting these
false positives and decreasing the alpha level to increase power. One such example is when making multiple
comparisons. To control experiment-wide error rate, the alpha level is increased for each separate comparison. However, to make several comparisons and still achieve an overall rate of .05 may require strict levels
(e.g., .01 or less) for each separate comparison, thus making it hard to find significant differences (i.e., lower
Decreasing Alpha
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power). Here the researcher may increase the overall alpha level to allow a more reasonable alpha level for the
separate tests.
The researcher must always be aware of the implications of adjusting the alpha level, because the overriding
objective of the analysis is not only avoiding Type I errors but also identifying the treatment effects if they do indeed
exist. If the alpha level is set too stringently, then the power may be too low to identify valid results. The researcher
should try to maintain an acceptable alpha level with power in the range of .80. For a more detailed discussion of the
relationships between Type I and Type II errors and power, see Chapter 1.
eFFect SiZe How does the researcher increase power once an alpha level is specified? The primary tool at the
researcher’s disposal is the sample size of the groups. Before we assess the role of sample size, however, we
need to understand the impact of effect size, which is a standardized measure of group differences, typically
expressed as the differences in group means divided by their standard deviation. This formula leads to several
generalizations:
●

●

As would be expected, all other things equal, larger effect sizes have more power (i.e., are easier to find) than
smaller effect sizes.
The magnitude of the effect size has a direct impact on the power of the statistical test. For any given sample
size, the power of the statistical test will be higher the larger the effect size. Conversely, if a treatment has a
small expected effect size, it is going to take a much larger sample size to achieve the same power as a treatment
with a large effect size.

Researchers are always hoping to design experiments with large effect sizes. However, when used with field
research, researchers must “take what they get” and thus be aware of the possible effect sizes when planning their
research as well as when analyzing results.
With the alpha level specified and the effect size identified, the final element affecting power is the sample
size. In many instances, this element is the most controllable by the researcher. As discussed before, increased sample
size generally reduces sampling error and increases the sensitivity (power) of the test. Other factors discussed earlier
(alpha level and effect size) also affect power, and we can draw some generalizations for ANOVA and MANOVA
designs:

SAMPLe SiZe

●

●

●

In analyses with group sizes of fewer than 30 members, obtaining desired power levels can be quite problematic. If effect sizes are small, then the researcher may be required to decrease alpha (e.g., .05 to .10) to obtain
desired power.
Increasing sample sizes in each group has noticeable effects until group sizes of approximately 150 are reached,
and then the increase in power slows markedly.
Remember that large sample sizes (e.g., 400 or larger) reduce the sampling error component to such a small
level that most small differences are regarded as statistically significant. When the sample sizes do become large
and statistical significance is indicated, the researcher must examine the power and effect sizes to ensure not
only statistical significance but practical significance as well.

UniQUe iSSUeS WitH MAnoVA The ability to analyze multiple dependent variables in MANOVA creates additional
constraints on the power in a MANOVA analysis. The reduction of power for the MANOVA tests may result in
a nonsignificant multivariate test, but significant univariate tests. One source [70] of published tables presents
power in a number of common situations for which MANOVA is applied. However, we can draw some general
conclusions from examining a series of conditions encountered in many research designs. Figure 6.11 provides an
overview of the sample sizes needed for various levels of analysis complexity. A review of the table leads to some
general points.
●

Increasing the number of dependent variables requires increased sample sizes to maintain a given level of
power. The additional sample size needed is more pronounced for the smaller effect sizes.
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Figure 6.11
Sample Size Requirements per Group for Achieving Statistical Power of .80 in MAnoVA
nUMBeR oF GRoUPS
3

4

5

Number of Dependent

Number of Dependent

Number of Dependent

Variables

Variables

Variables

effect Size

2

4

6

8

2

4

6

8

2

4

6

8

Very large

13

16

18

21

14

18

21

23

16

21

24

27

Large

26

33

38

42

29

37

44

46

34

44

52

58

Medium

44

56

66

72

50

64

74

84

60

76

90

100

Small

98

125

145

160

115

145

165

185

135

170

200

230

Source: J. Läuter. 1978. Sample Size Requirements for the T2 Test of MANOVA (Tables for One-Way Classification). Biometrical
Journal 20: 389–406.

●

For small effect sizes, the researcher must be prepared to engage in a substantial research effort to achieve
acceptable levels of power. For example, to achieve the suggested power of .80 when assessing small effect sizes
in a four-group design, 115 subjects per group are required if two dependent measures are used. The required
sample size increases to 185 per group if eight dependent variables are considered.

As we can see, the advantages of utilizing multiple dependent measures come at a cost in our analysis. As such
the researcher must always balance the use of more dependent measures versus the benefits of parsimony in the
dependent variable set that occur not only in interpretation but in the statistical tests for group differences as well.
cALcULAtinG PoWeR LeVeLS To calculate power for ANOVA analyses, published sources [18, 111] as well as computer
programs are now available. The methods of computing the power of MANOVA, however, are much more limited
[41, 116]. The researcher can also approximate the power level by choosing the smallest effect size among the
outcome measures. Fortunately, most computer programs provide an assessment of power for the significance tests
and enable the researcher to determine whether power should play a role in the interpretation of the results.
In terms of published material for planning purposes, little exists for MANOVA because many elements affect
the power of a MANOVA analysis. The available methods of computing the power of MANOVA are much more
limited to specific programs (e.g., G Power [29]) or procedures within statistical packages (e.g., GLMPOWER in SAS
[14]). The researcher, however, should utilize the tools available for ANOVA and then make adjustments described
to approximate the power of a MANOVA design.

The estimation of power should be used both in planning the analysis
and in assessing the results. In the planning stage, the researcher determines the sample size needed to identify the
estimated effect size. In many instances, the effect size can be estimated from prior research or reasoned judgments,
or even set at a minimum level of practical significance. In each case, the sample size needed to achieve a given level
of power with a specified alpha level can be determined.
By assessing the power of the test criteria after analysis is completed, the researcher provides a context for interpreting the results, especially if significant differences are not found. The researcher must first determine whether
the achieved power is sufficient (.80 or above). If not, can the analysis be reformulated to provide more power?
A possibility includes some form of blocking treatment or covariate analysis that will make the test more efficient
by accentuating the effect size. If the power was adequate and statistical significance was not found for a treatment
effect, then most likely the effect size for the treatment was too small to be of statistical or practical significance.

Using Power in Planning and Analysis

Up to this point we discussed power from a
perspective applicable to both ANOVA and MANOVA. In MANOVA, however, the researcher must also consider

The Effects of Dependent Variable Multicollinearity on Power
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the effects of multicollinearity of the dependent variables on the power of the statistical tests [114]. The researcher,
whether in the planning or analysis stage, must consider the strength and direction of the correlations as well as the
effect sizes of the dependent variables. If we classify variables by their effect sizes as strong or weak, then several
patterns emerge [20].
●

●

●

First, if the correlated variable pair is made up of either strong–strong or weak–weak variables, then the
greatest power is achieved when the correlation between variables is highly negative. This result suggests that
MANOVA is optimized by adding dependent variables with high negative correlations. For example, rather
than including two redundant measures of satisfaction, the researcher might replace them with correlated
measures of satisfaction and dissatisfaction to increase power.
When the correlated variable pair is a mixture (strong–weak), then power is maximized when the correlation is
high, either positive or negative.
One exception to this general pattern is the finding that using multiple items to increase reliability results in a
net gain of power, even if the items are redundant and positively correlated.

One of the most important considerations in a successful MANOVA is the statistical power of the analysis. Even though researchers engaged in experiments have much more control over the three
elements that affect power, they must be sure to address the issues raised in the preceding sections or potential
problems that reduce power below the desired value of .80 can easily occur. In field research, the researcher is faced
not only with less certainty about the effect sizes in the analysis, but also the lack of control of group sizes and the
potentially small group sizes that may occur in the sampling process. Thus, issues in the design and execution of
field research discussed in Stage 2 are critical in a successful analysis as well.

Review of Power in MANOVA

eStiMAtinG ADDitionAL ReLAtionSHiPS: MeDiAtion AnD MoDeRAtion
Up to this point we have discussed issues directly relating to the main effect. But the researcher may also be interested in two additional relationships—mediation and moderation. These relationships add insight into “why” the
treatment impacted the outcome (mediation) and “when” the treatment effect occurred (moderation). Moreover,
these effects may be viewed in a more general framework where they are combined (e.g., moderated mediation
or mediated moderation) [28]. We should note that the following discussion uses an ANOVA context with a
single outcome variable for simplicity, but in practice the only change for MANOVA is the substitution of the
discriminant function for the outcome measures for the single outcome measure. This will be addressed later in
our discussion
Mediation involves three bivariate relationships depicted in Figure 6.12. The unmediated or original
main effect is C as shown in Part A. When we add the mediation effect, two additional relationships are added
(Part B): A is the relationship of the treatment and the mediator (M) and B is the relationship of the mediator and
the outcome. When these two relationships are added, then we term the mediated main effect Cr to distinguish it
from the unmediated relationship.

Mediation

Baron and Kenny [5] proposed a simple process which requires each of the first three
steps to be statistically significant and then estimating the mediating effect in step 4:
eStiMAtinG tHe MeDiAtion MoDeL

1 Estimate path C: ensure that a significant relationship exists between treatment and outcome;
2 Estimate path A: ensure that a significant relationship exists between the treatment and the mediator (M);
3 Estimate path B: ensure that a significant relationship exists between mediator and outcome.
Each of these steps is estimated separately, either by correlational analysis or simple univariate regression. Then step 4
involves a multivariate regression controlling for the mediation effect:
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Figure 6.12
Mediation of the Main effect
Part A: No Mediation Effect

Part B: Mediation Effect
Mediator (M)

A

Independent
Variable/
Treatment

C

Dependent
Variable(s)/
Outcome(s)

Independent
Variable/
Treatment

B

C9

Dependent
Variable(s)/
Outcome(s)

4 Estimate path Cr: estimate the mediated effect by adding the mediator as another independent variable in a
multiple regression, so that now the relationship Cr is the treatmentSoutcome relationship “controlling for”
the effect attributed to the mediator (B).
The significance of Cr determines whether the mediation is complete or partial. Complete mediation occurs when Cr
is nonsignificant, meaning that after we account for the impact of the mediator (B) the original treatment S outcome
relationship disappears. Partial mediation is when the impact of the mediator does not account for all of the original
treatment S outcome relationship and Cr is still significant.
cALcULAtinG tHe inDiRect eFFect While we can now determine if there is complete or partial mediation, calculating
the size of the mediating effect is important, especially if it is only partial mediation. The impact of the mediator is
termed the indirect effect – the effect of the treatment that is transmitted through the mediator. In simple terms the
indirect is just the product of the effects of A and B. From our results, we calculate the indirect effect as A*B, using
the estimated coefficients from steps 2 and 3 above.
This leads to the decomposition of the original treatmentSoutcome relationship into two parts: the mediated
effect of treatment still remaining and the indirect effect through the mediator. It can be expressed as:

C 5 Cr 1 A*B
SiGniFicAnce oF tHe inDiRect eFFect A final step is to calculate the statistical significance of the indirect effect. While
we know that both A and B are significant from steps 2 and 3, we do not know the significance of their combined
effect. Sobel [107] developed a simple significance test using information about the estimated coefficients and their
standard errors. The equation is:

Z5

where

" 1 A 3 s2b 2 1 1 B2 3 s2a 2
A3B

2

A 5 estimated coefficient of treatment S mediator
B 5 estimated coefficient of mediator S outcome
sa 5 standard error of A
sb 5 standard error of B
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We then evaluate Z as a Z value (e.g., larger than 1.96 is significant at the .05 level).
The Sobel test is known for its low statistical power [79] and requires a normal distribution. Therefore, bootstrapping is recommended as a more accurate assessment of the indirect effect. Bootstrapped estimates are available in
programs such as the PROCESS macro (see next section) and structural equation models used to estimate mediation
effects.
Moderation The test for moderation is a test of interaction, equivalent to that discussed in Chapter 5 on multiple

regression. Testing for moderation is a three-step process:
1 Calculate the interaction term between treatment and moderator.
2 Estimate the moderated relationship, with three independent variables (treatment, moderator and interaction
term of treatment 3 moderator).
3 Moderation is indicated by a statistically significant coefficient for the interaction term.
The coefficient for the interaction term represents the change in the coefficient/slope for the treatment when
the moderator changes one unit, with a more detailed discussion in Stage 5. The interpretation of the moderation effect depends to some extent on the measurement characteristics (metric versus nonmetric) of both the
moderator and outcome measure. The integration of mediation and moderation in a more general framework
provides a useful perspective on interpreting moderation [28], while more direct methods of interpretation are
also available (e.g., [93]).
The procedures for estimating the basic mediation and moderation effects are straightforward and simple to implement in any software package. But as the nature of the effects becomes more complex
(e.g., moderated mediation or such) or multiple mediators or moderators are proposed, the typical researcher will
find it more difficult to correctly specify the estimation model. To this end the PROCESS macro developed by
Andrew Hayes [44] for either IBM SPSS or SAS provides the researcher with a template-driven set of models for
estimating mediation, moderation and a wide range of combined effects. The most recent version provides over
70 different models of varying effects and the researcher must only select the appropriate model, specify the variables involved and the macro will provide the appropriate results. A number of more advanced measures of both
mediation and moderation effects are presented, along with such features as bootstrapping options for assessing
statistical significance of more omplex effects. We encourage researchers interested in mediation/moderation
to review the materials provided with the PROCESS macro not only as an analytical aid, but a framework for
specifying the exact set of mediation, moderation or even combined effects desired. A major limitation of the
PROCESS macro is that it is useful only with multiple regression, and structural equation modeling may be the
better approach for testing mediation and moderation.

The PROCESS Macro

Up to this point we have discussed moderation and mediation more in
conceptual terms rather than specifically oriented towards MANOVA. While we have introduced the concepts in
a simple manner since they are applicable in so many research situations, there is no reason why they cannot be
applied to MANOVA in most contexts. For moderation, creating the interaction term and introducing the mediator are straightforward in any MANOVA program. The complications arise with mediation, since the multiple
outcome measures suggest either a series of mediation tests for each outcome or computation of some composite
value to represent the outcomes in a single mediation test. Researchers can certainly perform the separate mediation tests, but are precluded from combining them in some fashion for an overall effect. To represent the outcome
as a single composite measure, researchers might look to interpretive measures developed by Grice and Iwasaki
[39], which demonstrate procedures for calculating these composite measures that could then be used in a single
mediation test.
Mediation and Moderation in MANOVA
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Rules of thumb 6-5
MAnoVA estimation
●

●

●

The four most widely used measures for assessing statistical significance between groups on the
independent variables are:
●

Roy’s greatest characteristic root

●

Wilks’ lambda

●

Pillai’s criterion

●

Hotelling’s T2.

In most situations the results/conclusions will be the same across all four measures, but in some unique
instances the results will differ between the measures.
Maintaining adequate statistical power is critical:
●
●

●

●

●

When the effect size is small, the researcher should use larger sample sizes per group to maintain
acceptable levels of statistical power.

If dependent measures are very highly correlated 1 . .60 2 , consider eliminating one or more dependent
measures to reduce collinearity or use some form of summary measure.
Mediation is estimated by entering the mediator as an additional effect to the main effect.
●

●

Power in the .80 range for the selected alpha level is acceptable.

Indirect effect must be calculated and tested either with the Sobel test or through bootstrapping
procedures.

Moderation is tested as a conventional interaction effect of the treatment with the moderator.
Software such as the PROCESS macro make many forms of mediation and moderation, plus combinations
of mediation and moderation, available to the researcher.

Stage 5: interpretation of the MAnoVA Results
Once the statistical significance of the treatments has been assessed, the researcher turns attention to examining the
results to understand how each treatment affects the dependent measures. In doing so, a series of three steps should
be taken:
1 Interpret the effects of covariates, if employed.
2 For each significant treatment effect (and interaction in a factorial design), assess the pattern of group differences on the dependent variables. In the case of interactions, distinguish between ordinal and disordinal interactions and their implications on interpreting the corresponding treatment effects.
3 Determine for each significant treatment effect which specific groups within that treatment exhibit significant
differences on the outcome measures.
4 Examine each treatment effect to assess the relative importance of the outcome measures in the overall treatment effect.
We first examine the methods by which the significant covariates and dependent variables are identified,
and then we address the methods by which differences among individual groups and dependent variables can
be measured.
eVALUAtinG coVARiAteS
Covariates can play an important role by including metric variables into a MANOVA or ANOVA design.
However, because covariates act as a control measure on the dependent variate, they must be assessed before the
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treatments are examined. Having met the assumptions for applying covariates, the researcher can interpret the
actual effect of the covariates on the dependent variate and their impact on the actual statistical tests of the treatments.
Assessing Overall Impact The most important role of the covariate(s) is the overall impact in the statistical tests
for the treatments. The most direct approach to evaluating these impacts is to run the analysis with and without the
covariates. Effective covariates will improve the statistical power of the tests and reduce within-group variance. If the
researcher does not see any substantial improvement, then the covariates may be eliminated, because they reduce the
degrees of freedom available for the tests of treatment effects. This approach also can identify those instances in which
the covariate is too powerful and reduces the variance to such an extent that the treatments are all nonsignificant.
Often this situation occurs when a covariate is included that is correlated with one of the independent variables and
thus removes this variance, thereby reducing the explanatory power of the independent variable.
Interpreting the Covariates Because MANCOVA and ANCOVA are applications of regression procedures within
the analysis of variance method, assessing the impact of the covariates on the dependent variables is quite similar
to examining regression equations. If the overall impact is deemed significant, then each covariate can be examined
for the strength of the predictive relationship with the dependent measures. If the covariates represent theoretically
based effects, then these results provide an objective basis for accepting or rejecting the proposed relationships. In
a practical vein, the researcher can examine the impact of the covariates and eliminate those with little or no effect.

ASSeSSinG eFFectS on tHe DePenDent VARiAte
With the impacts, if any, of the covariates accounted for in the analysis, the next step is to examine the impacts of
each treatment (independent variable) on the dependent variables. In doing so, we will first discuss how to assess
the differences attributable to each treatment, particularly in the presence of interactions. The presence of significant
interactions requires that they be interpreted before any of the associated treatments can be interpreted.
Main Effects of the Treatments We already discussed the measures available to assess the statistical significance of
a treatment. When a significant effect is found, we call it a main effect, meaning that significant differences between
two or more groups are defined by the treatment. With two levels of the treatment, a significant main effect
ensures that the two groups are significantly different. With three or more levels, however, a significant main
effect does not guarantee that all three groups are significantly different, instead just that at least one significant
difference is present between a pair of groups. As we will see in the next section, a wide array of statistical tests
is available to assess which groups differ on both the variate and separate dependent variables.
So how do we portray a main effect? A main effect is typically described by the difference between groups on the
dependent variables in the analysis. This is typically performed on each outcome measure separately since there is no
overall value for the discriminant functions involved. Grice and Iwasaki [39] propose an approach that both interprets
the discriminant functions in a manner similar to that performed in discriminant analysis, and then computes composite scores for each discriminant function that can be used to examine patterns across the groups. Researchers needing
more insight into the nature of the differences reflected by the set of outcomes are encouraged to review this approach.
As an example, assume that gender had a significant main effect on a 10-point satisfaction scale. We could then
look to the difference in means as a way of describing the impact. If the female group had a mean score of 7.5
and males had an average score of 6.0, we could state that the difference due to gender was 1.5. Thus, all other things
equal, females would be expected to score 1.5 points higher than males.
To define a main effect in these terms, however, requires two additional analyses:

1 If the analysis includes more than one treatment, the researcher must examine the interaction terms to see
whether they are significant and, if so, whether they allow for an interpretation of the main effects.
2 If a treatment involves more than two levels, then the researcher must perform a series of additional tests
between the groups to see which pairs of groups are significantly different.
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We will discuss the interpretation of interaction terms in the next section and then examine the types of
statistical tests available for assessing group differences when the analysis involves more than two groups in the
following section.
The interaction term represents the joint effect of two or more treatments. Any time a research design has two or more treatments, the researcher must first examine the interactions before any statement can be made about the main effects. First, we will discuss how to identify significant
interactions. Then we will discuss how to classify significant interactions in order to interpret their impact on
the main effects of the treatment variables. Several sources provide excellent reviews of interactions and their
interpretation [119, 76].
Interaction effects are evaluated with the same criteria as main effects, namely both multivariate and univariate statistical tests and statistical power. Software programs provide a complete set of results for each interaction
term in addition to the main effects. All of the criteria discussed earlier apply to evaluating interactions as well
as main effects.
Statistical tests that indicate the interaction is nonsignificant can be interpreted as supporting the independent
effects of each treatments. Independence in factorial designs means that the effect of one treatment (i.e., group
differences) is the same for each level of the other treatment(s) and that the main effects can be interpreted directly.
Here we can describe the differences between groups as constant when considered in combination with the second
treatment. We will discuss interpretation of the main effect in a simple example in a later section.
If the interactions are deemed statistically significant, it is critical that the researcher identify the type of interaction (ordinal versus disordinal) because it has direct bearing on the conclusion that can be drawn from the results. As
we will see in the next section, significant interactions can potentially confound any description of the main effects
depending on their nature.

Significance of the Interaction Terms

Types of Significant Interactions The statistical significance of an interaction term is made with the same statis-

tical criteria used to assess the impact of main effects. Upon assessing the significance of the interaction term, the
researcher must examine effects of the treatment (i.e., the differences between groups) to determine the type of
interaction and the impact of the interaction on the interpretation of the main effect. Significant interactions can be
classified into one of two types: ordinal or disordinal interactions.
When the effects of a treatment are not equal across all levels of another treatment, but the
group difference(s) is always the same direction, we term this an ordinal interaction. In other words, the group
means for one level are always greater/lower than another level of the same treatment no matter how they are
combined with the other treatment.
Assume that two treatments (gender and age) are used to examine satisfaction. An ordinal interaction occurs, for
example, when females are always more satisfied than males, but the amount of the difference between males and
females differs by age group.
When significant interactions are ordinal, the researcher must interpret the interaction term to ensure that its
results are acceptable conceptually. Here the researcher must identify where the variation in group differences occurs
and how that variation relates to the conceptual model underlying the analysis. If so, then the effects of each treatment
must be described in terms of the other treatments it interacts with. Tests of significance can be performed for each
level to see if they are significantly different.
In the preceding example, we can make the general statement that gender does affect satisfaction in that females
are always more satisfied than males. However, the researcher cannot state the difference in simple terms as could
be done with a simple main effect. Rather the differences on gender must be described for each age category
because the male/female differences vary by age. Moreover, significance tests for each level of gender (male versus
female) across each level of age can reveal if the differences, while varying across levels, are also all significant or

oRDinAL inteRActionS
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not at each level. For example, the male/female difference may be significant for younger respondents, but not
older respondents.
When the differences between levels switch, depending on how they are combined with
levels from another treatment, this is termed a disordinal interaction. Here the effects of one treatment are positive
for some levels and negative for other levels of the other treatment.
In our example of examining satisfaction by gender and age, a disordinal interaction occurs when females have
higher satisfaction than males in some age categories, but males are more satisfied in other age categories.
If the significant interaction is deemed disordinal, then the main effects of the treatments involved in the interaction
cannot be interpreted and the study should be redesigned. This suggestion stems from the fact that with disordinal
interactions, the main effects vary not only across treatment levels but also in direction (positive or negative). Thus,
the treatments do not represent a consistent effect. Recent research has identified procedures for distinguishing
between ordinal and disordinal interactions on a more empirical basis [124, 74].
The importance of assessing interactions before main effects is demonstrated with disordinal interactions. A
disordinal interaction may be significant without either main effect being significant, which is not possible for a
significant ordinal interaction. This occurs because the difference between group means, when viewed one treatment
at a time, do not differ significantly. Thus, without assessing the interaction a researcher might contend that there
were no main effects when actually they were present.

DiSoRDinAL inteRActionS

Interactions represent the differences between group means when
grouped by levels of another treatment variable. Even though we could interpret interactions by viewing a table
of values, graphical portrayals are quite effective in identifying the type of interaction between two treatments.
The result is a multiple line graph, with levels of one treatment represented on the horizontal axis. Each line then
represents one level of the second treatment variable.
Figure 6.13 portrays each type of interaction using the example of interactions between two treatments: cereal
shapes and colors. Cereal shape has three levels (balls, cubes, and stars) as does color (red, blue, and green). The
vertical axis represents the mean evaluations (the dependent variable) of each group of respondents across the
combinations of treatment levels. The X axis represents the three categories for color (red, blue, and green). The lines
connect the category means for each shape across the three colors. For example, in the upper graph the value for red
balls is about 4.0, the value for blue balls is about 5.0, and the value increases slightly to about 5.5 for green balls.
How do the graphs identify the type of interaction? As we will discuss, each of the three interactions has a specific
pattern:

An Example of Interpreting Interactions

no inteRAction Shown by the parallel lines representing the differences of the various shapes across the levels of
color (the same effect would be seen if the differences in color were graphed across the three types of shape). In the
case of no interaction, the effects of each treatment (the differences between groups) are constant at each level and
the lines are roughly parallel.

The effects of each treatment are not constant and thus the lines are not parallel. The differences
for red are large, but they decline slightly for blue cereal and even more for green cereal. Thus, the differences by
color vary across the shapes. The relative ordering among levels of shape are the same, however, with stars always
highest, followed by the cubes and then the ball shapes. Statistical tests could assess whether the differences between
shapes are significant at each color.

oRDinAL inteRAction

The differences in color vary not only in magnitude but also in direction. This interaction is
shown by lines that are not parallel and that cross between levels. The evaluation of balls is higher than cubes and
stars for red and blue, but is evaluated lower than both for the color green.
The graphs complement the statistical significance tests [93] by enabling the researcher to quickly categorize the
interaction, especially determining whether significant interactions fall into the ordinal or disordinal categories.
DiSoRDinAL inteRAction
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Figure 6.13
interaction effects in Factorial Designs
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Rules of thumb 6-6
interpreting covariates and interaction effects
●

When covariates are involved in a MANOVA model:
●
●

●

Analyze the model both with and without the covariates.
If the covariates do not improve the statistical power or have no effect on the significance of the
treatment effects, then they can be dropped from the final analysis.

Any time two or more independent variables (treatments) are included in the analysis, interactions must be
examined before drawing conclusions about main effects for any independent variable.
●

●

●

●

If the interactions are not statistically significant, then main effects can be interpreted directly because
the difference between treatments is considered constant across combinations of levels.
If the interaction is statistically significant and the differences are not constant across combinations of
levels, then the interaction must be determined to be ordinal or disordinal.
Ordinal interactions mean that the direction of differences does not vary by level (e.g., males always
less than females) even though the difference between males/females varies by level on the other
treatment; in this case, the size of the main effect (e.g., males versus females) should only be described
separately for each level of the other treatment.
Significant disordinal interactions occur when the direction of an observed main effect changes with
the level of another treatment (e.g., males greater than females for one level and less than females for
another level); disordinal interactions interfere with the interpretation of main effects.

iDentiFYinG DiFFeRenceS BetWeen inDiViDUAL GRoUPS
Although the univariate and multivariate tests of ANOVA and MANOVA enable us to reject the null hypothesis
that the groups’ means are all equal, they do not pinpoint where the significant differences lie among more than two
groups. Multiple t tests without any form of adjustment are not appropriate for testing the significance of differences
between the means of paired groups because the probability of a Type I error increases with the number of intergroup
comparisons made (similar to the problem of using multiple univariate ANOVAs versus MANOVA). Many procedures are available for further investigation of specific group mean differences of interest using different approaches
to control Type I error rates across multiple tests.
Many times the simplest approach is
to perform a series of univariate tests with some form of manual adjustment by the researcher to account for the
experimentwide error rate. Researchers can make these adjustments based on whether the treatments involve two
or more levels (groups).

Multiple Univariate Tests Adjusting for the Experiment-wide Error Rate

Two-group treatments reduce to a series of t tests across the specified dependent measures.
However, researchers should be aware that as the number of these tests increases, one of the major benefits of the
multivariate approach to significance testing—control of the Type I error rate—is negated unless specific adjustments
in the T2 statistic are made that control for the inflation of the Type I error.
If we wish to test the group differences individually for each of the dependent variables, we could use the square root
of T2crit (i.e., Tcrit) as the critical value needed to establish significance. This procedure would ensure that the probability
of any Type I error across all the tests would be held to a (where a is specified in the calculation of T2crit) [43].
tWo-GRoUP AnALYSeS

We could make similar tests for k-group situations by adjusting the a level by the Bonferroni
inequality, which adjusts the alpha level for the number of tests being made. The adjusted alpha level used in any separate
test is defined as the overall alpha level divided by the number of tests 3 adjusted a 5 1 overall a 2 / 1 number of tests 2 4 .

k-GRoUP AnALYSeS
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For example, if the overall error rate 1 a 2 is .05 and five statistical tests are to be made, then a Bonferroni adjustment would call for a .01 level to be used for each individual test.
Structured Multigroup Tests The procedures described in the previous section are best used in simple situations
with a few tests being considered. If the researcher wants to systematically examine group differences across specific
pairs for one or more dependent measures, more structured statistical tests should be used. In this section we will
examine two types of tests:
●

●

Post hoc tests. Tests of the dependent variables between all possible pairs of group differences that are tested
after the data patterns are established.
A priori tests. Tests planned from a theoretical or practical decision-making viewpoint prior to looking at the data.

The principal distinction between the two types of tests is that the post hoc approach tests all possible
combinations, providing a simple means of group comparisons but at the expense of lower power. A priori
tests examine only specified comparisons, so that the researcher must explicitly define the comparison to be
made, but with a resulting greater level of power. Either method can be used to examine one or more group
differences, although the a priori tests also provide the researcher with total control over the types of comparisons made between groups.
Post hoc methods are widely used because of the ease in which multiple comparisons are made.
Among the more common post hoc procedures are (1) the Scheffé method, (2) Tukey’s honestly significant difference (HSD) method, (3) Tukey’s extension of the Fisher least significant difference (LSD) approach, (4) Duncan’s
multiple-range test, and (5) the Newman–Keuls test.
Each method identifies which comparisons among groups (e.g., group 1 versus group 2, group 1 versus group
3, etc.) have significant differences. Although they simplify the identification of group differences, these methods
all share the problem of having quite low levels of power for any individual test because they examine all possible
combinations. These five post hoc or multiple-comparison tests of significance have been contrasted for power [110]
and several conclusions can be drawn:

PoSt Hoc MetHoDS

●

●

Scheffé method is the most conservative with respect to Type I error, and the remaining tests are ranked in this
order: Tukey HSD, Tukey LSD, Newman–Keuls, and Duncan.
If the effect sizes are large or the number of groups is small, the post hoc methods may identify the group
differences. However, the researcher must recognize the limitations of these methods and employ other methods if more specific comparisons can be identified.

A discussion of the options available with each method is beyond the scope of this chapter. Excellent discussions
and explanations of these procedures can be found in other texts [52, 126].
The researcher can also make specific comparisons between groups by
using a priori tests (also known as planned comparisons). This method is similar to the post hoc tests in the
statistical methods for making the group comparisons, but differs in design and control by the researcher in
three aspects:

A PRioRi oR PLAnneD coMPARiSonS

●

●

●

The researcher specifies which group comparisons are to be made versus testing the entire set, as done in the
post hoc tests.
Planned comparisons are more powerful because of the smaller number of comparisons, but more power is of
little use if the researcher does not specifically test for correct group comparisons.
Planned comparisons are most appropriate when conceptual bases can support the specific comparisons to be
made. They should not be used in an exploratory manner, however, because they do not have effective controls
against inflating the experimentwide Type I error levels.
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The researcher specifies the groups to be compared through a contrast, which is a combination of group means
that represents a specific planned comparison. Contrasts can be stated generally as:
C 5 W1G1 1 W2G2 1 c1 WkGk
where:
C 5 contrast value
W 5 weights
G 5 group means
The contrast is formulated by assigning positive and negative weights to specify the groups to be compared while
ensuring that the weights sum to 0.
For example, assume we have three group means (G1, G2, and G3 ). To test for a difference between G1 and G2
(and ignoring G3 for this comparison), the contrast would be:
C 5 1 1 2 G1 1 1 21 2 G2 1 1 0 2 G3

To test whether the average of G1 and G2 differs from G3, the contrast is:
C 5 1 .5 2 G1 1 1 .5 2 G2 1 1 21 2 G3

A separate F statistic is computed for each contrast.
In this manner, the researcher can create any comparisons desired and test them directly, but the probability of a Type
I error for each a priori comparison is equal to a. Thus, several planned comparisons will inflate the overall Type I error
level. All the statistical packages can perform either a priori or post hoc tests for single dependent variables or the variate.
If the researcher wishes to perform comparisons of the entire dependent variate, extensions of these methods
are available. After concluding that the group mean vectors are not equivalent, the researcher might be interested
in whether any group differences occur on the composite dependent variate. A standard ANOVA F statistic can be
calculated and compared to Fcrit 5 1 N 2 k 2 gcrcrit / 1 k 2 1 2 , where the value of gcrcrit is taken from the gcr distribution with appropriate degrees of freedom. Many software packages have the ability to perform planned comparisons
for the dependent variate as well as individual dependent variables.
ASSeSSinG SiGniFicAnce FoR inDiViDUAL oUtcoMe VARiABLeS
Up to this time we have examined only the multivariate tests of significance for the collective set of outcome or dependent variables. What about each separate outcome? Does a significant difference with a multivariate test ensure that
each outcome also is significantly different? Or does a nonsignificant effect mean that all outcomes also have nonsignificant differences? In both instances the answer is no. The result of a multivariate test of differences across the set of
outcomes does not necessarily extend to each variable separately, just collectively. Thus, the researcher should always
examine the multivariate results for the extent to which they extend to the individual outcome measures. The three
most widely used approaches for examining the individual outcomes are discussed below.
Univariate Significance Tests The first step is to assess which of the outcomes contribute to the overall differences indi-

cated by the statistical tests. This step is essential because a subset of variables in the set of outcomes may accentuate the
differences, whereas another subset of outcomes may be nonsignificant or may mask the significant effects of the remainder.
Most statistical packages provide separate univariate significance tests for each outcome in addition to the multivariate tests, providing an individual assessment of each variable. The researcher can then determine how each
individual outcome corresponds to the effects on the variate. To do so, the researcher should manually adjust the
required significance level (e.g., Bonferroni adjustment) for each of the individual tests.
In using this approach, researchers should be cautious since using separate tests does not take into account the correlation among outcomes that underlie the multivariate test. In certain situations the univariate test can indicate counter-intuitive findings, such as the instance in which a significant overall test is shown to have no significant individual tests [50].
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We discussed earlier how MANOVA is the “reverse” of discriminant analysis and that
they share the same multivariate significance tests of the estimated discriminant functions. In this instance, we
use discriminant analysis to identify the outcome(s) that discriminate between groups on each treatment variable
[9, 7, 121]. To do so, designate a treatment as the dependent variable in the discriminant analysis and the outcomes
as the independent variables. Then the multivariate significance tests will (a) test for the significance of the set of
outcomes for that treatment and (b) identify which of the outcomes are predictive of the difference. In this manner all
of the outcomes can be assessed simultaneously while taking into account the correlations among them, something
the univariate tests do not account for.
This approach requires, however, extensive analysis of the derived discriminant functions to assess which of the
outcomes were included in each discriminant function. As a result, this approach is less widely used, although development of an index (Parallel Discriminant Ratio Coefficients) to assess the relative contribution of each independent
variable may simplify the interpretation process [114].

Discriminant Analysis

Stepdown Analysis A procedure known as stepdown analysis [68, 110] may also be used to assess individually the

differences of the dependent variables. This procedure involves computing a univariate F statistic for a dependent
variable after eliminating the effects of other dependent variables preceding it in the analysis. The procedure is somewhat similar to stepwise regression, but here we examine whether a particular dependent variable contributes unique
(uncorrelated) information on group differences. The stepdown results would be exactly the same as performing a
covariate analysis, with the other preceding dependent variables used as the covariates.
A critical assumption of stepdown analysis is that the researcher must know the order in which the dependent
variables should be entered, because the interpretations can vary dramatically given different entry orders. If the
ordering has theoretical support, then the stepdown test is valid. Variables indicated to be nonsignificant are redundant with the earlier significant variables, and they add no further information concerning differences about the
groups. The order of dependent variables may be changed to test whether the effects of variables are either redundant
or unique, but the process becomes rather complicated as the number of dependent variables increases.
Tonidandel and LeBreton [115] have extended stepdown analysis through a variant of the relative importance
weights developed for multiple regression. Relative importance weights are derived for each outcome and act as
relative effect sizes, representing the proportion of the overall effect attributable to each outcome. Comparisons to

Rules of thumb 6-7
interpreting Differences Between individual Groups and individual
outcomes
●

When the independent variable has more than two groups, two types of procedures can be used to isolate
the source of differences:
●

●

●

Post hoc tests examine potential statistical differences among all possible combinations of group
means; post hoc tests have limited power and thus are best suited to identify large effects.
Planned comparisons are appropriate when a priori theoretical reasons suggest that certain groups will
differ from another group or other groups; Type I error is inflated as the number of planned comparisons
increases.

With the multivariate tests only addressing the differences of the collective set of dependent variables,
researchers should also examine if those differences are found for each dependent variable separately.
●
●

●

Most widely used test is univariate ANOVA for each dependent measure
Discriminant analysis can provide insights as to dimensions of differences, particularly if there are more
than two groups.
Stepdown analysis is powerful analysis if causal ordering is known for dependent variables.
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the other approaches (univariate ANOVAs and discriminant analysis) show comparative advantages for this method
[115] and when software code becomes more widely available this approach will provide researchers with another
measure of relative importance.
inteRPRetinG MeDiAtion AnD MoDeRAtion
In addition to the results directly from MANOVA, the two additional relationships (mediation and moderation)
provide not only a statistical indicator of the impact of these third variables on the main effect, but also substantive
insight into “How” and “When” issues. The following discussions focus on portraying the actual impact of these
relationships (i.e., how large is the mediation effect or how much does the interaction change the group means).
Mediation The mediation relationship decomposes the original main effect into two elements: the mediated main
effect and the indirect (mediation) effect. We can represent this as:
C
Original
main effect

5

Cr
Mediated
main effect

1

A*B
Indirect
1 mediation 2 effect

In interpreting the mediation effect, several questions must be addressed:
1 Was the indirect effect significant?
2 Is the mediated main effect significant?
3 If both mediated main effect and indirect effect are significant, what is their relative strength?
Let’s now address each of these issues.
The first issue relates to the significance of the indirect effect and, if
significant, how that supports the research question. Statistical significance can be determined though the Sobel
test, or as proposed more recently, the use of bootstrapping to determine confidence levels and significance of
the effect.
In either approach the researcher is determining whether the indirect effect provides a substantive “Why” explanation for the original main effect. One should note that while there are statistical criteria, ultimately it is the conceptual
support that provides the rationale for a mediation effect versus some alternative explanation (e.g., a confounder
which is equivalent empirically but lacks the causal ordering of the mediation effect). Thus, as stated before, identifying a significant mediation effect requires first conceptual support and then statistical verification [84].

SiGniFicAnce oF inDiRect MeDiAtion eFFect

SiGniFicAnce oF MeDiAteD MAin eFFect In addition to the indirect effect, the significance of the mediated main effect
provides a means to determine is the original main effect is completely explained/replaced by the indirect effect (i.e.,
complete mediation) or if a significant portion still remains (i.e., partial mediation). A nonsignificant mediated main
effect empirically supports complete mediation and the ability of the indirect effect to provide a “Why” alternative
explanation for the main effect.
But the researcher is more interested in the interpretation of both the mediated main effect and the indirect effect
in combination. To this end, useful discussions of the various interpretations are available [128] and Zhao et al. even
provide a flowchart approach to understanding how the resulting effects can be interpreted [130]. Recent research
cautions researchers on making the distinctions of complete versus partial mediation due to a number of alternative
impacts on the estimated effects [45]. Thus, there is a substantial and ever growing literature base on mediation across
numerous disciplines and the interested reader is encouraged to explore their discipline for its treatment of mediation
[e.g., 83].
ReLAtiVe StRenGtH oF inDiRect eFFect In the situation of partial mediation, with both the indirect and mediated main
effects achieving statistical significance, the remaining questions involve the relative strength of the indirect effect
versus either the total effect or the remaining mediated main effect. To this end, the PROCESS macro provides
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three measures of relative impact: ratio of indirect to total effect, the ratio of the indirect effect to the direct effect
and a measure of effect size for the indirect effect [44]. Bootstrapped estimates of the confidence intervals are also
provided to assess their statistical significance. While there are now only characterizations of high, medium or low
for these measures, they do provide some measures of relative size that can be used as common metrics for comparison purposes.
Finally, there are combinations of mediation, notably moderated mediation and mediated
moderation. While both of these are technically possible, Hayes contends the moderated mediation is the more
appropriate and interpretable approach for examining these more complex effects [44]. As with other issues in
mediation effects, the interested reader is encouraged to monitor advances in both the estimation and interpretation of these issues.
coMBineD eFFectS

Moderation provides information concerning the extent to which a main effect may be contingent
on a third variable—i.e., how the main effect varies for different values of the moderator. So it addresses the
“When” question regarding a main effect. As with mediation, a moderating effect must have conceptual support
since it is implemented in the same manner as the interaction terms accompanying factorial designs. Yet interactions are based on an empirical requirement for interpreting a main effect, but do not require any conceptual
support for their calculation.
To better understand the interaction effect and how it reflects the group differences based on the moderator values,
we can express a moderated model in linear model form (see Figure 6.14). In the unmoderated form, b1 represents the
mean difference between treatment groups and the group mean for any group is calculated by adding in the constant.
In the moderated situation, the moderator adds to both the intercept and group difference when the moderator effect
is in effect. So when the moderator is zero (no interaction effect), then the group means are calculated similar to the
unmoderated case (b0 versus b0 1 b1). But when the moderator is in effect, the moderator adds to both the intercept
1 b2 2 and the group differences 1 b3 2 . The b2 term shifts both moderated groups, but the interaction effect 1 b3 2 is unique
to the moderated treatment group (lower right cell) and creates the nonparallel lines characteristic of an interaction.
We will illustrate these relationships in our later examples of applying moderation to one of the main effects of interest.
Moderation

SUMMARY Mediation and moderation have become integral components of experimental research because of their
ability to extend the research question beyond just the identification of an effect, but also though insights about the
“Why” and “When” impacting the main effect. We have provided just an overview of the issues and applications of
mediation and strongly recommend any research employing ANOVA/MANOVA models strongly consider mediation and moderation for their theoretical extensions of the treatment S outcome relationship.

Figure 6.14
calculating cell Means with a Moderation effect
Unmoderated Linear Model
Y 5 b0 1 b1X
Moderated Linear Model

calculating cell Means With Moderation
Moderator

Y 5 b0 1 b1X 1 b2Z 1 b3ZX
Y 5 (b0 1 b2Z)
combined
intercept

1 (b1 1 b3Z)X

treatment

Z50

Z51

X50

b0

b0 1 b2

X51

b0 1 b1

(b0 1 b2) 1 (b1 1 b3)

combined
difference
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Rules of thumb 6-8
interpreting Mediation and Moderation
●

Mediation is represented by the indirect effect formed from two causal paths: treatment S mediator and
mediator S outcome.
●

●

●

●

Indirect effect represents the “Why” behind a main effect by providing a construct (i.e., the mediator)
though which the treatment operates to create the effect in the outcome.
Complete mediation occurs when the mediation effect (indirect effect) totally accounts for the original
main effect.
Partial mediation occurs when the indirect effect is significant, but there still remains a significant main
effect even after accounting for the indirect effect.

Moderation occurs when the main effect varies based on different values of the moderator.
●
●

An example would be the main effect being different between males and females
Significant moderating effects exhibit patterns comparable to significant interactions (e.g., nonparallel
lines)

Stage 6: Validation of the Results
Analysis of variance techniques (ANOVA and MANOVA) were developed in the tradition of experimentation, with
replication as the primary means of validation. The specificity of experimental treatments allows for a widespread
use of the same experiment in multiple populations to assess the generalizability of the results. Although it is a
principal tenet of the scientific method, in social science and business research, true experimentation is many times
replaced with statistical tests in non-experimental situations such as survey research. The ability to validate the results
in these situations is based on the replicability of the treatments. In many instances, demographic characteristics such
as age, gender, income, and the like are used as treatments. These treatments may seem to meet the requirement of
comparability, but the researcher must ensure that the additional element of randomized assignment to a cell is also
met; however, many times in survey research randomness is not fully achieved.
For example, having age and gender be the independent variables is a common example of the use of ANOVA or
MANOVA in survey research. In terms of validation, the researcher must be wary of analyzing multiple populations
and comparing results as the sole proof of validity. Because respondents in a simple sense select themselves, the
treatments in this case cannot be assigned by the researcher, and thus randomized assignment is impossible.
The researcher should strongly consider the use of covariates to control for other features that might be characteristic
of the age or gender groups that could affect the dependent variables but are not included in the analysis.
Another issue is the claim of causation when experimental methods or techniques are employed. For our purposes
here, the researcher must remember that in all research settings, including experiments, certain conceptual criteria
(e.g., temporal ordering of effects and outcomes) must be established before causation may be supported. The single
application of a particular technique used in an experimental setting does not ensure causation. The following
section, however, provides some additional advanced statistical tools that can be used in situations where a controlled
experiment is not possible, but causal inferences are desired.

Advanced issues: causal inference in nonrandomized Situations
Up to this point in the chapter we have generally referred to the notion of causality in general terms. Yet the conditions
in which a researcher can make truly causal statements is quite restricted. Identification of causal effects is the ultimate
objective of most research, and an ideal setting would allow us to make such statements as: When the treatment is applied,
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the outcome always happens, or The treatment is the only reason for the observed change in the outcome. While areas like
the physical sciences many times follow these principles, most other areas, particularly those involving individuals (e.g.,
medical or behavioral sciences) would most likely be cautious in making these types of statements with their research.
So does this mean that only tightly controlled studies in the physical sciences can make causal statements? What
about human behavior, which we do not feel follows the same rigorous rules as nature. And what about all of the
non-experimental data that has been gathered over time and the tremendous influx of new data available in this age
of Big Data? None of this data was collected in the tightly controlled experimental setting, yet it has potential value
in being “real world” data that reflects actual outcomes experienced outside the laboratory setting. It is for these
situations that a relatively new class of models are becoming available to help overcome the comparability issues of
treatment and control groups found in observational studies.
In the following sections we will provide a brief overview of efforts to establish causality in the behavioral sciences.
Particular emphasis will be placed on the conceptual framework introduced by Rubin [101] termed potential
outcomes that underlies today’s notions about causality, especially in how to treat observational data.

cAUSALitY in tHe SociAL AnD BeHAVioRAL ScienceS
The classic experimental design, the controlled randomized experiment, involves a number of very strict conditions:
manipulation of the treatment by the researcher, random assignment of respondents to the treatment and control
groups, and a tightly controlled setting to minimize any additional confounding influences on the experiment. If all
of these conditions are met, a causal inference can be made where the observed differences between the treatment
and control groups can be attributed to the treatment as a causal effect.
Research in the behavioral and social sciences, however, rarely utilizes the controlled randomized experiment and
employs some form of non-experimental design. One fundamental reason is that in many instances the data is already
available and analyzing what actually happened is considered more appropriate for many types of applied research
settings. Also, many times it is not possible to manipulate the treatment among participants, such as in the case of risk
factors (e.g., smoking or obesity), social impacts (e.g., segregation, poverty), personal choices (e.g., marriage at a young
age), and personal characteristics (e.g., gender differences). Yet all of these relate to important research questions that
impact all facets of our society. So the quest for making causal inferences in these areas remains strong, even though
what constitutes causality in the social and behavioral sciences has long been a topic of discussion [48, 103, 92, 63, 108].
There have been two major research streams that have focused on bringing the conditions of causality to the social and
behavioral sciences [123, 102, 23, 58]. The first involves Donald Campbell who focused on the internal validity of research
designs—finding threats to causality and then remedies for those threats. The concept of confounds became instrumental
in this work and the research design elements to eliminate them became the tenets of behavioral research [103, 13]. The
second perspective is from Donald Rubin and is termed the potential outcomes approach [97, 98, 48]. In this approach,
the ideal situation for making causal inference would be for the respondent to be both exposed to the treatment and not
exposed to the treatment under exactly the same conditions. These are the potential outcomes, yet in reality we can only
observe one of them (either exposure or no exposure) and the other is missing. The focus of this research was to make
non-experimental data conform to the conditions of experimental research, primarily through procedures to create
comparability among the observed treatment and control groups. If these two groups could be made as comparable as
was achieved through the random assignment process, then causal inferences could be made. It is perhaps not surprising
that Rubin is also considered one of the pioneers in missing data treatments and analysis.
While the work of Campbell and others has advanced research design dramatically, it is the work of Rubin that
has had the biggest impact on the use of observational studies and the ability of researchers to potentially overcome
the “correlation does not equal causation” caveat in much of social and behavioral research. The development of a
process for processing and forming comparable treatment and control group in these non-experimental settings is
the focus of the remainder of this section. We will first review in more detail the basic principles of the potential
outcomes approach and then examine one of the more widely employed techniques, propensity score matching, and
its application to observational data for making causal inferences.
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tHe PotentiAL oUtcoMeS APPRoAcH
As noted earlier, Rubin’s work is based on the basic premise that causal inference will always have a “missing data
problem” in that both potential outcomes cannot be observed in what is termed the “fundamental problem of causal
inference” [48]. We can view these potential outcomes (i.e., outcomes whether exposed to treatment or not) as
counterfactuals of each other. A counterfactual is the “missing” outcome for each individual. If we could develop a
method for “filling in” these counterfactuals, just as we do with missing data, then we could make causal inferences.
We can see this in the diagram below. If an individual could be observed for both potential outcomes, then all four
cells would be filled. That is not possible, however, so to make a causal inference we need to generate counterfactuals
(e.g., what would be the outcome for individuals assigned to the control group if they had received the treatment
and vice versa for the treatment group).
Potential outcomes
Assignment

control

Process

control

treatment

control Group

Missing

(observed)
treatment

Missing

treatment Group
(observed)

Rubin’s work does not treat randomized experiments differently from non-experimental designs. It just
acknowledges that randomized experiments account for the potential outcomes and counterfactuals are generated in
a specific and efficient manner. The random assignment process assumes that the resulting groups (i.e., treatment and
control) are identical on any other characteristic influencing the causal effect. In a general sense, if the two samples
are large enough, for each person in the control group there should be an equivalent person in the treatment group.
If this is the case, then the treatment and control groups can act as the counterfactuals necessary for causal inference
(e.g., the treatment group is equivalent to those control group participants who did not receive the treatment on all
other characteristics). The only assumption in the process is the stable unit treatment value assumption (SUTVA)
where the treatment does not change across individuals and the assignment process does not impact the outcomes
(i.e., one person’s treatment does not impact or interfere with another person’s outcomes) [59].
coUnteRFActUALS in non-exPeRiMentAL ReSeARcH DeSiGnS
While randomized experiments have always been considered the “gold standard” for causal inference, the many issues
precluding the use of experiments discussed earlier have generated intense interest in overcoming these limitations
and resulted in many excellent discussions on making causal inferences in non-experimental situations [46, 88, 48,
59]. It is beyond the scope of this discussion to address all of these issues, but several key issues emerge:
Just as the random assignment process was developed to achieve
similarity between groups, any causal inference in non-experimental settings requires treatment and control groups
that are as similar as possible on all possible influences of the outcome, other than the treatment. If they are not
similar, then we cannot be sure that our “apples to oranges” comparison is valid.

Similarity of Treatment and Control Groups

Confounding Variables As discussed earlier in Figure 6.8, a confounder is a third variable that relates to both
treatment and outcome, but is not included in the analysis in some form. Many times termed an “unobserved
common cause,” the presence of confounders biases the estimate of the main effect. Confounders are a principal
cause of endogeneity along with measurement error and simultaneity [4].

The assumption of the strongly ignorable
treatment assignment, similar to the notion of ignorability in missing data processes discussed in Chapter 2, implies
that all confounding or sources of endogeneity can be eliminated if there is equivalence on the set of potential

Assumption of the Strongly Ignorable Treatment Assignment
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confounding characteristics of the treatment and control groups. Confounding or endogeneity occurs when the
assignment of the treatment is not independent of the outcome, and is due to omitted variables that relate to both
the treatment and the outcome. This assumption allows for a procedure to provide ignorability of endogenous effects
given the appropriate identification and treatment of the potential confounding effects.
Balance Balance refers to the equivalence of the treatment and control groups on a set of variables. For the random

assignment process, tests for balance should demonstrate the equivalence of the treatment and control groups on
any set of characteristics that might impact the outcome (e.g., potential confounders).
Rubin not only developed the framework of potential outcomes to provide a generalized context suitable to both
experiments and non-experiments alike, but then proceeded to formally propose a procedure which could meet all
of the above issues equally as well, in theory, as randomized experiments. The objective is simple in concept—correct
for any biases introduced in the assignment process in the non-experimental setting by finding observations in the
control group that are similar enough to observations in the treatment group to meet the ignorability assumption.
The following section will describe one such method—propensity scoring—which has become widely employed
in the analysis of observational data in many disciplines. As we will discuss, it employs one of the other multivariate
techniques covered in this text—logistic regression—as the mechanism of comparing two groups (treatment versus
control) on a large number of variables that may act as confounders.
PRoPenSitY ScoRe MoDeLS
The propensity scoring model in its many forms is one of the primary approaches for estimating the counterfactuals
which meet the ignorability assumption [88, 40, 57]. Our discussion of propensity scoring models is not an endorsement per se of this method, but provides a discussion that extends another multivariate technique (logistic regression)
into the domain of causal inference. Interested readers are encouraged to review the coverage of logistic regression
in Chapter 8 if they intend to employ propensity scoring models.
Popularity of Propensity Score Models The concept of propensity score models has been widely supported from

numerous perspectives [112, 50, 37, 98, 95] and has achieved widespread use in such areas as political science [56]
and the health sciences [36, 120, 47]. Within the business disciplines, there have been numerous calls for increased
use in management [75], information systems [16] and marketing [82], with accounting embracing the approach
in a number of research areas [105, 71, 27, 109]. In all of these instances the research contexts address “real world”
issues from a wide array of secondary data (survey data, census data, medical records, financial reports, etc.) to
address any number of research questions. As a result, an entire range of data sources have now been made available
for even more rigorous analytical approaches that provide the call for evidence-based decisions with more reliable
information for decision-making.
While a propensity score model may appear to be an
“empirical silver bullet” for solving issues in the use of non-experimental data, the researcher will find that the
ultimate success or failure of the process is based on conceptual considerations, primarily the selection of the set of
confounders to be included in the model. Once that set of confounders is identified, then logistic regression is used
to estimate the propensity scores and these scores are then used to select (match) comparable observations from the
treatment and control groups for further analysis. It should be noted that research design options can be utilized to
increase the efficacy of these models and thus not rely solely on the adjustment process [96, 100, 54, 99, 103]. This
entire process is covered in more detail with software examples [40] and in review articles detailing more detailed
issues [112, 73, 75]. Common to these discussions are a six-step procedure for specifying and then applying a propensity score model to non-experimental data.

Developing and Applying a Propensity Score Model

As noted several times, a key assumption of making causal inferences in
non-experimental situations is the ability to meet the strong ignorability assumption. Variable selection is a
critical phase in this process that must be driven by conceptual considerations since no form of adjustment can

SteP 1: SPeciFY coVARiAteS
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overcome omission of relevant measureable confounders. As a general rule, inclusion can be made for any variable that is either a cause of a treatment or the outcome or both [118]. But as we will see, there are specific issues
within these general recommendations. The variable types depicted in Figure 6.8 will be used to understand
which of these variable types should be considered for inclusion. We should note that the literature on propensity
score models uses the term covariates as a general category of all variables, of any type, to be included in the
model. After our discussion here of various types, we will use this general term for the entire set of variables,
regardless of their depiction in Figure 6.8.
The most fundamental type of variable for inclusion is the confounder, as it is a direct source
of endogeneity that violates the ignorability assumption. Confounders, as shown in Figure 6.8, cause both the
treatment and outcome and act as a “common cause” that must be included in the covariates of the propensity
score model. A primary concern with confounders are those that are unmeasured or unobserved as while they
impact the treatment S outcome, they cannot be included in the model. In this regard researchers are encouraged
to expand their set of covariates to include variables which may be related to the unobserved confounders and
thus incorporate some of their effect in the model. So while the researcher must be judicious in the confounders
identified for inclusion, the bias resulting from excluding impactful confounders or the chance of not finding
correlates of the unmeasured confounders encourages the research to err on the side of inclusion. Variables with
weak relationships to the treatment or outcome will be minimized in the model results with little impact on the
propensity scores.
Confounders

Covariates/Blocking Factors These variables, related to only the outcome, can be included as they (a) provide increased
precision without bias [10] and (b) provide additional adjustments for unmeasured confounders. In terms of estimation
they operate as they did in ANOVA/MANOVA estimation to reduce variance in the outcome measure. They also can
provide additional controls on any confounders that may operate through them in impacting the outcome measure.
Instrumental Variables The instrumental variable is related to the treatment but not the outcome. While some
research has recommended inclusion, other research has urged caution. Recent research has demonstrated
decreases in the efficiency of the causal effects, and in the presence of unmeasured confounding, increases the
bias of the causal effects [127, 11]. Moreover, inclusion of variables which are highly related to the treatment
have their own confounding effect as to what does the causal effect stem from (i.e., what is the “true” cause – the
treatment or the variable that highly predicts the treatment) [112]. In addition to the inability to determine the
“true” effect, it also makes it impossible to achieve balance on the highly related variable [73, 12]. As a result,
inclusion of instrumental variables in the covariate set should be done only for specific conceptual reasons and
then only after consideration of the potential negative effects.
Mediators Mediators are related to both treatment and outcome, but their causal relationship to the main effect calls
for their exclusion as a model covariate. In general, any variable that is caused by the treatment should be excluded
as they represent potential indirect effects of the treatment [38]. For purposes of estimating the causal effect we only
need to measure the total effect and inclusion of indirect effects in the covariate set would bias downward the causal
effect estimate.
Moderator The final type of variable is the moderator, a third variable which changes the magnitude and/or direction of the main effect. Given its relationship to both treatment and outcome it can be included in the covariate set,
but only acting as a confounder, not a moderator. While recent research has explored moderation of the propensity
score model [32], the most direct approach is to apply the moderating effect in the estimation procedures, such as
done with doubly robust regression [235].
Overall Selection Strategy Unless limited by sample size, the researcher should specify a covariate set including all
of the known confounders and other variables related to the outcome. Theory, domain knowledge and even field
research should guide the selection process. Parsimony is not paramount in the covariate set since prediction is the
sole purpose. This does not allow the research to indiscriminately include variables, as there are potential issues of
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balance and thus ignorability that can result. But as noted earlier, excluding a relevant variable is much more impactful than including an irrelevant variable.
One quite useful framework for identifying all of the potential confounders is the use of the DAG (directed acyclic
graphs) that formally details all causal relationships of interest [92, 118]. The DAG has become a topic of interest as a
framework in which all of the “threats” to a casual effect can be identified. Pearl [92] has popularized this concept and
developed an entire perspective on causality. While it is beyond the scope of this chapter to review this perspective,
researchers interested in causal inferences must consider the method and underlying theory.
The fundamental purpose of the propensity score model is to fully represent the complete set of covariates which achieving balance (i.e., comparability) between the treatment and control
groups. Specifying the complete set of confounds in the covariate set provides the information needed to satisfy the
ignorability assumption. However, to meet this assumption the two groups must be equal on all of the covariates.
As the number of covariates increase in number, finding a way to represent all of these covariates in a single value
becomes essential. This is the role of the logistic regression model, where the covariate sets are the independent variables and the treatment variable is the dependent variable. Note that we are not predicting the outcome, but instead
the treatment variable.
The predicted probability now becomes the propensity score, such that observations with similar predicted
probability scores should have similar profiles on the covariate set while being in either the treatment or control
group. The purpose of the propensity score model is not prediction of the treatment, but rather a method for estimating a variate from the covariates that can be balanced between the treatment and control groups. Thus, classification
accuracy, model fit or even variable collinearity is not important, with the focus instead on achieving balance across
the covariates [112]. A series of model estimation strategies are discussed in Guo and Fraser [40], with all aimed at
achieving balance of the covariate set and model overlap discussed in the next step.

SteP 2: eStiMAte PRoPenSitY ScoRe MoDeL

Before employing the propensity score in the adjustment
process, it must be checked for model overlap and covariate balance. In each situation the focus is on the comparability of the treatment and control groups.
SteP 3: eStiMAte BALAnce oF coVARiAte Set AnD MoDeL oVeRLAP

Model Overlap Model overlap is the comparison of the range of propensity scores between treatment and control
groups. If the minimum and maximum propensity scores were identical for both treatment and control groups, then
there would be complete overlap. But as is more often the case, one or the other groups has a minimum or maximum
score that exceeds the other group. A high degree of overlap is critical since only observations with comparable
propensity scores can be included in the analysis. Also, the lower the overlap the smaller the extent of comparison
between the two groups, potentially affecting the validity of the causal estimate. At the highest or lowest propensity
scores where there is no overlap between groups some observations may be eliminated before proceeding. While this
reduces somewhat the external validity, it can improve the balance and matching done later in the analysis.
Covariate Balance As noted earlier, the sole objective of the logistic regression model is to develop a predicted
probability that is based on a set of balanced covariates used as independent variables. To this end, the researcher
evaluates the logistic model on the balance it achieves, where balance is the degree of equivalence between groups
on each of the covariates. Balance is measured within subgroups of observations rather than a single overall
measure. Most often the observations are divided into quintiles based on the propensity score (i.e., highest
20 percent of treatment and control group in first quintile, etc.). Then significance tests are performed on each
of the covariates within each of the subgroups. When balance is not achieved, any number of actions may be
taken, including combining or expanding subgroups, transformations of the covariate or the addition/deletion
of covariate polynomials or interactions between the covariates [73]. Researchers must be cautious, however, to
exclude irrelevant covariates as balancing on these covariates may impact the balance of other covariates.
After any changes for covariate imbalance, the logistic model is re-estimated and balance checks performed again.
This iterative process continues until balance (i.e., nonsignificant differences between treatment and control groups)
is achieved for each covariate in each subgroup. Remember, covariate balance is the critical element in propensity score
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models since it is the balance/equivalence of the treatment and control groups across the entire set of covariates that
meets the ignorability assumption and allows for causal estimates to be made.
Once the propensity scores achieve model overlap and balance, they can
be used to create comparability between the treatment and control groups. While the ideal situation would be to have
exact matches where the observations are exactly equal on all covariates, that becomes unrealistic as the covariate set
increases. So some form of matching must be employed to group together very similar observations. The three most
widely used approaches for identifying equivalent observations are matching, stratification and weighting [40]. There
are numerous options within each of these approaches, so we will only review the basic elements in each area and the
interested reader can explore the details as needed. But each approach employs the same principle. That is, observations with equal propensity scores are now (a) assumed to be comparable across the entire covariate set, (b) so that
direct comparisons between matched treatment and control members is an estimate of causal effect.

SteP 4: APPLicAtion oF PRoPenSitY ScoReS

Matching is perhaps the approach most commonly associated with propensity score models since it
operates at the observation level. In this approach observations in each group are “matched” with observations
from the other group with equal or very similar propensity scores. There are numerous methods which (a)
vary how precisely the observations must match and (b) match observations in pairs (i.e., one to one) versus
one observation versus all other that match (i.e., one to many). These and other options provide the researcher
a wide range of approaches that can best fit the specific dataset under consideration. Note that this approach
has the highest chance of sample reduction since observations from either the treatment or control group that
cannot be matched must be eliminated from the analysis. Researchers should always monitor the extent of sample
reduction using this approach.
Matching

A second approach involves stratification where subgroups are formed, similar to what was done in
testing for balance. The number of strata can vary based on the degree of equivalence desired in each stratum. Some
approaches employ a smaller number of strata (e.g., 5 to 10), while other approaches, such as coarsened exact matching (CEM) expands and contracts the strata to achieve the best balance among the treatment/control matches [53].
Stratification

This final approach is to apply the propensity scores directly as weights in the linear model comparison of treatment versus control groups [112]. The most common method is to use the inverse of the propensity
score (inverse probability of treatment weighting, IPTW). Observations are not grouped or stratified, with
weighting now adjusting each treatment and control group for equivalence. The primary disadvantage of this
approach is that very high or low propensity scores result in extremely large or small weights that may distort the
analysis. Researchers are cautioned to examine the results for such impacts and potentially eliminate those cases
with extreme weights.
Weighting

Before proceeding to the calculation of the causal effect, the researcher should
perform another balance check of the covariates among the observations retained in the analysis. If imbalance
is found, then it must be corrected among the retained observations before proceeding to the final step of effect
estimation.

SteP 5: RecHecK BALAnce oF coVARiAteS

With the adjustments to the treatment and control groups providing the necessary
equivalence, the final step is to estimate the causal effect. We should note that at this stage this is nothing more than
the main effect of treatment S control, but now with equivalent treatment and control groups. The group differences can be calculated within each matched group or strata and then combined by weighting by the relative size of
the group/strata or directly estimated with weighting done by the IPTW. In any case, there are two types of effects
that can be estimated: ATE and ATT [46, 88].

SteP 6: eStiMAte cAUSAL eFFect

ATE The ATE is the average treatment effect of the treatment on the entire population and represents the expected
difference in the outcome between treatment and control groups. This represents the effect most consistent with the
main effect we have seen in ANOVA/MANOVA analyses.
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ATT The ATT is the average treatment effect expected among those respondents in the treatment group. The ATT
does not equal the ATE and has a quite different interpretation. See Morgan and Winship [88] for discussion of the
differences between ATE and ATT.
SUMMARY The process of specifying the covariate set, estimating the propensity score model and then adjusting the
treatment and control groups to obtain equivalence on the covariate set, involves a series of issues requiring both
conceptual and empirical skills. The emergence of the technique across many social science and behavioral disciplines, however, has generated an extensive set of excellent resources for the researcher, ranging from complete
texts devoted to the process [46, 88, 59, 40] as well as review articles within different domains (e.g., [112, 73, 59]).
We encourage the interested research to explore software options within programs such as STATA, SAS and IBM
SPSS as well as the many routines available in R. These will continue to expand as the technique develops and
gains wider usage.

Extension to MANOVA The technical aspects of extending propensity score models to a MANOVA design would

be relatively straightforward since the outcome is not involved in the estimation or adjustment stages. The outcome
is critical, however, in the specification of the covariate set (Step 1). This is a difficult task with a single outcome and
the task becomes even more challenging in accommodating multiple outcomes. One study did investigate the use of
a single propensity score model on multiple outcomes, but it was not analyzed as a MANOVA design. It did, however,
highlight the need for a unified set of covariates spanning all of the outcomes to be effective [129]. As a result, at this
time, application of the MANOVA analysis is most likely in a randomized experimental setting where the equivalence
of treatment and control groups can be managed through randomized assignment versus a propensity score approach.
oVeRVieW
The concept of causal inference in non-experimental data has generated intense interest and usage in the social and
behavioral sciences over the past decade. The introduction of the potential outcomes model by Rubin provided a
framework for researchers in fields not amenable to randomized experiments to employ for making causal inferences
from observational data. While the randomized experiment still remains the “gold standard” for making causal
inferences, the addition of the approaches discussed here provides an exciting new research pathway for many
research domains. We expect to see this topic expand in coverage across all research techniques and provide for even
stronger research results across a wide array of research questions.

Rules of thumb 6-9
Making causal inferences in nonrandomized Situations
●
●

Controlled randomized experiments are considered the “gold standard” in estimating causal effects.
Estimating causal effects in non-experimental situations, such as observational data, has previously
been thought impractical due to the inability to remove all of the confounding effects impacting the main
effect.
●

●

Causal inferences are necessary outside the controlled experiment setting for many issues in which
random assignment and manipulation of the treatment is not practical (e.g., health risks, naturally
occurring phenomenon, etc.).

The development of the Potential Outcomes framework by Rubin established a general framework encompassing both randomized experiments and non-experimental data for the purposes of making causal
inferences.
●

When participants are assigned, they can be in only treatment or control, not both. The counterfactual
represents the outcomes expected of a participant if it was assigned to the other group (e.g., what
would have happened to members of the control group if they were given the treatment).
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●

●

●

●

●

●

Meeting the assumption of strongly ignorable treatment assignment (which random assignment does)
means that the treatment assignment process (which participants are in treatment versus control)
has no impact on the outcome. Violations of this assumption in non-experimental data are the result
of sample selection issues or other factors/confounders that differ between treatment and outcome
groups and also impact the outcome, thus producing biased estimates.

While an unlimited number of variables should not be included in the set of confounders, it is best to
include variables if not certain about their effect.
Do not include variables that are mediators (i.e., are caused by the treatment) or variables that are
highly associated with the treatment, but not the outcome.

The predicted probability value is used as the propensity score, a single value that can be used to group
observations with similar profiles across the variables in the model.

The fundamental objective of the propensity score model is to obtain balance (i.e., equivalence
between the treatment and control groups across the variables included in the model. Balance is
achieved when there is no significant difference on any model in the variable between treatment and
control groups.
The propensity score is used to form equivalent groups of observations in the treatment and control groups
by (a) matching, (b) stratification, or (c) weighting.
●

●

●

●

Propensity scoring models are used to develop a propensity score that can be used to group treatment
and control group members who also are highly equivalent on a set of variables.

The logistic regression model is not evaluated on how well it “predicts” the treatment variables, but rather
on its ability to estimate a variate across all of the confounders that also has balance between treatment
and control groups.
●

●

Random assignment does this by assuming that the treatment and control group members are interchangeable (i.e., exactly equal on all characteristics other that the treatment variable).

The most critical step is the specification of all of the potential confounders to be included in the model.
Omission of a relevant confounder risks the bias due to endogeneity in the causal effects. This is a conceptual, not an empirical issue.

●

●

The counterfactuals are always “missing” since a participant cannot be in both treatment and control. To
make causal inferences appropriate counterfactuals must be formed.

Confounders are those variables that impact both the treatment and control variables (i.e., act as a
common cause), but are not included in the model. They must be controlled for in some manner so that
treatment and control groups do not vary on any confounding variables. In this manner they become
comparable to groups formed by random assignment.

●

●

429

Matching involves matching observations from one group with observations from the opposite group
based on equal or highly similar propensity scores.
Stratification involves forming subgroups of observations from the treatment and control groups which
are similar on the propensity scores.
Weighting uses the inverse of the propensity score to weight individual observations before the causal
effects are estimated.

Once the propensity scores are used to match, stratify or weight the observations to create equivalence
between the treatment and control groups, average causal effects can be estimated.
●

●

●

ATE (Average treatment effect of the treatment) represents the expected difference in the outcome
between treatment and control groups.
ATT (Average treatment effect for the treated) represents the expected difference among only those
respondents who received the treatment.
The ATT does not equal the ATE.
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Summary
We discussed the appropriate applications and important considerations of MANOVA in addressing multivariate
analyses with multiple dependent measures. Although considerable benefits stem from its use, MANOVA must be
carefully and appropriately applied to the question at hand. Among the most notable advantages and disadvantages are:
Advantages
●

●
●
●

Allows for testing two or more related dependent variables in a single analysis while accounting for their
multicollinearity.
Controls for experiment-wide error rate that occurs from multiple ANOVA tests.
Can have more statistical power than univariate tests.
Can test for sequential orderings of dependent measures with stepdown analysis.
Disadvantages

●
●

●
●

Assumptions similar to discriminant analysis can be problematic.
While overall multivariate tests are performed, tests of relative impact of individual dependent measures are
less well defined.
Requires increased sample size compared to separate ANOVAs.
Overall results can be distorted by inclusion of inappropriate dependent measures.

MANOVA presents researchers a technique with flexibility and statistical power when focused on assessing a
treatment S outcome relationship. We now illustrate the applications of MANOVA (and its univariate counterpart
ANOVA) in a series of examples.

illustration of a MAnoVA Analysis
Multivariate analysis of variance (MANOVA) affords researchers with the ability to assess differences across one or more
nonmetric independent variables for a set of metric dependent variables. It provides a means for determining the extent
to which groups of respondents (formed by their characteristics on the nonmetric independent variables) differ in terms
of the dependent measures. Examining these differences can be done separately or in combination. In the following
sections, we will detail the analyses necessary to examine two characteristics (X1 and X5) for their impact on a set of
purchase outcomes (X19, X20, and X21). First we will analyze each characteristic separately and then both in combination.
The reader should note that an expanded version of HBAT (HBAT200 with a sample size of 200) is used in this analysis
to allow for the analysis of a two-factor design. This data set is available in the online resources at the text’s websites.
ReSeARcH SettinG
The HBAT customer relationship management (CRM) team is looking for strategic options for improving their
ratings on the broad concept of customer experience. In strategy sessions, upper management identified two key
elements of their CRM program they wish to investigate in further detail: their distribution system and their loyalty
efforts which are based on tenure with HBAT as a customer.
Strategic Objectives Recent years have seen increased attention to the area of distribution systems. Fuelled by the

widespread use of internet-based systems for channel integration and the cost savings being realized by improved
logistical systems, upper management at HBAT is interested in assessing the current state of affairs in their distribution system, which utilizes both indirect (broker-based) and direct channels. In the indirect channel, products are
sold to customers by brokers acting as both an external salesforce and even wholesalers in some instances. HBAT
also employs a salesforce of its own; salespeople contact and service customers directly from both the corporate
office and field offices. A concern has arisen that changes may be necessary in the distribution system, particularly
focusing on the broker system that is perceived to not be performing well.
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A second area of interest is a loyalty-based program that is a tiered program based on tenure as a customer. As
customers move through the tiers, they are afforded more personalized services, discounts, etc. Upper management
has great hope for improving customer perceptions and loyalty based on these efforts, especially in fostering longterm relationships with HBAT.
Research Questions To address these concerns, four research questions were posed:

1 What differences are present in customer satisfaction and other purchase outcomes between the two channels
in the distribution system?
2 Is HBAT establishing better relationships with its customers over time, as reflected in customer satisfaction and
other purchase outcomes?
3 What is the relationship between the distribution system and these relationships with customers in terms of the
purchase outcomes?
4 For any significant main effects found for the distribution system 1 X5 2 with the purchase outcomes:
a Do they vary by firm size 1 X3 2 ?
b Does the percentage of a customer’s purchases from HBAT 1 X22 2 play an intermediary role in the main effect on the
purchase outcomes?

With the research questions defined, the research team now turns attention to defining the
independent and dependent variables to be used and the ensuing sample size requirements.

Research Design

ReSeARcH APPRoAcH The necessity to examine existing programs and customers precludes a controlled experiment
and instead must employ some type of field study. While a randomized field design would have been preferred,
HBAT employed an observational study design with random selection of customers. While this method did not
ensure balance among all of the cells (see Table 6.1 below), it was fairly well balanced and unequal cell sizes were not
expected to create problems in the analysis.

table 6.1 Group Sizes for a two-Factor Analysis Using the HBAt Data
and HBAt200
Part A: HBAt (100 observations)
X5 Distribution System
indirect
through

Direct to

Broker

customer

total

X1

Less than 1 year

23

9

32

Customer

1 to 5 years

16

19

35

More than 5 years

18

15

33

Total

57

43

100

Type

Part B: HBAt200 (200 observations)
X5 Distribution System
indirect
through

Direct to

Broker

customer

total

X1

Less than 1 year

52

16

68

Customer

1 to 5 years

25

39

64

Type

More than 5 years

31

37

68

108

92

200

Total
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To examine these issues, researchers decided to employ MANOVA to examine the effects of
X5 (Distribution System) and X1 (Customer Type) on three Purchase Outcome measures (X19, Satisfaction; X20,
Likelihood of Recommending HBAT; and X21, Likelihood of Future Purchase).
In selecting these three outcome measures, the management team was focused on including measures more fundamental to the CRM paradigm (e.g., X19 Satisfaction) along with more behavioral measures (X20 Likely to recommend
and X21 Likely to Purchase). From a strategic perspective, Satisfaction was deemed an objective fundamental to
achieving success on Likely to Recommend and Likely to Purchase.
VARiABLeS eMPLoYeD

One of the advantages of MANOVA is its ability to correct for the correlations
among the outcome variables. In this situation, the three outcomes had correlations ranging from .762 (X19 with
X20) to .661 (X20 with X21). These correlations fall within the acceptable range for use in MANOVA, neither being
too highly correlated or too low.

coRReLAtionS oF oUtcoMe VARiABLeS

Although a sample size of 100 observations would be sufficient for either of the analyses of the individual
variables, it would not be appropriate for addressing them in combination. A quick calculation of group sizes for this
two-factor analysis (see Table 6.1, Part A) identified at least one group with fewer than 10 observations and several
more with fewer than 20 observations.
Because these group sizes would not afford the ability to detect medium or small effect sizes with a desired level
of statistical power (see Figure 6.11), a decision was made to gather additional responses to supplement the 100
observations already available. A second research effort added 100 more observations for a total sample size of 200.
This new dataset is named HBAT200 and will be used for the MANOVA analyses that follow (see Table 6.1 Part B).
Preliminary analyses indicated that the supplemented data set had the same basic characteristics as the HBAT, thus
eliminating the need for additional examination of this new data to determine its basic properties.
SAMPLe

example 1: Difference Between two independent Groups
To introduce the practical benefits of a multivariate analysis of group differences, we begin our discussion with one of
the best-known designs: the two-group design in which each respondent is classified based on the levels (groups) of
the treatment (independent variable). If this analysis was performed in an experimental setting, respondents would
be assigned to groups randomly (e.g., depending on whether they see an advertisement or which type of cereal they
taste). Many times, however, the groups are formed not by random assignment, but based instead on some characteristic of the respondent (e.g., age, gender, occupation).
In many research settings, however, it is also unrealistic to assume that a difference between any two experimental
groups will be manifested in only a single dependent variable. For example, two advertising messages may not only
produce different levels of purchase intent, but also may affect a number of other (potentially correlated) aspects of
the response to advertising (e.g., overall product evaluation, message credibility, interest, attention).
Many researchers handle this multiple-outcome situation by repeated application of individual univariate t tests
until all the dependent variables have been analyzed. However, this approach has serious deficiencies:
●
●

Inflation of the Type I error rate over multiple t tests.
Inability of paired t tests to detect differences among combinations of the dependent variables not apparent in
univariate tests.

To overcome these problems, MANOVA can be employed to control the overall Type I error rate while still providing a means of assessing the differences on each dependent variable both collectively and individually.
StAGe 1: oBjectiVeS oF tHe AnALYSiS
The first step involves identifying the appropriate dependent and independent variables. As discussed earlier, HBAT
identified the distribution system as a key element in its customer relationship strategy and first needs to understand
the impact of the distribution system on customers.
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Research Question HBAT is committed to strengthening its customer relationship strategy, with one aspect
focused on distribution system. Concern has been raised about the differences due to distribution channel system
1 X5 2 , which is composed of two channels: direct through HBAT’s salesforce or indirect through a broker. Three
purchase outcomes (X19, Satisfaction; X20, Likelihood of Recommending HBAT; and X21, Likelihood of Future
Purchase) have been identified as the focal issues in evaluating the impacts of the two distribution systems.
The task is to identify whether any differences exist between these two systems across all or a subset of these
purchase outcomes.

Table 6.2 provides a summary of the group profiles on each of the purchase outcomes
across the two groups (direct versus indirect distribution system). A visual inspection reveals that the direct distribution channel has the higher mean scores for each of the purchase outcomes. The task of MANOVA is to examine
these differences and assess the extent to which these differences are significantly different, both individually and
collectively.

Examining Group Profiles

StAGe 2: ReSeARcH DeSiGn oF tHe MAnoVA
The principal consideration in the design of the two-group MANOVA is the sample size in each of the cells, which
directly affects statistical power. Also, as is the case in most survey research, the cell sizes are unequal, making the
statistical tests more sensitive to violations of the assumptions, especially the test for homogeneity of variance of the
dependent variable. Both of these issues must be considered in assessing the research design using X5.
As discussed earlier, the concern for adequate sample sizes across the entire MANOVA analysis resulted in
the addition of 100 additional surveys to the original HBAT survey (see Table 6.2). Based on this larger dataset
(HBAT200), 108 firms used the indirect broker system and 92 respondents used the direct system from HBAT.
These group sizes will provide more than adequate statistical power at an 80 percent probability to detect medium
effect sizes and almost reach the levels necessary for identifying small effects sizes (see Figure 6.11). The result is
a research design with relatively balanced group sizes and enough statistical power to identify differences at any
managerially significant level.
StAGe 3: ASSUMPtionS in MAnoVA
The most critical assumptions relating to MANOVA are the independence of observations, homoscedasticity across the
groups, and normality. Each of these assumptions will be addressed in regards to each of the purchase outcomes. Also of
concern is the presence of outliers and their potential influence on the group means for the purchase outcome variables.
The independence of the respondents was ensured as much as possible by the
random sampling plan in the observational study. If the study had been done in an experimental setting, the random
assignment of individuals would have ensured the necessary independence of observations.

Independence of Observations

table 6.2 Descriptive Statistics of Purchase outcome Measures (X19, X20, and X21) for Groups of X5 (Distribution System)
X5 Distribution System
X19 Satisfaction

X20 Likely to Recommend

X21 Likely to Purchase

Mean

Std. Deviation

N
108

Indirect through broker

6.325

1.033

Direct to customer

7.688

1.049

92

Total

6.952

1.241

200
108

Indirect through broker

6.488

.986

Direct to customer

7.498

.930

92

Total

6.953

1.083

200
108

Indirect through broker

7.336

.880

Direct to customer

8.051

.745

92

Total

7.665

.893

200
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Homoscedasticity A second critical assumption concerns the homogeneity of the variance–covariance matrices among
the two groups. The first analysis assesses the univariate homogeneity of variance across the two groups. As shown in
Table 6.3, univariate tests (Levene’s test) for all three variables are nonsignificant (i.e., significance greater than .05).
The next step is to assess the dependent variables collectively by testing the equality of the entire variance–covariance
matrices between the groups. Again, in Table 6.3 the Box’s M test for equality of the covariance matrices shows a nonsignificant value (.607), indicating no significant difference between the two groups on the three dependent variables collectively. Thus, the assumption of homoscedasticity is met for each individual variable separately and the three variables
collectively.
Correlation and Normality of Dependent Variables Another test should be made to determine whether the dependent
measures are significantly correlated. The most widely used test for this purpose is Bartlett’s test for sphericity. It examines
the correlations among all dependent variables and assesses whether, collectively, significant intercorrelation exists. In
our example, a significant degree of intercorrelation does exist 1 significance 5 .000 2 (see Table 6.3).
The assumption of normality for the dependent variables (X19, X20, and X21) was examined in Chapter 2 and
found to be acceptable. This supports the results of testing for the equality of the variance–covariance matrices
between groups.
Outliers The final issue to be addressed is the presence of outliers. A simple approach that identifies extreme points
for each group is the use of boxplots (see Figure 6.15). Examining the boxplot for each dependent measure shows
few, if any, extreme points across the groups. When we examine these extreme points across the three dependent
measures, no observation was an extreme value on all three dependent measures, nor did any observation have a
value so extreme that it dictated exclusion. Thus, all 200 observations will be retained for further analysis.

StAGe 4: eStiMAtion oF tHe MAnoVA MoDeL AnD ASSeSSinG oVeRALL Fit
The next step is to assess whether the two groups exhibit statistically significant differences for the three purchase
outcome variables, first collectively and then individually. To conduct the test, we first specify the maximum allowable

table 6.3 Multivariate and Univariate Measures for testing Homoscedasticity of X5
Multivariate test of Homoscedasticity
Box’s Test of Equality of Covariance Matrices
Box’s M

4.597
.753

F

6

df1
df2

265275.824

Sig.

.607

Univariate tests of Homoscedasticity
Levene’s Test of Equality of Error Variances
F

df1

df2

Sig.

X19 Satisfaction

Dependent Variable

.001

1

198

.978

X20 Likely to Recommend

.643

1

198

.424

2.832

1

198

.094

X21 Likely to Purchase

test for correlation Among the Dependent Variables
Bartlett’s Test of Sphericity
Likelihood Ratio
Approx. Chi-Square
df
Sig.

.000
260.055
5
.000
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Figure 6.15
Boxplots of Purchase outcome Measures (X19, X20, and X21) for Groups of X5 (Distribution System)
X19 Satisfaction

X20 Likely to Recommend
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11

10

10

9

9
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8
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5

5

4

4

3

86

3
N=

N=

108
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X5 Distribution System

108
92
Indirect Through Broker Direct to Customer
X5 Distribution System

X21 Likely to Purchase

11
10

86

9
8
7
6
5
187

4
3
N=

108
92
Indirect Through Broker Direct to Customer
X5 Distribution System

Type I error rate. In doing so, we accept that five times out of 100 we might conclude that the type of distribution
channel has an impact on the purchase outcome variables when in fact it did not.
Statistical Significance Testing Having set the acceptable Type I error rate, we first use the multivariate tests to
test the set of dependent variables for differences between the two groups and then perform univariate tests on each
purchase outcome. Finally, power levels are assessed.

Table 6.4 contains the four most commonly used multivariate tests (Pillai’s criterion,
Wilks’ lambda, Hotelling’s T and Roy’s greatest characteristic root). Each of the four measures indicates that the set
of purchase outcomes have a highly significant difference (.000) between the two types of distribution channel. This
confirms the group differences seen in Table 6.2 and the boxplots of Figure 6.15.

MULtiVARiAte StAtiSticAL teStinG

2

Although we can show that the set of purchase outcomes differs across the groups, we
also need to examine each purchase outcome separately for differences across the two types of distribution channel.
Table 6.4 also contains the univariate tests for each individual purchase outcome. As we can see, all of the individual
tests are also highly significant 1 significance 5 .000 2 , indicating that each variable follows the same pattern of higher
purchase outcomes (see Table 6.2) for those served by the direct distribution system (Direct Distribution customers
UniVARiAte StAtiSticAL teStS
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table 6.4 Multivariate and Univariate tests for Group Differences in Purchase outcome Measures (X19, X20,
and X21) Across Groups of X5 (Distribution System)
Multivariate tests
observed

Hypothesis
2

Powera

Statistical test

Value

F

df

error df

Sig.

h

Pillai’s Criterion

.307

28.923

3

196

.000

.307

1.00

Wilks’ Lambda

.693

28.923

3

196

.000

.307

1.00

.443

28.923

3

196

.000

.307

1.00

.443

28.923

3

196

.000

.307

1.00

Hotelling’s T

2

Roy’s greatest
characteristic root

Univariate tests (Between-Subjects effects)
Sum of

observed

Mean

Dependent Variable

Squares

df

Square

F

Sig.

h2

Powera

X19 Satisfaction

92.300b

1

92.300

85.304

.000

.301

1.00

X20 Likely to Recommend

50.665c

1

50.665

54.910

.000

.217

1.00

X21 Likely to Purchase

25.396

1

25.396

37.700

.000

.160

1.00

d

Significance of Discriminant Functions
Wilks’ Lambda
test of Function(s)

Structure Loadings on Function

Wilks’ Lambda

chi-square

df

Sig.

.693

72.020

3

.000

1

Dependent/outcome Variables

Loadinge

X19 Satisfaction

.986

X20 Likely to Recommend

.791

X21 Likely to Purchase

.656

Roy–Bargman Stepdown tests
Variable Order 1 X19, X20, X21 2
X19 Satisfaction

error MS

Stepdown F

Significance

92.300

1.082

85.304

.000

X20 Likely to Recommend

.771

.494

1.561

.213

Variable Order 1 X21, X20, X19 2
X21 Likely to Purchase

.026

.361

.072

.788

X21 Likely to Purchase

25.396

.674

37.700

.000

X20 Likely to Recommend

11.296

.610

18.521

.000

9.906

.469

21.127

.000

X19 Satisfaction
a

Hypothesis MS

Computed using alpha 5 .05.
R2 5 .301 (Adjusted R2 5 .298).

b
c

R2 5 .217 (Adjusted R2 5 .213).

d

R2 5 .160 (Adjusted R2 5 .156).

Correlations between variables and standardized canonical discriminant functions.

e
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have values of 7.688, 7.498, and 8.051 versus values of 6.325, 6.488, and 7.336 for Indirect Through Broker customers
on X19, X20, and X21, respectively).
One proposed method of assessing the individual outcome variables in terms of their
differences across the treatment variable(s) is the use of discriminant analysis. The objective here is to “profile”
the outcome variables in terms of their differences between groups of the treatment variable. This becomes particularly insightful when the treatment variable has three or more levels, since there is the possibility of two or more
discriminant functions being extracted.
In the case of X5, only one discriminant function is possible since there are only two levels. As shown in Table 6.4,
the discriminant function differed significantly between the two groups, confirming the multivariate and univariate
results discussed above. Moreover, we can see the structure loadings all indicating a fairly strong association with
the discriminant variate, although the loadings do decrease in moving from X19 to X21.
DiScRiMinAnt AnALYSiS

A final approach to assessing the differences across the separate outcome measures was with stepdown analysis. This test is particularly useful if there is an “ordering” to the outcome measures. In this situation, X19
(Satisfaction) was thought to be a fundamental objective that was then very impactful in achieving X20 (Likely to
Recommend) and X21 (Likely to Purchase). Stepdown analysis allows the researcher to apply a sequential process
to assessing group differences, with each step accounting for the differences already accounted for by the prior
outcomes included in the analysis. Obviously, if the outcome measures were uncorrelated this would be equivalent
to the separate univariate tests. But as the outcomes become correlated, we can see how “distinctive” the differences
are as each outcome measure is entered sequentially.
Two stepdown analyses were performed (see Table 6.4). The first had the order of Satisfaction, Likely to Recommend and finally Likely to Purchase. As the results show, once the differences on Satisfaction, which are significant,
are accounted for there are not any incremental differences across the final two variables. This is indicative of the
correlations among outcome measures and an ordering of the variables. If we look at the second stepdown analysis
(Likely to Purchase, Likely to Recommend and Satisfaction), we see a very different pattern. Now, each sequential
entry of an outcome measure still demonstrates significant differences.
These results demonstrate two important aspects of the stepdown tests. First, the ordering of the variables
does matter, as we see quite different results depending on the order. Thus, an analyst must be cautious in
drawing any substantive conclusions from a single stepdown test. Second, if there is a proposed ordering,
the stepdown test can provide support as well. In this case, the results indicate that once we account for the
differences on satisfaction, there are no significant differences on the remaining outcome measures. But if we
reverse the order, accounting for the differences on Likely To Purchase does not represent all of the differences
on the other two outcomes, which also have significant differences when they enter the analysis. As a result, the
analyst can address more complex conceptual issues in addition to using the stepdown test as just a statistical
verification of differences.

StePDoWn teStS

Power Analysis The power for the statistical tests was 1.0, indicating that the sample sizes and the effect size were
sufficient to ensure that the significant differences would be detected if they existed beyond the differences due to
sampling error.

StAGe 5: inteRPRetAtion oF tHe ReSULtS
The presence of only two groups eliminates the need to perform any type of post hoc tests. The statistical significance
of the multivariate and univariate tests indicating group differences on the dependent variate (vector of means)
and the individual purchase outcomes leads the researcher to an examination of the results to assess their logical
consistency.
As noted earlier, firms using the direct type of distribution system scored significantly higher than those
serviced through the broker-based indirect distribution channel. The group means shown in Table 6.2, based on
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responses to a 10-point scale, indicate that the customers using the direct distribution channel are more satisfied
1 7.688 2 6.325 5 1.363 2 , more likely to recommend HBAT 1 7.498 2 6.488 5 1.01 2 , and more likely to purchase
in the future 1 8.051 2 7.336 5 .715 2 . These differences are also reflected in the boxplots for the three purchase
outcomes in Figure 6.15.
SUMMARY
These results confirm that the type of distribution channel does affect customer perceptions in terms of the
three purchase outcomes, both individually and collectively. These statistically significant differences, which are
of a sufficient magnitude to denote managerial significance as well, indicate that the direct distribution channel
is more effective in creating positive customer perceptions on a wide range of purchase outcomes.
The stepdown analysis supports the ordering of Satisfaction S Likely to Recommend S Likely to Purchase as an
appropriate decision-making framework. This results from the nature of the differences, in that accounting for the
differences on Satisfaction is sufficient to account for the differences on the other outcomes, but the reverse does
not hold. This supports a framework where Satisfaction is considered fundamental to achieving the subsequent
behavioral actions.

example 2: Difference Between K independent Groups
The two-group design (Example 1) is a special case of the more general k-group design. In the general case, each
respondent is a member or is randomly assigned to one of k levels (groups) of the treatment (independent variable). In a univariate case, a single metric dependent variable is measured, and the null hypothesis is that all group
means are equal (i.e., m1 5 m2 5 m3 5 c5 mk). In the multivariate case, multiple metric dependent variables are
measured, and the null hypothesis is that all group vectors of mean scores are equal (i.e., n1 5 n2 5 n3 5 c5 nk),
where n refers to a vector or set of mean scores.
In k-group designs in which multiple dependent variables are measured, many researchers proceed with a series
of individual F tests (ANOVAs) until all the dependent variables have been analyzed. As the reader should suspect,
this approach suffers from the same deficiencies as a series of t tests across multiple dependent variables; that is, a
series of F tests with ANOVA:
●
●

Results in an inflated Type I error rate.
Ignores the possibility that some composite of the dependent variables may provide reliable evidence of overall
group differences.

In addition, because individual F tests ignore the correlations among the independent variables, they use less than
the total information available for assessing overall group differences.
MANOVA again provides a solution to these problems. MANOVA solves the Type I error rate problem by providing a single overall test of group differences at a specified a level. It solves the composite variable problem by implicitly forming and testing the linear combinations of the dependent variables that provide the strongest evidence of
overall group differences.
StAGe 1: oBjectiVeS oF tHe MAnoVA
In the prior example, HBAT assessed its performance among customers based on which of the two distribution
system channels 1 X5 2 were used. MANOVA was employed due to the desire to examine a set of three purchase
outcome variables representing HBAT performance. A second research objective was to determine whether the three
purchase outcome variables were affected by the length of their relationship with HBAT 1 X1 2 , which coincided with
their loyalty program efforts. The null hypothesis HBAT now wishes to test is that the three sample vectors of the
mean scores (one vector for each category of customer relationship) are equivalent.
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In addition to examining the role of the distribution system, HBAT also has stated a desire
to assess whether the differences in the purchase outcomes are attributable solely to the type of distribution channel
or whether other nonmetric factors can be identified that show significant differences as well. HBAT specifically
selected X1 (Customer Type) to determine whether the length of HBAT’s relationship with the customer has any
impact on these purchase outcomes.
Research Questions

As can be seen in Table 6.5, the mean scores of all three purchase outcome variables
increase as the length of the customer relationship increases. The question to be addressed in this analysis is the
extent to which these differences as a whole can be considered statistically significant and if those differences
extend to each difference between groups. In a second MANOVA analysis, X1 (Customer Type) is examined
for differences in purchase outcomes.
Examining Group Profiles

StAGe 2: ReSeARcH DeSiGn oF MAnoVA
As was the situation in the earlier two-group analysis, sample size of the groups is a primary consideration in research
design. Even when all instances of the group sizes far exceed the minimum necessary, the researcher should always
be concerned with achieving the statistical power needed for the research question at hand.
Analysis of the impact of X1 now requires that we analyze the sample sizes for the three groups of length of
customer relationship (less than one year, one to five years, and more than five years). In the HBAT sample, the
200 respondents are almost evenly split across the three groups with sample sizes of 68, 64, and 68 (see Table 6.5).
These sample sizes, in conjunction with the three dependent variables, exceed the guidelines shown in Figure 6.11
to identify medium effect sizes (suggested sample sizes of 44 to 56), but fall somewhat short of the required sample
size (98 to 125) needed to identify small effect sizes with a power of .80. Thus, any nonsignificant results should be
examined closely to evaluate whether the effect size has managerial significance, because the low statistical power
precluded designating it as statistically significant.
StAGe 3: ASSUMPtionS in MAnoVA
Having already addressed the issues of normality (see Chapter 2) and intercorrelation (Bartlett’s test of
sphericity in Table 6.3) of the dependent variables in the prior example, the only remaining concern rests
in the homoscedasticity of the purchase outcomes across the groups formed by X1 and identification of any
outliers. We first examine this homoscedasticity at the multivariate level (all three purchase outcome variables
collectively) and then for each dependent variable separately. The multivariate test for homogeneity of variance
table 6.5 Descriptive Statistics of Purchase outcome Measures (X19, X20, and X21) for Groups of X1
(customer type)
X1 customer type
X19 Satisfaction

X20 Likely to Recommend

X21 Likely to Purchase

Mean

Std. Deviation

N

Less than 1 year

5.729

.764

68

1 to 5 years

7.294

.708

64

More than 5 years

7.853

1.033

68

Total

6.952

1.241

200

Less than 1 year

6.141

.995

68

1 to 5 years

7.209

.714

64

More than 5 years

7.522

.976

68

Total

6.953

1.083

200

Less than 1 year

6.962

.760

68

1 to 5 years

7.883

.643

64

More than 5 years

8.163

.777

68

Total

7.665

.893

200

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

440

Section III Dependence Techniques – Metric Outcomes

of the three purchase outcomes is performed with the Box’s M test, while the Levene test is used to assess each
purchase outcome variable separately.
Table 6.6 contains the results of both the multivariate and univariate tests of homoscedasticity. The Box’s M test indicates no presence of heteroscedasticity 1 significance 5 .069 2 . In the Levene’s tests
for equality of error variances, two of the purchase outcomes (X20 and X21) showed nonsignificant results and
confirmed homoscedasticity. In the case of X19, the significance level was .001, indicating the possible existence
of heteroscedasticity for this variable. However, given the relatively large sample sizes in each group, the relatively equal sizes across the groups, and the presence of homoscedasticity for the other two purchase outcomes,
corrective remedies were not needed for X19.
Homoscedasticity

Outliers Examination of the boxplot for each purchase outcome variable (see Figure 6.16) reveals a small
number of extreme points for each dependent measure (observation 104 for X19; observations 86, 104, 119,
and 149 for X20; and observations 104 and 187 for X21). Only one observation had extreme values on all three
dependent measures and none of the values were so extreme in any cases as to markedly affect the group values.
Thus, no observations were classified as outliers designated for exclusion and all 200 observations were used in
this analysis.

StAGe 4: eStiMAtion oF tHe MAnoVA MoDeL AnD ASSeSSinG oVeRALL Fit
Using MANOVA to examine an independent variable with three or more levels reveals the differences across the
levels for the dependent measures with the multivariate and univariate statistical tests illustrated in the earlier
example. In these situations, the statistical tests are testing for a significant main effect, meaning that the differences between groups, when viewed collectively, are substantial enough to be deemed statistically significant. It
should be noted that statistical significance of the main effect does not ensure that each group is also significantly
different from each other group. Rather, separate tests described in the next section can examine which groups
do exhibit significant differences.
All three dependent measures show a definite pattern of increasing as the length
of the customer relationship increases (see Table 6.7 and Figure 6.16). We will first examine the multivariate tests
and then the three approaches to assessing the differences of individual outcomes.

Statistical Significance Testing

MULtiVARiAte StAtiSticAL teStinG The first step is to utilize the multivariate tests and assess whether the set of purchase
outcomes, which each individually seem to follow a similar increasing pattern as time increases, does vary in a

table 6.6 Multivariate and Univariate Measures for testing Homoscedasticity of X1
Multivariate test of Homoscedasticity
Box’s Test of Equality of Covariance Matrices
Box’s M
F

20.363
1.659

df1

12

df2

186673.631

Sig.

.069

Univariate test of Homoscedasticity
Levene’s Test of Equality of Error Variances
F

df1

df2

Sig.

X19 Satisfaction

6.871

2

197

.001

X20 Likely to Recommend

2.951

2

197

.055

.800

2

197

.451

Dependent Variable

X21 Likely to Purchase
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Figure 6.16
Boxplots of Purchase outcome Measures (X19,
X20, and X21) for Groups of X1 (customer type)
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table 6.7 Multivariate and Univariate tests for Group Differences in Purchase outcome Measures (X19, X20,
and X21) Across Groups of X1 (customer type)
Multivariate tests
Statistical test

Value

F

Hypothesis df

error df

Sig.

h2

observed Powera

Pillai’s Criterion

.543

24.368

6

392

.000

.272

1.000

Wilks’ Lambda

.457

31.103

6

390

.000

.324

1.000

Hotelling’s T2

1.184

38.292

6

388

.000

.372

1.000

Roy’s greatest characteristic root

1.183

77.280

3

196

.000

.542

1.000

Univariate tests (Between-Subjects effects)
type iii Sum of

observed

Mean

Dependent Variable

Squares

df

Square

F

Sig.

h2

Powera

X19 Satisfaction

164.311b

2

82.156

113.794

.000

.536

1.00

X20 Likely to Recommend

71.043

c

2

35.521

43.112

.000

.304

1.00

X21 Likely to Purchase

53.545d

2

26.773

50.121

.000

.337

1.00

Significance of Discriminant Functions
Wilks’ Lambda
test of Function(s)

Structure Loadings on Function

Wilks’ Lambda

chi-square

df

Sig.

Dependent/outcome Variables

Loadinge

1 through 2

.457

153.285

6

.000

X19 Satisfaction

.988

2

.999

.282

2

.869

X20 Likely to Recommend

.656

.550

X21 Likely to Purchase

.608

.635

2.059

Roy–Bargman Stepdown tests
Variable Order 1 X19, X20, X21 2

Hypothesis MS

error MS

Stepdown F

Significance

82.156

.722

113.794

.000

X20 Likely to Recommend

.062

.499

.125

.882

X21 Likely to Purchase

Variable Order 1 X21, X20, X19 2

.452

.358

1.264

.285

X21 Likely to Purchase

26.773

.534

50.121

.000

4.969

.620

8.015

.000

12.895

.390

33.077

.000

X19 Satisfaction

X20 Likely to Recommend
X19 Satisfaction
a

Computed using alpha 5 .05.
R2 5 .536 (Adjusted R2 5 .531).

b
c

R2 5 .304 (Adjusted R2 5 .297).

d

R2 5 .337 (Adjusted R2 5 .331).

Correlations between variables and standardized canonical discriminant functions.

e

statistically significant manner (i.e., a significant main effect). Table 6.7 contains the four most commonly used
multivariate tests and as we see, all four tests indicate a statistically significant difference of the collective set of
dependent measures across the three groups.
In addition to the multivariate tests, univariate tests for each dependent measure indicate that all three dependent measures, when considered individually, also have significant main effects. Thus, both
collectively and individually, the three purchase outcomes (X19, X20, and X21) do vary at a statistically significant
level across the three groups of X1.

UniVARiAte StAtiSticAL teStinG

The final two approaches for assessing the separate outcomes were comparable to those patterns seen in our discussion of Example 1 with X5. This is expected given the correlated outcome
DiScRiMinAnt AnALYSiS AnD StePDoWn teStS
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measures, so these results reinforce the conclusion drawn about the strength of the association between outcomes
and the conceptual ordering of the three measures.

StAGe 5: inteRPRetAtion oF tHe ReSULtS
Interpreting a MANOVA analysis with an independent variable of three or more levels requires a two-step
process:
●
●

Examination of the main effect of the independent variable (in this case, X1) on the three dependent measures.
Identifying the differences between individual groups for each of the dependent measures with either planned
comparisons or post hoc tests.

The first analysis examines the overall differences across the levels for the dependent measures, whereas the
second analysis assesses the differences between individual groups (e.g., group 1 versus group 2, group 2 versus group
3, group 1 versus group 3) to identify those group comparisons with significant differences.
Assessing the Main Effect of X5 All of the multivariate and univariate tests indicated a significant main effect of X1

(Customer Type) on each individual dependent variable as well as the set of the dependent variables when considered
collectively. The significant main effect means that the dependent variable(s) do vary in significant amounts between the
three customer groups based on length of customer relationship. As we can see in Table 6.5 and Figure 6.16 the pattern
of purchases increases in each dependent measure as the customer relationship matures. For example, customer satisfaction 1 X19 2 is lowest (5.729) for those customers of less than 1 year, increasing (7.294) for those customers between
1 and 5 years until it reaches the highest level (7.853) for those customers of 5 years or more. Similar patterns are seen
for the two other dependent measures.
As noted earlier, a significant main effect indicates that the total set of group
differences (e.g., group 1 versus group 2) are large enough to be considered statistically significant. It should
also be noted that a significant main effect does not guarantee that every one of the group differences is also
significant. We may find that a significant main effect is actually due to a single group difference (e.g., group 1
versus group 2) while all of the other comparisons (group 1 versus group 3 and group 2 versus group 3) are not
significantly different.
The question becomes: How are these individual group differences assessed while maintaining an acceptable
level of overall Type I error rate? This same problem is encountered when considering multiple dependent
measures, but in this case in making comparisons for a single dependent variable across multiple groups. This
type of question can be tested with one of the a priori procedures. If the contrast is used, a specific comparison
is made between two groups (or sets of groups) to see whether they are significantly different. Another approach
is to use one of the post hoc procedures that tests all group differences and then identifies those differences that
are statistically significant.
Table 6.8 contains three post hoc comparison methods (Tukey HSD, Scheffé, and LSD) applied to all three
purchase outcomes across the three groups of X1. When we examine X19 (Satisfaction), we first see that even
though the overall main effect is significant, the differences between adjacent groups are not constant. The difference between customers of less than 1 year and those of 1 to 5 years is 21.564 (the minus sign indicates that
customers of less than 1 year have the lower value). When we examine the group difference between customers
of 1 to 5 years versus those of more than 5 years, however, the difference is reduced to 2.559 (about one-third of
the prior difference).
The researcher is thus interested in whether both of these differences are significant, or only significant between
the first two groups. When we look to the last three columns in Table 6.8, we can see that all of the separate group
differences for X19 are significant, indicating that the difference of 2.559, even though much smaller than the other
group difference, is still statistically significant.
Making Post Hoc Comparisons
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table 6.8 Post Hoc comparisons for individual Group Differences on Purchase outcome Measures (X19, X20,
and X21) Across Groups of X1 (customer type)
Mean Difference
Groups to Be Compared
Dependent Variable

Group i

Group j

Between Groups (I − J )

Statistical Significance of
Post Hoc Comparison

Mean

Standard

tukey

Difference

error

HSD

Scheffé

LSD

X19 Satisfaction
Less than 1 year

1 to 5 years

21.564

.148

.000

.000

.000

Less than 1 year

More than 5 years

22.124

.146

.000

.000

.000

1 to 5 years

More than 5 years

2.559

.148

.000

.001

.000

Less than 1 year

1 to 5 years

21.068

.158

.000

.000

.000

Less than 1 year

More than 5 years

21.381

.156

.000

.000

.000

1 to 5 years

More than 5 years

2.313

.158

.118

.144

.049

Less than 1 year

1 to 5 years

2.921

.127

.000

.000

.000

X20 Likely to Recommend

X21 Likely to Purchase
Less than 1 year

More than 5 years

21.201

.125

.000

.000

.000

1 to 5 years

More than 5 years

2.280

.127

.071

.091

.029

When we examine the post hoc comparisons for the other two purchase outcomes (X20 and X21), a different
pattern emerges. Again, the differences between the first two groups (less than 1 year and 1 to 5 years) are all
statistically significant across all three post hoc tests. Yet when we examine the next comparison (customers
of 1 to 5 years versus those of more than 5 years), two of the three tests indicate that the two groups are not
different. In these tests, the purchase outcomes of X20 and X21 for customers of 1 to 5 years are not significantly
different from those of more than 5 years. This result is contrary to what was found for satisfaction, in which
this difference was significant.
When the independent variable has three or more levels, the researcher must engage in this second level of analysis in addition to the assessment of significant main effects. Here the researcher is not interested in the collective
effect of the independent variable, but instead in the differences between specific groups. The tools of either planned
comparisons or post hoc methods provide a powerful means of making these tests of group differences while also
maintaining the overall Type I error rate.
SUMMARY
The MANOVA analysis revealed both multivariate and univariate differences of all three outcomes across the different
customer tenures groups. As expected, all three measures increased as the customer tenure increased. But while the gains
in satisfaction were still positive across the years, the levels of Likely to Recommend and Likely to Purchase did not exhibit
differences between the final two groups. Thus, all of the significant differences for these last two outcomes came between
the first two groups (Less than 1 year versus 1 to 5 years). The management team may wish to investigate further why
the continued increases in Satisfaction did not translate to increases on the other outcome measures in the later years.

example 3: A Factorial Design for MAnoVA with two independent
Variables
In the prior two examples, the MANOVA analyses have been extensions of univariate two- and three-group analyses.
In this example, we explore a multivariate factorial design: two independent variables used as treatments to analyze
differences of the set of dependent variables. In the course of our discussion, we assess the interactive or joint effects
between the two treatments on the dependent variables separately and collectively.
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StAGe 1: oBjectiVeS oF tHe MAnoVA
In the previous multivariate research questions, HBAT considered the effect of only a single-treatment variable on the
dependent variables. Here the possibility of joint effects among two or more independent variables must also be considered. In this way, the interaction between the independent variables can be assessed along with their main effects.
Research Questions The first two research questions we examined addressed the impact of two factors—
distribution system and duration of customer relationship—on a set of purchase outcomes. In each instance, the
factors were shown to have significant impacts (i.e., more favorable purchase outcomes for firms in the direct
distribution system or those with longer tenure as an HBAT customer).
Left unresolved is a third question: How do these two factors operate when considered simultaneously? Here we
are interested in knowing how the differences between distribution systems hold across the groups based on length
of HBAT relationship. We saw that customers in the direct distribution system had significantly greater purchase
outcomes (higher satisfaction, etc.), yet are these differences always present for each customer group based on X1?
The following is just a sample of the types of question we can ask when considering the two variables together in a
single analysis:
●
●
●

Is the direct distribution system more effective for newer customers?
Do the two distribution systems show differences for customers of 5 years or more?
Is the direct distribution system always preferred over the indirect system across the customer groups of X1?

By combining both independent variables (X1 and X5) into a factorial design, we create six customer groups:
the three groups based on length of their relationship with HBAT separated into those groups in each distribution
system channel. Known as a 3 3 2 design, the three levels of X1 separated for each level of X5 form a separate group
for each customer type within each distribution system channel.
Examining Group Profiles Table 6.9 provides a profile of each group for the set of purchase outcomes. Many times

a quicker and simpler perspective is through a graphical display. One option is to form a line chart, and we will
illustrate this when viewing the interaction terms in a later section. We can also utilize boxplots to show not only the
differences between group means, but the overlap of the range of values in each group. Figure 6.17 illustrates such a
graph for X19 (Satisfaction) across the six groups of our factorial design. As we can see, satisfaction increases as the
length of relationship with HBAT increases, but the differences between the two distribution systems are not always
constant (e.g., they seem much closer for customers of 1 to 5 years).
The purpose of including multiple independent variables into a MANOVA is to assess their effects “contingent
on” or “controlling for” the other variables. In this case, we can see how the length of the HBAT relationship changes
in any way the more positive perceptions generally seen for the direct distribution system.

StAGe 2: ReSeARcH DeSiGn oF tHe MAnoVA
Any factorial design of two or more independent variables raises the issue of adequate sample size in the various
groups. The researcher must ensure, when creating the factorial design, that each group has sufficient sample size
for the following:
●
●

To meet the minimum requirements of group sizes exceeding the number of dependent variables.
To provide the statistical power to assess differences deemed practically significant.

As noted in the previous section, this analysis is termed a 2 3 3 design because it
includes two levels of X5 (direct versus indirect distribution) and three levels of X1 (less than 1 year, 1 to 5 years, and
more than 5 years). The issue of sample size per group was such a concern to HBAT researchers that the original
HBAT survey of 100 observations was supplemented by 100 additional respondents just for this analysis (see more
detailed discussion in the section preceding the examples). Even with the additional respondents, the sample of 200
Sample Size Considerations
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table 6.9 Descriptive Statistics of Purchase outcome Measures (X19, X20, and X21) for Groups of X1 (customer
type) by X5 (Distribution System)
X1
Dependent Variable
X19 Satisfaction

customer type
Less than 1 year

1 to 5 years

More than 5 years

Total

X20 Likely to Recommend

Less than 1 year

1 to 5 years

More than 5 years

Total

X21 Likely to Purchase

Less than 1 year

1 to 5 years

More than 5 years

Total

Std.

X5
Distribution System

Mean

Deviation

N

Indirect through broker

5.462

.499

52

Direct to customer

6.600

.839

16

Total

5.729

.764

68

Indirect through broker

7.120

.551

25

Direct to customer

7.405

.779

39

Total

7.294

.708

64

Indirect through broker

7.132

.803

31

Direct to customer

8.457

.792

37

Total

7.853

1.033

68

Indirect through broker

6.325

1.033

108

Direct to customer

7.688

1.049

92

Total

6.952

1.241

200

Indirect through broker

5.883

.773

52

Direct to customer

6.981

1.186

16

Total

6.141

.995

68

Indirect through broker

7.144

.803

25

Direct to customer

7.251

.659

39

Total

7.209

.714

64

Indirect through broker

6.974

.835

31

Direct to customer

7.981

.847

37

Total

7.522

.976

68

Indirect through broker

6.488

.986

108

Direct to customer

7.498

.930

92

Total

6.953

1.083

200

Indirect through broker

6.763

.702

52

Direct to customer

7.606

.569

16

Total

6.962

.760

68

Indirect through broker

7.804

.710

25

Direct to customer

7.933

.601

39

Total

7.883

.643

64

Indirect through broker

7.919

.648

31

Direct to customer

8.368

.825

37

Total

8.163

.777

68

Indirect through broker

7.336

.880

108

Direct to customer

8.051

.745

92

Total

7.665

.893

200
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Figure 6.17
Boxplot of Purchase outcome Measure (X19) for Groups of X5 (Distribution System) by X1 (customer type)
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1 to 5 years
X1 Customer Type

31

37

More than 5 years

observations must be split across the six groups, hopefully in a somewhat balanced manner. The sample sizes per
cell are shown above in Table 6.10.
The sample sizes in all but one of the cells provides enough statistical power to
identify at least a large effect size with an 80 percent probability. However, the smaller sample size of 16 for customers
of less than 1 year served by the direct distribution channel is of some concern. Thus, we must recognize that unless
the effect sizes are substantial, the limited sample sizes in each group, even from this sample of 200 observations,
may preclude the identification of significant differences. This issue becomes especially critical when examining
nonsignificant difference in that the researcher should determine whether the nonsignificant result is due to insufficient effect size or low statistical power.

Adequacy of Statistical Power

StAGe 3: ASSUMPtionS in MAnoVA
As with the prior MANOVA analyses, the assumption of greatest importance is the homogeneity of variance–
covariance matrices across the groups. Meeting this assumption facilitates direct interpretation of the results
without having to consider group sizes, level of covariances in the group, and so forth. Additional statistical
assumptions related to the dependent variables (normality and correlation) have already been addressed in the

table 6.10 Sample Size per cell for the Factorial Design
of customer type (X1) and Distribution System (X5)
X5 Distribution System
X1 customer type

indirect

Direct

Less than 1 year

52

16

1 to 5 years

25

39

More than 5 years

31

37
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prior examples. A final issue is the presence of outliers and the need for deletion of any observations that may
distort the mean values of any group.
Homoscedasticity For this factorial design, six groups are involved in testing the assumption of homoscedasticity
(see Table 6.11). The multivariate test (Box’s M) has a nonsignificant value (.153), allowing us to accept the null
hypothesis of homogeneity of variance–covariance matrices at the .05 level.
The univariate tests for the three purchase outcome variables separately are also all nonsignificant. With the
multivariate and univariate tests showing nonsignificance, the researcher can proceed knowing that the assumption
of homoscedasticity has been fully met.

The second issue involves examining observations with extreme values and the possible designation
of observations as outliers with deletion from the analysis (see Figure 6.17 for X19). Interestingly enough,
examination of the boxplots for the three purchase outcomes identifies a smaller number of observations with
extreme values than found for X1 by itself. The dependent variable with the most extreme values was X21 with
only three, whereas the other dependent measures had one and two extreme values. Moreover, no observation
had extreme values on more than one dependent measure. As a result, all observations were retained in the analysis.
Outliers

StAGe 4: eStiMAtion oF tHe MAnoVA MoDeL AnD ASSeSSinG oVeRALL Fit
The MANOVA model for a factorial design tests not only for the main effects of both independent variables but also
their interaction or joint effect on the dependent variables. The first step is to examine the interaction effect and
determine whether it is statistically significant. If it is significant, then the researcher must confirm that the interaction effect is ordinal. If it is found to be disordinal, the statistical tests of main effects are not valid. But assuming
a significant ordinal or a nonsignificant interaction effect, the main effects can be interpreted directly without
adjustment.
Assessing the Interaction Effect Interaction effects can be identified both graphically and statistically. The most

common graphical means is to create line charts depicting pairs of independent variables. As illustrated earlier in
Figure 6.13, significant interaction effects are represented by non-parallel lines (with parallel lines denoting no
interaction effect). If the lines depart from parallel but never cross in a significant amount, then the interaction is
deemed ordinal. If the lines do cross to the degree that in at least one instance the relative ordering of the lines is
reversed, then the interaction is deemed disordinal.
table 6.11 Multivariate and Univariate Measures for testing
Homoscedasticity Across Groups of X1 by X5
Multivariate tests for Homoscedasticity
Box’s Test of Equality of Covariance Matrices
Box’s M
F

39.721
1.263

df1

30

df2

33214.450

Sig.

.153

Univariate tests for Homoscedasticity
Levene’s Test of Equality of Error Variances
Dependent Variable

F

df1

df2

Sig.

X19 Satisfaction

2.169

5

194

.059

X20 Likely to Recommend

1.808

5

194

.113

.990

5

194

.425

X21 Likely to Purchase
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Figure 6.18 portrays each dependent variable across the six groups, indicating by the non-parallel pattern that an
interaction may exist. As we can see in each graph, the middle level of X1 (1 to 5 years with HBAT) has a substantially
smaller difference between the two lines (representing the two distribution channels) than the other two levels of
X1. We can confirm this observation by examining the group means from Table 6.9. Using X19 (Satisfaction) as an
example, we see that the difference between direct and indirect distribution channels is 1.138 for customers of less
than 1 year, which is quite similar to the difference between channels (1.325) for customers of greater than 5 years.
However, for customers served by HBAT from 1 to 5 years, the difference between customers of the two channels is
only (.285). Thus, the differences between the two distribution channels, although found to be significant in earlier
examples, can be shown to differ (interact) based on how long the customer has been with HBAT. The interaction is
deemed ordinal because in all instances the direct distribution channel has higher satisfaction scores.
Figure 6.18
Graphical Displays of interaction effects of X1 (customer type) by X5 (Distribution System) Across Purchase
outcome Measures (X19, X20, and X21)
X19 Satisfaction

X20 Likely to Recommend

9.0

8.5

8.5

8.0

8.0
7.5

7.5

7.0

7.0
6.5
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6.5
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X5 Distribution
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5.5
5.0
Less than
1 year

Direct to Customer

6.0

Indirect Through Broker

Indirect Through Broker
1 to
5 years

5.5
Less than
1 year

More than
5 years

1 to
5 years

X1 Customer Type

More than
5 years

X1 Customer Type
X21 Likely to Purchase

8.5

8.0

7.5

7.0

X5 Distribution
Direct to Customer
Indirect Through Broker

6.5
Less than
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In addition to the graphical means, interaction effects can also be tested
in the same manner as main effects. Thus, the researcher can make a multivariate as well as univariate assessment
of the interaction effect with the statistical tests described in earlier examples. Table 6.12 contains the MANOVA
results for testing both the interaction and main effects.

Testing the Interaction and Main Effects

table 6.12 Multivariate and Univariate tests for Group Differences in Purchase outcome Measures (X19, X20,
and X21) Across Groups of X1 by X5
Multivariate tests
observed
effect

Statistical test

Value

F

Hypothesis df

error df

Sig.

h2

Powera

X1

Pillai’s Criterion

.488

20.770

6

386

.000

.244

1.000

Wilks’ Lambda

.512

25.429

6

384

.000

.284

1.000

.952

30.306

6

382

.000

.322

1.000

.951

61.211

3

193

.000

.488

1.000

Pillai’s Criterion

.285

25.500

3

192

.000

.285

1.000

Wilks’ Lambda

.715

25.500

3

192

.000

.285

1.000

.398

25.500

3

192

.000

.285

1.000

.398

25.500

3

192

.000

.285

1.000

Pillai’s Criterion

.124

4.256

6

386

.000

.062

.980

Wilks’ Lambda

.878

4.291

6

384

.000

.063

.981

Hotelling’s T2

.136

4.327

6

382

.000

.064

.982

Roy’s greatest

.112

7.194

3

193

.000

.101

.981

Hotelling’s T
X5

2

Roy’s greatest
characteristic root

Hotelling’s T
X1 3 X5

2

Roy’s greatest
characteristic root

characteristic root
a

Computed using alpha 5 .05
Univariate tests (Between-Subjects effects)
Sum of

observed

Mean
2

Powera

effect

Dependent Variable

Squares

df

Square

F

Sig.

h

Overall

X19 Satisfaction

210.999

b

5

42.200

85.689

.000

.688

1.000

X20 Likely to Recommend

103.085

c

5

20.617

30.702

.000

.442

1.000

X21 Likely to Purchase

65.879d

5

13.176

27.516

.000

.415

1.000

X19 Satisfaction

89.995

2

44.998

91.370

.000

.485

1.000

X20 Likely to Recommend

32.035

2

16.017

23.852

.000

.197

1.000

X21 Likely to Purchase

26.723

2

13.362

27.904

.000

.223

1.000

X19 Satisfaction

36.544

1

36.544

74.204

.000

.277

1.000

X20 Likely to Recommend

23.692

1

23.692

35.282

.000

.154

1.000

X21 Likely to Purchase

9.762

1

9.762

20.386

.000

.095

.994

X19 Satisfaction

9.484

2

4.742

9.628

.000

.090

.980

X20 Likely to Recommend

8.861

2

4.430

6.597

.002

.064

.908

X21 Likely to Purchase

3.454

2

1.727

3.607

.029

.036

.662

X1

X5

X1 3 X5

Computed using alpha 5 .05

a

b

R2 5 .688 1 Adjusted R2 5 .680 2

R2 5 .442 1 Adjusted R2 5 .427 2

c

R2 5 .415 1 Adjusted R2 5 .400 2

d
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teStinG inteRAction eFFectS Testing for a significant interaction effect proceeds as does any other effect. First, the
multivariate effects are examined and in this case all four tests show statistical significance. Then, univariate tests for
each dependent variable are performed. Again, the interaction effect is also deemed significant for each of the three
dependent variables. The statistical tests confirm what was indicated in the graphs: A significant ordinal interaction
effect occurs between X5 and X1 for all three outcomes.

If the interaction effect is deemed nonsignificant or even significant and ordinal, then the
researcher can proceed to estimating the significance of the main effects for their differences across the groups. In
those instances in which a disordinal interaction effect is found, the main effects are confounded by the disordinal
interaction and tests for differences should not be performed.
With a significant ordinal interaction, we can proceed to assessing whether both independent variables still have
significant main effects when considered simultaneously. Table 6.12 also contains the MANOVA results for the main
effects of X1 and X5 in addition to the tests for the interaction effect already discussed. As we found when analyzing
them separately, both X1 (Customer Type) and X5 (Distribution System) have a significant impact (main effect) on
the three purchase outcome variables, both as a set and separately, as demonstrated by the multivariate and univariate
tests. The results of the discriminant analysis and stepdown tests are not shown, but these produced comparable
results to the univariate examples for both X1 and X5.
The impact of the two independent variables can be compared by examining the relative effect sizes as shown
by h2 (eta squared). The effect sizes for each variable are somewhat higher for X1 when compared to X5 on either
the multivariate or univariate tests. For example, with the multivariate tests the eta squared values for X1 range
from .244 to .488, but they are lower (all equal to .285) for X5. Similar patterns can be seen on the univariate tests.
This comparison gives an evaluation of practical significance separate from the statistical significance tests. When
compared to either independent variable, however, the effect size attributable to the interaction effect is much smaller
(e.g., multivariate eta squared values ranging from .062 to .101).
eStiMAtinG MAin eFFectS

StAGe 5: inteRPRetAtion oF tHe ReSULtS
Interpretation of a factorial design in MANOVA is a combination of judgments drawn from statistical tests and
examination of the basic data. The presence of an interaction effect can be assessed statistically, but the resulting
conclusions are primarily based on the judgments of the researcher. The researcher must examine the differences
for practical significance in addition to statistical significance. If specific comparisons among the groups can be
formulated, then planned comparisons can be specified and tested directly in the analysis.
Statistical significance may be supported by the multivariate tests, but
examining the tests for each dependent variable provides critical insight into the effects seen in the multivariate tests.
Moreover, the researcher may employ planned comparisons or even post hoc tests to determine the true nature of
differences, particularly when significant interaction terms are found.
With the interaction and main effects found to be statistically significant by both the multivariate and univariate
tests, interpretation is still heavily reliant on the patterns of effects shown in the values of the six groups (shown in
Table 6.9 and Figure 6.18).

Interpreting Interaction and Main Effects

inteRAction oF X1 BY X5 The non-parallel lines for each dependent measure notably portray the narrowing of the differences in distribution channels for customers of 1 to 5 years. Although the effects of X1 and X5 are still present, we do
see some marked differences in these impacts depending on which specific sets of customers we examine. For example, for X20 the difference between Direct versus Indirect Distribution customers is 1.098 for customers of less than 1
year, decreases to only .107 for customers of 1 to 5 years, and then increases again to 1.007 for customers of more than
5 years. These substantial differences depending on the Customer Type illustrate the significant interaction effect.

Its main effect is illustrated for all three purchase outcomes by the upward sloping lines across the
three levels of X1 on the X axis. Here we can see that the effects are consistent with earlier findings in that all three
purchase outcomes increase favorably as the length of the relationship with HBAT increases. For example, again
MAin eFFect oF X1
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examining X20, we see that the overall mean score increases from 6.141 for customers of less than 1 year to 7.209 for
customers of 1 to 5 years and finally to 7.522 for customers of more than 5 years.
The separation of the two lines representing the two distribution channels show us that the
direct distribution channel generates more favorable purchase outcomes. Examining Figure 6.18 we see that for
each dependent variable, the lines for customers with the direct distribution are greater than those served by the
indirect system.
MAin eFFect oF X5

Potential Covariates The researcher also has an additional tool—adding covariates—to improve in the analysis
and interpretation of the independent variables. The role of the covariate is to control for effects outside the scope
of the MANOVA analysis that may affect the group differences in some systematic manner (see earlier discussion
for more detail). A covariate is most effective when it has correlation with the dependent variables, but is relatively
uncorrelated to the independent variables in use. In this way it can account for variance not attributable to the
independent variables (due to its low correlation with them), but still reduce the amount of overall variation to be
explained (the correlation with the dependent measures).
The HBAT researchers had limited options in choosing covariates for these MANOVA analyses. The only likely
candidate was X22, representing the customers’ percentage of purchases coming from HBAT. The rationale would
be to control for the perceived or actual dependence of firms on HBAT as represented in X22. Firms with more
dependence may react quite differently to the variables being considered.
However, X22 is a poor candidate for becoming a covariate even though it meets the criterion of being correlated
with the dependent variables. Its fatal flaw is the high degree of differences seen on both X1 and X5. These differences suggest that the effects of X1 and X5 would be severely confounded by the use of X22 as a covariate. Thus, no
covariates will be utilized in this analysis.

SUMMARY
The results reflected in both the main and interaction effects present convincing evidence that HBAT customers’
postpurchase reactions are influenced by the type of distribution system and by the length of the relationship.
The direct distribution system is associated with higher levels of customer satisfaction, as well as likelihood to
repurchase and recommend HBAT to others. Similarly, customers with longer relationships also report higher levels
of all three dependent variables. The differences between the dependent variables are smallest among those customers
who have done business with HBAT for 1 to 5 years.
The use of MANOVA in this process enables the researcher to control the Type I error rate to a far greater extent
than if individual comparisons were made on each dependent variable. The interpretations remain valid even after
the impact of other dependent variables has been considered. These results confirm the differences found between
the effects of the two independent variables.

example 4: Moderation and Mediation
Having applied MANOVA to both single main effects as well as a factorial design, we now will investigate the use of
mediation and moderation to extend the main effect of X5 (Distribution channel) in two aspects:
●
●

Moderation: Does the main effect vary by firm size 1 X3 2 ?
Mediation: Does the percentage of a customer’s purchases from HBAT 1 X22 2 play an intermediary role in the
main effect on the purchase outcomes?

In both instances the additional relationships will add insight into the “When” and “Why” questions concerning
the effects of the distribution channel found earlier. Since we have already discussed this main effect in Example 1
and there no further analyses needed to apply moderation and mediation, the following sections will deal assume
the reader is familiar with the conclusions detailed earlier regarding the main effect.
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MoDeRAtion oF DiStRiBUtion SYSteM (X5) BY FiRM SiZe (X3)
The first additional relationship to be examined is moderation of the main effect of X5 (Distribution Channel) by
X3 (Firm Size). This issue is of interest to the management team since there is the possibility that the operation and
management of the distribution system may impact firms differently based on their size. While there is not any
concerted effort to differentiate the operations by firm size, identification of such an effect would provide impetus
for the management team to engage in further investigation.
Table 6.13). As we can see, for example examining X19 Satisfaction, the differences on X5 between Indirect 1 X5 5 0 2
and Direct 1 X5 5 1 2 systems does seem to vary between Small Firms 1 7.128 2 6.211 5 .917 2 and Large Firms
1 8.449 2 6.406 5 2.043 2 . This would seem to indicate a possible interaction, with the MANOVA model being able to
identify statistically significant moderating effects not only for separate outcomes, but also the outcomes collectively.
Group Profiles As a first step the group means for the three outcomes were calculated including the moderator (see

Homoscedasticity The only assumption that requires review is for homoscedasticity. Table 6.14 provides both the

overall Box M test and tests of each outcome individually. The overall test shows nonsignificance, which indicates
that the assumption of homoscedasticity is met. The individual tests generally concur, although X19 and X21 do
show some indications individually of heteroscedasticity. With the overall test being nonsignificant and the group
sizes being relatively large and equal, the research team can proceed without any further adjustments for this issue.
table 6.13 Descriptive Statistics of Purchase outcome Measures (X19, X20, and X21) for Groups of X5 (Distribution
System) Moderated by X3 (Firm Size)
Moderator

independent Variable
X19:

X20: Likely

X21: Likely

System

Satisfaction

to Recommend

to Purchase

X3: Firm Size
Small (0 to 499)
Large 1 5001 2

Total

outcomes

X5: Distribution

Group Size

Indirect through broker

6.211

6.091

7.142

45

Direct to customer

7.128

7.079

7.670

53

Total

6.707

6.626

7.428

98

Indirect through broker

6.406

6.771

7.475

63

Direct to customer

8.449

8.067

8.569

39

Total

7.187

7.267

7.893

102

Indirect through broker

6.325

6.488

7.336

108

Direct to customer

7.688

7.498

8.051

92

Total

6.952

6.953

7.665

200

table 6.14 Multivariate and Univariate Measures for testing
Homoscedasticity Across Groups of X5 Moderated by X3
Multivariate tests for Homoscedasticity
Box’s Test of Equality of Covariance Matrices
Box’s M

28.363
1.530

F
df1

18

df2

106854.075

Sig.

.069

Univariate tests for Homoscedasticity
Levene’s Test of Equality of Error Variances
Dependent Variable
X19 Satisfaction

F

df1

df2

Sig.

5.223

3

196

.002

X20 Likely to Recommend

1.990

3

196

.117

X21 Likely to Purchase

4.788

3

196

.003
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The moderation effect was tested by adding X5 as an additional factor and
creating the interaction term to represent the moderating effect. The multivariate and univariate results are
shown in Table 6.15.

Statistical Significance Testing

Before examining the statistical results, we need to examine the interactions to ensure that
they all are ordinal so that any significant main effects can be interpreted correctly. Figure 6.19 plots all three outcomes
with separate lines representing the two levels of the moderator (X3, Firm Size). Both X19 and X21 have decidedly
non-parallel lines, indicating possible interaction. X20 has markedly less difference between the slopes of the two lines.
Also, all three interactions are ordinal (i.e., do not crossover) and thus all results can be directly interpreted.
exAMininG inteRActionS

Figure 6.19
Graphical Displays of Moderation effects of X3 (Firm Size) on X5 (Distribution System) Across Purchase outcome
Measures (X19, X20, and X21)
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table 6.15 Multivariate and Univariate tests for Group Differences in Purchase outcome Measures (X19, X20, and
X21) Across Groups of X5 Moderated by X3
Multivariate tests
observed
effect
X5

Statistical test

Value

F

Hypothesis df

error df

Sig.

h2

Powera

Pillai’s Criterion

.394

20.770

3

194

.000

.394

1.000

Wilks’ Lambda

.606

25.429

3

194

.000

.394

1.000

Hotelling’s T2

.651

30.306

3

194

.000

.394

1.000

Roy’s greatest

.651

61.211

3

194

.000

.394

1.000

characteristic root
X3

Pillai’s Criterion

.210

25.500

3

194

.000

.210

1.000

Wilks’ Lambda

.790

25.500

3

194

.000

.210

1.000

Hotelling’s T2

.265

25.500

3

194

.000

.210

1.000

Roy’s greatest

.265

25.500

3

194

.000

.210

1.000

characteristic root
X5 3 X3

Pillai’s Criterion

.097

4.256

3

194

.000

.097

.977

Wilks’ Lambda

.903

4.291

3

194

.000

.097

.977

Hotelling’s T2

.107

4.327

3

194

.000

.097

.977

Roy’s greatest

.107

7.194

3

194

.000

.097

.977

characteristic root
Computed using alpha 5 .05.

a

Univariate tests (Between-Subjects effects)
observed

Sum of

Powera

effect

Dependent Variable

Squares

df

Mean Square

F

Sig.

h

Overall

X19 Satisfaction

b

132.472

3

44.157

49.721

.000

.432

1.000

X20 Likely to Recommend

84.720c

3

28.240

37.238

.000

.363

1.000

X21 Likely to Purchase

46.471d

3

15.490

27.035

.000

.293

1.000

106.036

1

106.036

119.397

.000

.379

1.000

X20 Likely to Recommend

63.118

1

63.118

83.229

.000

.298

1.000

X21 Likely to Purchase

31.858

1

31.858

55.600

.000

.221

1.000

X19 Satisfaction

27.810

1

27.810

31.314

.000

.138

1.000

X20 Likely to Recommend

33.671

1

33.671

44.399

.000

.185

1.000

X21 Likely to Purchase

18.369

1

18.369

32.058

.000

.141

1.000

X19 Satisfaction

15.326

1

15.326

17.258

.000

.081

.985

X5

X3

X5 3 X3

a

2

X19 Satisfaction

X20 Likely to Recommend

1.142

1

1.142

1.506

.221

.008

.231

X21 Likely to Purchase

3.892

1

3.892

6.793

.010

.033

.737

Computed using alpha

5 .05.

R2 5 .432 1 Adjusted R2 5 .423 2 .

b

R2 5 .363 1 Adjusted R2 5 .353 2 .

c

R2 5 .293 1 Adjusted R2 5 .282 2 .

d

The multivariate tests all indicate that both the main effect of X5 and the moderation
effect of X3 (main effect and more importantly interaction) are significant. Examining the effect size 1 h2 2 indicates
that while X3 is the largest, the interaction term is substantial and supports the significance test.
MULtiVARiAte SiGniFicAnce teStS

The univariate tests for the three outcomes presents a somewhat different set of results.
The main effects of X5 and X3 are significant, but the interaction effect indicating moderation is only significant
UniVARiAte SiGniFicAnce teStS
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for X19 and X21. Examining the effect sizes reveals that the largest interaction effect occurs with X19, then X21, and
finally an almost zero effect (.008) for X20.
Having demonstrated that the moderation effect does exist for at least
two of the three outcomes (X19 and X21), the research team may wish to understand the size of this effect. We
can obtain the parameter estimates for the linear models for each of the outcomes and quantify the size of the
interaction effects. Table 6.16 provides the four estimated coefficients for the linear model in each outcome (they
correspond to the example in Figure 6.14). Again using X19 as an example, we can see the size of the interaction
effect (1.1252) and its differential impact on the difference between Indirect and Direct distribution channels (i.e.,
the right portion of the table where X3 5 1). The lack of a significant moderation effect is seen for X20 where the
interaction term is relatively small (.3071), particularly when compared to the other effects. This is reflecting the
small effect size discussed earlier. These match the group means seen in Table 6.13 and illustrate the source of
those differences.
Interpreting the Moderation Effect

SUMMARY
The test for the moderating effect of X3 (Firm Size) was supported for X19 (Satisfaction) and X21 (Likely to Purchase),
although it did not moderate the main effect of X5 towards X20 (Likely To recommend). From these results, the
management team can focus on the outcomes with significant moderation effects and also compare them to X20,
which did not exhibit interaction.
table 6.16 Group Means on Purchase outcomes (X19, X20, and X21) for X5 (Distribution System) Moderated by X3
(Firm Size)
X19: Satisfaction
Moderator: X3 5 0
Linear Model estimates

Moderator: X3 5 1

coefficients

iV: X5 5 0

iV: X5 5 1

iV: X5 5 0

Main effect 1 b1 2

6.211

6.211

6.211

6.211

Interaction 1 b3 2

0.1952

Intercept 1 b0 2

Moderator 1 b2 2

0.9172

0.9172

6.211
0.9172

0.1952

1.1252

Total

iV: X5 5 1

0.1952
1.1252

6.211

7.1282

6.4062

8.4486

X20: Likely to Recommend
Moderator: X3 5 0
Linear Model estimates

Moderator: X3 5 1

coefficients

iV: X5 5 0

iV: X5 5 1

iV: X5 5 0

iV: X5 5 1

Main effect 1 b1 2

6.0911

6.0911

6.0911

6.0911

6.0911

Interaction 1 b3 2

0.6803

0.6803

0.6803

Intercept 1 b0 2

Moderator 1 b2 2

0.9881

0.9881

0.9881

0.3071

Total

0.3071
6.0911

7.0792

6.7714

8.0666

X21: Likely to Purchase
Moderator: X3 5 0
Linear Model estimates

Moderator: X3 5 1

coefficients

iV: X5 5 0

iV: X5 5 1

iV: X5 5 0

iV: X5 5 1

Main effect 1 b1 2

7.1422

7.1422

7.1422

7.1422

7.1422

Interaction 1 b3 2

0.3324

0.3324

0.3324

7.4746

8.5692

Intercept 1 b0 2

Moderator 1 b2 2
Total

0.5276

0.5276

0.5276

0.567

0.567
7.1422

7.6698

Source: PROCESS Macro [44].
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MeDiAtion oF DiStRiBUtion SYSteM (X5) BY PURcHASe LeVeL (X22)
The second additional relationship to the main effect of X5 (Distribution System) on the three outcomes is the
potential mediating effect of X22 (Purchase Level). This question was the result of the management team’s interest in
the impact of supplier concentration of purchases on each of the three outcomes. Channel literature and thinking has
always felt like more “dependency” of the customers on a seller would increase positive perceptions and hopefully
behavior towards the seller. Thus, testing for the mediating effect of Purchase Level would investigate if it acted as a
“transmission” effect for the effects of Distribution System.
Estimation of Mediation by X22 The use of MANOVA to test an overall mediation effect is not widespread in the
literature, perhaps because of the interest on the individual effects rather than the collective effect and the more
cumbersome estimation of effects. To this end we will test for mediation through two approaches. First, each of the
outcomes will be evaluated separately for mediation. Then, principal components analysis will be used to form a
composite measure of all three outcomes, which will then be used in a mediation analysis. While not strictly comparable to the MANOVA discriminant function, it should provide an acceptable substitute given the fairly high degree
of correlation among the three outcomes.
eStiMAtion oF SePARAte MeDiAtion teStS Each of the three outcomes was tested separately for mediation from X5
through X22 using the PROCESS macro [44]. Table 6.17 provides the set of mediation estimates, including the
unmediated main effect of X5 on each outcome, the mediated main effect and the two paths of the mediation indirect
effect (X5 S X22 and X22 S outcome).
For all three outcomes the unmediated main effect of X5 on the outcome was significant. Although recent
research has identified instances in which this effect did not need to be significant for mediation to occur, in
all three instances it met the original requirement of Baron and Kenny. Also, for each outcome the two paths
of the mediation effect were also significant, indicating that the mediation/indirect path should be significant
as well. Finally, the significance level of the mediated main effect allows for categorization of the mediation as
complete or partial.
The indirect effect was estimated from the bootstrapping process, which also generated the upper and
lower confidence intervals. In all three outcomes the indirect effect was deemed significant at the 95 percent
confidence interval.

A similar analysis was performed on a composite measure generated with
principal components of the three outcome measures. All of the outcome measures had loadings of .88 or above on
the factor and the factor accounted for 81 percent of the variance of the three outcome measures. Thus, the composite
factor is a suitable representation of the combined outcome measures.
The mediation results for the composite (see Table 6.18) were comparable to those found for each of the individual
outcomes. The unmediated main effect was significant as well as all of the effects from the mediated model. As for
the individual outcome results, the indirect effect was also significant.

eStiMAtion oF coMPoSite MeDiAtion teStS

Interpretation of the Mediation by X22 The same general conclusions can be drawn from both mediation analyses

of both the individual outcomes and the composite measure:
●

●

There is a substantial mediation effect working through X22, typically accounting for about 30 percent of the
total effect of X5 on the outcome. The effect sizes are what would generally be characterized as medium in
terms of their size.
While there is a significant mediation effect, in all instances only partial mediation was achieved, since in each
instance the mediated main effect was highly significant and still accounted for a majority of the overall effect.

These results provide support for the partial mediation of the effects of the distribution system on the purchase
outcomes of interest. The research team can now develop plans to capitalize on this relationship as well as investigate
other possible mediators to account for the remainder of the effect.
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table 6.17 Mediation effects of X22 (Purchase Level) on Main effect of X5 (Distribution
System) and Purchase outcome Measures (X19, X21, and X21)
Mediation: X19 Satisfaction
Mediation effects

Parameter estimates
coefficient

t value

Signif.

0.1495

9.177

0.0000

0.1124

8.4595

0.0000

4.9275

1.2425

3.9658

0.0001

0.0836

0.0055

15.1855

0.0000

C (unmediated main effect: X5 S X19)

1.363

Cr (mediated main effect: X5 S X19))

A 1 X5 S X22 2

0.9509

B 1 X22 S X19 2

Std. error

indirect effects

a

a

effect

Std. error

Lower ci

Mediation (Indirect) Effects

0.4122

0.1086

0.2092

Upper ci
0.6339

Ratio of Indirect Effects to Total Effects

0.3024

0.0644

0.175

0.4291

Ratio of Indirect Effects to Direct Effects

0.4335

0.1361

0.2121

0.7517

Effect Size of Indirect Effect

0.1656

0.0454

0.0808

0.2569

Bootstrapped estimates with 5,000 samples at confidence level of .95
Mediation: X20 Likely to Recommend
Mediation effects

Parameter estimates
coefficient

Std. error

t value

Signif.

C (unmediated main effect: X5 S X20)

1.0099

0.1363

7.4073

0.0000

A 1 X5 S X22 2

Cr (mediated main effect: X5 S X20)

0.741

0.1246

5.9468

0.0000

B 1 X22 S X20 2

4.9275

1.2425

3.9658

0.0001

0.0545

0.0071

7.6345

0.0000

indirect effects

a

a

effect

Std. error

Lower ci

Mediation (Indirect) Effects

0.2688

0.0755

0.1389

Upper ci
0.4403

Ratio of Indirect Effects to Total Effects

0.2662

0.0683

0.1503

0.4232

Ratio of Indirect Effects to Direct Effects

0.3628

0.1366

0.1769

0.7338

Effect Size of Indirect Effect

0.109

0.033

0.052

0.1816

Bootstrapped estimates with 5,000 samples at confidence level of .95
Mediation: X21 Likely to Purchase
Mediation effects

Parameter estimates
coefficient

Std. error

t value

Signif.

C (unmediated main effect: X5 S X21)

0.7150

0.1165

6.1910

0.0000

Cr (mediated main effect: X5 S X21)

A 1 X5 S X22 2

0.5003

0.1018

4.9163

0.0000

B 1 X22 S X21 2

4.9275

1.2425

3.9658

0.0001

0.0436

0.0057

7.6784

0.0000

indirect effectsa
effect

a

Std. error

Lower ci

Upper ci

Mediation (Indirect) Effects

0.2147

0.0595

0.1098

0.3441

Ratio of Indirect Effects to Total Effects

0.3003

0.0771

0.1666

0.4783

Ratio of Indirect Effects to Direct Effects

0.4291

0.1774

0.1999

0.9170

Effect Size of Indirect Effect

0.0875

0.0275

0.0396

0.1492

Bootstrapped estimates with 5,000 samples at confidence level of .95.

Source: PROCESS Macro [44].
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table 6.18 Mediation effects of X22 (Purchase Level) on Main effect of X5 (Distribution System)
and Purchase outcome Measures composite
Mediation: composite of X19, X20, and X21
Mediation effects

Parameter estimates
coefficient

Std. error

t value

Signif.

C (unmediated main effect: X5 S Composite)

1.0504

0.1207

8.7052

0.0000

Cr (mediated main effect: X5 S Composite)

A 1 X5 S X22 2

0.7458

0.0958

7.7847

0.0000

B 1 X22 S Composite 2

4.9275

1.2425

3.9658

0.0001

0.0618

0.0051

12.0889

0.0000

effect

Std. error

indirect effects

a

a

Lower ci

Upper ci

Mediation (Indirect) Effects

0.3046

0.0958

7.7847

0.0000

Ratio of Indirect Effects to Total Effects

0.2900

0.0629

0.1658

0.4162

Ratio of Indirect Effects to Direct Effects

0.4084

0.1293

0.1988

0.7130

Effect Size of Indirect Effect

0.1470

0.0401

0.0723

0.2336

Bootstrapped estimates with 5,000 samples at confidence level of .95.

Source: PROCESS Macro [44].

SUMMARY
The ability of both moderation and mediation to provide additional insights into selected main effects was
demonstrated in the above examples. The research team now has empirical support for the impact of firm size
on the main effect as well as the partial mediating effect of purchase level. In both instances the effects were
found to be consistent across outcomes (except for lack of moderation for X20). As such, more generalized
approaches can be developed to cultivate these relationships as well as extend the analyses into other mediating
and/or moderating effects.

A Managerial overview of the Results
HBAT researchers performed a series of ANOVAs and MANOVAs in an effort to understand how three purchase
outcomes (X19, Satisfaction; X20, Likelihood of Recommending HBAT; and X21, Likelihood of Future Purchase)
vary across characteristics of the firms involved, such as distribution system 1 X5 2 and customer type 1 X1 2 . In our
discussion, we focus on the multivariate results as they overlap with the univariate results.
The first MANOVA analysis is direct: Does the type of distribution channel have an effect on the purchase
outcomes? In this case the researcher tests whether the sets of mean scores (i.e., the means of the three purchase
outcomes) for each distribution group are equivalent. After meeting all assumptions, we find that the results
reveal a significant difference in that firms in the direct distribution system had more favorable purchase
outcomes when compared to firms served through the broker-based model. Along with the overall results,
management also needed to know whether this difference exists not only for the variate but also for the individual variables. Univariate tests revealed significant univariate differences for each purchase outcome as well.
The significant multivariate and univariate results indicate to management that the direct distribution system
serves customers better as indicated by the more favorable outcome measures. Thus, managers can focus on
extending those benefits of the direct system while working on improving the broker-based distribution system.
The next MANOVA follows the same approach, but substitutes a new independent variable, customer type (i.e.,
the length of time the firm has been a customer), which has three groups (less than 1 year, 1 to 5 years, and more than
5 years). Once again, management focuses on the three outcome measures to assess whether significant differences are
found across length of the customer relationship. Both univariate and multivariate tests show differences in the purchase
outcome variables across the three groups of customers. Yet one question remains: Is each group different from the other?
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Group profiles show substantial differences and post hoc tests indicate that for X19 (Satisfaction) each customer group is
distinct from the other. For the remaining two outcome measures, groups 2 and 3 (customers of 1 to 5 years and customers
more than 5 years) are not different from each other, although both are different from customers of less than 1 year. The
implication is that for X20 and X21 the improvements in purchase outcomes are significant in the early years, but do not
keep increasing beyond that period. From a managerial perspective, the duration of the customer relationship positively
affects the firm’s perceptions of purchase outcomes. Even though increases are seen throughout the relationship for the
basic satisfaction measure, the only significant increase in the other two outcomes is seen after the first year.
The third example addresses the issue of the combined impact of these two firm characteristics (X5, distribution
system; and X1, duration of the customer relationship) on the purchase outcomes. The three categories of X1 are combined
with the two categories of X5 to form six groups. The objective is to establish whether the significant differences seen for
each of the two firm characteristics when analyzed separately are also evident when considered simultaneously. The first
step is to review the results for significant interactions: Do the purchase outcomes display the same differences between
the two types of distribution systems when viewed by duration of the relationship? All three interactions were found to
be significant, meaning that the differences between the direct and broker-based systems were not constant across the
three groups of customers based on duration of the customer relationship. Examining the results found that the middle
group (customers of 1 to 5 years) had markedly smaller differences between the two distribution systems than customers
of either shorter or longer relationships. Although this pattern held for all three purchase outcomes and direct systems
always were evaluated more favorably (maintaining ordinal interactions), HBAT must realize that the advantages of the
direct distribution system are contingent on the length of the customer’s relationship. Given these interactions, it was still
found that each firm characteristic exhibited significant impacts on the outcome as was found when analyzed separately.
Moreover, when considered simultaneously, the impact of each on the purchase outcomes was relatively even.
The three MANOVA analyses of both univariate and then factorial designs provided fundamental information
about the main effects involved with the distribution system and tenure as a customer. While these are important
findings, the application of moderation and mediation analyses for a more in-depth understanding of the effect of
the distribution system was also demonstrated. The moderating effect of firm size provides the management team
with insights as to the “When” (i.e., potential variability) of the main effect. And the mediation analysis supporting
the role of purchase level as a partial explanation of “Why” the distribution system impacts the outcomes is useful as
well. These results provide valuable perspectives on the nature of the distribution system’s effect on these outcomes
and provides an avenue for additional analyses as well.
In all of these situations, MANOVA enables HBAT managers to identify the significant effects of these firm characteristics on purchase outcomes, not only individually but also when combined.

Summary
Multivariate analysis of variance (MANOVA) is an extension of analysis of variance (ANOVA) to accommodate
more than one dependent variable. It is a dependence technique that measures the differences for two or more metric
dependent variables based on a set of categorical (nonmetric) variables acting as independent variables. This chapter
helps you to do the following:
Explain the difference between the univariate null hypothesis of ANOVA and the multivariate null hypothesis
of MANOVA. Like ANOVA, MANOVA is concerned with differences between groups (or experimental treatments).
ANOVA is termed a univariate procedure because we use it to assess group differences on a single metric dependent
variable. The null hypothesis is the means of the groups for a single dependent variable are equal (not statistically
different). Univariate methods for assessing group differences are the t test (two groups) and analysis of variance
(ANOVA) for two or more groups. The t test is widely used because it works with small group sizes and it is quite easy
to apply and interpret. But its limitations include: (1) it only accommodates two groups; and (2) it can only assess one
independent variable at a time. Although a t test can be performed with ANOVA, the F statistic has the ability to test
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for differences between more than two groups as well as include more than one independent variable. Also, independent variables are not limited to just two levels, but instead can have as many levels (groups) as desired. MANOVA is
considered a multivariate procedure because it is used to assess group differences across multiple metric dependent
variables simultaneously. In MANOVA, each treatment group is observed on two or more dependent variables. Thus,
the null hypothesis is the vector of means for multiple dependent variables is equal across groups. The multivariate
procedures for testing group differences are the Hotelling T2 and multivariate analysis of variance, respectively.
Discuss the advantages of a multivariate approach to significance testing compared to the more traditional
univariate approaches. As statistical inference procedures, both the univariate techniques (t test and ANOVA) and
their multivariate extensions (Hotelling’s T2 and MANOVA) are used to assess the statistical significance of differences
between groups. In the univariate case, a single dependent measure is tested for equality across the groups. In the
multivariate case, a variate is tested for equality. In MANOVA, the researcher actually has two variates, one for the
dependent variables and another for the independent variables. The dependent variable variate is of more interest
because the metric-dependent measures can be combined in a linear combination, as we have already seen in multiple regression and discriminant analysis. The unique aspect of MANOVA is that the variate optimally combines the
multiple dependent measures into a single value that maximizes the differences across groups. To analyze data on
multiple groups and variables using univariate methods, the researcher might be tempted to conduct separate t tests
for the difference between each pair of means (i.e., group 1 versus group 2; group 1 versus group 3; and group 2 versus
group 3). But multiple t tests inflate the overall Type I error rate. ANOVA and MANOVA avoid this Type I error
inflation due to making multiple comparisons of treatment groups by determining in a single test whether the entire
set of sample means suggests that the samples were drawn from the same general population. That is, both techniques
are used to determine the probability that differences in means across several groups are due solely to sampling error.
State the assumptions for the use of MANOVA. The univariate test procedures of ANOVA are valid in a statistical sense if we assume that the dependent variable is normally distributed, the groups are independent in their
responses on the dependent variable, and that variances are equal for all treatment groups. There is evidence,
however, that F tests in ANOVA are robust with regard to these assumptions except in extreme cases. For the multivariate test procedures of MANOVA to be valid, three assumptions must be met: (1) observations must be independent, (2) variance–covariance matrices must be equal for all treatment groups, and (3) the set of dependent variables
must follow a multivariate normal distribution. In addition to these assumptions, the researcher must consider two
issues that influence the possible effects—the linearity and multicollinearity of the variate of the dependent variables.
Understand how to interpret MANOVA results. If the treatments result in statistically significant differences in
the vector of dependent variable means, the researcher then examines the results to understand how each treatment
impacts the dependent measures. Three steps are involved: (1) interpreting the effects of covariates, if included; (2)
assessing which dependent variable(s) exhibited differences across the groups of each treatment; and (3) identifying
if the groups differ on a single dependent variable or the entire dependent variate. When a significant effect is found,
we say that there is a main effect, meaning that there are significant differences between the dependent variables of
the two or more groups defined by the treatment. With two levels of the treatment, a significant main effect ensures
that the two groups are significantly different. With three or more levels, however, a significant main effect does not
guarantee that all three groups are significantly different, instead just that there is at least one significant difference
between a pair of groups. If there is more than one treatment in the analysis, the researcher must examine the interaction terms to see if they are significant, and if so, do they allow for an interpretation of the main effects or not. If
there are more than two levels for a treatment, then the researcher must perform a series of additional tests between
the groups to see which pairs of groups are significantly different.
Describe the purpose of post hoc tests in ANOVA and MANOVA. Although the univariate and multivariate tests of
ANOVA and MANOVA enable us to reject the null hypothesis that the groups’ means are all equal, they do not pinpoint
where the significant differences lie if there are more than two groups. Multiple t tests without any form of adjustment
are not appropriate for testing the significance of differences between the means of paired groups because the probability
of a Type I error increases with the number of intergroup comparisons made (similar to the problem of using multiple
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univariate ANOVAs versus MANOVA). If the researcher wants to systematically examine group differences across
specific pairs of groups for one or more dependent measures, two types of statistical tests should be used: post hoc and a
priori. Post hoc tests examine the dependent variables between all possible pairs of group differences that are tested after
the data patterns are established. A priori tests are planned from a theoretical or practical decision-making viewpoint
prior to looking at the data. The principal distinction between the two types of tests is that the post hoc approach tests
all possible combinations, providing a simple means of group comparisons but at the expense of lower power. A priori
tests examine only specified comparisons, so that the researcher must explicitly define the comparison to be made, but
with a resulting greater level of power. Either method can be used to examine one or more group differences, although
the a priori tests also give the researcher control over the types of comparisons made between groups.
Interpret interaction results when more than one independent variable is used in MANOVA. The interaction
term represents the joint effect of two or more treatments. Any time a research design has two or more treatments, the
researcher must first examine the interactions before any statement can be made about the main effects. Interaction
effects are evaluated with the same criteria as main effects. If the statistical tests indicate that the interaction is nonsignificant, this denotes that the effects of the treatments are independent. Independence in factorial designs means that
the effect of one treatment (i.e., group differences) is the same for each level of the other treatment(s) and that the main
effects can be interpreted directly. If the interactions are deemed statistically significant, it is critical that the researcher
identify the type of interaction (ordinal versus disordinal), because this has direct bearing on the conclusion that can
be drawn from the results. Ordinal interaction occurs when the effects of a treatment are not equal across all levels of
another treatment, but the group difference(s) is always the same direction. Disordinal interaction occurs when the
differences between levels “switch” depending on how they are combined with levels from another treatment. Here the
effects of one treatment are positive for some levels and negative for other levels of the other treatment.
Describe the purpose of multivariate analysis of covariance (MANCOVA). Covariates can play an important
role by including metric variables into a MANOVA or ANOVA design. However, since covariates act as a “control”
measure on the dependent variate, they must be assessed before the treatments are examined. The most important role
of the covariate(s) is the overall impact in the statistical tests for the treatments. The most direct approach to evaluating
these impacts is to run the analysis with and without the covariates. Effective covariates will improve the statistical
power of the tests and reduce within-group variance. If the researcher does not see any substantial improvement,
then the covariates may be eliminated, because they reduce the degrees of freedom available for the tests of treatment
effects. This approach also can identify those instances in which the covariate is “too powerful” and reduces the variance to such an extent that the treatments are all nonsignificant. Often this occurs when a covariate is included that is
correlated with one of the independent variables and thus “removes” this variance, thereby reducing the explanatory
power of the independent variable. Because MANCOVA and ANCOVA are applications of regression procedures
within the analysis of variance method, assessing the impact of the covariates on the dependent variables is quite similar
to examining regression equations. If the overall impact is deemed significant, then each covariate can be examined for
the strength of the predictive relationship with the dependent measures. If the covariates represent theoretically-based
effects, then these results provide an objective basis for accepting or rejecting the proposed relationships. In a practical
vein, the researcher can examine the impact of the covariates and eliminate those with little or no effect.
It is often unrealistic to assume that a difference between experimental treatments will be manifested only in a
single measured dependent variable. Many researchers handle multiple-criterion situations by repeated application
of individual univariate tests until all the dependent variables are analyzed. This approach can seriously inflate Type
I error rates, and it ignores the possibility that some composite of the dependent variables may provide the strongest
evidence of group differences. MANOVA can solve both of these problems.
Describe the uses and insights gained from incorporating mediation and moderation effects. While the main
effects are a primary interest in MANOVA, the use of mediation and moderation can provide support for an extended
conceptual model in terms of both internal and external validity. Mediation can help address the “Why” question
concerning how the treatment impacts the outcome. Understanding the mediation effect many times provides the
researcher with additional pathways to achieving the outcome (i.e., influencing the mediator directly or through other
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factors as well). Moderation addresses the “When” question which extends the external validity of the main effect. Is
the main effect still operant under differing situations (i.e., different values of the moderator variable)? Questions of this
nature help provide a better understanding of the potential variation in the main effect that is not possible otherwise.
The researcher should note the similarity of adding a moderator and adding another treatment to create a factorial
design. Both generate interaction terms and result in the same empirical results. For both mediation and moderation
it is only through conceptual model support that their impacts can be determined.
Identify situations in which causal inferences may be strengthened even in nonrandomized studies. The methods
of ANOVA and MANOVA have long been associated with experimental research, although they have been widely applied
in non-experimental situations as well. In the non-experimental situation the researcher is faced with numerous challenges
to making the types of causal inferences possible with experimental research. The development of causal inference techniques for observational data extends the range of research questions that can be addressed while still maintaining the strict
conditions needed to assess causal effects. The potential outcomes framework of Rubin provides the conceptualization of
how the effects of random assignment operate and, more importantly, how they can be extended to non-experimental/
observational data. The propensity score model is the application of a logistic regression model to estimate a variate of
variables representing confounders of the causal effect. Once the logistic regression model provides equivalence between
the treatment and control groups, the predicted probability score can be used as a propensity score. Observations from
the treatment or control group are “matched” to observations of the opposite group that have identical or very similar
propensity scores. The process equates each matched set on the covariates, thus ensuring they are comparable and can be
directly compared. Once all the cases are matched, comparisons between treatment and control groups are made for each
matched set of observations and then combined into an overall effect. The result is a conceptually-based model whereby
observations are matched so that they meet the necessary assumptions for causal inferences to be made. In this manner
observational or other non-experimental data that was not obtained with random assignment can be analyzed and causal
effects estimated.

Questions
1 What are the differences between MANOVA and
discriminant analysis? What situations best suit each
multivariate technique?

6 Explain the appropriate application of mediation
and moderation? What type of conceptual support is
needed for each?

2 Design a two-way factorial MANOVA experiment. What
are the different sources of variance in your experiment?
What would a significant interaction tell you?

7 What are the unique effects on the main effect and
how do they aid in a better understanding of the
main effect?

3 Besides the overall, or global, significance, at least three
approaches to follow-up tests include (a) use of Scheffé
contrast procedures; (b) stepdown analysis, which is
similar to stepwise regression in that each successive F
statistic is computed after eliminating the effects of the
previous dependent variables; and (c) examination of the
discriminant functions. Describe the practical advantages
and disadvantages of each of these approaches.

8 When is causal inference applicable? What is required
for the researcher to be assured that the application
of these techniques does provide the ability to make
causal inferences from observational/nonrandomized
designs?

4 How is statistical power affected by statistical and
research design decisions? How would you design a
study to ensure adequate power?
5 Describe some data analysis situations in which
MANOVA and MANCOVA would be appropriate
in your areas of interest. What types of uncontrolled
variables or covariates might be operating in each of
these situations?

9 What types of variables should be included in the
propensity score model?
10 How is the logistic regression model applied? What is
the purpose of “predicting” the treatment variable?
11 What is meant by matching or stratifying and what
role does that play in being able to make causal
inferences?
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Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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Dependence techniques –
non-metric outcomes
7 Multiple Discriminant Analysis
8 Logistic Regression: Regression
with a Binary Dependent Variable

SECTION IV

oVeRVieW

A

s discussed in Section 3, dependence techniques are an essential element of multivariate analysis. While
many types of research questions are based on metric outcomes and thus addressed by the techniques in

Section 3, an entirely different class of problems are based on nonmetric outcomes. Many times termed classification problems, the nature of a nonmetric outcome requires that the technique generate a prediction of a group
rather than a specific metric value. In this situation, the researcher is attempting to classify observations into
groups. This is a very common type of problem, whether it be the prediction of a simple binary measure (e.g., Yes
or No) or a multi-categorical value (e.g., customer type 1, 2 or 3). In either instance the researcher may be looking for explanation of the classification process, so interpretation of the variate also can be critical.
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Section IV Dependence Techniques – Non-metric Outcomes

cHAPteRS in Section iV
Chapter 7, Multiple Discriminant Analysis, and Chapter 8, Logistic Regression: Regression with a Binary Dependent
Variable, investigate this unique form of dependence relationship—a dependent variable that is not metric but rather
is nonmetric. This classification into groups can be accomplished through either discriminant analysis or logistic
regression, a variant of regression designed to specifically deal with nonmetric dependent variables. Discriminant
analysis is particularly well suited for multi-categorical outcome variables, while logistic regression has many similarities with multiple regression in terms of variable interpretation and casewise diagnostics.
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7

Multiple Discriminant Analysis

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

●

●

●

●

State the circumstances under which linear discriminant analysis should be used instead of multiple regression.
Identify the major issues relating to types of variables used and sample size required in the application of
discriminant analysis.
Understand the assumptions underlying discriminant analysis in assessing its appropriateness for a particular
problem.
Describe the two computation approaches for discriminant analysis and the method for assessing overall model fit.
Explain what a classification matrix is and how to develop one, and describe the ways to evaluate the predictive
accuracy of the discriminant function.

●

Tell how to identify independent variables with discriminatory power.

●

Justify the use of a split-sample approach for validation.

chapter Preview
Multiple regression is undoubtedly the most widely used multivariate dependence technique. The primary basis
for the popularity of regression has been its ability to predict and explain metric variables. But what happens
when nonmetric dependent variables make multiple regression unsuitable? This chapter introduces a technique—
discriminant analysis—that addresses the situation of a nonmetric dependent variable. In this type of situation, the
researcher is interested in the prediction and explanation of the relationships that affect the category of the dependent
variable in which an object is located, such as why a person is or is not a customer, or if a firm will succeed or fail.
The two major objectives of this chapter are the following:
1 To introduce the underlying nature, philosophy, and conditions of multiple discriminant analysis.
2 To demonstrate the application and interpretation of these techniques with an illustrative example.
Chapter 1 stated that the basic purpose of discriminant analysis is to estimate the relationship between a single
nonmetric (categorical) dependent variable and a set of metric independent variables in this general form:
1 no nm e tric 2

1 metric 2

Y1 5 X1 1 X2 1 X3 1 c1 Xn
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Multiple discriminant analysis has widespread application in situations in which the primary objective is
to identify the group to which an object (e.g., person, firm, or product) belongs. Potential applications include
predicting the success or failure of a new product, deciding whether a student should be admitted to graduate
school, classifying students as to vocational interests, determining the category of credit risk for a person, or
predicting whether a firm will be successful. In each instance, the objects fall into groups, and the objective
is to predict and explain the bases for each object’s group membership through a set of independent variables
selected by the researcher.
A second technique—logistic regression—is also appropriate for handling research questions where the
dependent variable is nonmetric. Logistic regression has most often been applied to situations with binary (two
group) dependent variables (Yes/No, Purchase/Non-purchase, etc.), but has recently been adapted for applications with more than two possible dependent variable groups. The reader is encouraged to review the chapter on
logistic regression (Chapter 8), because it presents many useful features in terms of interpretation of the impacts
of the independent variables.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology to
be used. Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key
term cross-references are italicized.
Analysis sample Group of cases used in estimating the discriminant function(s). When constructing classification matrices, the

original sample is divided randomly into two groups, one for model estimation (the analysis sample) and the other for
validation (the holdout sample).
Box’s M Statistical test for the equality of the covariance matrices of the independent variables across the groups of the dependent
variable. If the statistical significance does not exceed the critical level (i.e., nonsignificance), then the equality of the covariance matrices is supported. If the test shows statistical significance, then the groups are deemed different and the assumption
is violated.
categorical variable See nonmetric variable.
centroid Mean value for the discriminant Z scores of all objects within a particular category or group. For example, a two-group
discriminant analysis has two centroids, one for the objects in each of the two groups.
classification function Method of classification in which a linear function is defined for each group. Classification is performed
by calculating a score for each observation on each group’s classification function and then assigning the observation to the
group with the highest score. It differs from the calculation of the discriminant Z score, which is calculated for each discriminant
function.
classification matrix Means of assessing the predictive ability of the discriminant function(s) (also called a confusion, assignment,
or prediction matrix). Created by cross-tabulating actual group membership with predicted group membership, this matrix
consists of numbers on the diagonal representing correct classifications and off-diagonal numbers representing incorrect
classifications.
cross-validation Procedure of dividing the sample into two parts: the analysis sample used in estimation of the discriminant
function(s) and the holdout sample used to validate the results. Cross-validation avoids the overfitting of the discriminant
function by allowing its validation on a totally separate sample.
cutting score Criterion against which each individual’s discriminant Z score is compared to determine predicted group
membership. When the analysis involves two groups, group prediction is determined by computing a single cutting score.
Entities with discriminant Z scores below this score are assigned to one group, whereas those with scores above it are classified
in the other group. For three or more groups, multiple discriminant functions are used, with a different cutting score for each
function.
Discriminant coefficient See discriminant weight.
Discriminant function A variate of the independent variables selected for their discriminatory power used in the prediction of
group membership. The predicted value of the discriminant function is the discriminant Z score, which is calculated for each
object (person, firm, or product) in the analysis. It takes the form of the linear equation:

Zjk 5 a 1 W1X1k 1 W2X2k 1 c1 WnXnk
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where:
Zjk 5 discriminant Z score of discriminant function j for object k
a 5 intercept
Wi 5 discriminant weight for independent variable i
Xik 5 independent variable i for object k
Discriminant loadings Measurement of the simple linear correlation between each independent variable and the discriminant Z

score for each discriminant function; also called structure correlations. Discriminant loadings are calculated whether or not
an independent variable is included in the discriminant function(s).
Discriminant score See discriminant Z score.
Discriminant weight Weight whose size relates to the discriminatory power of that independent variable across the groups of the
dependent variable. Independent variables with large discriminatory power usually have large weights, and those with little
discriminatory power usually have small weights. However, multicollinearity among the independent variables will cause
exceptions to this rule. Also called the discriminant coefficient.
Discriminant Z score Score defined by the discriminant function for each object in the analysis and usually stated in standardized
terms. Also referred to as the Z score, it is calculated for each object on each discriminant function and used in conjunction with the
cutting score to determine predicted group membership. It is different from the z score terminology used for standardized variables.
extreme groups approach Method of constructing a categorical dependent variable from a metric variable. First, the metric
variable is divided into three categories. Then the extreme categories are used in the discriminant analysis and the middle
category is not included in the analysis.
Fisher’s linear discriminant function See classification function.
Hit ratio Percentage of objects (individuals, respondents, firms, etc.) correctly classified by the discriminant function. It is calculated as the number of objects in the diagonal of the classification matrix divided by the total number of objects. Also known
as the percentage correctly classified.
Holdout sample Group of objects not used to compute the discriminant function(s). This group is then used to validate the
discriminant function with a separate sample of respondents. Also called the validation sample.
Logistic regression Special form of regression in which the dependent variable is a nonmetric, dichotomous (binary) variable.
Although some differences exist, the general manner of interpretation is similar to linear regression.
Maximum chance criterion Measure of predictive accuracy in the classification matrix that is calculated as the percentage of respondents in the largest group. The rationale is that the best uninformed choice is to classify every observation into the largest group.
Metric variable Variable with a constant unit of measurement. If a metric variable is scaled from 1 to 9, the difference between 1
and 2 is the same as that between 8 and 9. A more complete discussion of its characteristics and differences from a nonmetric
or categorical variable is found in Chapter 1.
nonmetric variable Variable with values that serve merely as a label or means of identification, also referred to as a categorical,
nominal, binary, qualitative, or taxonomic variable. The number on a football jersey is an example. A more complete discussion
of its characteristics and its differences from a metric variable is found in Chapter 1.
optimal cutting score Discriminant Z score value that best separates the groups on each discriminant function for classification
purposes.
Percentage correctly classified See hit ratio.
Polar extremes approach See extreme groups approach.
Potency index Composite measure of the discriminatory power of an independent variable when more than one discriminant
function is estimated. Based on discriminant loadings, it is a relative measure used for comparing the overall discrimination
provided by each independent variable across all significant discriminant functions.
Press’s Q statistic Measure of the classificatory power of the discriminant function when compared with the results expected from
a chance model. The calculated value is compared to a critical value based on the chi-square distribution. If the calculated value
exceeds the critical value, the classification results are significantly better than would be expected by chance.
Proportional chance criterion Another criterion for assessing the hit ratio, in which the average probability of classification is
calculated considering all group sizes.
Simultaneous estimation Estimation of the discriminant function(s) where weights for all independent variables are calculated
simultaneously; contrasts with stepwise estimation in which independent variables are entered sequentially according to
discriminating power.
Split-sample validation See cross-validation.
Stepwise estimation Process of estimating the discriminant function(s) whereby independent variables are entered sequentially
according to the discriminatory power they add to the group membership prediction.
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Stretched vector Scaled vector in which the original vector is scaled to represent the corresponding F ratio. Used to graphically

represent the discriminant loadings in a combined manner with the group centroids.
Structure correlations See discriminant loadings.
territorial map Graphical portrayal of the cutting scores on a two-dimensional graph. When combined with the plots of

individual cases, the dispersion of each group can be viewed and the misclassifications of individual cases identified directly
from the map.
tolerance Proportion of the variation in the independent variables not explained by the variables already in the model (function).
2*
It can be used to protect against multicollinearity. Calculated as 1 2 R2*
i , where Ri is the amount of variance of independent
variable i explained by all of the other in dependent variables. A tolerance of 0 means that the independent variable under
consideration is a perfect linear combination of independent variables already in the model. A tolerance of 1 means that an
independent variable is totally independent of other variables already in the model.
Validation sample See holdout sample.
Variate Linear combination that represents the weighted sum of two or more independent variables that comprise the discriminant function. Also called linear combination or linear compound.
Vector Representation of the direction and magnitude of a variable’s role as portrayed in a graphical interpretation of discriminant analysis results.
Z score See discriminant Z score.

What is Discriminant Analysis?
In attempting to choose an appropriate analytical technique, we sometimes encounter a problem that involves a
categorical dependent variable and several metric independent variables. For example, we may wish to distinguish
good from bad credit risks. If we had a metric measure of credit risk, then we could use multiple regression. In many
instances we do not have the metric measure necessary for multiple regression. Instead, we are only able to determine
whether someone is in a particular group (e.g., good or bad credit risk).
Discriminant analysis is the appropriate statistical techniques when the dependent variable is a categorical
(nominal or nonmetric) variable and the independent variables are metric variables. In many cases, the dependent variable consists of two groups or classifications, for example, male versus female or high versus low. In other
instances, more than two groups are involved, such as low, medium, and high classifications. Discriminant analysis
is capable of handling either two groups or multiple (three or more) groups. When two classifications are involved,
the technique is referred to as two-group discriminant analysis. When three or more classifications are identified, the
technique is referred to as multiple discriminant analysis (MDA). Logistic regression has most often been applied in
its basic form to two groups, although other formulations can handle more groups. Logistic regression is covered in
more detail in Chapter 8.
tHe VARiAte
Discriminant analysis involves deriving a variate. The discriminant variate is the linear combination of the two
(or more) independent variables that will discriminate best between the objects (persons, firms, etc.) in the groups
defined a priori. Discrimination is achieved by calculating the variate’s weights for each independent variable to
maximize the differences in the discriminant scores between the groups (i.e., the between-group variance relative
to the within-group variance). The variate for a discriminant analysis, also known as the discriminant function, is
derived from an equation much like that seen in multiple regression. It takes the following form:
Zjk 5 a 1 W1X1k 1 W2X2k 1 c1 WnXnk
where:
Zjk 5 discriminant Z score of discriminant function j for object k
a 5 intercept
Wi 5 discriminant weight for independent variable i
Xik 5 independent variable i for object k
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As with the variate in regression or any other multivariate technique, the discriminant score, also known as
the discriminant Z score or Z score, is calculated for each object in the analysis (person, firm, etc.), and it is a
summation of the values obtained by multiplying each independent variable by its discriminant weight. One of
the unique features of discriminant analysis is that more than one discriminant function may be present in the
data, resulting in each object possibly having more than one discriminant score. We will discuss what determines
the number of discriminant functions later, but here we see that discriminant analysis has both similarities as
well as unique elements when compared to other multivariate techniques.

teStinG HYPotHeSeS
Discriminant analysis is the appropriate statistical technique for testing the hypothesis that the group means
of a set of independent variables for two or more groups are equal. By averaging the discriminant scores for
all the individuals within a particular group, we arrive at the group mean. This group mean is referred to as a
centroid. When the analysis involves two groups, there are two centroids; with three groups, there are three
centroids; and so forth. The centroids indicate the most typical location of any member from a particular
group, and a comparison of the group centroids shows how far apart the groups are in terms of a particular
discriminant function.
The test for the statistical significance of the discriminant function is a generalized measure of the distance
between the group centroids. It is computed by comparing the distributions of the discriminant scores for the
groups. If the overlap in the distributions is small, the discriminant function separates the groups well. If the overlap
is large, the function is a poor discriminator between the groups. Two distributions of discriminant scores shown
in Figure 7.1 further illustrate this concept. The top diagram represents the distributions of discriminant scores
for a function that separates the groups well, showing minimal overlap (the shaded area) between the groups. The
lower diagram shows the distributions of discriminant scores on a discriminant function that is a relatively poor
discriminator between groups A and B. The shaded areas of overlap represent the instances where misclassifying
objects from group A into group B, and vice versa, can occur.
Multiple discriminant analysis is unique in one characteristic among the dependence relationships. If the
dependent variable consists of more than two groups, discriminant analysis will calculate more than one discriminant

A

Figure 7.1
Univariate Representation of
Discriminant Z Scores

B

Discriminant Function
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Z
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function. In fact, it will calculate NG 2 1 functions, where NG is the number of groups. Each discriminant function
will calculate a separate discriminant Z score. In the case of a three-group dependent variable, each object (respondent, firm, etc.) will have a separate score for discriminant functions one and two, which enables the objects to be
plotted in two dimensions, with each dimension representing a discriminant function. Thus, discriminant analysis
is not limited to a single variate, as is multiple regression, but creates multiple variates representing dimensions of
discrimination among the groups.

Similarities to other Multivariate techniques
The application and interpretation of discriminant analysis is much the same as in regression analysis. That is, the
discriminant function is a linear combination (variate) of metric measurements for two or more independent variables and is used to describe or predict a single dependent variable. The key difference is that discriminant analysis
is appropriate for research problems in which the dependent variable is categorical (nominal or nonmetric), whereas
regression is utilized when the dependent variable is metric. As discussed earlier, logistic regression is a variant of
regression with many similarities except for the type of dependent variable.
As will be seen in later discussions, interpretation of the variate of independent variables, known as the discriminant function, is in some ways similar to interpretation of the factors/components in exploratory factor analysis
(Chapter 3). Most comparable is the use of loadings as a means of understanding the relative impact of the independent variables on the discriminant function along with the possible rotation for improved interpretation when more
than one discriminant function is estimated.
But the multivariate technique with the most similarities is multivariate analysis of variance (MANOVA) (see
Chapter 6 for further discussion). Discriminant analysis can be seen as “reversing” a MANOVA analysis since both
techniques are based on comparing metric versus nonmetric variables. In discriminant analysis, the single dependent variable is categorical with multiple metric independent variables. The opposite is true of MANOVA, which
involves multiple metric dependent variables and one or more categorical/nonmetric independent variable(s). The
model estimation process is similar, as evidenced by the same statistical measures of overall model fit in both techniques. Yet despite the similarities in types of variables analyzed, their primary objectives and accompanying analyses
are distinct. In MANOVA, groups of cases are defined by a single categorical variable (single-factor design) or a
combination of categorical variables (multi-factor design) in order to detect differences on the metric variables. The
emphasis is on the impact of the categorical variable(s) in creating groups with differences on the metric variables.
In discriminant analysis, the groups are specified in a single categorical variables and the emphasis is on identifying
the set of metric variables providing significant differences between these groups. With the groups considered as
given in discriminant analysis, it can also provide a classification function where cases are assigned to groups based
on the metric variables.

Hypothetical example of Discriminant Analysis
Discriminant analysis is applicable to any research question with the objective of understanding group membership,
whether the groups comprise individuals (e.g., customers versus non-customers), firms (e.g., profitable versus
unprofitable), products (e.g., successful versus unsuccessful), or any other object that can be evaluated on a series of
independent variables. To illustrate the basic premises of discriminant analysis, we examine two research settings,
one involving two groups (purchasers versus non-purchasers) and the other three groups (levels of switching
behavior).
A tWo-GRoUP DiScRiMinAnt AnALYSiS: PURcHASeRS VeRSUS non-PURcHASeRS
Suppose Kitchenade wants to determine whether one of its new products—a new and improved food mixer—will
be commercially successful. In carrying out the investigation, Kitchenade is primarily interested in identifying
(if possible) those consumers who would purchase the new product versus those who would not. In statistical
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terminology, Kitchenade would like to minimize the number of errors it would make in predicting which
consumers would buy the new food mixer and which would not. To assist in identifying potential purchasers,
Kitchenade devised rating scales on three characteristics—durability, performance, and style—to be used by
consumers in evaluating the new product. Rather than relying on each scale as a separate measure, Kitchenade
hopes that a weighted combination of all three characteristics would better predict purchase likelihood of
consumers.
The primary objective of discriminant analysis is to develop a weighted combination of the three scales
for predicting the likelihood that a consumer will purchase the product. In addition to determining whether
consumers who are likely to purchase the new product can be distinguished from those who are not, Kitchenade
would also like to know which characteristics of its new product are useful in differentiating likely purchasers
from non-purchasers. That is, evaluations on which of the three characteristics of the new product best separate
purchasers from non-purchasers?
For example, if the response “would purchase” is always associated with a high durability rating and the response
“would not purchase” is always associated with a low durability rating, Kitchenade could conclude that the characteristic of durability distinguishes purchasers from non-purchasers. In contrast, if Kitchenade found that about as
many persons with a high rating on style said they would purchase the food mixer as those who said they would not,
then style is a characteristic that discriminates poorly between purchasers and non-purchasers.
Identifying Discriminating Variables To identify variables that may be useful in discriminating between groups
(i.e., purchasers versus non-purchasers), emphasis is placed on group differences rather than measures of correlation
used in multiple regression.
Table 7.1 lists the ratings of the new mixer on these three characteristics (at a specified price) by a panel of
10 potential purchasers. In rating the food mixer, each panel member is implicitly comparing it with products
already on the market. After the product was evaluated, the evaluators were asked to state their buying intentions
(“would purchase” or “would not purchase”). Five stated that they would purchase the new mixer and five said
they would not.

table 7.1 Kitchenade Survey Results for the evaluation of a new consumer Product
Evaluation of New Product*
Groups Based on Purchase intention

X1

X2

X3

Durability

Performance

Style

Group 1: Would purchase
Subject 1

8

9

6

Subject 2

6

7

5

Subject 3

10

6

3

Subject 4

9

4

4

Subject 5

4

8

2

Group mean

7.4

6.8

4.0

Subject 6

5

4

7

Subject 7

3

7

2

Subject 8

4

5

5

Subject 9

2

4

3

Subject 10

2

2

2

Group mean

3.2

4.4

3.8

4.2

2.4

0.2

Group 2: Would not purchase

Difference between group means

*Evaluations are made on a 10-point scale 1 1 5 very poor to 10 5 excellent 2 .
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Examining Table 7.1 identifies several potential discriminating variables. First, a substantial difference separates
the mean ratings of X1 (durability) for the “would purchase” and “would not purchase” groups (7.4 versus 3.2). As
such, durability appears to discriminate well between the two groups and is likely to be an important characteristic
to potential purchasers. In contrast, the characteristic of style 1 X3 2 has a much smaller difference of 0.2 between
mean ratings 1 4.0 2 3.8 5 0.2 2 for the “would purchase” and “would not purchase” groups. Therefore, we would
expect this characteristic to be less discriminating in terms of a purchase decision. However, before we can make such
statements conclusively, we must examine the distribution of scores for each group. Large standard deviations within
one or both groups might make the difference between means nonsignificant and inconsequential in discriminating
between the groups.
Because we have only 10 respondents in two groups and three independent variables, we can also look at the data
graphically to determine what discriminant analysis is trying to accomplish. Figure 7.2 shows the 10 respondents
on each of the three variables. The “would purchase” group is represented by circles and the “would not purchase”
group by squares. Respondent identification numbers are inside the shapes:
●

●

●

X1 (Durability) had a substantial difference in mean scores, enabling us to almost perfectly discriminate
between the groups using only this variable. If we established the value of 5.5 as our cutoff point to discriminate between the two groups, then we would misclassify only respondent 5, one of the “would purchase” group
members. This variable illustrates the discriminatory power in having a large difference in the means for the
two groups and a lack of overlap between the distributions of the two groups.
X2 (Performance) provides a less clear-cut distinction between the two groups. However, this variable does
provide high discrimination for respondent 5, who was misclassified if we used only X1. In addition, the
respondents who would be misclassified using X2 are well separated on X1. Thus, X1 and X2 might be used
quite effectively in combination to predict group membership.
X3 (Style) shows little differentiation between the groups. Thus, by forming a variate of only X1 and X2, and
omitting X3, a discriminant function may be formed that maximizes the separation of the groups on the
discriminant score.

10

X1
Durability

1

8

9

7

5

6

2

2

3

4

5

6

7

1

4

3

8

9

10

Figure 7.2
Graphical
Representation of 10
Potential Purchasers
on three Possible
Discriminating
Variables
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X2
Performance 1
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8

3

2

5

1

4

5

6

7

8

9
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8

9
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1

7

9

8

5

3

4

2

1

6

2
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Calculating a Discriminant Function With the three potential discriminating variables identified, attention shifts

toward investigation of the possibility of using the discriminating variables in combination to improve upon the
discriminating power of any individual variable. To this end, a variate can be formed with two or more discriminating
variables to act together in discriminating between the groups.
Table 7.2 contains the results for three different formulations of a discriminant function, each representing different combinations of the three independent variables.
●

●

●

The first discriminant function contains just X1, equating the value of X1 to the discriminant Z score (also
implying a weight of 1.0 for X1 and weights of zero for all other variables). As shown earlier, use of only X1,
the best discriminator, results in the misclassification of subject 5 as shown in Table 7.2, where four out of
five subjects in group 1 (all but subject 5) and five of five subjects in group 2 are correctly classified (i.e., lie
on the diagonal of the classification matrix). The percentage correctly classified is thus 90 percent (9 out of
10 subjects).
Because X2 provides discrimination for subject 5, we can form a second discriminant function by equally
combining X1 and X2 (i.e., implying weights of 1.0 for X1 and X2 and a weight of 0.0 for X3) to utilize each
variable’s unique discriminatory powers. Using a cutting score of 11 with this new discriminant function (see Table 7.2) achieves a perfect classification of the two groups (100% correctly classified). Thus,
X1 and X2 in combination are able to make better predictions of group membership than either variable
separately.
The third discriminant function in Table 7.2 represents the actual estimated discriminant function
1 Z 5 24.53 1 .476X1 1 .359X2 2 . Based on a cutting score of 0, this third function also achieves a 100 percent
correct classification rate with the maximum separation possible between groups.

table 7.2 creating Discriminant Functions to Predict Purchasers Versus non-purchasers
Calculated Discriminant Z Scores
Group

Function 1:

Function 2:

Function 3:

Z 5 X1

Z 5 X1 1 X2

Z 5 24.53 1 .476X1 1 .359X2

Group 1: Would purchase
Subject 1

8

17

Subject 2

6

13

2.51
.84

Subject 3

10

16

2.38

Subject 4

9

13

1.19

Subject 5

4

12

.25

Group 2: Would not purchase
Subject 6

5

9

2.71

Subject 7

3

10

2.59

Subject 8

4

9

2.83

Subject 9

2

6

22.14

Subject 10

2

4

22.86

11

0.0

Cutting score

5.5

classification Accuracy:
Function 1:

Function 2:

Function 3:

Predicted Group

Predicted Group

Predicted Group

Actual Group

1

2

1

2

1

2

1: Would purchase

4

1

5

0

5

0

2: Would not purchase

0

5

0

5

0

5
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As seen in this simple example, discriminant analysis identifies the variables with the greatest differences between
the groups and derives a discriminant coefficient that weights each variable to reflect these differences. The result
is a discriminant function that best discriminates between the groups based on a combination of the several independent variables.
A Geometric Representation of the Two-Group Discriminant Function A graphical illustration of another
two-group analysis will help to further explain the nature of discriminant analysis [6]. Figure 7.3 demonstrates what
happens when a two-group discriminant function is computed. Assume we have two groups, A and B, and two
measurements, V1 and V2, on each member of the two groups. We can plot in a scatter diagram of the association of
variable V1 with variable V2 for each member of the two groups. In Figure 7.3 the small dots represent the variable
measurements for the members of group B and the large dots those for group A. The ellipses drawn around the large
and small dots would enclose some prespecified proportion of the points (discriminant score distributions), usually
95 percent or more in each group. If we draw a straight line through the two points at which the ellipses intersect
and then project the line to a new Z axis, we can say that the overlap between the univariate distributions Ar and
Br (represented by the shaded area) is smaller than would be obtained by any other line drawn through the ellipses
formed by the discriminant score scatterplots [6].
The important thing to note about Figure 7.3 is that the Z axis expresses the two-variable profiles of groups A
and B as single numbers (discriminant scores). By finding a linear combination of the original variables V1 and V2,

Figure 7.3
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we can project the results as a discriminant function. For example, if the large and small dots are projected onto the
new Z axis as discriminant Z scores, the result condenses the information about group differences (shown in the
V1V2 plot) into a set of points (Z scores) on a single axis, shown by distributions Ar and Br.
To summarize, for a given discriminant analysis problem, a linear combination of the independent variables
is derived, resulting in a series of discriminant scores for each object in each group. The discriminant scores are
computed according to the statistical rule of maximizing the variance between the groups and minimizing the variance within them. If the variance between the groups is large relative to the variance within the groups, we say that
the discriminant function separates the groups well.

A tHRee-GRoUP exAMPLe oF DiScRiMinAnt AnALYSiS: SWitcHinG intentionS
The two-group example just examined demonstrates the rationale and benefit of combining independent variables into a variate for purposes of discriminating between groups. Discriminant analysis also has another
means of discrimination—the estimation and use of multiple variates—in instances of three or more groups.
These discriminant functions now become dimensions of discrimination, each dimension separate and distinct
from the other. Thus, in addition to improving the explanation of group membership, these additional discriminant functions add insight into the various combinations of independent variables that discriminate between
groups.
As an illustration of a three-group application of discriminant analysis, we examine research conducted by
HBAT concerning the possibility of a competitor’s customers switching suppliers. A small-scale pretest involved
interviews of 15 customers of a major competitor. In the course of the interviews, the customers were asked their
probability of switching suppliers on a three-category scale. The three possible responses were “definitely switch,”
“undecided,” and “definitely not switch.” Customers were assigned to groups 1, 2, or 3, respectively, according
to their responses. The customers also rated the competitor on two characteristics: price competitiveness 1 X1 2
and service level 1 X2 2 . The research issue is now to determine whether the customers’ ratings of the competitor
can predict their probability of switching suppliers. Because the dependent variable of switching suppliers was
measured as a categorical (nonmetric) variable and the ratings of price and service are metric, discriminant analysis is appropriate.
With three categories of the dependent variable, discriminant analysis can
estimate two discriminant functions, each representing a different dimension of discrimination.
Table 7.3 contains the survey results for the 15 customers, five in each category of the dependent variable. As
we did in the two-group example, we can look at the mean scores for each group to see whether one of the variables discriminates well among all the groups. For X1, price competitiveness, we see a rather large mean difference
between group 1 and group 2 or 3 (2.0 versus 4.6 or 3.8). X1 may discriminate well between group 1 and group 2
or 3, but is much less effective in discriminating between groups 2 and 3. For X2, service level, we see that the
difference between groups 1 and 2 is very small (2.0 versus 2.2), whereas a large difference exists between group 3
and group 1 or 2 (6.2 versus 2.0 or 2.2). Thus, X1 distinguishes group 1 from groups 2 and 3, and X2 distinguishes
group 3 from groups 1 and 2. As a result, we see that X1 and X2 provide different dimensions of discrimination
between the groups.
Identifying Discriminating Variables

Calculating Two Discriminant Functions With the potential discriminating variables identified, the next step is to
combine them into discriminant functions that will utilize their combined discriminating power for distinguishing
between groups.
To illustrate these dimensions graphically, Figure 7.4 portrays the three groups on each of the independent variables separately. Viewing the group members on any one variable, we can see that no variable discriminates well
among all the groups. However, if we construct two simple discriminant functions, using just simple weights of
0.0 or 1.0, the results become much clearer. Discriminant function 1 gives X1 a weight of 1.0, and X2 a weight of 0.0.
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table 7.3 HBAt Survey Results of Switching intentions by Potential customers
Evaluation of Current Supplier*
Groups Based on Switching intention

X1

X2

Price competitiveness

Service Level

Group 1: Definitely switch
Subject 1

2

2

Subject 2

1

2

Subject 3

3

2

Subject 4

2

1

Subject 5

2

3

Group mean

2.0

2.0

Subject 6

4

2

Subject 7

4

3

Subject 8

5

1

Subject 9

5

2

Subject 10

5

3

Group mean

4.6

2.2

Group 2: Undecided

Group 3: Definitely not switch
Subject 11

6

Subject 12

3

6

Subject 13

4

6

Subject 14

5

6

Subject 15

5

7

Group mean

3.8

6.2

*Evaluations are made on a 10-point scale 1 1 5 very poor to 10 5 excellent 2 .

Likewise, discriminant function 2 gives X2 a weight of 1.0, and X1 a weight of 0.0. The functions can be stated
mathematically as:
Discriminant function 1 5 1.0 1 X1 2 1 0.0 1 X2 2

Discriminant function 2 5 0.0 1 X1 2 1 1.0 1 X2 2 .
These equations show in simple terms how the discriminant analysis procedure estimates weights to maximize
discrimination.
With the two functions, we can now calculate two discriminant scores for each respondent. Moreover, the two
discriminant functions provide the dimensions of discrimination.
Figure 7.4 also contains a plot of each respondent in a two-dimensional representation. The separation between
groups now becomes quite apparent, and each group can be easily distinguished. We can establish values on each
dimension that will define regions containing each group (e.g., all members of group 1 are in the region less than 3.5
on dimension 1 and less than 4.5 on dimension 2). Each of the other groups can be similarly defined in terms of the
ranges of their discriminant function scores.
In terms of dimensions of discrimination, the first discriminant function, price competitiveness, distinguishes
between undecided customers (shown with a square) and those customers who have decided to switch (circles). But
price competitiveness does not distinguish those who have decided not to switch (diamonds). Instead, the perception
of service level, defining the second discriminant function, predicts whether a customer will decide not to switch
versus whether a customer is undecided or determined to switch suppliers. The researcher can present to management the separate impacts of both price competitiveness and service level in making this decision.
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Figure 7.4
Graphical Representation of Potential Discriminating Variables for a three-Group Discriminant Analysis
(a) Individual Variables
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The estimation of more than one discriminant function, when possible, provides the researcher with both
improved discrimination and additional perspectives on the features and the combinations that best discriminate among the groups. The following sections detail the necessary steps for performing a discriminant
analysis, assessing its level of predictive fit, and then interpreting the influence of independent variables in
making that prediction.
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the Decision Process for Discriminant Analysis
The application of discriminant analysis can be viewed from the six-stage model-building perspective introduced in
Chapter 1 and portrayed in Figure 7.5 (stages 1–3) and Figure 7.6 (stages 4–6). As with all multivariate applications,
setting the objectives is the first step in the analysis. Then the researcher must address specific design issues and make
sure the underlying assumptions are met. The analysis proceeds with the derivation of the discriminant function
and the determination of whether a statistically significant function can be derived to separate the two (or more)
groups. The discriminant results are then assessed for predictive accuracy by developing a classification matrix. Next,
interpretation of the discriminant function determines which of the independent variables contributes the most to
discriminating between the groups. Finally, the discriminant function should be validated with a holdout sample.
Each of these stages is discussed in the following sections.

Stage 1: objectives of Discriminant Analysis
A review of the objectives for applying discriminant analysis should further clarify its nature. Discriminant analysis
can address any of the following research objectives:
1 Determining whether statistically significant differences exist between the average score profiles on a set of
variables for two (or more) a priori defined groups
2 Determining which of the independent variables most account for the differences in the average score profiles
of the two or more groups
3 Establishing the number and composition of the dimensions of discrimination between groups formed from
the set of independent variables
4 Establishing procedures for classifying objects (individuals, firms, products, etc.) into groups on the basis of
their scores on a set of independent variables
Stage 1

Research Problem
Select objective(s):
Evaluate group differences on a multivariate profile
Classify observations into groups
Identify dimensions of discrimination between groups

Stage 2

Research Design Issues
Selection of independent variables
Sample size considerations
Creation of analysis and holdout samples

Stage 3

Assumptions
Normality of independent variables
Linearity of relationships
Lack of multicollinearity among independent variables
Equal dispersion matrices

Figure 7.5
Stages 1–3 in the Discriminant Analysis
Decision Diagram

To
Stage
4
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As noted in these objectives, discriminant analysis is useful when the researcher is interested either in understanding group differences or in correctly classifying objects into groups or classes. Discriminant analysis, therefore, can be
considered either a type of profile analysis or an analytical predictive technique. In either case, the technique is most
appropriate in situations with a single categorical dependent variable and several metrically scaled independent variables.
DeScRiPtiVe PRoFiLe AnALYSiS
One primary function of discriminant analysis is to provide an objective assessment of differences between groups
on a set of independent variables. In this situation, discriminant analysis is quite similar to multivariate analysis of
variance (see Chapter 6 for a more detailed discussion of multivariate analysis of variance). For understanding group
differences, discriminant analysis lends insight into the role of individual variables as well as defining combinations
of these variables that represent dimensions of discrimination between groups. These dimensions are the collective
effects of several variables that work jointly to distinguish between the groups. The use of sequential estimation
methods also enables the analyst to identify subsets of variables with the greatest discriminatory power.
cLASSiFicAtion PURPoSeS
Discriminant analysis also provides a basis for classifying not only the sample used to estimate the discriminant
function but also any other observations that can have values for all the independent variables. In this way, the
discriminant analysis can be used to classify other observations into the defined groups.

Stage 2: Research Design for Discriminant Analysis
Successful application of discriminant analysis requires consideration of several issues. These issues include the
selection of both dependent and independent variables, the sample size needed for estimation of the discriminant
functions, and the division of the sample for validation purposes.

SeLectinG DePenDent AnD inDePenDent VARiABLeS
To apply discriminant analysis, the researcher first must specify which variables are to be independent measures and
which variable is to be the dependent measure. Recall that the dependent variable is nonmetric and the independent
variables are metric.
The researcher should focus on the dependent variable first. The number of dependent
variable groups (categories) can be two or more, but these groups must be mutually exclusive and exhaustive. In other
words, each observation can be placed into only one group. In some cases, the dependent variable may involve two
groups (dichotomous), such as good versus bad. In other cases, the dependent variable may involve several groups
(multichotomous), such as the occupations of physician, attorney, or professor.
The Dependent Variable

Theoretically, discriminant analysis can handle an unlimited number
of categories in the dependent variable. As a practical matter, however, the researcher should select a dependent
variable and the number of categories based on several considerations:
HoW MAnY cAteGoRieS in tHe DePenDent VARiABLe?

Distinctive and Unique In addition to being mutually exclusive and exhaustive, the dependent variable categories
should be distinct and unique on the set of independent variables chosen. Discriminant analysis assumes that each
group should have a unique profile on the independent variables used and thus develops the discriminant functions
to maximally separate the groups based on these variables. Discriminant analysis does not, however, have a means
of accommodating or combining categories that are not distinct on the independent variables. If two or more groups
have quite similar profiles, discriminant analysis will not be able to uniquely profile each group, resulting in poorer
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explanation and classification of the groups as a whole. As such, the researcher must select the dependent variables
and its categories to reflect likely differences in the independent variables. An example will help illustrate this issue.
Assume the researcher wishes to identify differences among occupational categories based on a number of demographic characteristics (e.g., income, education, household characteristics). If occupations are represented by a small
number of categories (e.g., blue-collar, white-collar, clerical/staff, and professional/upper management), then we
would expect unique differences between the groups and that discriminant analysis would be best able to develop
discriminant functions that would explain the group differences and successfully classify individuals into their
correct category.
If the number of occupational categories was expanded, however, discriminant analysis may have a harder time
identifying differences. For example, assume the professional/upper management category was expanded to the
categories of doctors, lawyers, upper management, college professors, and so on. Although this expansion provides
a more refined occupational classification, it would be much harder to distinguish between each of these categories
on the demographic variables. The results would be poorer performance by discriminant analysis in both explanation
and classification.
Smaller Number The researcher should also strive, all other things equal, for a smaller rather than larger number of
categories in the dependent measure. It may seem more logical to expand the number of categories in search of more
unique groupings, but expanding the number of categories presents more complexities in the profiling and classification tasks of discriminant analysis. If discriminant analysis can estimate up to NG 2 1 (number of groups minus
one) discriminant functions, then increasing the number of groups expands the number of possible discriminant
functions, increasing the complexity in identifying the underlying dimensions of discrimination reflected by each
discriminant function as well as representing the overall effect of each independent variable.
As these two issues suggest, the researcher must always balance the desire to expand the categories for increased
uniqueness versus the increased effectiveness in a smaller number of categories. The researcher should try and select
a dependent variable with categories that have the maximum differences among all groups while maintaining both
conceptual support and managerial relevance.

The preceding examples of categorical variables were true dichotomies (or multichotomies). In some situations, however, discriminant analysis is appropriate even if the dependent variable is not a
true nonmetric (categorical) variable. We may have a dependent variable that is an ordinal or interval measurement
that we wish to use as a categorical dependent variable. In such cases, we would have to create a categorical variable,
and three approaches are the most commonly used:
conVeRtinG MetRic VARiABLeS

The most common approach is to establish categories using the metric scale. For example, if we had
a variable that measured the average number of cola drinks consumed per day, and the individuals responded on a
scale from zero to eight or more per day, we could create an artificial trichotomy (three groups) by simply designating
those individuals who consumed none, one, or two cola drinks per day as light users, those who consumed three, four,
or five per day as medium users, and those who consumed six, seven, eight, or more as heavy users. Such a procedure
would create a three-group categorical variable in which the objective would be to discriminate among light, medium,
and heavy users of colas. Any number of categorical groups can be developed. Most frequently, the approach would
involve creating two, three, or four categories. A larger number of categories could be established if the need arose.
Response Values

Extreme Groups Approach When three or more categories are created, the possibility arises of examining only the
extreme groups in a two-group discriminant analysis. The extreme groups approach, also known as the polar
extremes approach, involves comparing only the extreme two groups and excluding the middle group from the
discriminant analysis [15]. For example, the researcher could examine the light and heavy users of cola drinks and
exclude the medium users. This approach can be used any time the researcher wishes to examine only the extreme
groups. However, the researcher may also want to try this approach when the results of a regression analysis are not
as good as anticipated. Such a procedure may be helpful because it is possible that group differences may appear
even though regression results are poor. That is, the extreme groups approach with discriminant analysis can reveal
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differences that are not as prominent in a regression analysis of the full data set [6]. Such manipulation of the data
naturally would necessitate caution in interpreting one’s findings.
Mean or Median Split In the past researchers have often developed two groups for analysis using either a mean or
median split. For example, if the research includes a variable (or multi-item construct) that measures organizational
commitment, then the highly committed group would be defined as those respondents exhibiting the mean (or
median) or higher on the variable, and below the mean would be designated the group exhibiting low commitment. The mean and/or median split approaches, however, are arbitrary, non-scientific methods of defining groups.
Instead, researchers should apply cluster analysis (see Chapter 4) to identify the natural grouping of respondents
in which individuals in each group are the most similar within a particular group, and the most different from all
other groups. Using cluster also overcomes the limitation of assuming that the sizes of the groups are equal, when in
fact they often are not. Using the organizational commitment example, it is very unlikely that the high-commitment
and low-commitment groups would be equal in size, which would be the result using either a mean or median split
approach to developing groups using a metrically measured variable.

The Independent Variables After a decision has been made on the dependent variable, the researcher must decide

which independent variables to include in the analysis. Independent variables usually are selected in two ways. The
first approach involves identifying variables either from previous research, by conducting qualitative research, or
from the theoretical model that is the underlying basis of the research question. The second approach is intuition—
utilizing the researcher’s knowledge and intuitively selecting variables for which no previous research or theory exists
but that logically might be related to predicting the groups for the dependent variable.
In both instances, the most appropriate independent variables are those that differ across at least two of the
groups of the dependent variable. Remember that the purpose of any independent variable is to present a unique
profile of at least one group as compared to others. Variables that do not differ across the groups are of little use in
discriminant analysis.
SAMPLe SiZe
Discriminant analysis, like the other multivariate techniques, is affected by the size of the sample being analyzed. As
discussed in Chapter 1, very small samples have so much sampling error that identification of all but the largest differences is improbable. Moreover, very large sample sizes will make all differences statistically significant, even though
these same differences may have little or no managerial relevance. In between these extremes, the researcher must
consider the impact of sample sizes on discriminant analysis, both at the overall level and on a group-by-group basis.
The first consideration involves the overall sample size. Discriminant analysis is quite sensitive to the ratio of sample size to the number of predictor variables. As a result, many studies suggest a ratio of 20
observations for each predictor variable. Although this ratio may be difficult to maintain in practice, the researcher
must note that the results become unstable as the sample size decreases relative to the number of independent variables. The minimum size recommended is five observations per independent variable. Note that this ratio applies to
all variables considered in the analysis, even if all of the variables considered are not entered into the discriminant
function (such as in stepwise estimation).
Overall Sample Size

In addition to the overall sample size, the researcher also must consider the sample
size of each category. At a minimum, the smallest group size of a category must exceed the number of independent
variables. As a practical guideline, each category should have at least 20 observations. Even when all categories exceed
20 observations, however, the researcher must also consider the relative sizes of the categories. Wide variations in
the group sizes will impact the estimation of the discriminant function and the classification of observations. In
the classification stage, larger groups have a disproportionately higher chance of classification. If the group sizes do

Sample Size per Category
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vary markedly, the researcher may wish to randomly sample from the larger group(s), thereby reducing their size to
a level comparable to the smaller group(s). Always remember, however, to maintain an adequate sample size both
overall and for each group.

DiViSion oF tHe SAMPLe
One final note about the impact of sample size in discriminant analysis. As will be discussed later in stage 6, the
preferred means of validating a discriminant analysis is to divide the sample into two subsamples, one used for
estimation of the discriminant function and another for validation purposes. In terms of sample size considerations, it is essential that each subsample be of adequate size to support conclusions from the results. As such, all
of the considerations discussed in the previous section apply not only to the total sample, but also to each of the
two subsamples (especially the subsample used for estimation). No hard-and-fast rules have been established,
but it seems logical that the researcher would want at least 100 in the total sample to justify dividing it into the
two groups.
Creating the Subsamples A number of procedures have been suggested for dividing the sample into subsamples.

The usual procedure is to divide the total sample of respondents randomly into two subsamples. One of these subsamples, the analysis sample, is used to develop the discriminant function. The second, the holdout sample, is used
to test the discriminant function. This method of validating the function is referred to as the split-sample validation
or cross-validation [1, 4, 8, 14].
No definite guidelines have been established for determining the relative sizes of the analysis and holdout (or
validation) subsamples. The most popular approach is to divide the total sample so that one-half of the respondents
are placed in the analysis sample and the other half are placed in the holdout sample. However, no hard-and-fast rule
has been established, and some researchers prefer a 60–40 or even 75–25 split between the analysis and the holdout
groups, depending on the overall sample size.
When selecting the analysis and holdout samples, one usually follows a proportionately stratified sampling procedure. Assume first that the researcher desired a 50–50 split. If the categorical groups for the discriminant analysis are
equally represented in the total sample, then the estimation and holdout samples should be of approximately equal
size. If the original groups are unequal, the sizes of the estimation and holdout samples should be proportionate to
the total sample distribution. For instance, if a sample consists of 50 males and 50 females, the estimation and holdout
samples would have 25 males and 25 females. If the sample contained 70 females and 30 males, then the estimation
and holdout samples would consist of 35 females and 15 males each.
What If the Overall Sample Is Too Small? If the sample size is too small to justify a division into analysis and
holdout groups, the researcher has two options. First, develop the function on the entire sample and then use the
function to classify the same group used to develop the function. This procedure results in an upward bias in the
predictive accuracy of the function, but is certainly better than not testing the function at all. Second, several techniques discussed in stage 6 can perform a type of holdout procedure in which the discriminant function is repeatedly
estimated on the sample, each time “holding out” a different observation. In this approach, much smaller samples
sizes can be used because the overall sample need not be divided into subsamples.

Stage 3: Assumptions of Discriminant Analysis
As with all multivariate techniques, discriminant analysis is based on a number of assumptions. These assumptions
relate to both the statistical processes involved in the estimation and classification procedures and issues affecting
the interpretation of the results. The following section discusses each type of assumption and the impacts on the
proper application of discriminant analysis.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 7 Multiple Discriminant Analysis

489

iMPActS on eStiMAtion AnD cLASSiFicAtion
The key assumptions for deriving the discriminant function are multivariate normality of the independent variables
and unknown (but equal) dispersion and covariance structures (matrices) for the groups as defined by the dependent
variable [7, 9]. Although the evidence is mixed regarding the sensitivity of discriminant analysis to violations of these
assumptions, the researcher must always understand the impacts on the results that can be expected. Moreover, if the
assumptions are violated and the potential remedies are not acceptable or do not address the severity of the problem,
the researcher should consider alternative methods (e.g., logistic regression described in Chapter 8).
Identifying Assumption Violations As discussed in Chapter 2, achieving univariate normality of individual variables
will many times suffice to achieve multivariate normality. A number of tests for normality discussed in Chapter 2
are available to the researcher, along with the appropriate remedies, those most often being transformations of the
variables.
The issue of equal dispersion of the independent variables (i.e., equivalent covariance matrices) is similar to
homoscedasticity between individual variables (also discussed in Chapter 2). The most common test is the Box’s
M test assessing the significance of differences in the matrices between the groups. Here the researcher is looking
for a nonsignificant probability level that would indicate there were no differences between the group covariance
matrices. Given the sensitivity of the Box’s M test, however, to the size of the covariance matrices and the number
of groups in the analysis, researchers should use very conservative levels of significant differences (e.g., .01 rather
than .05) when assessing whether differences are present. As the research design increases in sample size or terms
of groups or number of independent variables, even more conservative levels of significance may be considered
acceptable. The reader is also referred to the discussion of this issue in Chapter 6 where the implications in
MANOVA are discussed.

Data not meeting the multivariate normality assumption can cause problems in the estimation of the discriminant function when there are substantive differences in group sizes or sample sizes are small.
Remedies may be possible through transformations of the data to reduce the disparities among the covariance matrices. However, in many instances these remedies are ineffectual. In these situations, the models should be thoroughly
validated. If the dependent measure is binary, logistic regression should be used if at all possible.

Impact on Estimation

Impact on Classification Unequal covariance matrices also negatively affect the classification process. If the sample

sizes are small and the covariance matrices are unequal, then the statistical significance of the estimation process is
adversely affected. The more likely case is that of unequal covariances among groups of adequate sample size, whereby
observations are overclassified into the groups with larger covariance matrices. This effect can be minimized by
increasing the sample size and also by using the group-specific covariance matrices for classification purposes, but
this approach mandates cross-validation of the discriminant results. Finally, quadratic classification techniques are
available in many of the statistical programs if large differences exist between the covariance matrices of the groups
and the remedies do not minimize the effect [5, 10, 12].

iMPActS on inteRPRetAtion
Another characteristic of the data that affects the results is multicollinearity among the independent variables. Multicollinearity, measured in terms of tolerance, denotes that two or more independent variables are highly correlated, so
that one variable can be highly explained or predicted by the other variable(s) and thus it adds little to the explanatory
power of the entire set. This consideration becomes especially critical when stepwise procedures are employed. The
researcher, in interpreting the discriminant function, must be aware of the level of multicollinearity and its impact
on determining which variables enter the stepwise solution. For a more detailed discussion of multicollinearity and
its impact on stepwise solutions, see Chapter 5. The procedures for detecting the presence of multicollinearity are
also addressed in Chapter 5.
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Rules of thumb 7-1
Discriminant Analysis Design
●

●

●

●

●

The dependent variable must be nonmetric, representing groups of objects that are expected to differ on the
independent variables.
Choose a dependent variable that:
●

Best represents group differences of interest

●

Defines groups that are substantially different

●

Minimizes the number of categories while still meeting the research objectives.

In converting metric variables to a nonmetric scale for use as the dependent variable, consider using extreme
groups to maximize the group differences.
Independent variables must identify differences between at least two groups to be of any use in discriminant
analysis.
The sample size must be large enough to:
●

●

●

●

●

●

Have at least one more observation per group than the number of independent variables, but striving for at least
20 cases per group
Maximize the number of observations per variable, with a minimum ratio of five observations per independent
variable
Have a large enough sample to divide it into estimation and holdout samples, each meeting the above
requirements.

Assess the equality of covariance matrices with the Box’s M test, but apply a conservative significance level of .01
and become even more conservative as the analysis becomes more complex with a larger number of groups and/or
independent variables.
Examine the independent variables for univariate normality, because that is the most direct remedy for ensuring both
multivariate normality and equality of covariance matrices.
Multicollinearity among the independent variables can markedly reduce the estimated impact of independent
variables in the derived discriminant function(s), particularly if a stepwise estimation process is used.

As with any of the multivariate techniques employing a variate, an implicit assumption is that all relationships are
linear. Nonlinear relationships are not reflected in the discriminant function unless specific variable transformations
are made to represent nonlinear effects. Finally, outliers can have a substantial impact on the classification accuracy
of any discriminant analysis results. The researcher is encouraged to examine all results for the presence of outliers
and to eliminate true outliers if needed. For a discussion of some of the techniques for assessing the violations in the
basic statistical assumptions or outlier detection, see Chapter 2.

Stage 4: estimation of the Discriminant Model and Assessing overall Fit
To derive the discriminant function, the researcher must decide on the method of estimation and then determine the
number of functions to be retained (see Figure 7.6). With the functions estimated, overall model fit can be assessed
in several ways. First, discriminant Z scores, also known as discriminant scores or Z scores, can be calculated for
each object. Comparison of the group means (centroids) on the discriminant Z scores provides one measure of
discrimination between groups. Predictive accuracy can be measured as the number of observations classified into
the correct groups, with a number of criteria available to assess whether the classification process achieves practical
or statistical significance. Finally, casewise diagnostics can identify the classification accuracy of each case and its
relative impact on the overall model estimation.
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Figure 7.6
Stages 4–6 in the Discriminant Analysis Decision Diagram
From
Stage
3

Stage 4

Estimation of the Discriminant Function(s)
Simultaneous or stepwise estimation
Significance of discriminant function(s)

Assess Predictive Accuracy with
Classification Matrices
Determine optimal cutting score
Specify criterion for assessing hit ratio
Statistical significance of predictive accuracy

Stage 5

One

Interpretation of the Discriminant Function(s)
How many functions will be interpreted?

Evaluation of Single Function
Discriminant weights
Discriminant loadings
Partial F values

Two or
More
Evaluation of Separate Functions
Discriminant weights
Discriminant loadings
Partial F values
Evaluation of Combined Functions
Rotation of functions
Potency index
Graphical display of group centroids
Graphical display of loadings

Stage 6

Validation of Discriminant Results
Split-sample or cross-validation
Profiling group differences

SeLectinG An eStiMAtion MetHoD
The first task in deriving the discriminant function(s) is to choose the estimation method. In making this choice,
the researcher must balance the need for control over the estimation process versus a desire for parsimony in the
discriminant functions. The two methods available are the simultaneous (direct) method and the stepwise method,
each discussed next.
Simultaneous Estimation Simultaneous estimation involves computing the discriminant function so that all of the

independent variables are considered concurrently. Thus, the discriminant function is computed based upon the entire
set of independent variables, regardless of the discriminating power of each independent variable. The simultaneous
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method is appropriate when, for theoretical reasons, the researcher wants to include all the independent variables
in the analysis and is not interested in seeing intermediate results based only on the most discriminating variables.
Stepwise Estimation Stepwise estimation is an alternative to the simultaneous approach. It involves entering the
independent variables into the discriminant function one at a time on the basis of their discriminating power. The
stepwise approach follows a sequential process of adding or deleting variables in the following manner:

1 Choose the single best discriminating variable.
2 Pair the initial variable with each of the other independent variables, one at a time, and select the variable that
is best able to improve the discriminating power of the function in combination with the first variable.
3 Select additional variables in a like manner. Note that as additional variables are included, some previously
selected variables may be removed if the information they contain about group differences is available in some
combination of the other variables included at later stages.
4 Consider the process completed when either all independent variables are included in the function or the
excluded variables are judged as not contributing significantly to further discrimination.
The stepwise method is useful when the researcher wants to consider a relatively large number of independent
variables for inclusion in the function. By sequentially selecting the next best discriminating variable at each step,
variables that are not useful in discriminating between the groups are eliminated and a reduced set of variables is
identified. The reduced set typically is almost as good as—and sometimes better than—the complete set of variables.
The researcher should note that stepwise estimation becomes less stable and generalizable as the ratio of sample
size to independent variable declines below the recommended level of 20 observations per independent variable. It
is particularly important in these instances to validate the results in as many ways as possible.
StAtiSticAL SiGniFicAnce
After estimation of the discriminant function(s), the researcher must assess the level of significance for the collective
discriminatory power of the discriminant function(s) as well as the significance of each separate discriminant function. Evaluating the overall significance provides the researcher with the information necessary to decide whether to
continue on to the interpretation of the analysis or if respecification is necessary. If the overall model is significant,
then evaluating the individual functions identifies the function(s) that should be retained and interpreted.
Overall Significance In assessing the statistical significance of the overall model, different statistical criteria are applicable for simultaneous versus stepwise estimation procedures. In both situations, the statistical tests relate to the ability
of the discriminant function(s) to derive discriminant Z scores that are significantly different between the groups.
SiMULtAneoUS eStiMAtion When a simultaneous approach is used, the measures of Wilks’ lambda, Hotelling’s trace, and
Pillai’s criterion all evaluate the statistical significance of the discriminatory power of the discriminant function(s).
Roy’s greatest characteristic root evaluates only the first discriminant function. For a more detailed discussion of the
advantages and disadvantages of each criterion, see the discussion of significance testing in multivariate analysis of
variance in Chapter 6.

If a stepwise method is used to estimate the discriminant function, the Mahalanobis D2 and Rao’s
V measures are most appropriate. Both are measures of generalized distance. The Mahalanobis D2 procedure is based
on generalized squared Euclidean distance that adjusts for unequal variances. The major advantage of this procedure
is that it is computed in the original space of the predictor variables rather than as a collapsed version used in other
measures. The Mahalanobis D2 procedure becomes particularly critical as the number of predictor variables increases,
because it does not result in any reduction in dimensionality. A loss in dimensionality would cause a loss of information because it decreases variability of the independent variables. In general, Mahalanobis D2 is the preferred procedure
when the researcher is interested in the maximal use of available information in a stepwise process.

StePWiSe eStiMAtion
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If the number of groups is three or more, then the researcher must decide
not only whether the discrimination between groups overall is statistically significant but also whether each
of the estimated discriminant functions is statistically significant. As discussed earlier, discriminant analysis
estimates one less discriminant function than there are groups. If three groups are analyzed, then two discriminant functions will be estimated; for four groups, three functions will be estimated; and so on. The computer
programs all provide the researcher the information necessary to ascertain the number of functions needed to
obtain statistical significance, without including discriminant functions that do not increase the discriminatory
power significantly.
The conventional significance criterion of .05 or beyond is often used, yet some researchers extend the required
significance level (e.g., .10 or more) based on the trade-off of cost versus the value of the information. If the higher
levels of risk for including nonsignificant results (e.g., significance levels . .05) are acceptable, discriminant functions
may be retained that are significant at the .2 or even the .3 level.
If one or more functions are deemed not statistically significant, the discriminant model should be re-estimated with
the number of functions to be derived limited to the number of significant functions. In this manner, the assessment
of predictive accuracy and the interpretation of the discriminant functions will be based only on significant functions.

Significance of Individual Functions

Explanatory Power of Individual Discriminant Functions In addition to measures of statistical significance, the
amount of variance explained by each function can be calculated as the square of the canonical correlation for that
function. Thus, if the canonical correlation is .50, then the discriminant function explains 25 percent 1 .502 2 of the
variation among groups. Comparable to effect sizes in other analyses such as ANOVA/MANOVA and regression,
these measures provide the researcher which empirical measure for assessing both the absolute and relative explanatory power of the discriminant function(s).

ASSeSSinG oVeRALL MoDeL Fit
Once the significant discriminant functions have been identified, attention shifts to ascertaining the overall fit of the
retained discriminant function(s). This assessment involves three tasks:
1 Calculating discriminant Z scores for each observation
2 Evaluating group differences on the discriminant Z scores
3 Assessing group membership prediction accuracy.
The discriminant Z score is calculated for each discriminant function for every observation in the sample. The
discriminant score acts as a concise and simple representation of each discriminant function, simplifying the interpretation process and the assessment of the contribution of independent variables. Groups can be distinguished by
their discriminant scores and, as we will see, the discriminant scores can play an instrumental role in predicting
group membership.
Calculating Discriminant Z Scores With the retained discriminant functions defined, the basis for calculating
the discriminant Z scores has been established. As discussed earlier, the discriminant Z score of any discriminant
function can be calculated for each observation by the following formula:

Zjk 5 a 1 W1X1k 1 W2X2k 1 c1 WnXnk
where:
Zjk 5 discriminant Z score of discriminant function j for object k
a 5 intercept
Wi 5 discriminant coefficient for independent variable i
Xik 5 independent variable i for object k
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Rules of thumb 7-2
Model estimation and Model Fit
●

●

●

Although stepwise estimation may seem optimal by selecting the most parsimonious set of maximally discriminating
variables, beware of the impact of multicollinearity on the assessment of each variable’s discriminatory power.
Overall model fit assesses the statistical significance between groups on the discriminant Z score(s), but does not
assess predictive accuracy.
With more than two groups, do not confine your analysis to only the statistically significant discriminant function(s), but consider if nonsignificant functions (with significance levels of up to .3) add explanatory power.

The discriminant Z score, a metric variable, provides a direct means of comparing observations on each function.
Observations with similar Z scores are assumed more alike on the variables constituting this function than those with
disparate scores. The discriminant function can be expressed with either standardized or unstandardized weights
and values. The standardized version is more useful for interpretation purposes, but the unstandardized version is
easier to use in calculating the discriminant Z score.
Once the discriminant Z scores are calculated, the first assessment of overall model
fit is to determine the magnitude of differences between the members of each group in terms of the discriminant Z
scores. A summary measure of the group differences is a comparison of the group centroids, the average discriminant
Z score for all group members. A measure of success of discriminant analysis is its ability to define discriminant
function(s) that result in significantly different group centroids. The differences between centroids are measured in
terms of Mahalanobis D2 measure, for which tests are available to determine whether the differences are statistically
significant. The researcher should ensure that even with significant discriminant functions, significant differences
occur between each of the groups.
Group centroids on each discriminant function can also be plotted to demonstrate the results from a graphical perspective. Plots are usually prepared for the first two or three discriminant functions (assuming they are
statistically significant functions). The values for each group show its position in reduced discriminant space
(so called because not all of the functions and thus not all of the variance are plotted). The researcher can see
the differences between the groups on each function; however, visual inspection does not totally explain what
these differences are. Circles can be drawn enclosing the distribution of observations around their respective
centroids to clarify group differences further, but this procedure is beyond the scope of this text (see Dillon and
Goldstein [3]).
Evaluating Group Differences

Given that the dependent variable is nonmetric, it is not
possible to use a measure such as R2, as is done in multiple regression, to assess predictive accuracy. Rather, each
observation must be assessed as to whether it was correctly classified. In doing so, several major considerations
must be addressed:
Assessing Group Membership Prediction Accuracy

●
●
●
●

The statistical and practical rationale for developing classification matrices
Classifying individual cases
Construction of the classification matrices
Standards for assessing classification accuracy.

The statistical tests for assessing the significance of the discriminant
function(s) only assess the degree of difference between the groups based on the discriminant Z scores, but do not

WHY cLASSiFicAtion MAtRiceS ARe DeVeLoPeD
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indicate how well the function(s) predicts. These statistical tests suffer the same drawbacks as the classical tests
of hypotheses. For example, suppose the two groups are deemed significantly different beyond the .01 level. Yet
with sufficiently large sample sizes, the group means (centroids) could be virtually identical and still have statistical significance. To determine the predictive ability of a discriminant function, the researcher must construct
classification matrices.
The classification matrix procedure provides a perspective on practical significance rather than statistical
significance. With multiple discriminant analysis, the percentage correctly classified, also termed the hit ratio,
reveals how well the discriminant function classified the objects. With a sufficiently large sample size in discriminant analysis, we could have a statistically significant difference between the two (or more) groups and yet correctly
classify only 53 percent (when chance is 50%, with equal group sizes) [13]. In such instances, the statistical test
would indicate statistical significance, yet the hit ratio would allow for a separate judgment to be made in terms of
practical significance. Thus, we must use the classification matrix procedure to assess predictive accuracy beyond
just statistical significance.
The development of classification matrices requires that each observation be
classified into one of the groups of the dependent variable based on the discriminant function(s). The objective is to
characterize each observation on the discriminant function(s) and then determine the extent to which observation
in each group can be consistently described by the discriminant functions. There are two approaches to classifying
observations, one employing the discriminant scores directly and another developing a specific function for classification. Each approach will be discussed in the following section as well as the importance of determining the role
that the sample size for each group plays in the classification process.

cLASSiFYinG inDiViDUAL oBSeRVAtionS

Using the discriminant functions deemed significant, we can develop classification matrices
by calculating the cutting score (also called the critical Z value) for each discriminant function. The cutting score is
the criterion against which each object’s discriminant score is compared to determine into which group the object
should be classified. The cutting score represents the dividing point used to classify observations into groups based
on their discriminant function score. The calculation of a cutting score between any two groups is based on the two
group centroids (group mean of the discriminant scores) and the relative size of the two groups. The group centroids
are easily calculated and provided at each stage of the stepwise process.
Cutting Score Calculation

Developing a Classification Function As noted earlier, using the discriminant function is only one of two possible
approaches to classification. The second approach employs a classification function, also known as Fisher’s linear
discriminant function. The classification functions, one for each group, are used strictly for classifying observations.
In this method of classification, an observation’s values for the independent variables are inserted in the classification
functions and a classification score for each group is calculated for that observation. The observation is then classified
into the group with the highest classification score.

The impact and importance of each group’s sample size in the classification process is
many times overlooked, yet is critical in making the appropriate assumptions in the classification process. Do the
relative group sizes tell us something about the expected occurrence of each group in the population or are they just
an artifact of the data collection process? Here we are concerned about the representativeness of the sample as it
relates to representation of the relative sizes of the groups in the actual in the actual population, which can be stated
as prior probabilities (i.e., the relative proportion of each group to the total sample).
The fundamental question is: Are the relative group sizes representative of the group sizes in the population?
The default assumption for most statistical programs is equal prior probabilities; in other words, each group is
assumed to have an equal chance of occurring even if the group sizes in the sample are unequal. If the researcher
is unsure about whether the observed proportions in the sample are representative of the population proportions,
the conservative approach is to employ equal probabilities. In some instances estimates of the prior probabilities
may be available, such as from prior research. Here the default assumption of equal prior probabilities is replaced

DeFininG PRioR PRoBABiLitieS
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with values specified by the researcher. In either instance, the actual group sizes are replaced based on the specified
prior probabilities.
If, however, the sample was conducted randomly and the researcher feels that the group sizes are representative
of the population, then the researcher can specify prior probabilities to be based on the estimation sample. Thus,
the actual group sizes are assumed representative and used directly in the calculation of the cutting score (see the
following discussion). In all instances, however, the researcher must specify how the prior probabilities are to be
calculated, which affects the group sizes used in the calculation as illustrated.
For example, consider a holdout sample consisting of 200 observations, with group sizes of 60 and 140 that
relate to prior probabilities of 30 percent and 70 percent, respectively. If the sample is assumed representative, then the sample sizes of 60 and 140 are used in calculating the cutting score. If, however, the sample is
deemed not representative, the researcher must specify the prior probabilities. If they are specified as equal
(50% and 50%), sample sizes of 100 and 100 would be used in the cutting score calculation rather than the
actual sample sizes. Specifying other values for the prior probabilities would result in differing sample sizes
for the two groups.
Calculating the Optimal Cutting Score The importance of the prior probabilities can be illustrated in the calculation of
the “optimal” cutting score, which takes into account the prior probabilities through the use of group sizes. The basic
formula for computing the optimal cutting score between any two groups is:

ZCS 5

NAZB 1 NBZA
NA 1 NB

where:
ZCS 5 optimal cutting score between groups A and B
NA 5 number of observations in group A
NB 5 number of observations in group B
ZA 5 centroid for group A
ZB 5 centroid for group B
With unequal group sizes, the optimal cutting score for a discriminant function is now the weighted average of the
group centroids. The cutting score is weighted toward the smaller group, hopefully making for a better classification
of the larger group.
If the groups are specified to be of equal size (prior probabilities defined as equal), then the optimum cutting score
will be halfway between the two group centroids and becomes simply the average of the two centroids:
ZCE 5

ZA 1 ZB
2

where:
ZCE 5 critical cutting score value for equal group sizes
ZA 5 centroid for group A
ZB 5 centroid for group B
Both of the formulas for calculating the optimal cutting score assume that the distributions are normal and the group
dispersion structures are known.
The concept of an optimal cutting score for equal and unequal groups is illustrated in Figures 7.7 and 7.8, respectively. Both the weighted and unweighted cutting scores are shown. It is apparent that if group A is much smaller
than group B, the optimal cutting score will be closer to the centroid of group A than to the centroid of group B. Also,
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Figure 7.8
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ZA
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if the unweighted cutting score was used, none of the objects in group A would be misclassified, but a substantial
portion of those in group B would be misclassified.
coStS oF MiScLASSiFicAtion The optimal cutting score also must consider the cost of classifying an object into the
wrong group. If the costs of misclassifying are approximately equal for all groups, the optimal cutting score will be the
one that will misclassify the fewest number of objects across all groups. If the misclassification costs are unequal, the
optimum cutting score will be the one that minimizes the costs of misclassification. More sophisticated approaches
to determining cutting scores are discussed in Dillon and Goldstein [3] and Huberty et al. [11]. These approaches
are based on a Bayesian statistical model and are appropriate when the costs of misclassification into certain groups
are high, when the groups are of grossly different sizes, or when one wants to take advantage of a priori knowledge
of group membership probabilities.
In practice, when calculating the cutting score, it is not necessary to insert the raw variable measurements for every
individual into the discriminant function and to obtain the discriminant score for each person to use in computing
the ZA and ZB (group A and B centroids). The computer program will provide the discriminant scores as well as
the ZA and ZB as regular output. When the researcher has the group centroids and sample sizes, the optimal cutting
score can be obtained by merely substituting the values into the appropriate formula.

To validate the discriminant function through the use of classification matrices,
the sample should be randomly divided into two groups. One of the groups (the analysis sample) is used to compute
the discriminant function. The other group (the holdout or validation sample) is retained for use in developing the
classification matrix.
conStRUctinG cLASSiFicAtion MAtRiceS

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

498

Section IV Dependence Techniques – Non-metric Outcomes

The classification of each observation can be accomplished through either of the classification approaches
discussed earlier. For the Fisher’s approach, an observation is classified into the group with the largest classification
function score. When using the discriminant scores and the optimal cutting score, the procedure is as follows:
Classify an individual into group A if Zn , Zct
or:
Classify an individual into group B if Zn . Zct,
where:
Zn 5 discriminant Z score for the nth individual
Zct 5 critical cutting score value
The results of the classification procedure are presented in matrix form, as shown in Table 7.4. The entries on the
diagonal of the matrix represent the number of individuals correctly classified. The numbers off the diagonal represent the incorrect classifications. The entries under the column labeled “Actual Group Size” represent the number
of individuals actually in each of the two groups. The entries at the bottom of the columns represent the number of
individuals assigned to the groups by the discriminant function. The percentage correctly classified for each group
is shown at the right side of the matrix, and the overall percentage correctly classified, also known as the hit ratio, is
shown at the bottom. Chapter 8 discusses additional measures of predictive accuracy specific to logistic regression.
In our example, the number of individuals correctly assigned to group 1 is 22, whereas three members of group 1
are incorrectly assigned to group 2. Similarly, the number of correct classifications to group 2 is 20, and the number
of incorrect assignments to group 1 is 5. Thus, the classification accuracy percentages of the discriminant function
for the actual groups 1 and 2 are 88 and 80 percent, respectively. The overall classification accuracy (hit ratio) is 84
percent.
One final topic regarding classification procedures is the t test available to determine the level of significance for
the classification accuracy. The formula for a two-group analysis (equal sample size) is:
t5
where:

.5 1 1.0 2 .5 2
N
p 2 .5

Å

p 5 proportion correctly classified
N 5 sample size
This formula can be adapted for use with more groups and unequal sample sizes.
As noted earlier, the predictive accuracy of the discriminant
function is measured by the hit ratio, which is obtained from the classification matrix. The researcher may ask, What

eStABLiSHinG StAnDARDS oF coMPARiSon FoR tHe Hit RAtio

table 7.4 classification Matrix for two-Group Discriminant Analysis
Predicted Group
Actual Group

Percentage correctly

Actual Group

1

2

Size

classified

1

22

3

25

88

2

5

20

25

80

27

23

50

84a

Predicted group size
a

Percent correctly classified 5 1 Number correctly classified/Total number of observations 2 3 100
5 3 1 22 1 20 2 /50 4 3 100 5 84%.
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is considered an acceptable level of predictive accuracy for a discriminant function? For example, is 60 percent an
acceptable level, or should one expect to obtain 80 to 90 percent predictive accuracy? To answer this question, the
researcher must first determine the percentage that could be classified correctly by chance (without the aid of the
discriminant function).
Standards of Comparison for the Hit Ratio for Equal Group Sizes When the sample sizes of the groups are equal, the determination of the chance classification is rather simple; it is obtained by dividing 1 by the number of groups. The
formula is:

CEQUAL 5 1 4 Number of groups
For instance, for a two-group function the chance probability would be .50; for a three-group function the chance
probability would be .33; and so forth.
Standards of Comparison for the Hit Ratio for Unequal Group Sizes The determination of the chance classification for situations in which the group sizes are unequal is somewhat more involved. Should we consider just the largest group, the
combined probability of all different size groups, or some other standard? Let us assume that we have a total sample
of 200 observations divided into holdout and analysis samples of 100 observations each. In the holdout sample, 75
subjects belong to one group and 25 to the other. We will examine the possible ways in which we can construct a
standard for comparison and what each represents:
●

●

Maximum chance criterion. In the simplest approach, we could arbitrarily assign all the subjects to the largest
group. As such, the maximum chance criterion should be used when the sole objective of the discriminant
analysis is to maximize the percentage correctly classified [13]. It is also the most conservative standard
because it will generate the highest standard of comparison. However, situations in which we are concerned
only about maximizing the percentage correctly classified are rare. Usually the researcher uses discriminant
analysis to correctly identify members of all groups. In cases where the sample sizes are unequal and the
researcher wants to classify members of all groups, the discriminant function defies the odds by classifying a
subject in the smaller group(s). The maximum chance criterion does not take this fact into account [13].
In our simple example of a sample with two groups (75 and 25 people each), using this method would set a 75
percent classification accuracy, what would be achieved by classifying everyone into the largest group without
the aid of any discriminant function. It could be concluded that unless the discriminant function achieves a
classification accuracy higher than 75 percent, it should be disregarded because it has not helped us improve
the prediction accuracy we could achieve without using any discriminant analysis at all.
Proportional chance criterion. This is most appropriate when group sizes are unequal and the researcher wishes
to correctly identify members of all of the groups, not just the largest group. The formula for this criterion is:
CPRO 5 p2 1 1 1 2 p 2 2

where:
p 5 proportion of individuals in group 1
1 2 p 5 proportion of individuals in group 2
Using the group sizes from our earlier example (75 and 25), we see that the proportional chance criterion would
be 62.5 percent 3 .752 1 1 1.0 2 .75 2 2 5 .625 4 compared with 75 percent. Therefore, in this instance, the actual
prediction accuracy of 75 percent may be acceptable because it is above the 62.5 percent proportional chance
criterion.
Issues Concerning Sample Size in Standards of Comparison An issue with either the maximum chance or proportional
chance criteria is the sample sizes used for calculating the standard. Do you use the group sizes from the overall
sample, the analysis/estimation sample, or the validation/holdout sample? A couple of suggestions:
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If the sample sizes of the analysis and estimation samples are each deemed sufficiently large (i.e., total sample of
100 with each group having at least 20 cases), derive separate standards for each sample.
If the separate samples are not deemed sufficiently large, use the group sizes from the total sample in calculating the standards.
Be aware of differing group sizes between samples when using the maximum chance criterion, because it is
dependent on the largest group size. This guideline is especially critical when the sample size is small or when
group size proportions vary markedly from sample to sample. It is another reason to be cautious in the use of
the maximum chance criterion.

These chance model criteria are useful only when computed with holdout samples
(split-sample approach). If the individuals used in calculating the discriminant function are the ones being classified,
the result will be an upward bias in the prediction accuracy. In such cases, both of these criteria would have to be
adjusted upward to account for this bias.
Use With The Holdout Sample

The question of “How high does classification accuracy have to be?” is
crucial. If the percentage of correct classifications is significantly larger than would be expected by chance, the
researcher can proceed in interpreting the discriminant functions and group profiles. However, if the classification accuracy is no greater than can be expected by chance, whatever differences appear to exist actually merit
little or no interpretation; that is, differences in score profiles would provide no meaningful information for
identifying group membership.
The question, then, is how high should the classification accuracy be relative to chance? For example, if
chance is 50 percent (two-group, equal sample size), does a classification (predictive) accuracy of 60 percent
justify moving to the interpretation stage? Ultimately, the decision depends on the cost relative to the value of
the information. The cost-versus-value argument offers little assistance to the neophyte data researcher, but
the following criterion is suggested: The classification accuracy should be at least one-fourth greater than that
achieved by chance.
For example, if chance accuracy is 50 percent, the classification accuracy should be 62.5 percent
1 62.5% 5 1.25 3 50% 2 . If chance accuracy is 30 percent, the classification accuracy should be 37.5 percent
1 37.5% 5 1.25 3 30% 2 .
This criterion provides only a rough estimate of the acceptable level of predictive accuracy. The criterion is easy to
apply with groups of equal size. With groups of unequal size, an upper limit is reached when the maximum chance
model is used to determine chance accuracy. It does not present too great a problem, however, because under most
circumstances, the maximum chance model would not be used with unequal group sizes.
coMPARinG tHe Hit RAtio to tHe StAnDARD

To this point, we focused on evaluating the overall hit ratio across all groups
in assessing the predictive accuracy of a discriminant analysis. The researcher also must be concerned with the hit
ratio (percent correctly classified) for each separate group. If you focus solely on the overall hit ratio, it is possible
that one or more groups, particularly smaller groups, may have unacceptable hit ratios while the overall hit ratio
is acceptable. The researcher should evaluate each group’s hit ratio and assess whether the discriminant analysis
provides adequate levels of predictive accuracy both at the overall level as well as for each group.

oVeRALL VeRSUS GRoUP-SPeciFic Hit RAtioS

A statistical test for the discriminatory
power of the classification matrix when compared with a chance model is Press’s Q statistic. This simple measure
compares the number of correct classifications with the total sample size and the number of groups. The calculated
value is then compared with a critical value (the chi-square value for one degree of freedom at the desired confidence
level). If it exceeds this critical value, then the classification matrix can be deemed statistically better than chance.
The Q statistic is calculated by the following formula:

StAtiSticALLY-BASeD MeASUReS oF cLASSiFicAtion AccURAcY ReLAtiVe to cHAnce

Press’s Q 5

3 N 2 1 nK 2 4 2
N1K 2 12
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where:
N 5 total sample size
n 5 number of observations correctly classified
K 5 number of groups
For example, in Table 7.4, the Q statistic would be based on a total sample of N 5 50, n 5 42 correctly classified
observations, and K 5 2 groups. The calculated statistic would be:
Press’s Q 5

3 50 2 1 42 3 2 2 4 2
5 23.12
50 1 2 2 1 2

The critical value at a significance level of .01 is 6.63. Thus, we would conclude that in the example the predictions
were significantly better than chance, which would have a correct classification rate of 50 percent.
This simple test is sensitive to sample size; large samples are more likely to show significance than small sample
sizes of the same classification rate.
For example, if the sample size is increased to 100 in the example and the classification rate remains at 84
percent, the Q statistic increases to 46.24. If the sample size increases to 200, but retains the classification rate of
84 percent, the Q statistic increases again to 92.48. But if the sample size was only 20 and the misclassification
rate was still 84 percent (17 correct predictions), the Q statistic would be only 9.8. Thus, examine the Q statistic
in light of the sample size because increases in sample size will increase the Q statistic even for the same overall
classification rate.
One must be careful in drawing conclusions based solely on this statistic, however, because as the sample sizes
become larger, a lower classification rate will still be deemed significant.
cASeWiSe DiAGnoSticS
The final means of assessing model fit is to examine the predictive results on a case-by-case basis. Similar to
the analysis of residuals in multiple regression, the objective is to understand which observations (1) have been
misclassified and (2) are not representative of the remaining group members. Although the classification matrix
provides overall classification accuracy, it does not detail the individual case results. Also, even if we can denote
which cases are correctly or incorrectly classified, we still need a measure of an observation’s similarity to the
remainder of the group.
When analyzing residuals from a multiple regression analysis, an important
decision involves setting the level of residual considered substantive and worthy of attention. In discriminant analysis, this issue is somewhat simpler because an observation is either correctly or incorrectly classified. All computer
programs provide information that identifies which cases are misclassified and to which group they were misclassified. The researcher can identify not only those cases with classification errors, but a direct representation of the
type of misclassification error.

Misclassification of Individual Cases

The purpose of identifying and analyzing the misclassified observations is to identify any characteristics of these observations that could be incorporated into the discriminant analysis for improving
predictive accuracy. This analysis may take the form of profiling the misclassified cases on either the independent
variables or other variables not included in the model.

Analyzing Misclassified Cases

Examining these cases on the independent variables may identify nonlinear
trends or other relationships or attributes that led to the misclassification. Several techniques are particularly appropriate in discriminant analysis:
PRoFiLinG on tHe inDePenDent VARiABLeS
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Graphical Portrayal A graphical representation of the observations is perhaps the simplest yet effective
approach for examining the characteristics of observations, especially the misclassified observations. The
most common approach is to plot the observations based on their discriminant Z scores and portray the
overlap among groups and the misclassified cases. If two or more functions are retained, the optimal cutting
points can also be portrayed to give what is known as a territorial map depicting the regions corresponding
to each group.
Plotting the individual observations along with the group centroids, as discussed earlier, shows not only the
general group characteristics depicted in the centroids, but also the variation in the group members. It is analogous to the areas defined in the three-group example at the beginning of this chapter, in which cutting scores
on both functions defined areas corresponding to the classification predictions for each group.
Empirical Measures A direct empirical assessment of the similarity of an observation to the other group members
can be made by evaluating the Mahalanobis D2 distance of the observation to the group centroid. Based on the set
of independent variables, observations closer to the centroid have a smaller Mahalanobis D2 and are assumed more
representative of the group than those farther away.
The empirical measure should be combined with a graphical analysis, however, because although a large
Mahalanobis D2 value does indicate observations that are quite different from the group centroids, it does not
always indicate misclassification. For example, in a two-group situation, a member of group A may have a large
Mahalanobis D2 distance, indicating it is less representative of the group. However, if that distance is away from
the group B centroid, then it would actually increase the chance of correct classification, even though it is less
representative of the group. A smaller distance that places an observation between the two centroids would
probably have a lower probability of correct classification, even though it is closer to its group centroid than
the earlier situation.
Although no prespecified analyses are established, such as found in multiple regression, the researcher is encouraged to evaluate these misclassified cases from several perspectives in attempting to uncover the unique features they
hold in comparison to their other group members.

Rules of thumb 7-3
Assessing Model Fit and Predictive Accuracy
●

The classification matrix and hit ratio replace R2 as the measure of model fit:
●
●

●

If the estimation and analysis samples both exceed 100 cases and each group exceeds 20 cases, derive separate standards for each sample; if not, derive a single standard from the overall sample.

Multiple criteria are used for comparison to the hit ratio:
●

●

●

●
●

Assess the hit ratio both overall and by group

The maximum chance criterion for evaluating the hit ratio is the most conservative, giving the highest baseline
value to exceed
Be cautious in using the maximum chance criterion in situations with overall samples less than 100 and/or
group sizes under 20
The proportional chance criterion considers all groups in establishing the comparison standard and is the most
popular
The actual predictive accuracy (hit ratio) should exceed any criterion value by at least 25 percent.

Analyze the misclassified observations both graphically (territorial map) and empirically (Mahalanobis D2).
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Stage 5: interpretation of the Results
If the discriminant function is statistically significant and the classification accuracy is acceptable, the researcher
should focus on making substantive interpretations of the findings. This process involves examining the discriminant
functions to determine the relative importance of each independent variable in discriminating between the groups.
Three methods of determining the relative importance have been proposed:
1 Standardized discriminant weights
2 Discriminant loadings (structure correlations)
3 Partial F values.
DiScRiMinAnt WeiGHtS
The traditional approach to interpreting discriminant functions examines the sign and magnitude of the standardized
discriminant weight (also referred to as a discriminant coefficient) assigned to each variable in computing the
discriminant functions. When the sign is ignored, each weight represents the relative contribution of its associated
variable to that function. Independent variables with relatively larger weights contribute more to the discriminating
power of the function than do variables with smaller weights. The sign denotes only that the variable makes either
a positive or a negative contribution [3].
The interpretation of discriminant weights is analogous to the interpretation of beta weights in regression analysis
and is therefore subject to the same criticisms. For example, a small weight may indicate either that its corresponding variable is irrelevant in determining a relationship or that it has been partialed out of the relationship because
of a high degree of multicollinearity. Another problem with the use of discriminant weights is that they are subject
to considerable instability. These problems suggest caution in using weights to interpret the results of discriminant
analysis.
DiScRiMinAnt LoADinGS
Discriminant loadings, referred to sometimes as structure correlations, are increasingly used as a basis for interpretation because of the deficiencies in utilizing weights. Measuring the simple linear correlation between each
independent variable and the discriminant function, the discriminant loadings reflect the variance that the independent variables share with the discriminant function. In that regard they can be interpreted like factor loadings
in assessing the relative contribution of each independent variable to the discriminant function. (Chapter 3 further
discusses factor-loading interpretation.)
One unique characteristic of loadings is that loadings can be calculated for all variables, whether they were used
in the estimation of the discriminant function or not. This aspect is particularly useful when a stepwise estimation
procedure is employed and some variables are not included in the discriminant function. Rather than having no
way to understand their relative impact, loadings provide a relative effect of every variable on a common measure.
With the loadings, the primary question is: What value must loadings attain to be considered substantive discriminators worthy of note? In either simultaneous or stepwise discriminant analysis, variables that exhibit a loading of
6.40 or higher are considered substantive. With stepwise procedures, this determination is supplemented because
the technique prevents nonsignificant variables from entering the function. However, multicollinearity and other
factors may preclude a variable from entering the equation, which does not necessarily mean that it does not have a
substantial effect. The researcher must be cautioned, however, that use of the discriminant loadings also is somewhat
similar to univariate analyses, since the structure correlation is not controlled for any other variables in the analysis.
So the discriminant loadings may overstate the “relative” importance of multicollinear variables in terms of actual
discriminatory power when used simultaneously.
Discriminant loadings (like weights) may be subject to instability. Loadings are considered relatively more valid
than weights as a means of interpreting the discriminating power of independent variables because of their correlational nature. The researcher still must be cautious when using loadings to interpret discriminant functions.
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PARtiAL F VALUeS
As discussed earlier, two computational approaches—simultaneous and stepwise—can be utilized in deriving
discriminant functions. When the stepwise method is selected, an additional means of interpreting the relative
discriminating power of the independent variables is available through the use of partial F values. It is accomplished
by examining the absolute sizes of the significant F values and ranking them. Large F values indicate greater discriminatory power. In practice, rankings using the F values approach are the same as the ranking derived from using
discriminant weights, but the F values indicate the associated level of significance for each variable.
inteRPRetAtion oF tWo oR MoRe FUnctionS
In cases of two or more significant discriminant functions, we are faced with additional problems of interpretation.
First, can we simplify the discriminant weights or loadings to facilitate the profiling of each function? Second, how
do we represent the impact of each variable across all functions? These problems are found both in measuring the
total discriminating effects across functions and in assessing the role of each variable in profiling each function separately. We address these two questions by introducing the concepts of rotation of the functions, the potency index,
and stretched vectors representations.
Rotation of the Discriminant Functions After the discriminant functions are developed, they can be rotated to

redistribute the variance. The concept of rotation is more fully explained in Chapter 3. Basically, rotation preserves
the original structure and the reliability of the discriminant solution while making the functions easier to interpret
substantively. In most instances, the VARIMAX rotation is employed as the basis for rotation.
Potency Index Previously, we discussed using the standardized weights or discriminant loadings as measures of a
variable’s contribution to a discriminant function. When two or more functions are derived, however, a composite
or summary measure is useful in describing the contributions of a variable across all significant functions. The
potency index is a relative measure among all variables and is indicative of each variable’s discriminating power [14].
It includes both the contribution of a variable to a discriminant function (its discriminant loading) and the relative
contribution of the function to the overall solution (a relative measure among the functions based on eigenvalues).
The composite is simply the sum of the individual potency indices across all significant discriminant functions.
Interpretation of the composite measure is limited, however, by the fact that it is useful only in depicting the relative
position (such as the rank order) of each variable, and the absolute value has no real meaning. The potency index is
calculated by a two-step process:

Step 1: Calculate a potency value of each variable for each significant function. In the first step, the discriminating
power of a variable, represented by the squared value of the unrotated discriminant loading, is “weighted”
by the relative contribution of the discriminant function to the overall solution. First, the relative eigenvalue measure for each significant discriminant function is calculated simply as:
Relative eigenvalue
Eigenvalue of discriminant function j
of discriminant 5
Sum of eigenvalues across all significant functions
function j
The potency value of each variable on a discriminant function is then:

Potency value of
Relative eigenvalue
5 1 Discriminant loadingij 2 2 3
variable i on function j
of function j

Step 2: Calculate a composite potency index across all significant functions. Once a potency value has been calculated for each function, the composite potency index for each variable is calculated as:
Composite potency Sum of potency values of variable i across all
5
of variable i
significant discriminant functions
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The potency index now represents the total discriminating effect of the variable across all of the significant
discriminant functions. It is only a relative measure, however, and its absolute value has no substantive meaning. An
example of calculating the potency index is provided in the three-group example for discriminant analysis.
Graphical Display of Discriminant Scores and Loadings To depict group differences on the predictor variables,

the researcher can use two different approaches to graphical display. The territorial map plots the individual cases
on the significant discriminant functions to enable the researcher to assess the relative position of each observation
based on the discriminant function scores. The second approach is to plot the discriminant loadings to understand
the relative grouping and magnitude of each loading on each function. Each approach will be discussed in more
detail in the following section.
The most common graphical method is the territorial map, where each observation is plotted in a
graphical display based on the discriminant function Z scores of the observations. For example, assume that a threegroup discriminant analysis had two significant discriminant functions. A territorial map is created by plotting each
observation’s discriminant Z scores for the first discriminant function on the X axis and the scores for the second
discriminant function on the Y axis. As such, it provides several perspectives on the analysis:
teRRitoRiAL MAP

●

●

●

Plotting each group’s members with differing symbols allows for an easy portrayal of the distinctiveness of each
group as well as its overlap with each other group.
Plotting each group’s centroids provides a means for assessing each group member relative to its group
centroid. This procedure is particularly useful when assessing whether large Mahalanobis D2 measures lead to
misclassification.
Lines representing the cutting scores can also be plotted, denoting boundaries depicting the ranges of discriminant scores predicted into each group. Any group’s members falling outside these boundaries are misclassified.
Denoting the misclassified cases allows for assessing which discriminant function was most responsible for the
misclassification as well as the degree to which a case is misclassified.

The simplest graphical approach to depicting discriminant loadings is to plot
the actual rotated or unrotated loadings on a graph. The preferred approach would be to plot the rotated loadings.
Similar to the graphical portrayal of factor loadings (see Chapter 3), this method depicts the degree to which each
variable is associated with each discriminant function.
An even more accurate approach, however, involves plotting the loadings as well as depicting vectors for each
loading and group centroid. A vector is merely a straight line drawn from the origin (center) of a graph to the coordinates of a particular variable’s discriminant loadings or a group centroid. With a stretched vector representation,
the length of each vector becomes indicative of the relative importance of each variable in discriminating among the
groups. The plotting procedure proceeds in three steps:
VectoR PLot oF DiScRiMinAnt LoADinGS

Step 1: Selecting Variables. All variables, whether included in the model as significant or not, may be plotted as
vectors. In this way, the importance of collinear variables that are not included, such as in a stepwise solution,
can still be portrayed.
Step 2: Stretching the Vectors. Each variable’s discriminant loadings are stretched by multiplying the discriminant
loading (preferably after rotation) by its respective univariate F value. We note that vectors point toward the groups
having the highest mean on the respective predictor and away from the groups having the lowest mean scores.
Step 3: Plotting the Group Centroids. The group centroids are also stretched in this procedure by multiplying
them by the approximate F value associated with each discriminant function. If the loadings are stretched, the
centroids must be stretched as well to plot them accurately on the same graph. The approximate F values for each
discriminant function are obtained by the following formula:
F valueFunctioni 5 EigenvalueFunctioni ¢

NEstimation Sample 2 NG
NG 2 1

≤
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where:
NEstimation Sample 5 sample size of estimation sample

As an example, assume that the sample of 50 observations was divided into three groups. The multiplier of each
eigenvalue would be 1 50 2 3 2 4 1 3 2 1 2 5 23.5.
When completed, the researcher has a portrayal of the grouping of variables on each discriminant function, the
magnitude of the importance of each variable (represented by the length of each vector), and the profile of each
group centroid (shown by the proximity to each vector). Although this procedure must be done manually in most
instances, it provides a complete portrayal of both discriminant loadings and group centroids. For more details on
this procedure, see Dillon and Goldstein [3].
WHicH inteRPRetiVe MetHoD to USe?
Several methods for interpreting the nature of discriminant functions have been discussed, both for single- and
multiple-function solutions. Which methods should be used? The loadings approach is more valid than the use of
weights and should be utilized whenever possible. The use of univariate and partial F values enables the researcher
to use several measures and look for some consistency in evaluations of the variables. If two or more functions are
estimated, then the researcher can employ several graphical techniques and the potency index, which aid in interpreting the multidimensional solution. The most basic point is that the researcher should employ all available methods
to arrive at the most accurate interpretation.

Stage 6: Validation of the Results
The final stage of a discriminant analysis involves validating the discriminant results to provide assurances that the
results have external as well as internal validity. With the propensity of discriminant analysis to inflate the hit ratio
if evaluated only on the analysis sample, validation is an essential step. In addition to validating the hit ratios, the
researcher should use group profiling to ensure that the group means are valid indicators of the conceptual model
used in selecting the independent variables.
VALiDAtion PRoceDUReS
Validation is a critical step in any discriminant analysis because many times, especially with smaller samples, the results
can lack generalizability (external validity). The most common approach for establishing external validity is the assessment of hit ratios. Validation can occur either with a separate sample (holdout sample) or utilizing a procedure that
repeatedly processes the estimation sample. External validity is supported when the hit ratio of the selected approach
exceeds the comparison standards that represent the predictive accuracy expected by chance (see earlier discussion).
Utilizing A Holdout Sample Most often the validation of the hit ratios is performed by creating a holdout sample,
also referred to as the validation sample. The purpose of utilizing a holdout sample for validation purposes is to
see how well the discriminant function works on a sample of observations not used to derive the discriminant function. This process involves developing a discriminant function with the analysis sample and then applying it to the
holdout sample. The justification for dividing the total sample into two groups is that an upward bias will occur in
the prediction accuracy of the discriminant function if the individuals used in developing the classification matrix
are the same as those used in computing the function; that is, the classification accuracy will be higher than is valid
when applied to the estimation sample.
Other researchers have suggested that even greater confidence could be placed in the validity of the discriminant
function by following this procedure several times [14]. Instead of randomly dividing the total sample into analysis
and holdout groups once, the researcher would randomly divide the total sample into analysis and holdout samples
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several times, each time testing the validity of the discriminant function through the development of a classification
matrix and a hit ratio. Then the several hit ratios would be averaged to obtain a single measure.
Cross-validation The cross-validation approach to assessing external validity is performed with multiple subsets
of the total sample [2, 3]. The most widely used approach is the jackknife method. Cross-validation is based on the
“leave-one-out” principle. The most prevalent use of this method is to estimate k 2 1 subsamples, eliminating one
observation at a time from a sample of k cases. A discriminant function is calculated for each subsample and then
the predicted group membership of the eliminated observation is made with the discriminant function estimated on
the remaining cases. After all of the group membership predictions have been made, one at a time, a classification
matrix is constructed and the hit ratio calculated.
Cross-validation is quite sensitive to small sample sizes. Guidelines suggest that it be used only when the
smallest group size is at least three times the number of predictor variables, and most researchers suggest a ratio
of 5:1 [11]. However, cross-validation may represent the only possible validation approach in instances where the
original sample is too small to divide into analysis and holdout samples but still exceeds the guidelines already
discussed. Cross-validation is also becoming more widely used as major computer programs provide it as a
program option.

PRoFiLinG GRoUP DiFFeRenceS
Another validation technique is to profile the groups on the independent variables to ensure their correspondence
with the conceptual bases used in the original model formulation. After the researcher identifies the independent
variables that make the greatest contribution in discriminating between the groups, the next step is to profile the
characteristics of the groups based on the group means. This profile enables the researcher to understand the
character of each group according to the predictor variables.
For example, referring to the Kitchenade survey data presented in Table 7.1, we see that the mean rating on
“durability” for the “would purchase” group is 7.4, whereas the comparable mean rating on “durability” for the
“would not purchase” group is 3.2. Thus, a profile of these two groups shows that the “would purchase” group rates
the perceived durability of the new product substantially higher than the “would not purchase” group.
Another approach is to profile the groups on a separate set of variables that should mirror the observed group
differences. This separate profile provides an assessment of external validity in that the groups vary on both the
independent variable(s) and the set of associated variables. This technique is similar in character to the validation
of derived clusters described in Chapter 4.

Rules of thumb 7-4
interpreting and Validating Discriminant Functions
●

Discriminant loadings are the preferred method to assess the contribution of each variable to a discriminant function
because they are:
●

A standardized measure of importance (ranging from 0 to 1)

●

Available for all independent variables whether used in the estimation process or not

●

Unaffected by multicollinearity.

●

Loadings exceeding 6.40 are considered substantive for interpretation purposes.

●

In case of more than one discriminant function, be sure to:

●

●

Use rotated loadings

●

Assess each variable’s contribution across all the functions with the potency index.

The discriminant function must be validated either with a holdout sample or one of the “leave-one-out” procedures.
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A two-Group illustrative example
To illustrate the application of two-group discriminant analysis, we use variables drawn from the HBAT database
introduced in Chapter 1. This example examines each of the six stages of the model-building process to a research
problem particularly suited to multiple discriminant analysis.
StAGe 1: oBjectiVeS oF DiScRiMinAnt AnALYSiS
Recall that one of the customer characteristics obtained by HBAT in its survey was a categorical variable 1 X4 2 indicating the region in which the firm was located: USA/North America or Outside North America. HBAT’s management
team is interested in any differences in perceptions between those customers located and served by their USA-based
salesforce versus those outside the United States who are served mainly by independent distributors. Despite any
differences found in terms of sales support issues due to the nature of the salesforce serving each geographic area, the
management team is interested to see whether the other areas of operations (product line, pricing, etc.) are viewed
differently between these two sets of customers. This inquiry follows the obvious need by management to always
strive to better understand their customer, in this instance by focusing on any differences that may occur between
geographic areas. If any perceptions of HBAT are found to differ significantly between firms in these two regions, the
company would then be able to develop strategies to remedy any perceived deficiencies and develop differentiated
strategies to accommodate the differing perceptions.
To do so, discriminant analysis was selected to identify those perceptions of HBAT that best distinguish firms in
each geographic region.
StAGe 2: ReSeARcH DeSiGn FoR DiScRiMinAnt AnALYSiS
The research design stage focuses on three key issues: selecting dependent and independent variables, assessing the
adequacy of the sample size for the planned analysis, and dividing the sample for validation purposes.
Discriminant analysis requires a single nonmetric dependent
measure and one or more metric independent measures that are affected to provide differentiation between the
groups based on the dependent measure.
Because the dependent variable Region 1 X4 2 is a two-group categorical variable, discriminant analysis is the
appropriate technique. The survey collected perceptions of HBAT that can now be used to differentiate between
the two groups of firms. Discriminant analysis uses as independent variables the 13 perception variables from the
database (X6 to X18) to discriminate between firms in each geographic area.

Selection of Dependent and Independent Variables

Given the relatively small size of the HBAT sample (100 observations), issues of sample size are
particularly important, especially the division of the sample into analysis and holdout samples (see discussion in
next section).
The sample of 100 observations, when split into analysis and holdout samples of 60 and 40 respectively, barely
meets the suggested minimum 5:1 ratio of observations to independent variables (60 observations for 13 potential
independent variables) in the analysis sample. Although this ratio would increase to almost 8:1 if the sample were
not split, it was deemed more important to validate the results rather than to increase the number of observations
in the analysis sample.
The two group sizes of 26 and 34 in the estimation sample also exceed the minimum size of 20 observations per
group. Finally, the two groups are comparable enough in size to not adversely impact either the estimation or the
classification processes.

Sample Size

Previous discussion emphasized the need for validating the discriminant function by
splitting the sample into two parts, one used for estimation and the other validation. Any time a holdout sample is
Division of the Sample
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used, the researcher must ensure that the resulting sample sizes are sufficient to support the number of predictors
included in the analysis.
The HBAT database has 100 observations; it was decided that a holdout sample of 40 observations would be sufficient for validation purposes. This split would still leave 60 observations for estimation of the discriminant function.
Moreover, the relative group sizes in the estimation sample (26 and 34 in the two groups) would allow for estimation
without complications due to markedly different group sizes.
It is important to ensure randomness in the selection of the holdout sample so that any ordering of the observations does not affect the processes of estimation and validation. The control cards necessary for both selection
of the holdout sample and performance of the two-group discriminant analysis are shown online.
StAGe 3: ASSUMPtionS oF DiScRiMinAnt AnALYSiS
The principal assumptions underlying discriminant analysis involve the formation of the variate or discriminant
function (normality, linearity, and multicollinearity) and the estimation of the discriminant function (equal variance
and covariance matrices). How to examine the independent variables for normality, linearity, and multicollinearity
is explained in Chapter 2. For purposes of our illustration of discriminant analysis, these assumptions are met at
acceptable levels.
Most statistical programs have one or more statistical tests for the assumption of equal covariance or dispersion
matrices addressed in Chapter 2. The most common test is Box’s M (for more detail, see Chapter 2).
In this two-group example, the significance of differences in the covariance matrices between the two groups
is .011. Even though the significance is less than .05 (in this test the researcher looks for values above the desired
significance level), the sensitivity of the test to factors other than just covariance differences (e.g., normality of the
variables and increasing sample size) makes this an acceptable level.
No additional remedies are needed before estimation of the discriminant function can be performed.
StAGe 4: eStiMAtion oF tHe DiScRiMinAnt MoDeL AnD ASSeSSinG oVeRALL Fit
The researcher has the choice of two estimation approaches (simultaneous versus stepwise) in determining the
independent variables included in the discriminant function. Once the estimation approach is selected, the process
determines the composition of the discriminant function subject to the requirement for statistical significance specified by the researcher.
The primary objective of this analysis is to identify the set of independent variables (HBAT perceptions) that
maximally differentiates between the two groups of customers. If the set of perception variables was smaller or the
objective was simply to determine the discriminating capabilities of the entire set of perception variables, with no
regard to the impact of any individual perception, then the simultaneous approach of entering all variables directly
into the discriminant function would be employed. But in this case, even with the knowledge of multicollinearity
among the perception variables seen in performing exploratory factor analysis (see Chapter 3), the stepwise approach
is deemed most appropriate. We should note, however, that multicollinearity may impact which variables enter into
the discriminant function and thus require particular attention in the interpretation process.
Assessing Group Differences Let us begin our assessment of the two-group discriminant analysis by examining
Table 7.5, which shows the group means for each of the independent variables, based on the 60 observations constituting the analysis sample.
In profiling the two groups, we can first identify five variables with the largest differences in the group means
(X6, X11, X12, X13, and X17). Table 7.5 also shows the Wilks’ lambda and univariate ANOVA used to assess the significance between means of the independent variables for the two groups. These tests indicate that the five perception
variables are also the only variables with significant univariate differences between the two groups. Finally, the
minimum Mahalanobis D2 values are also given. This value is important because it is the measure used to select
variables for entry in the stepwise estimation process. Because only two groups are involved, the largest D2 value
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also has the most significant difference between groups (note that the same is not necessarily so with three or more
groups, where large differences between any two groups may not result in the largest overall differences across all
groups, as will be shown in the three-group example).
Examining the group differences leads to identifying five perception variables (X6, X11, X12, X13, and X17) as the
most logical set of candidates for entry into the discriminant analysis. This marked reduction from the larger set of
13 perception variables reinforces the decision to use a stepwise estimation process.
To identify which of these five variables, plus any of the others, best discriminate between the groups, we must
estimate the discriminant function.
Estimation of the Discriminant Function

The stepwise procedure begins with all of the variables excluded from

the model and then selects the variable that:
1 Shows statistically significant differences across the groups (.05 or less required for entry),
2 Provides the largest Mahalanobis distance 1 D2 2 between the groups.
This process continues to include variables in the discriminant function as long as they provide statistically
significant additional discrimination between the groups beyond those differences already accounted for by the
variables in the discriminant function. This approach is similar to the stepwise process in multiple regression
(see Chapter 5), which adds variables with significant increases in the explained variance of the dependent
variable. Also, in cases where two or more variables are entered into the model, the variables already in the
model are evaluated for possible removal. A variable may be removed if high multicollinearity exists between
it and the other included independent variables such that its significance falls below the significance level for
removal (.10).
From our review of group differences, we saw that X13 had the largest
significant difference between groups and the largest Mahalanobis D2 (see Table 7.5). Thus, X13 is entered as the first
variable in the stepwise procedure (see Table 7.6). Because only one variable enters in the discriminant model at this
time, the significance levels and measures of group differences match those of the univariate tests.

StePWiSe eStiMAtion: ADDinG tHe FiRSt VARiABLe X13

table 7.5 Group Descriptive Statistics and tests of equality for the estimation Sample in the two-Group
Discriminant Analysis

independent Variables

Dependent Variable Group

Test of Equality

Minimum

Means: X4 Region

of Group Means*

Mahalanobis D2

Group 0: USA/

Group 1: outside

north America

north America

Wilks’

(n 5 26)

(n 5 34)

Lambda

F Value

Significance

Minimum

Between

D2

Groups

X6 Product Quality

8.527

7.297

.801

14.387

.000

.976

0 and 1

X7 E-Commerce Activities

3.388

3.626

.966

2.054

.157

.139

0 and 1

X8 Technical Support

5.569

5.050

.973

1.598

.211

.108

0 and 1

X9 Complaint Resolution

5.577

5.253

.986

.849

.361

.058

0 and 1

X10 Advertising

3.727

3.979

.987

.775

.382

.053

0 and 1

X11 Product Line

6.785

5.274

.695

25.500

.000

1.731

0 and 1

X12 Salesforce Image

4.427

5.238

.856

9.733

.003

.661

0 and 1

X13 Competitive Pricing

5.600

7.418

.645

31.992

.000

2.171

0 and 1

X14 Warranty & Claims

6.050

5.918

.992

.453

.503

.031

0 and 1

X15 New Products

4.954

5.276

.990

.600

.442

.041

0 and 1

X16 Order & Billing

4.231

4.153

.999

.087

.769

.006

0 and 1

X17 Price Flexibility

3.631

4.932

.647

31.699

.000

2.152

0 and 1

X18 Delivery Speed

3.873

3.794

.997

.152

.698

.010

0 and 1

*Wilks’ lambda (U statistic) and univariate F ratio with 1 and 58 degrees of freedom.
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table 7.6 Results from Step 1 of Stepwise two-Group Discriminant Analysis
overall Model Fit
Value

F Value

Degrees of Freedom

Significance

.645

31.992

1, 58

.000

Minimum D2

Value

Significance

Between Groups

2.171

31.992

.000

0 and 1

Wilks’ Lambda
Variable entered/Removed at Step 1

F
Variable entered
X13 Competitive Pricing

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 1
Variable
X13 Competitive Pricing

tolerance

F to Remove

1.000

31.992

D2

Between Groups

Variables not in the Analysis After Step 1
Minimum

Between

tolerance

tolerance

F to enter

Minimum D2

Groups

X6 Product Quality

.965

.965

4.926

2.699

0 and 1

X7 E-Commerce Activities

.917

.917

.026

2.174

0 and 1

X8 Technical Support

.966

.966

.033

2.175

0 and 1

X9 Complaint Resolution

.844

.844

1.292

2.310

0 and 1

X10 Advertising

.992

.992

.088

2.181

0 and 1

X11 Product Line

.849

.849

6.076

2.822

0 and 1

X12 Salesforce Image

.987

.987

3.949

2.595

0 and 1

X14 Warranty & Claims

.918

.918

.617

2.237

0 and 1

1.000

1.000

.455

2.220

0 and 1

Variable

X15 New Products
X16 Order & Billing

.836

.836

3.022

2.495

0 and 1

X17 Price Flexibility

1.000

1.000

19.863

4.300

0 and 1

X18 Delivery Speed

.910

.910

1.196

2.300

0 and 1

Significance testing of Group Differences After Step 1a
USA/north America
Outside North America

F
Sig.

a

31.992
.000

1, 58 degrees of freedom.

After X13 enters the model (see Table 7.6), the remaining variables are evaluated on the basis of their incremental
discriminating ability (group mean differences after the variance associated with X13 is removed). Again, variables
with significance levels greater than .05 are eliminated from consideration for entry at the next step.
Examining the univariate differences shown in Table 7.5 identifies X17 (Price Flexibility) as the variable with the
second most significant differences. Yet the stepwise process does not use these univariate results when the discriminant
function has one or more variables. It calculates the D2 values and statistical significance tests of group differences after
the effect of the variable(s) in the models is removed (in this case only X13 is in the model).
As shown in the last portion of Table 7.6, three variables (X6, X11, and X17) clearly met the .05 significance level criteria for consideration at the next stage. X17 remains the next best candidate to enter the model because it has the highest
Mahalanobis D2 (4.300) and the largest F to enter value. However, other variables (e.g., X11) have substantial reductions in
their significance level and the Mahalanobis D2 from that shown in Table 7.5 due to the one variable in the model 1 X13 2 .
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In step 2 (see Table 7.7), X17 enters the model as expected. The
overall model is significant 1 F 5 31.129 2 and improves in the discrimination between groups as evidenced by the
decrease in Wilks’ lambda from .645 to .478. Moreover, the discriminating power of both variables included at this
point is also statistically significant (F values of 20.113 for X13 and 19.863 for X17). With both variables statistically
significant, the procedure moves to examining the variables not in the equation for potential candidates for inclusion
in the discriminant function based on their incremental discrimination between the groups.
X11 is the next variable meeting the requirements for inclusion, but its significance level and discriminating ability
has been reduced substantially because of multicollinearity with X13 and X17 already in the discriminant function. Most
noticeable is the marked increase in the Mahalanobis D2 from the univariate results in which each variable is considered
StePWiSe eStiMAtion: ADDinG tHe SeconD VARiABLe x17

table 7.7 Results from Step 2 of Stepwise two-Group Discriminant Analysis
overall Model Fit
Degrees of
Value

F Value

Freedom

Significance

Wilks’ Lambda
.478
Variable entered/Removed at Step 2

31.129

2, 57

.000

F
Variable entered

Minimum D2

Value

Significance

Between Groups

X17 Price Flexibility

4.300

31.129

.000

0 and 1

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 2
tolerance

F to Remove

D2

Between Groups

X13 Competitive Pricing

1.000

20.113

2.152

0 and 1

X17 Price Flexibility

1.000

19.863

2.171

0 and 1

Variable

Variables not in the Analysis After Step 2
Minimum
tolerance

tolerance

F to enter

Minimum D2

Between Groups

X6 Product Quality

.884

.884

.681

4.400

0 and 1

X7 E-Commerce Activities

.804

.804

2.486

4.665

0 and 1

X8 Technical Support

.966

.966

.052

4.308

0 and 1

X9 Complaint Resolution

.610

.610

1.479

4.517

0 and 1

X10 Advertising

.901

.901

.881

4.429

0 and 1

X11 Product Line

.848

.848

5.068

5.045

0 and 1

X12 Salesforce Image

.944

.944

.849

4.425

0 and 1

Variable

X14 Warranty & Claims

.916

.916

.759

4.411

0 and 1

X15 New Products

.986

.986

.017

4.302

0 and 1

X16 Order & Billing

.625

.625

.245

4.336

0 and 1

X18 Delivery Speed

.519

.519

4.261

4.927

0 and 1

a

Significance testing of Group Differences After Step 2

USA/north America
Outside North America

F
Sig.

a

32.129
.000

2, 57 degrees of freedom.
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separately. In the case of X11 the minimum D2 value increases from 1.731 (see Table 7.5) to 5.045 (see Table 7.7), indicative of a spreading out and separation of the groups by X13 and X17 already in the discriminant function. Note that X18
is almost identical in remaining discrimination power, but X11 will enter in the third step due to its slight advantage.
Table 7.8 reviews the results of the third step of the stepwise process, where
X11 does enter the discriminant function. The overall results are still statistically significant and continue to improve
in discrimination, as evidenced by the decrease in the Wilks’ lambda value (from .478 to .438). Note however that the
decrease was much smaller than found when the second variable 1 X17 2 was added to the discriminant function. With
X13, X17, and X11 all statistically significant, the procedure moves to identifying any remaining candidates for inclusion.
As seen in the last portion of Table 7.8, none of the remaining 10 independent variables pass the entry criterion
for statistical significance of .05. After X11 was entered in the equation, both of the remaining variables that had
StePWiSe eStiMAtion: ADDinG A tHiRD VARiABLe X11

table 7.8 Results from Step 3 of Stepwise two-Group Discriminant Analysis
overall Model Fit
Degrees of
Wilks’ Lambda

Value

F Value

Freedom

Significance

.438

23.923

3, 56

.000

Value

Significance

Between Groups

23.923

.000

0 and 1

Variable entered/Removed at Step 3
F
Minimum D
X11 Product Line

2

5.045

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 3
Variable

tolerance

F to Remove

D2

Between Groups
0 and 1

X13 Competitive Pricing

.849

7.258

4.015

X17 Price Flexibility

.999

18.416

2.822

0 and 1

X11 Product Line

.848

5.068

4.300

0 and 1

Variables not in the Analysis After Step 3
Minimum
tolerance

tolerance

F to enter

Minimum D2

X6 Product Quality

.802

.769

.019

5.048

0 and 1

X7 E-Commerce Activities

.801

.791

2.672

5.482

0 and 1

X8 Technical Support

.961

.832

.004

5.046

0 and 1

X9 Complaint Resolution

.233

.233

.719

5.163

0 and 1

X10 Advertising

.900

.840

.636

5.149

0 and 1

X12 Salesforce Image

.931

.829

1.294

5.257

0 and 1

X14 Warranty & Claims

.836

.775

2.318

5.424

0 and 1

Variable

Between Groups

X15 New Products

.981

.844

.076

5.058

0 and 1

X16 Order & Billing

.400

.400

1.025

5.213

0 and 1

X18 Delivery Speed

.031

.031

.208

5.079

0 and 1

Significance testing of Group Differences After Step 3a
USA/north America
Outside North America

F
Sig.

a

23.923
.000

3, 56 degrees of freedom.
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significant univariate differences across the groups (X6 and X12) have relatively little additional discriminatory power
and do not meet the entry criterion. Thus, the estimation process stops with three variables (X13, X17, and X11)
constituting the discriminant function.
SUMMARY oF tHe StePWiSe eStiMAtion PRoceSS Table 7.9 provides the overall stepwise discriminant analysis results
after all the significant variables are included in the estimation of the discriminant function. This summary table
describes the three variables (X11, X13, and X17) that were significant discriminators based on their Wilks’ lambda
and minimum Mahalanobis D2 values.

table 7.9 Summary Statistics for two-Group Discriminant Analysis
overall Model Fit: canonical Discriminant Functions
Percent of Variance
cumulative

canonical

Wilks’

Function

eigenvalue

Function %

%

correlation

Lambda

chi-Square

df

Significance

1

1.282

100

100

.749

.438

46.606

3

.000

Discriminant Function and classification Function coefficients
Discriminant Functions
independent Variables
X11 Product Line

Unstandardized

Standardized

Classification Functions
Group 0: USA/north

Group 1: outside

America

north America

2.363

2.417

7.725

6.909

X13 Competitive Pricing

.398

.490

6.456

7.349

X17 Price Flexibility

.749

.664

4.231

5.912

252.800

260.623

Constant

23.752

Structure Matrixa
independent Variables

Function 1

X13 Competitive Pricing

.656

X17 Price Flexibility

.653

X11 Product Line

2.586

X7 E-Commerce Activities*

.429

X6 Product Quality*

2.418

X14 Warranty & Claims*

2.329

X10 Advertising*

.238

X9 Complaint Resolution*

2.181

X12 Salesforce Image*

.164

X16 Order & Billing*

2.149

X8 Technical Support*

2.136

X18 Delivery Speed*

2.060

X15 New Products*

.041

*This variable not used in the analysis.
Group Means (centroids) of Discriminant Functionsa
X4 Region

Function 1

USA/North America

21.273

Outside North America
a

.973

Pooled within-groups correlations between discriminating variables and standardized canonical discriminant functions variables ordered

by absolute size of correlation within function.
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A number of different results are provided addressing both overall model fit and the impact of specific
variables.
The multivariate measures of overall model fit are reported under the heading “Canonical
Discriminant Functions.” Note that the discriminant function is highly significant (.000) and displays a canonical
correlation of .749. We interpret this correlation by squaring it 1 .749 2 2 5 .561. Thus, 56.1 percent of the variance in
the dependent variable 1 X4 2 can be accounted for (explained) by this model, which includes only three independent
variables.
Overall Model Fit

Discriminant Function Coefficients Both the unstandardized and standardized discriminant function coefficients are
provided. The standardized function coefficients are one means of interpreting the impact of the independent
variables, but are less preferred for interpretation purposes than the discriminant loadings. The unstandardized
discriminant coefficients are used to calculate the discriminant Z scores that can be used in classification.
Discriminant Loadings The discriminant loadings are reported under the heading “Structure Matrix” and are ordered
from highest to lowest by the size of the loading. The loadings are discussed later under the interpretation phase
(Stage 5).
Classification Function Coefficients The classification function coefficients, also known as Fisher’s linear discriminant
functions, are used in classification and are discussed later.
Group Centroids These values the mean of the individual discriminant function scores for each group. Group
centroids provide a summary measure of the relative position of each group on the discriminant function(s). In this
case, Table 7.9 reveals that the group centroid for the firms in USA/North America (group 0) is 21.273, whereas the
group centroid for the firms outside North America (group 1) is .973. To show that the overall mean is 0, multiply
the number in each group by its centroid and add the result (e.g., 26 3 21.273 1 34 3 .973 5 0.0).
The overall model results are acceptable based on statistical and practical significance. However, before proceeding
to an interpretation of the results, the researcher needs to assess classification accuracy and examine the casewise
results.

Assessing Classification Accuracy With the overall model statistically significant and explaining 56 percent of
the variation between the groups (see the preceding discussion and Table 7.9), we move to assessing the predictive
accuracy of the discriminant function. In this example, we will illustrate the use of the discriminant scores and the
cutting score for classification purposes. In doing so, we must complete three tasks:

1 Calculate the cutting score, the criterion against which each observation’s discriminant Z score is judged to
determine into which group it should be classified.
2 Classify each observation and develop the classification matrices for both the analysis and the holdout
samples.
3 Assess the levels of predictive accuracy from the classification matrices for both statistical and practical
significance.
Although examination of the holdout sample and its predictive accuracy is actually performed in the validation
stage, the results are discussed now for ease of comparison between estimation and holdout samples.
cALcULAtinG tHe cUttinG ScoRe The researcher must first determine how the prior probabilities of classification are
to be determined, either based on the actual group sizes (assuming they are representative of the population) or
specified by the researcher, most often specified as equal to be conservative in the classification process.
In this analysis sample of 60 observations, we know that the dependent variable consists of two groups, 26
firms located in the United States and 34 firms outside the United States. If we are not sure whether the population proportions are represented by the sample, then we should employ equal probabilities. However, because
our sample of firms is randomly drawn, we can be reasonably sure that this sample does reflect the population
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proportions. Thus, this discriminant analysis uses the sample proportions to specify the prior probabilities for
classification purposes.
Having specified the prior probabilities, the optimum cutting score can be calculated. Because in this situation
the groups are assumed representative, the calculation becomes a weighted average of the two group centroids (see
Table 7.9 for group centroid values):
ZCS 5

1 26 3 .973 2 1 1 34 3 21.273 2
NAZB 1 NBZA
5
5 2.2997
NA 1 NB
26 1 34

By substitution of the appropriate values in the formula, we can obtain the critical cutting score (assuming equal
costs of misclassification) of ZCS 5 2.2997.
cLASSiFYinG oBSeRVAtionS AnD conStRUctinG tHe cLASSiFicAtion MAtRiceS Once the cutting score has been calculated,
each observation can be classified by comparing its discriminant score to the cutting score.
The procedure for classifying firms with the optimal cutting score is as follows:
●
●

Classify a firm as being in group 0 (United States/North America) if its discriminant score is less than 2.2997.
Classify a firm as being in group 1 (Outside the United States) if its discriminant score is greater than 2.2997.

Classification matrices for the observations in both the analysis and the holdout samples were calculated, and
the results are shown in Table 7.10. Table 7.11 contains the discriminant scores for each observation as well as
the actual and predicted group membership values. Note that cases with a discriminant score less that 2.2997
have a predicted group membership value of 0, whereas those with a score above 2.2997 have a predicted
value of 1. The analysis sample, with 86.7 percent prediction accuracy, is slightly higher than the 85.0 percent
accuracy of the holdout sample, as anticipated. Moreover, the cross-validated sample achieved a prediction
accuracy of 83.3 percent.

table 7.10 classification Results for two-Group Discriminant Analysis
classification Resultsa, b, c
Predicted Group Membership
Sample
Estimation Sample

Actual Group
USA/North America
Outside North America

USA/north

outside north

America

America

25

1

96.2%

3.8%

7
20.6%

Cross-validatedd

USA/North America
Outside North America

2

92.3

7.7

8

USA/North America
Outside North America

a

26
34

79.4%

24

23.5
Holdout Sample

27

total

26

26
34

76.5

9

4

69.2

30.8

2

25

7.4

92.6

13
27

86.7% of selected original grouped cases (estimation sample) correctly classified.
85.0% of unselected original grouped cases (validation sample) correctly classified.

b
c

83.3% of selected cross-validated grouped cases correctly classified.
Cross-validation is done only for those cases in the analysis (estimation sample). In cross-validation, each case is classified by the

d

functions derived from all cases other than that case.
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table 7.11 Group Predictions for individual cases in the two-Group Discriminant Analysis
Discriminant
case iD

Actual Group

Analysis Sample
72
14
31
54
27
29
16
61
79
36
98
58
45
2
52
50
47
88
11
56
95
81
5
37
63
43
3
94
49
64
Holdout Sample
23
93
59
85
83
91
82
76
96
13
89
42
78
22
74
51
62
75
99
84

Z Score

Predicted Group

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1

22.10690
22.03496
21.98885
21.98885
21.76053
21.76053
21.71859
21.71859
21.57916
21.57108
21.57108
21.48136
21.33840
21.29645
21.29645
21.24651
21.20903
21.10294
2.74943
2.73978
2.73978
2.72876
2.60845
2.60845
2.38398
.23553
21.65744
21.57916
21.04667
2.67406

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
1
1
1
1
1
1
1

22.38834
22.03496
21.20903
21.10294
21.03619
2.89292
2.74943
2.72876
2.57335
.13119
.51418
.63440
.63440
22.73303
21.04667
.09785
.94702
.98896
1.13130
1.30393

0
0
0
0
0
0
0
0
0
1
1
1
1
0
0
1
1
1
1
1

Discriminant

Predicted

Actual Group

Z Score

Group

24
53
32
80
38
60
65
35
1
4
68
44
17
67
33
87
6
46
12
69
86
10
30
15
92
7
20
8
100
48

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.60937
2.45623
2.36094
2.14687
2.04489
2.04447
.09785
.84464
.98896
1.10834
1.12436
1.34768
1.35578
1.35578
1.42147
1.57544
1.58353
1.60411
1.75931
1.82233
1.82233
1.85847
1.90062
1.91724
1.97960
2.09505
2.22839
2.39938
2.62102
2.90178

0
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

25
18
73
21
90
97
40
77
28
71
19
57
9
41
26
70
66
34
55
39

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.47048
1.60411
1.61002
1.69348
1.69715
1.70398
1.75931
1.86055
1.97494
2.22839
2.28652
2.31456
2.36823
2.53652
2.59447
2.59447
2.90178
2.97632
2.97632
3.21116

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

case iD
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Even though all of the measures of classification accuracy are quite
high, the evaluation process requires a comparison to the classification accuracy in a series of chance-based measures.
These measures reflect the improvement of the discriminant model when compared to classifying individuals without
using the discriminant function. Given that the overall sample is 100 observations and group sizes in the holdout/
validation sample are less than 20, we will use the overall sample to establish the comparison standards.
eVALUAtinG tHe AcHieVeD cLASSiFicAtion AccURAcY

Proportional Chance The first measure is the proportional chance criterion, which assumes that the costs of misclassification are equal (i.e., we want to identify members of each group equally well). The proportional chance criterion is:

CPRO 5 p2 1 1 1 2 p 2 2

where:
CPRO 5 proportional chance criterion
p 5 proportion of firms in group 0
1 2 p 5 proportion of firms in group 1
The group of customers located within the United States (group 0) constitutes 39.0 percent of the analysis sample
(39/100), with the second group representing customers located outside the United States (group 1) forming the
remaining 61.0 percent (61/100). The calculated proportional chance value is .524 1 .3902 1 .6102 5 .524 2 .
Maximum Chance The maximum chance criterion is simply the percentage correctly classified if all observations
were placed in the group with the greatest probability of occurrence. It reflects our most conservative standard and
assumes no difference in cost of misclassification as well.
Because group 1 (customers outside the United States) is the largest group at 61.0 percent of the sample, we would
be correct 61.0 percent of the time if we assigned all observations to this group. If we choose the maximum chance
criterion as the standard of evaluation, our model should outperform the 61.0 percent level of classification accuracy
to be acceptable.
To attempt to assure practical significance, the achieved classification accuracy must exceed the selected comparison standard by 25 percent. Thus, we must select a comparison standard, calculate the threshold, and compare the
achieved hit ratio.
All of the classification accuracy levels (hit ratios) exceed 85 percent, which are substantially higher than the
proportional chance criterion of 52.4 percent and the maximum chance criterion of 61.0 percent. All three hit ratios
also exceed the suggested threshold of these values (comparison standard plus 25 percent), which in this case are
65.5 percent 1 52.4% 3 1.25 5 65.5% 2 for the proportional chance and 76.3 percent 1 61.0%`1.25 5 76.3% 2 for the
maximum chance. In all instances (analysis sample, holdout sample, and cross-validation), the levels of classification
accuracy are substantially higher than the threshold values, indicating an acceptable level of classification accuracy.
Moreover, the hit ratio for individual groups is deemed adequate as well.

The final measure of classification accuracy is Press’s Q, which is a statistically-based measure comparing
the classification accuracy to a random process.
From the earlier discussion, the calculation for the estimation sample is:
Press’s Q

Press’s Qestimation sample 5

3 60 2 1 52 3 2 2 4
60 1 2 2 1 2

2

5 45.07

and the calculation for the holdout sample is:
Press’s Qholdout sample 5

3 40 2 1 34 3 2 2 4 2
5 19.6
40 1 2 2 1 2

In both instances, the calculated values exceed the critical value of 6.63. Thus, the classification accuracy for the
analysis and, more important, the holdout sample exceeds at a statistically significant level the classification accuracy
expected by chance.
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Casewise Diagnostics In addition to examining the overall results, we can examine the individual observations for
their predictive accuracy and identify specifically the misclassified cases. In this manner, we can find the specific cases
misclassified for each group on both analysis and holdout samples as well as perform additional analysis profiling
for the misclassified cases.
Table 7.11 contains the group predictions for the analysis and holdout samples and enables us to identify the
specific cases for each type of misclassification tabulated in the classification matrices (see Table 7.10). For the analysis sample, the seven customers located outside the United States misclassified into the group of customers in the
United States can be identified as cases 3, 94, 49, 64, 24, 53, and 32. Likewise, the single customer located in the United
States but misclassified is identified as case 43. A similar examination can be performed for the holdout sample.
Once the misclassified cases are identified, further analysis can be performed to understand the reasons for their
misclassification. In Table 7.12, the misclassified cases are combined from the analysis and holdout samples and
table 7.12 Profiling correctly classified and Misclassified observations in the two-Group Discriminant Analysis
Mean Scores

t Test

Dependent Variable:

Group/Profile

correctly

X4 Region

Variables

classified

Misclassified

(n = 34)

(n = 5)

X6 Product Quality

8.612

9.340

2.728

.000b

X7 E-Commerce Activities

3.382

4.380

2.998

.068b

X8 Technical Support

5.759

5.280

.479

.487

X9 Complaint Resolution

5.356

6.140

2.784

.149

X10 Advertising

3.597

4.700

21.103

.022

X11 Product Line

6.726

6.540

.186

.345b

X12 Salesforce Image

4.459

5.460

21.001

.018

X13 Competitive Pricinga

5.609

8.060

22.451

.000

X14 Warranty & Claims

6.215

6.060

.155

.677

X15 New Products

5.024

4.420

.604

.391

X16 Order & Billing

4.188

4.540

2.352

.329

X17 Price Flexibilitya

3.568

4.480

2.912

.000b

X18 Delivery Speed

3.826

4.160

2.334

.027b

USA/North America

a

Outside North America

Statistical
Difference

Significance

(n = 52)

(n = 9)

X6 Product Quality

6.906

9.156

22.250

.000

X7 E-Commerce Activities

3.860

3.289

.571

.159b

X8 Technical Support

5.085

5.544

2.460

.423

X9 Complaint Resolution

5.365

5.822

2.457

.322

X10 Advertising

4.229

3.922

.307

.470

X11 Product Linea

4.954

6.833

21.879

.000

X12 Salesforce Image

5.465

5.467

2.002

.998

X13 Competitive Pricinga

7.960

5.833

2.126

.000

X14 Warranty & Claims

5.867

6.400

2.533

.007b

X15 New Products

5.194

5.778

2.584

.291

X16 Order & Billing

4.267

4.533

2.266

.481

X17 Price Flexibilitya

5.458

3.722

1.735

.000

X18 Delivery Speed

3.881

3.989

2.108

.714

Note: Cases from both analysis and validation samples included for total sample of 100.
a

Variables included in the discriminant function.
t test performed with separate variance estimates rather than pooled estimate because the Levene test detected significant

b

differences in the variations between the two groups.
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then compared to the correctly classified cases. The attempt is to identify specific differences on the independent
variables that might identify either new variables to be added or common characteristics that should be considered.
The five cases (both analysis and holdout samples) misclassified among the United States customers (group
0) show significant differences on two of the three independent variables in the discriminant function (X13 and
X17) as well as one variable not in the discriminant function 1 X6 2 . For that variable not in the discriminant
function, the profile of the misclassified cases is not similar to their correct group; thus, it is of no help in classification. Likewise, the nine misclassified cases of group 1 (outside the United States) show four significant
differences (X6, X11, X13, and X17), but only X6 is not in the discriminant function. We can see that here X6 works
against classification accuracy because the misclassified cases are more similar to the incorrect group rather than
the correct group.
The findings suggest that the misclassified cases may represent a distinct third group, because they share quite
similar profiles across these variables more so than they do with the two existing groups. Management may analyze
this group on additional variables or assess whether a geographic pattern among these misclassified cases justifies
a new group.
Researchers should examine the patterns in both groups with the objective of understanding the characteristics
common to them in an attempt at defining the reasons for misclassification.
StAGe 5: inteRPRetAtion oF tHe ReSULtS
After estimating the discriminant function, the next task is interpretation. This stage involves examining the function
to determine the relative importance of each independent variable in discriminating between the groups, interpreting
the discriminant function based on the discriminant loadings, and then profiling each group on the pattern of mean
values for variables identified as important discriminating variables.
As discussed earlier, discriminant loadings are considered the
more appropriate measure of discriminatory power, but we will also consider the discriminant weights for comparative purposes. The discriminant weights, either in unstandardized or standardized form, represent each variable’s
contribution to the discriminant function. However, as we will discuss, multicollinearity among the independent
variables can impact the interpretation using only the weights.
Discriminant loadings are calculated for every independent variable, even for those not included in the discriminant function. Thus, discriminant weights represent the unique impact of each independent variable and are not
restricted to only the shared impact due to multicollinearity. Moreover, because they are relatively unaffected by
multicollinearity, they more accurately represent each variable’s association with the discriminant score.
Table 7.13 contains the entire set of interpretive measures, including unstandardized and standardized
discriminant weights, loadings for the discriminant function, Wilks’ lambda, and the univariate F ratio. The
original 13 independent variables were screened by the stepwise procedure, and three (X11, X13, and X17) are
significant enough to be included in the function. For interpretation purposes, we rank the independent variables
in terms of their loadings and univariate F values—both indicators of each variable’s discriminating power. Signs
of the weights or loadings do not affect the rankings; they simply indicate a positive or negative relationship
with the dependent variable.

Identifying Important Discriminating Variables

The Wilks’ lambda and univariate F values represent the separate or univariate effects of each variable, not considering multicollinearity among the independent variables. Analogous to the
bivariate correlations of multiple regression, they indicate each variable’s ability to discriminate among the groups,
but only separately. To interpret any combination of two or more independent variables requires analysis of the
discriminant weights or discriminant loadings as described in the following sections.
Table 7.13 shows that the variables (X11, X13, and X17) with the three highest F values (and lowest Wilks’ lambda
values) were also the variables entered into the discriminant function. Two other variables (X6 and X12) also had
significant discriminating effects (i.e., significant group differences), but were not included by the stepwise process in
AnALYZinG WiLKS’ LAMBDA AnD UniVARiAte F
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table 7.13 Summary of interpretive Measures for two-Group Discriminant Analysis

independent Variables

Discriminant

Discriminant

Wilks’

Coefficients

Loadings

Lambda

Unstandardized

Standardized

Loading

Rank

Univariate F Ratio

Value

F Value

Sig.

Rank

X6 Product Quality

NI

NI

2.418

5

.801

14.387

.000

4

X7 E-Commerce Activities

NI

NI

.429

4

.966

2.054

.157

6

X8 Technical Support

NI

NI

2.136

11

.973

1.598

.211

7

X9 Complaint Resolution

NI

NI

2.181

8

.986

.849

.361

8

X10 Advertising

NI

NI

.238

7

.987

.775

.382

9

X11 Product Line
X12 Salesforce Image

2.363
NI

X13 Competitive Pricing

2.417
NI

3

.695

25.500

.000

3

.164

9

.856

9.733

.003

5

.656

1

.645

31.992

.000

1

X14 Warranty & Claims

NI

NI

2.329

6

.992

.453

.503

11

X15 New Products

NI

NI

.041

13

.990

.600

.442

10

X16 Order & Billing

NI

2.149

10

.999

.087

.769

13

.653

2

.647

31.699

.000

2

2.060

12

.997

.152

.698

12

2.398

X17 Price Flexibility
X18 Delivery Speed

.490

2.586

NI
.749

NI

.664
NI

NI 5 Not included in estimated discriminant function.

the discriminant function. This was due to the multicollinearity between these two variables and the three variables
included in the discriminant function. These two variables added no incremental discriminating power beyond
the variables already in the discriminant function. Interested readers are referred to a more complete discussion of
multicollinearity and the stepwise estimation process in Chapter 5. All of the remaining variables had nonsignificant
F values and correspondingly high Wilks’ lambda values.
The discriminant weights are available in unstandardized and standardized forms.
The unstandardized weights (plus the constant) are used to calculate the discriminant score, but can be affected by
the scale of the independent variable (just like multiple regression weights). Thus, the standardized weights more
truly reflect the impact of each variable on the discriminant function and are more appropriate than unstandardized
weights when used for interpretation purposes. If simultaneous estimation is used, multicollinearity among any of
the independent variables will impact the estimated weights. However, the impact of multicollinearity can be even
greater for the stepwise procedure, because multicollinearity affects not only the weights but may also prevent a
variable from even entering the equation.
Table 7.13 provides the standardized weights (coefficients) for the three variables included in the discriminant
function. The impact of multicollinearity on the weights can be seen in examining X13 and X17. These two variables
have essentially equivalent discriminating power when viewed on the Wilks’ lambda and univariate F tests. Their
discriminant weights, however, reflect a markedly greater impact for X17 than X13 which, based on the weights, is
now more comparable to X11. This change in relative importance is due to the collinearity between X13 and X11,
which reduces the unique effect of X13, thus reducing the discriminant weight as well.

AnALYZinG tHe DiScRiMinAnt WeiGHtS

The discriminant loadings, in contrast
to the discriminant weights, are less affected by multicollinearity and thus are more useful for interpretative purposes.
Also, because loadings are calculated for all variables, they provide an interpretive measure even for variables not
included in the discriminant function. An earlier rule of thumb indicated loadings above 6.40 should be used to
identify substantive discriminating variables.
The loadings of the three variables entered in the discriminant function (see Table 7.13) are the three highest
and all exceed 6.40, thus warranting inclusion for interpretation purposes. Two additional variables (X6 and X7),

Interpreting The Discriminant Function Based On Discriminant Loadings
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however, also have loadings above the 6.40 threshold. The inclusion of X6 is not unexpected, because it was the
fourth variable with significant univariate discriminating effect, but was not included in the discriminant function
due to multicollinearity (as was shown in Chapter 3, Exploratory Factor Analysis, where X6 and X13 formed a factor).
X7, however, presents another situation; it did not have a significant univariate effect. The combination of the three
variables in the discriminant function created an effect that is associated with X7, but X7 does not add any additional
discriminating power. In this regard, X7 can be used to describe the discriminant function for profiling purposes
even though it did not enter into the estimation of the discriminant function.
Interpreting the discriminant function and its discrimination between these two groups requires that the
researcher consider all five of these variables. To the extent that they characterize or describe the discriminant function, they all represent some component of the function.
The three strongest effects in the discriminant function, which are all generally comparable based on the loading
values, are X13 (Competitive Pricing), X17 (Price Flexibility), and X11 (Product Line). X7 (E-Commerce Activities)
and the effect of X6 (Product Quality) can be added when interpreting the discriminant function. Obviously several
different factors are being combined to differentiate between the groups, thus requiring more profiling of the groups
to understand the differences.
With the discriminating variables identified and the discriminant function described in terms of those variables
with sufficiently high loadings, the researcher then proceeds to profile each group on these variables to understand
the differences between them.
Profiling the Discriminating Variables The researcher is interested in interpretations of the individual variables
that have statistical and practical significance. Such interpretations are accomplished by first identifying the variables
with substantive discriminatory power (see the preceding discussions) and then understanding what the differing
group means on each variable indicated.
As described in Chapter 1, higher scores on the independent variables indicate more favorable perceptions of
HBAT on that attribute (except for X13, where lower scores are more preferable). Referring back to Table 7.5, we see
varied profiles between the two groups on these five variables.
●

●

Group 0 (customers in the USA/North America) has higher perceptions on three variables: X6 (Product Quality), X13 (Competitive Pricing), and X11 (Product Line).
Group 1 (customers outside North America) has higher perceptions on the remaining two variables: X7
(E-Commerce Activities) and X17 (Price Flexibility).

In looking at these two profiles, we can see that the USA/North America customers have much better perceptions of the HBAT products, whereas those customers outside North America feel better about pricing issues and
e-commerce. Note that X6 and X13, both of which have higher perceptions among the USA/North America customers, form the Product Value factor developed in Chapter 3. Management should use these results to develop strategies
that accentuate these strengths and develop additional strengths to complement them.
The mean profiles also illustrate the interpretation of signs (positive or negative) on the discriminant weights
and loadings. The signs reflect the relative mean profile of the two groups. The positive signs, in this example,
are associated with variables that have higher scores for group 1. The negative weights and loadings are for those
variables with the opposite pattern (i.e., higher values in group 0). Thus, the signs indicate the pattern between
the groups.

StAGe 6: VALiDAtion oF tHe ReSULtS
The final stage addresses the internal and external validity of the discriminant function. The primary means of
validation is through the use of the holdout sample and the assessment of its predictive accuracy. In this manner,
validity is established if the discriminant function performs at an acceptable level in classifying observations that
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were not used in the estimation process. If the holdout sample is formed from the original sample, then this approach
establishes internal validity and an initial indication of external validity. If another separate sample, perhaps from
another population or segment of the population, forms the holdout sample, then this addresses more fully the
external validity of the discriminant results.
In our example, the holdout sample comes from the original sample. As discussed earlier, the classification accuracy (hit ratios) for both the holdout sample and the cross-validated sample was markedly above the thresholds on all
of the measures of predictive accuracy. As such, the analysis does establish internal validity. For purposes of external
validity, additional samples should be drawn from relevant populations and the classification accuracy assessed in
as many situations as possible.
The researcher is encouraged to extend the validation process through expanded profiling of the groups and the
possible use of additional samples to establish external validity. Additional insights from the analysis of misclassified
cases may suggest additional variables that could improve even more the discriminant model.
A MAnAGeRiAL oVeRVieW
The discriminant analysis of HBAT customers based on geographic location (located within North America or
outside) identified a set of perceptual differences that can provide a rather succinct and powerful distinction between
the two groups. Several key findings include the following:
●

●

●

●

Differences are found in a subset of only five perceptions, allowing for a focus on key variables and not having
to deal with the entire set. The variables identified as discriminating between the groups (listed in order of
importance) are X13 (Competitive Pricing), X17 (Price Flexibility), X11 (Product Line), X7 (E-Commerce Activities), and X6 (Product Quality).
Results also indicate that firms located in the United States have better perceptions of HBAT than their international counterparts in terms of product value and the product line, whereas the non-North American customers have a more favorable perception of price flexibility and e-commerce activities. These perceptions may
result from a better match between USA/North American buyers, whereas the international customers find the
pricing policies conducive to their needs.
The results, which are highly significant, provide the researcher the ability to correctly identify the purchasing
strategy used based on these perceptions 85 percent of the time. Their high degree of consistency provides
confidence in the development of strategies based on these results.
Analysis of the misclassified firms revealed a small number of firms that seemed out of place. Identifying
these firms may identify associations not addressed by geographic location (e.g., markets served rather
than just physical location) or other firm or market characteristics that are associated with geographic
location.

Thus, knowing a firm’s geographic location provides key insights into their perceptions of HBAT and, more
important, how the two groups of customers differ so that management can employ a strategy to accentuate the
positive perceptions in their dealings with these customers and further solidify their position.

A three-Group illustrative example
To illustrate the application of a three-group discriminant analysis, we once again use the HBAT database. In the
previous example, we were concerned with discriminating between only two groups, so we were able to develop a
single discriminant function and a cutting score to divide the two groups. In the three-group example, it is necessary
to develop two separate discriminant functions to distinguish among three groups. The first function separates one
group from the other two, and the second separates the remaining two groups. As with the prior example, the six
stages of the model-building process are discussed.
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StAGe 1: oBjectiVeS oF DiScRiMinAnt AnALYSiS
HBAT’s objective in this research is to determine the relationship between the firms’ perceptions of HBAT and the
length of time a firm has been a customer with HBAT. One of the emerging paradigms in marketing is the concept
of a customer relationship, based on the establishment of a mutual partnership between firms over repeated transactions. The process of developing a relationship entails the formation of shared goals and values, which should
coincide with improved perceptions of HBAT. Thus, the successful formation of a relationship should be seen by
improved HBAT perceptions over time. In this analysis, firms are grouped on their tenure as HBAT customers.
Hopefully, if HBAT has been successful in establishing relationships with its customers, then perceptions of HBAT
will improve with tenure as an HBAT customer.
StAGe 2: ReSeARcH DeSiGn FoR DiScRiMinAnt AnALYSiS
To test this relationship, a discriminant analysis is performed to establish whether differences in perceptions exist
between customer groups based on length of customer relationship. If so, HBAT is then interested in seeing whether
the distinguishing profiles support the proposition that HBAT has been successful in improving perceptions among
established customers, a necessary step in the formation of customer relationships.
Selection of Dependent and Independent Variables In addition to the nonmetric (categorical) dependent vari-

ables defining the groups of interest, discriminant analysis also requires a set of metric independent variables that
are assumed to provide the basis for discrimination or differentiation between the groups.
A three-group discriminant analysis is performed using X1 (Customer Type) as the dependent variable and the
perceptions of HBAT by these firms (X6 to X18) as the independent variables. Note that X1 differs from the dependent
variable in the two-group example in that it has three categories in which to classify a firm’s length of time being an
HBAT customer (1 5 less than 1 year, 2 5 1 to 5 years, and 3 5 more than 5 years).
Sample Size and Division of The Sample Issues regarding sample size are particularly important with discriminant

analysis due to the focus on not only overall sample size, but also on sample size per group. Coupled with the need
for a division of the sample to provide for a validation sample, the researcher must carefully consider the impact of
sample division on both samples in terms of the overall sample size and the size of each of the groups.
The HBAT database has a sample size of 100, which again will be split into analysis and holdout samples of
60 and 40 cases, respectively. In the analysis sample, the ratio of cases to independent variables is almost 5:1,
the recommended lower threshold. More importantly, in the analysis sample, only one group, with 13 observations, falls below the recommended level of 20 cases per group. Although the group size would exceed 20 if
the entire sample were used in the analysis phase, the need for validation dictated the creation of the holdout
sample. The three groups are of relatively equal sizes (22, 13, and 25), thus avoiding any need to equalize the
group sizes. The analysis proceeds with attention paid to the classification and interpretation of this small
group of 13 observations.
StAGe 3: ASSUMPtionS oF DiScRiMinAnt AnALYSiS
As was the case in the two-group example, the assumptions of normality, linearity, and collinearity of the independent variables have already been discussed at length in Chapter 2. The analyses performed in Chapter 2 indicated
that the independent variables met these assumptions at adequate levels to allow for the analysis to continue without
additional remedies. The remaining assumption, the equality of the variance/covariance or dispersion matrices, is
also addressed in Chapter 2.
Box’s M test assesses the similarity of the dispersion matrices of the independent variables among the three groups
(categories). The test statistic indicated differences at the .09 significance level. In this case, the differences between
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groups are nonsignificant and no remedial action is needed. Moreover, no impacts are expected on the estimation
or classification processes.
StAGe 4: eStiMAtion oF tHe DiScRiMinAnt MoDeL AnD ASSeSSinG oVeRALL Fit
As in the previous example, we begin our analysis by reviewing the group means and standard deviations to see
whether the groups are significantly different on any single variable. With those differences in mind, we then employ
a stepwise estimation procedure to derive the discriminant functions and complete the process by assessing classification accuracy both overall and with casewise diagnostics.
Identifying the most discriminating variables with three or more groups is more
problematic than in the two-group situation. For three or more groups, the typical measures of significance for
differences across groups (i.e., Wilks’ lambda and the F test) only assess the overall differences and do not guarantee
that each group is significant from the others. Thus, when examining variables for their overall differences between
the groups, be sure to also address individual group differences.
Table 7.14 provides the group means, Wilks’ lambda, univariate F ratios (simple ANOVAs), and minimum Mahalanobis D2 for each independent variable. Review of these measures of discrimination reveals the
following:
Assessing Group Differences

●

●

On a univariate basis, about one-half (7 of 13) of the variables display significant differences between the group
means. The variables with significant differences include X6, X9, X11, X13, X16, X17, and X18.
Although greater statistical significance corresponds to higher overall discrimination (i.e., the most significant
variables have the lowest Wilks’ lambda values), it does not always correspond to the greatest discrimination
between all the groups.

table 7.14 Group Descriptive Statistics and tests of equality for the estimation Sample in the three-Group
Discriminant Analysis

independent Variables

a

Dependent Variable Group Means:

Test of Equality

Minimum

X1 Customer Type

of Group Meansa

Mahalanobis D2

Group 1:

Group 2:

Group 3:

Less than

1 to

More than

1 Year

5 Years

5 Years

Wilks’

Minimum

F
Value

2

Between

(n 5 22)

(n 5 13)

(n 5 25)

Lambda

Significance

D

X8 Technical Support

4.959

5.615

5.376

.973

.782

.462

.023

Groups

X6 Product Quality

7.118

6.785

9.000

.469

32.311

.000

.121

1 and 2

X7 E-Commerce Activities

3.514

3.754

3.412

.959

1.221

.303

.025

1 and 3

2 and 3

X9 Complaint Resolution

4.064

5.900

6.300

.414

40.292

.000

.205

2 and 3

X10 Advertising

3.745

4.277

3.768

.961

1.147

.325

.000

1 and 3

X11 Product Line

4.855

5.577

7.056

.467

32.583

.000

.579

1 and 2

X12 Salesforce Image

4.673

5.346

4.836

.943

1.708

.190

.024

1 and 3

X13 Competitive Pricing

7.345

7.123

5.744

.751

9.432

.000

.027

1 and 2

X14 Warranty & Claims

5.705

6.246

6.072

.916

2.619

.082

.057

2 and 3

X15 New Products

4.986

5.092

5.292

.992

.216

.807

.004

1 and 2

X16 Order & Billing

3.291

4.715

4.700

.532

25.048

.000

.000

2 and 3

X17 Price Flexibility

4.018

5.508

4.084

.694

12.551

.000

.005

1 and 3

X18 Delivery Speed

3.059

4.246

4.288

.415

40.176

.000

.007

2 and 3

Wilks’ lambda (U statistic) and univariate F ratio with 2 and 57 degrees of freedom.
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Visual inspection of the group means reveal that four of the variables with significant differences (X13, X16, X17,
and X18) only differentiate one group versus the other two groups [e.g., X18 has significant differences only in
the means between group 1 (3.059) versus groups 2 (4.246) and 3 (4.288)]. These variables play a limited role in
discriminant analysis because they provide discrimination between only a subset of groups.
Three variables (X6, X9, and X11) provide some discrimination, in varying degrees, between all three groups
simultaneously. One or more of these variables may be used in combination with the four preceding variables
to create a variate with maximum discrimination.
The Mahalanobis D2 value provides a measure of the degree of discrimination between groups. For each
variable, the minimum Mahalanobis D2 is the distance between the two closest groups. For example, X11 has
the highest D2 value, and it is the variable with the greatest differences between all three groups. Likewise, X18,
a variable with little differences between two of the groups, has a small D2 value. With three or more groups,
the minimum Mahalanobis D2 is important in identifying the variable that provides the greatest difference
between the two most similar groups.

All of these measures combine to help identify the sets of variables that form the discriminant functions as
described in the next section. When more than one function is created, each function provides discrimination
between sets of groups. In the simple example from the beginning of this chapter, one variable discriminated between
groups 1 versus 2 and 3, whereas the other discriminated between groups 2 versus 3 and 1. It is one of the primary
benefits arising from the use of discriminant analysis.
Estimation of the Discriminant Function The stepwise procedure is performed in the same manner as in the
two-group example, with all of the variables initially excluded from the model. As noted earlier, the Mahalanobis
distance should be used with the stepwise procedure in order to select the variable that has a statistically significant
difference across the groups while maximizing the Mahalanobis distance (D2) between the two closest groups. In
this manner, statistically significant variables are selected that maximize the discrimination between the most similar
groups at each stage.
This process continues as long as additional variables provide statistically significant discrimination beyond those
differences already accounted for by the variables in the discriminant function. A variable may be removed if high
multicollinearity with independent variables in the discriminant function causes its significance to fall below the
significance level for removal (.10).

The data in Table 7.14 show that the first variable to enter the
stepwise model using the Mahalanobis distance is X11 (Product Line) because it meets the criteria for statistically
significant differences across the groups and has the largest minimum D2 value (meaning it has the greatest separation between the most similar groups).
The results of adding X11 as the first variable in the stepwise process are shown in Table 7.15. The overall model
fit is significant and each of the groups are significantly different, although groups 1 (less than 1 year) and 2 (1 to
5 years) have the smallest difference between them (see bottom section detailing group differences).
Of the variables not in the equation, only X6 (Product Quality) meets the significance level necessary for consideration. If added, the minimum D2 will now be between groups 1 and 2.
With the smallest difference between groups 1 and 2, the discriminant procedure will now select a variable that
maximizes that difference while at least maintaining the other differences. If we refer back to Table 7.14, we see that
four variables (X9, X16, X17, and X18) all had significant differences, with substantial differences between groups 1
and 2. Looking in Table 7.15, we see that these four variables have the highest minimum D2 value, and in each case
it is for the difference between groups 2 and 3 (meaning that groups 1 and 2 are not the most similar after adding
that variable). Thus, adding any one of these variables would most affect the differences between groups 1 and 2, the
pair that was most similar after X11 was added in the first step. The procedure will select X17 because it will create
the greatest distance between groups 2 and 3.
StePWiSe eStiMAtion: ADDinG tHe FiRSt VARiABLe, X11
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table 7.15 Results from Step 1 of Stepwise three-Group Discriminant Analysis
overall Model Fit
Value

F Value

Degrees of Freedom

Significance

.467

32.583

2,57

.000

Minimum D2

Value

Significance

Between Groups

.579

4.729

.000

Less than 1 year and 1 to 5 years

Wilks’ Lambda
Variable entered/Removed at Step 1

F
Variable entered
X11 Product Line

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 1
Variable
X11 Product Line

tolerance

F to Remove

D2

Between Groups

1.000

32.583

NA

NA

NA 5 Not applicable.
Variables not in the Analysis After Step 1
Minimum

F

Minimum

tolerance

tolerance

to enter

D2

1.000

1.000

17.426

.698

Less than 1 year and 1 to 5 years

X7 E-Commerce Activities

.950

.950

1.171

.892

Less than 1 year and 1 to 5 years

X8 Technical Support

.959

.959

.733

.649

Less than 1 year and 1 to 5 years

X9 Complaint Resolution

.847

.847

15.446

2.455

X10 Advertising

.998

.998

1.113

.850

Less than 1 year and 1 to 5 years

X12 Salesforce Image

.932

.932

3.076

1.328

Less than 1 year and 1 to 5 years

X13 Competitive Pricing

.849

.849

.647

.599

Less than 1 year and 1 to 5 years

X14 Warranty & Claims

.882

.882

2.299

.839

Less than 1 year and 1 to 5 years

X15 New Products

.993

.993

.415

.596

X16 Order & Billing

.943

.943

12.176

2.590

Variable
X6 Product Quality

Between Groups

1 to 5 years and more than 5 years

Less than 1 year and 1 to 5 years
1 to 5 years and more than 5 years

X17 Price Flexibility

.807

.807

17.300

3.322

1 to 5 years and more than 5 years

X18 Delivery Speed

.773

.773

19.020

2.988

1 to 5 years and more than 5 years

Significance testing of Group Differences After Step 1a
X1 – customer type
1 to 5 years

Less than 1 Year
F
Sig.

Over 5 years

F
Sig.

a

1 to 5 Years

4.729
.034
62.893

20.749

.000

.000

1, 57 degrees of freedom.

StePWiSe eStiMAtion: ADDinG tHe SeconD VARiABLe, X17 Table 7.16 details the second step of the stepwise procedure:
adding X17 (Price Flexibility) to the discriminant function. The discrimination between groups increased, as reflected
in a lower Wilks’ lambda value and increase in the minimum D2 (.467 to .288). The group differences, overall and
individual, are still statistically significant. The addition of X17 increased the differences between groups 1 and 2
substantially, such that now the two most similar groups are 2 and 3.
StePWiSe eStiMAtion: ADDinG tHe tHiRD AnD FoURtH VARiABLeS, X6 AnD X18 As noted previously, X6 becomes the third variable
added to the discriminant function. After X6 is added, only X18 exhibits a statistical significance across the groups (Note:
The details of adding X6 in step 3 are not shown for space considerations).
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table 7.16 Results from Step 2 of Stepwise three-Group Discriminant Analysis
overall Model Fit
Wilks’ Lambda

Value

F Value

Degrees of Freedom

Significance

.288

24.139

4, 112

.000

Variable entered/Removed at Step 2
F
Variable entered

Minimum D2

Value

Significance

Between Groups

X17 Price Flexibility

3.322

13.958

.000

1 to 5 years and more than 5 years

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 2
Variable

tolerance

F to Remove

D2

X11 Product Line

.807

39.405

.005

Less than 1 year and more than 5 years

X17 Price Flexibility

.807

17.300

.579

Less than 1 year and 1 to 5 years

Between Groups

Variables not in the Analysis After Step 2
Minimum
Variable

tolerance

tolerance

F to enter

Minimum D2

Between Groups

X6 Product Quality

.730

.589

24.444

6.071

Less than 1 year and 1 to 5 years

X7 E-Commerce Activities

.880

.747

.014

3.327

Less than 1 year and 1 to 5 years

X8 Technical Support

.949

.791

1.023

3.655

Less than 1 year and 1 to 5 years

X9 Complaint Resolution

.520

.475

3.932

3.608

Less than 1 year and 1 to 5 years

X10 Advertising

.935

.756

.102

3.348

Less than 1 year and 1 to 5 years

X12 Salesforce Image

.884

.765

.662

3.342

Less than 1 year and 1 to 5 years

X13 Competitive Pricing

.794

.750

.989

3.372

Less than 1 year and 1 to 5 years

X14 Warranty & Claims

.868

.750

2.733

4.225

Less than 1 year and 1 to 5 years

X15 New Products

.963

.782

.504

3.505

Less than 1 year and 1 to 5 years

X16 Order & Billing

.754

.645

2.456

3.323

Less than 1 year and 1 to 5 years

X18 Delivery Speed

.067

.067

3.255

3.598

Less than 1 year and 1 to 5 years

Significance testing of Group Differences After Step 2a
X1 customer type
1 to 5 years

Less than 1 Year
F
Sig.

More than 5 years

F
Sig.

a

1 to 5 Years

21.054
.000
39.360

13.958

.000

.000

2, 56 degrees of freedom.

The final variable added in step 4 is X18 (see Table 7.17), with the discriminant function now including four variables (X11, X17, X6, and X18). The overall model is significant, with the Wilks’ lambda declining to .127. Moreover,
significant differences exist between all of the individual groups.
With these four variables in the discriminant function, no other variable exhibits the statistical significance necessary for inclusion and the stepwise procedure is completed in terms of adding variables. The procedure, however,
also includes a check on the significance of each variable in order to be retained in the discriminant function. In this
case, the “F to Remove” for both X11 and X17 is nonsignificant (.918 and 1.735, respectively), indicating that one or
both are candidates for removal from the discriminant function.
When X18 is added to the model in the fourth step (see the preceding
discussion), X11 had the lowest “F to Remove” value (.918), causing the stepwise procedure to eliminate that variable

StePWiSe eStiMAtion: ReMoVAL oF X17 AnD X11
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table 7.17 Results from Step 4 of Stepwise three-Group Discriminant Analysis
overall Model Fit
Wilks’ Lambda

Value

F Value

Degrees of Freedom

Significance

.127

24.340

8, 108

.000

Variable entered/Removed at Step 4
F
Variable entered

Minimum D2

X18 Delivery Speed

6.920

Value

Significance

13.393

.000

Between Groups
Less than 1 year and 1 to 5 years

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 4
Variable

tolerance

F to Remove

Between Groups

D2

.075

.918

6.830

Less than 1 year and 1 to 5 years

X17 Price Flexibility

.070

1.735

6.916

Less than 1 year and 1 to 5 years

X6 Product Quality

.680

27.701

3.598

1 to 5 years and more than 5 years

X18 Delivery Speed

.063

5.387

6.071

Less than 1 year and 1 to 5 years

Variables not in the Analysis After Step 4
Variable

Minimum

F to

Minimum

tolerance

tolerance

enter

D2

.870

.063

.226

6.931

X7 E-Commerce Activities

Between Groups
Less than 1 year and 1 to 5 years

X8 Technical Support

.940

.063

.793

7.164

Less than 1 year and 1 to 5 years

X9 Complaint Resolution

.453

.058

.292

7.019

Less than 1 year and 1 to 5 years

X10 Advertising

.932

.063

.006

6.921

Less than 1 year and 1 to 5 years

X12 Salesforce Image

.843

.061

.315

7.031

Less than 1 year and 1 to 5 years

X13 Competitive Pricing

.790

.063

.924

7.193

Less than 1 year and 1 to 5 years

X14 Warranty & Claims

.843

.063

2.023

7.696

Less than 1 year and 1 to 5 years

X15 New Products

.927

.062

.227

7.028

Less than 1 year and 1 to 5 years

X16 Order & Billing

.671

.062

1.478

7.210

Less than 1 year and 1 to 5 years

Significance testing of Group Differences After Step 4a
X1 customer type
1 to 5 years

Less than 1 Year
F
Sig.

More than 5 years

F
Sig.

a

1 to 5 Years

13.393
.000
56.164

18.477

.000

.000

4, 54 degrees of freedom.c

from the discriminant function in step 5 (details of this step 5 are omitted for space considerations). With now three
variables in the discriminant function (X11, X6, and X18), the overall model fit is still statistically significant and the
Wilks’ lambda increased only slightly to .135. All of the groups are significantly different. No variables reach the level
of statistical significance necessary to be added to the discriminant function, and one more variable 1 X11 2 has an “F
to Remove” value of 2.552, which indicates that it can also be removed from the function.
Table 7.18 contains the details of step 6 of the stepwise procedure where X11 is also removed from the
discriminant function, with only X6 and X18 as the two variables remaining. Even with the removal of the second
variable 1 X11 2 , the overall model is still significant and the Wilks’ lambda is quite small (.148). We should
note that this two-variable model of X6 and X18 is an improvement over the first two-variable model of X11
and X17 formed in step 2 (Wilks’ lambda is .148 versus the first model’s value of .288 and all of the individual
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table 7.18 Results from Step 6 of Stepwise three-Group Discriminant Analysis
overall Model Fit
Value

F Value

Degrees of Freedom

Significance

.148

44.774

4, 112

.000

Wilks’ Lambda

Variable entered/Removed at Step 6
F
Variable Removed
X11 Product Line

Minimum D2

Value

Significance

6.388

25.642

.000

Between Groups
Less than 1 year and 1 to 5 years

Note: At each step, the variable that maximizes the Mahalanobis distance between the two closest groups is entered.
Variables in the Analysis After Step 6
tolerance

F to Remove

D2

Between Groups

X6 Product Quality

.754

50.494

.007

1 to 5 years and more than 5 years

X18 Delivery Speed

.754

60.646

.121

Less than 1 year and 1 to 5 years

Variable

Variables not in the Analysis After Step 6
Minimum

F to

tolerance

tolerance

enter

Minimum D2

X7 E-Commerce Activities

.954

.728

.177

6.474

Less than 1 year and 1 to 5 years

X8 Technical Support

.999

.753

.269

6.495

Less than 1 year and 1 to 5 years

X9 Complaint Resolution

.453

.349

.376

6.490

Less than 1 year and 1 to 5 years

X10 Advertising

.954

.742

.128

6.402

Less than 1 year and 1 to 5 years

X11 Product Line

.701

.529

2.552

6.916

Less than 1 year and 1 to 5 years

X12 Salesforce Image

.957

.730

.641

6.697

Less than 1 year and 1 to 5 years

X13 Competitive Pricing

.994

.749

1.440

6.408

Less than 1 year and 1 to 5 years

X14 Warranty & Claims

.991

.751

.657

6.694

Less than 1 year and 1 to 5 years

X15 New Products

.984

.744

.151

6.428

Less than 1 year and 1 to 5 years

X16 Order & Billing

.682

.514

2.397

6.750

Less than 1 year and 1 to 5 years

X17 Price Flexibility

.652

.628

3.431

6.830

Less than 1 year and 1 to 5 years

Variable

Between Groups

Significance testing of Group Differences After Step 6a
X1 customer type
1 to 5 years

Less than 1 Year
F
Sig.

More than 5 years

F
Sig.

a

1 to 5 Years

25.642
.000
110.261

30.756

.000

.000

6, 52 degrees of freedom.

group differences are much greater). With no variables reaching the significance level necessary for addition
or removal, the stepwise procedure terminates.
SUMMARY oF tHe StePWiSe eStiMAtion PRoceSS The estimated discriminant functions are linear composites similar to
a regression line (i.e., they are a linear combination of variables). Just as a regression line is an attempt to explain the
maximum amount of variation in its dependent variable, these linear composites attempt to explain the variations
or differences in the dependent categorical variable. The first discriminant function is developed to explain (account
for) the largest amount of variation (difference) in the discriminant groups. The second discriminant function, which
is orthogonal and independent of the first, explains the largest percentage of the remaining (residual) variance after
the variance for the first function is removed.
The information provided in Table 7.19 summarizes the steps of the three-group discriminant analysis, with the
following results:
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table 7.19 Summary Statistics for three-Group Discriminant Analysis
overall Model Fit: canonical Discriminant Functions
Percent of Variance
canonical
Function

correlation

Wilks’ Lambda

chi- Square

df

1

eigenvalue
3.950

Function %
91.5

cumulative %
91.5

.893

.148

107.932

4

Significance
.000

2

.365

8.5

100.0

.517

.733

17.569

1

.000

Discriminant Function and classification Function coefficients
DISCRIMINANT FUNCTION
Unstandardized

Standardized Discriminant

Discriminant Function

Function

Functions

independent

Less than 1

Variables

Function 1

Function 2

Function 1

Function 2

Year

.308

1.159

.969

.622

14.382

2.200

.584

1.021

2.533

210.832

211.313

X6 Product Quality
X18 Delivery Speed
(Constant)

Classification
over 5
1 to 5 Years

Years

15.510

18.753

25.487

31.185

34.401

291.174

2120.351

2159.022

Structure Matrix

independent Variables

Unrotated Discriminant

Rotated Discriminant

Loadingsa

Loadingsb

Function 1

Function 2

Function 1

Function 2

X9 Complaint Resolution*

.572

2.470

.739

.039

X16 Order & Billing

.499

2.263

.546

.143

X11 Product Line*

.483

2.256

.529

.137

X15 New Products*

.125

2.005

.096

.080

X8 Technical Support*

.030

2.017

.033

.008

X6 Product Quality*

.463

.886

2.257

.967

X18 Delivery Speed

.540

2.842

.967

2.257

X17 Price Flexibility*

.106

2.580

.470

2.356

X10 Advertising*

.028

2.213

.165

2.138

X7 E-Commerce Activities*

2.095

2.193

.061

2.207

X12 Salesforce Image*

2.088

2.188

.061

2.198

.030

2.088

.081

.044

2.055

2.059

2.001

2.080

X14 Warranty & Claims*
X13 Competitive Pricing*

Pooled within-groups correlations between discriminating variables and standardized canonical discriminant functions variables ordered
by absolute size of correlation within function.

a

b
Pooled within-groups correlations between discriminating variables and rotated standardized canonical discriminant functions.
*This variable is not used in the analysis.

Group Means (centroids) of Discriminant Functionsc
X1 customer type
Less than 1 year
1 to 5 years
More than 5 years

Function 1

Function 1

21.911

21.274

.597

2.968

1.371

1.625

Unstandardized canonical discriminant functions evaluated at group means.

c
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Variables Included in the Discriminant Functions Variables X6 and X18 are the two variables in the final discriminant
function, although X11 and X17 were added in the first two steps and then removed after X6 and X18 were
added. The unstandardized and standardized discriminant function coefficients (weights) and the structure
matrix of discriminant loadings, unrotated and rotated, are also provided. Rotation of the discriminant
loadings facilitates interpretation in the same way that factors were simplified for interpretation by rotation
(see Chapter 3 for a more detailed discussion of rotation). We examine the unrotated and rotated loadings
more fully in step 5.
Discrimination increased with the addition of each variable (as evidenced by decreases in Wilks’ lambda)
even though only two variables remained in the final model. By comparing the final Wilks’ lambda for the
discriminant analysis (.148) with the Wilks’ lambda (.414) for the best result from a single variable, X9, we see
that a marked improvement is made using just two variables in the discriminant functions rather than a single
variable.
Overall Model Fit The overall goodness-of-fit for the discriminant model is statistically significant and both functions
are statistically significant as well. The first function accounts for 91.5 percent of the variance explained by the two
functions, with the remaining variance (8.5%) due to the second function. The total amount of variance explained by
the first function is .8932, or 79.7 percent. The next function explains .5172, or 26.7 percent, of the remaining variance
(20.3%). Therefore, the total variance explained by both functions is 85.1 percent 3 79.7% 1 1 26.7% 3 .203 2 4 of the
total variation in the dependent variable.

Even though both discriminant functions are statistically significant, the researcher must always
ensure that the discriminant functions provide differences among all of the groups. It is possible to have statistically significant functions, but have at least one pair of groups not be statistically different (i.e., not discriminated
between). This problem becomes especially prevalent as the number of groups increases or a number of small groups
are included in the analysis.
The last section of Table 7.18 provides the significance tests for group differences between each pair of groups (e.g.,
group 1 versus group 2, group 1 versus group 3, etc.). All pairs of groups show statistically significant differences,
denoting that the discriminant functions created separation not only in an overall sense, but for each group as well.
We also examine the group centroids graphically in a later section.
Group Differences

Assessing classification Accuracy Because it is a three-group discriminant analysis model, two discriminant
functions are calculated to discriminate among the three groups. Values for each case are entered into the discriminant model and linear composites (discriminant Z scores) are calculated. The discriminant functions are based only
on the variables included in the discriminant model.
Table 7.19 provides the discriminant weights of both variables (X6 and X18) and the group means of each group
on both functions (lower portion of the table). As we can see by examining the group means, the first function
primarily distinguishes group 1 (Less than 1 year) from the other two groups (although a marked difference
occurs between groups 2 and 3 as well), whereas the second function primarily separates group 3 (More than 5
years) from the other two groups. Therefore, the first function provides the most separation between all three
groups, but is complemented by the second function, which discriminates best (1 and 2 versus 3) where the first
function is weakest.
The final step of assessing overall model fit is to determine the predictive
accuracy level of the discriminant function(s). This determination is accomplished in the same fashion as with the
two-group discriminant model, by examination of the classification matrices and the percentage correctly classified
(hit ratio) in each sample.
The classification of individual cases can be performed either by the cut-off method described in the two-group
case or by using the classification functions (see Table 7.19) where each case is scored on each classification function
and classified to the group with the highest score.

Assessing Group Membership Prediction Accuracy
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table 7.20 classification Results for three-Group Discriminant Analysis
classification Resultsa, b, c
Predicted Group Membership
Less than
Actual Group
Estimation Sample

1 Year

Less than 1 year
1 to 5 years
More than 5 years

Cross-validated

Less than 1 year
1 to 5 years
More than 5 years

Holdout Sample

Less than 1 year

More than 5
1 to 5 Years

Years

total

21

1

0

22

95.5

4.5

0.0

2

7

4

15.4

53.8

30.8

0

1

24

0.0

4.0

96.0

21

1

0

95.5

4.5

0.0

2

7

4

15.4

53.8

0

1

24

0.0

4.0

96.0

5

3

2

30.0

20.0

1 to 5 years

1

9

More than 5 years

0

0

0.0

0.0

40.9

25
22
13

30.8

50.0
4.5

13

12

25
10
22

54.5
8

8

100.0

Values in each cell represent actual observation counts and then percentage of actual group
a

86.7% of selected original grouped cases correctly classified.
55.0% of unselected original grouped cases correctly classified.

b

86.7% of selected cross-validated grouped cases correctly classified.

c

Table 7.20 shows that the two discriminant functions in combination achieve a high degree of classification
accuracy. The hit ratio for the analysis sample is 86.7 percent. However, the hit ratio for the holdout sample falls to
55.0 percent. These results demonstrate the upward bias that is likely when applied only to the analysis sample and
not also to a holdout sample.
Both hit ratios must be compared with the maximum chance and the proportional chance criteria to assess their
true effectiveness. The cross-validation procedure is discussed in step 6.
Maximum Chance Criterion Using the most conservative hit ratio, the maximum chance criterion is simply the hit
ratio obtained if we assign all the observations to the group with the highest probability of occurrence. In the present sample of 100 observations, 32 were in group 1, 35 in group 2, and 33 in group 3. From this information, we
can see that the highest probability would be 35 percent (group 2). The threshold value for the maximum chance
1 35% 3 1.25 2 is 43.74 percent.
Proportional Chance Criterion An alternative hit ratio which considers all group sizes is the proportional chance criterion, calculated by squaring the proportions of each group. In this three group example, the calculated value is 33.36
percent 1 .322 1 .352 1 .332 5 .334 2 and a threshold value of 41.7 percent 1 33.4% 3 1.25 5 41.7% 2 .
Overall and Group-Specific Hit Ratios The overall hit ratios for the analysis and holdout samples (86.7% and 55.0%,
respectively) exceed both threshold values of 43.74 and 41.7 percent. In the estimation sample, all of the individual
groups surpass both threshold values. In the holdout sample, however, group 2 has a hit ratio of only 40.9 percent,
and it increased to only 53.8 percent in the analysis sample. These results show that group 2 should be the focus of
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improving classification, possibly by the addition of independent variables or a review of classification of firms in
this group to identify the characteristics of this group not represented in the discriminant function.
The final measure of classification accuracy is Press’s Q, calculated for both analysis and holdout samples.
It tests the statistical significance that the classification accuracy is better than chance:
Press’s Q

Press’s QEstimation Sample 5

2

3 60 2 1 52 33 2 4
60 1 3 2 1 2

5 76.8

And the calculation for the holdout sample is:
Press’s QHoldout Sample 5

3 40 2 1 22 33 2 4
40 1 3 21 2

2

5 8.45

Because the critical value at a .01 significance level is 6.63, the discriminant analysis can be described as predicting
group membership better than chance.
When completed, we can conclude that the discriminant model is valid and has adequate levels of statistical and practical significance for all groups. The markedly lower values for the holdout sample on all the
standards of comparison, however, support the concerns raised earlier about the overall and group-specific
hit ratios.
casewise Diagnostics In addition to the classification tables showing aggregate results, case-specific information is also available detailing the classification of each observation. This information can detail the specifics of the
classification process or represent the classification through a territorial map.
A series of case-specific measures is available for identifying the misclassified cases as well as diagnosing the extent of each misclassification. Using this information, patterns among the
misclassified may be identified.
Table 7.21 contains additional classification data for each individual case that was misclassified (similar information is also available for all other cases, but was omitted for space considerations). The basic types of classification
information include the following:
cASe-SPeciFic cLASSiFicAtion inFoRMAtion

Group Membership Both the actual and predicted groups are shown to identify each type of misclassification (e.g.,
actual membership in group 1, but predicted in group 2). In this instance, we see the eight cases misclassified in the
analysis sample (verify by adding the off-diagonal values in Table 7.20) and the 18 cases misclassified in the holdout
sample.
Mahalanobis Distance to the Predicted Group Centroid Denotes the proximity of these misclassified cases to the
predicted group. Some observations, such as case 10, obviously are similar to the observations of the predicted
group rather than their actual group. Other observations, such as case 57 (Mahalanobis distance of 6.041), are
likely to be outliers in the predicted group as well as the actual group. The territorial map discussed in the
next section graphically portrays the position of each observation and assists in interpretation of the distance
measures.
Discriminant Scores The discriminant Z score for each case on each discriminant function provides a means of direct
comparison between cases as well as a relative positioning versus the group means.
Classification Probability Derived from use of the discriminant classification functions, the probability of membership
for each group is given. The probability values enable the researcher to assess the extent of misclassification. For
example, two cases, 85 and 89, are the same type of misclassification (actual group 2, predicted group 3), but quite
different in their misclassification when the classification probabilities are viewed. Case 85 represents a marginal
misclassification, because the prediction probability for the actual group 2 was .462 and the incorrect predicted group
3 was only slightly higher (.529). This misclassification is in contrast to case 89, where the actual group probability
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table 7.21 Misclassified Predictions for individual cases in the three-Group Discriminant Analysis
GRoUP MeMBeRSHiP

DiScRiMinAnt ScoReS

cLASSiFicAtion PRoBABiLitY

Mahalanobis
Distance to
Case ID

X1 Actual

Predicted

Centroida

Function 1

Function 2

Group 1

Group 2

Group 3

Analysis/estimation Sample
10

1

2

.175

.81755

21.32387

.04173

.93645

.02182

8

2

1

1.747

2.78395

21.96454

.75064

.24904

.00032

100

2

1

2.820

2.70077

2.11060

.54280

.39170

.06550

1

2

3

2.947

2.07613

.70175

.06527

.28958

.64515

5

2

3

3.217

2.36224

1.16458

.05471

.13646

.80884

37

2

3

3.217

2.36224

1.16458

.05471

.13646

.80884

88

2

3

2.390

.99763

.12476

.00841

.46212

.52947

58

3

2

.727

.30687

2.16637

.07879

.70022

.22099

Holdout/Validation Sample

a

97

1

2

1.180

2.41466

2.57343

.42296

.54291

.03412

25

1

2

1.723

2.18552

22.02118

.40554

.59341

.00104

77

1

2

.813

.08688

2.22477

.13933

.70042

.16025

13

1

3

.576

1.77156

2.26982

.00000

.00184

.99816

96

1

3

3.428

2.26535

.75928

.09917

.27855

.62228

83

2

1

2.940

21.58531

.40887

.89141

.08200

.02659

23

2

3

.972

.61462

.99288

.00399

.10959

.88641

34

2

3

1.717

.86996

.41413

.00712

.31048

.68240

39

2

3

.694

1.59148

.82119

.00028

.08306

.91667

41

2

3

2.220

.30230

.58670

.02733

.30246

.67021

42

2

3

.210

1.08081

1.97869

.00006

.00665

.99330

55

2

3

1.717

.86996

.41413

.00712

.31048

.68240

57

2

3

6.041

3.54521

.47780

.00000

.04641

.95359

62

2

3

4.088

2.32690

.52743

.17066

.38259

.44675

75

2

3

2.947

2.07613

.70175

.06527

.28958

.64515

78

2

3

.210

1.08081

1.97869

.00006

.00665

.99330

85

2

3

2.390

.99763

.12476

.00841

.46212

.52947

89

2

3

.689

.54850

1.51411

.00119

.03255

.96625

Mahalanobis distance to predicted group centroid.

was .032 and the predicted probability for group 3 (the misclassified group) was .966. In both situations of a misclassification, the extent or magnitude varies widely.
The researcher should evaluate the extent of misclassification for each case. Cases that are obvious misclassifications should be selected for additional analysis (profiling, examining additional variables, etc.) discussed in the
two-group analysis.
The analysis of misclassified cases can be supplemented by the graphical examination of the individual observations by plotting them based on their discriminant Z scores.
Figure 7.9 plots each observation based on its two rotated discriminant Z scores with an overlay of the territorial
map representing the boundaries of the cutting scores for each function. In viewing each group’s dispersion around
the group centroid, we can observe several findings:
teRRitoRiAL MAP

●

Group 3 (More than 5 years) is most concentrated, with little overlap with the other two groups as shown in the
classification matrix where only one observation was misclassified (see Table 7.20).
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Figure 7.9
territorial Map and Plot of individual cases on Discriminant Functions
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Symbols used in terrritorial map
Group
Label
Symbol
1
2
3

1
2
3

Less than 1 year
1 to 5 years
Over 5 years

4

Function 1
a. Territorial Map
4
3

More than 5 years

2

Function 2

1
0

X1 - Customer type
1 to 5 years

–1

Less than 1 year

Group centroids

–2

More than 5 years

–3

1 to 5 years
Less than 1 year

–4
–6

–4

–2

0

2

4

Function 1
b. Observation Values on Canonical Discriminant Functions

●

●

Group 1 (Less than 1 year) is the least compact, but the range of cases does not overlap to any great degree with
the other groups, thus making predictions much better than might be expected for such a diverse group. The
only misclassified cases that are substantially different are case 10, which is close to the centroid for group 2,
and case 13, which is close to the centroid of group 3. Both of these cases merit further investigation as to their
similarities to the other groups.
Both of these groups are in contrast to group 2 (1 to 5 years), which can be seen to have substantial overlap
with group 3 and to a lesser extent with group 1 (Less than 1 year). This overlap results in the lowest levels of
classification accuracy in both the analysis and holdout samples.
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The overlap that occurs between groups 2 and 3 in the center and right of the graph suggests the possible existence of a fourth group. Analysis could be undertaken to determine the actual length of time of customers,
perhaps with the customers over 1 year divided into three groups instead of two.

The graphical portrayal is useful not only for identifying these misclassified cases that may form a new group, but
also in identifying outliers. The preceding discussion identifies possible options for identifying outliers (case 57) as
well as the possibility of group redefinition between groups 2 and 3.

StAGe 5: inteRPRetAtion oF tHRee-GRoUP DiScRiMinAnt AnALYSiS ReSULtS
The next stage of the discriminant analysis involves a series of steps in the interpretation of the discriminant
functions.
●

●

Calculate the loadings for each function and review the rotation of the functions for purposes of simplifying
interpretation.
Examine the contributions of the predictor variables: (a) to each function separately (i.e., discriminant loadings), (b) cumulatively across multiple discriminant functions with the potency index, and (c) graphically in a
two-dimensional solution to understand the relative position of each group and the interpretation of the relevant variables in determining this position.

Once the discriminant functions are calculated, they are correlated
with all the independent variables, even those not used in the discriminant function, to develop a structure (loadings)
matrix. This procedure enables us to see where the discrimination would occur if all the independent variables were
included in the model (i.e., if none were excluded by multicollinearity or lack of statistical significance).

Discriminant Loadings and Their Rotation

DiScRiMinAnt LoADinGS The unrotated loadings represent the association of each independent variable with each function, even if not included in the discriminant function. Discriminant loadings, similar to factor loadings described
in Chapter 3, are the correlations between each independent variable and the discriminant score.
Table 7.19 contains the structure matrix of unrotated discriminant loadings for both discriminant functions.
Selecting variables with loadings of .40 or above as descriptive of the functions, we see that function 1 has five
variables exceeding .40 (X9, X18, X16, X11, and X6), and four variables are descriptive of function 2 (X6, X18, X17,
and X9). Even though we could use these variables to describe each function, we are faced with the issue that three
variables (X9, X6, and X18) have double loadings (variables selected as descriptive of both functions). If we were
to proceed with the unrotated loadings, each function would share more variables with the other than it would
have as unique.
The lack of distinctiveness of the loadings with each variable descriptive of a single function can be addressed by
rotation of the structure matrix, just as was done with factor loadings. For a more detailed description of the rotation
process, see Chapter 3.
RotAtion.

After the discriminant function loadings are calculated, they can be rotated to redistribute the variance
(similar to rotation of factors more fully explained in Chapter 3). Basically, rotation preserves the original structure
and reliability of the discriminant models while making them easier to interpret substantively.
The rotation of discriminant functions, however, is an option in many software programs. In IBM SPSS, for
example, the rotated discriminant function coefficients can be obtained only through the use of command syntax
rather than the “pull down” menus. Examples of using command syntax in IBM SPSS and the specific syntax used
for discriminant analysis are provided online.
In the present application we chose the most widely used procedure of VARIMAX rotation. The rotation
affects the function coefficients and discriminant loadings, as well as the calculation of the discriminant
Z scores and the group centroids (see Table 7.19). Examining the rotated versus unrotated coefficients or
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loadings reveals a somewhat more simplified set of results (i.e., loadings tend to separate into high versus
low values instead of being midrange). The rotated loadings allow for much more distinct interpretations of
each function:
●

●

Function 1 is now described by three variables (X18, X9, and X16) that comprised the Postsale Customer Service
factor during exploratory factor analysis (see Chapter 3 for more details), plus X11 and X17. Thus, customer
service, plus product line and price flexibility, are the descriptors of function 1.
Function 2 shows only one variable, X6 (Product Quality), that has a loading above .40 for the second function. Although X17 has a value just under the threshold 1 2.356 2 , this variable has a higher loading on the first
function, which makes it a descriptor of that function. Thus, the second function can be described by the single
variable of Product Quality.

With two or more estimated functions, rotation can be a powerful tool that should always be considered to increase
the interpretability of the results. In our example, each of the variables entered into the stepwise process was descriptive of one of the discriminant functions. What we must do now is assess the impact of each variable in terms of the
overall discriminant analysis (i.e., across both functions).
Having described the discriminant functions in terms of the
independent variables—both those used in the discriminant functions and those not included in the functions—we
turn our attention to gaining a better understanding of the impact of the functions themselves and then the individual variables.

Assessing the Contribution of Predictor Variables

iMPAct oF tHe inDiViDUAL FUnctionS.

The first task is to examine the discriminant functions in terms of how they

differentiate between the groups.
We start by examining the group centroids on the two functions as shown in Table 7.19. An easier approach is
through viewing the territorial map (Figure 7.9):
●

●

Examining the group centroids and the distribution of cases in each group, we see that function 1 primarily
differentiates between group 1 versus groups 2 and 3, whereas function 2 distinguishes between group 3 versus
groups 1 and 2.
The overlap and misclassification of the cases of groups 2 and 3 can be addressed by examining the strength of
the discriminant functions and the groups differentiated by each. Looking back to Table 7.19, function 1 was by
far the most potent discriminator, and it primarily separated group 1 from the other groups. Function 2, which
separated group 3 from the others, was much weaker in terms of discriminating power. It is not surprising
that the greatest overlap and misclassification would occur between groups 2 and 3, which are differentiated
primarily by function 2.

This graphical approach illustrates the differences in the groups due to the discriminant functions but it does not
provide a basis for explaining these differences in terms of the independent variables.
To assess the contributions of the individual variables, the researcher has a number of measures to employ—
discriminant loadings, univariate F ratios, and the potency index. The techniques involved in the use of discriminant
loadings and the univariate F ratios were discussed in the two-group example. We will examine in more detail the
potency index, a method of assessing a variable’s contribution across multiple discriminant functions.
PotencY inDex The potency index is an additional interpretational technique quite useful in situations with more
than one discriminant function. Even though it must be calculated “by hand,” it is very useful in portraying each
individual variable’s contribution across all discriminant functions.
The potency index reflects both the loadings of each variable and the relative discriminatory power of each function. The rotated loadings represent the correlation between the independent variable and the discriminant Z score.
Thus, the squared loading is the variance in the independent variable associated with the discriminant function.
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By weighting the explained variance of each function by the relative discriminatory power of the functions and
summing across functions, the potency index represents the total discriminating effect of each variable across all
discriminant functions.
Table 7.22 provides the details on calculating a potency index for each of the independent variables. Comparing
the variables on their potency index reveals the following:
●

●
●

X18 (Delivery Speed) is the independent variable providing the greatest discrimination between the three types
of customer groups.
It is followed in impact by four variables not included in the discriminant function (X9, X16, X11, and X17).
The second variable in the discriminant function 1 X6 2 has only the sixth highest potency value.

Why does X6 have only the sixth highest potency value, even though it was one of the two variables included in the
discriminant function?
●

●

●

First, remember that multicollinearity affects stepwise solutions due to redundancy among highly multicollinear variables. X9 and X16 were the two variables highly associated with X18 (forming the Customer Service
factor), thus their impact in a univariate sense, reflected in the potency index, was not needed in the discriminant function due to the presence of X18.
The other two variables, X11 and X17, did enter through the stepwise procedure, but were removed once X6
was added, again due to multicollinearity. Thus, their greater discriminating power is reflected in their potency
values even though they too were not needed in the discriminant function once X6 was added with X18 in the
discriminant function.
Finally, X6, the second variable in the discriminant function, has a low potency value because it is associated
with the second discriminant function, which has relatively little discriminating impact when compared to the
first function. Thus, although X6 is a necessary element in discriminating among the three groups, its overall
impact is less than those variables associated with the first function.

Remember that potency values can be calculated for all independent variables, even if not in the discriminant
function(s), because they are based on discriminant loadings. The intent of the potency index is to provide for the
interpretation in just such instances where multicollinearity or other factors may have prevented a variable(s) from
being included in the discriminant function.
As seen in the prior discussions, the discriminatory power of
variables in discriminant analysis is reflected in many different measures, each providing a unique role in the interpretation of the discriminant results. By combining all of these measures in our evaluation of the variables, we can
achieve a well-rounded perspective on how each variable fits into the discriminant results.
Table 7.23 presents the three preferred interpretive measures (rotated loadings, univariate F ratio, and potency
index) for each of the independent variables. The results support the stepwise analysis, although several cases illustrate the impact of multicollinearity on the procedures and the results.
An oVeRVieW oF tHe eMPiRicAL MeASUReS oF iMPAct

●

●

Two variables (X9 and X18) have the greatest individual impact as evidenced by their univariate F values.
However, because both are also highly associated (as evidenced by their inclusion on the Customer Service
factor in Chapter 3), only one will be included in a stepwise solution. Even though X9 has a marginally higher
univariate F value, the ability of X18 to provide better discrimination between all of the groups (as evidenced by
its larger minimum Mahalanobis D2 value described earlier) made it a better candidate for inclusion. Thus, X9,
on an individual basis, has a comparable discriminating power, but X18 will be seen to work better in combination with other variables.
Three additional variables (X6, X11, and X16) are next highest in impact, but only one, X6, is retained in the
discriminant function. Note that X16 is highly correlated with X18 (both part of the Customer Service factor)
and not included in the discriminant function, whereas X11 did enter the discriminant function, but was one
of those variables removed after X6 was added.
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.096
.546
.470
.967

X15 New Products

X16 Order & Billing

X17 Price Flexibility

X18 Delivery Speed

.935

.221

.298

.009

.007

.000

.004

.280

.027

.546

.001

.004

.915

.915

.915

.915

.915

.915

.915

.915

.915

.915

.915

.915

.915

eigenvalue

Loading
.066

Relative

Squared

Discriminant Function 1

.855

.202

.273

.008

.006

.000

.004

.256

.025

.500

.001

.056

.060

Value

Potency

2.257

2.356

.143

.080

.044

2.080

2.198

2.138
.137

.039

.008

2.207

.967

Loading

.066

.127

.020

.006

.002

.006

.039

.019

.019

.002

.000

.043

.935

Loading

Squared

.085

.085

.085

.085

.085

.085

.085

.085

.085

.085

.085

.085

.085

eigenvalue

Relative

Discriminant Function 2

.006

.011

.002

.001

.000

.001

.003

.002

.002

.000

.000

.004

.079

Value

Potency

.861

.213

.275

.009

.006

.001

.007

.258

.027

.500

.001

.060

.139

index

Potency

Note: The relative eigenvalue of each discriminant function is calculated as the eigenvalue of each function (shown in Table 7.19 as 3.950 and .365 for discriminant functions I and II

respectively) divided by the total of the eigenvalues 1 3.950 1 .365 5 4.315 2 .

.081

X14 Warranty & Claims

.529

X11 Product Line
.061

.165

X10 Advertising

2.001

.739

X9 Complaint Resolution

X13 Competitive Pricing

.033

X8 Technical Support

X12 Salesforce Image

.061

2.257

X6 Product Quality

X7 E-Commerce Activities

Loading

independent Variables

table 7.22 calculation of the Potency indices for the three-Group Discriminant Analysis
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table 7.23 Summary of interpretive Measures for three-Group Discriminant Analysis
Rotated Discriminant Function Loadings
Function 1

Function 2

Univariate F Ratio

Potency index

2.257

.967

32.311

.139

X7 E-Commerce Activities

.061

2.207

1.221

.060

X8 Technical Support

.033

.008

.782

.001

X9 Complaint Resolution

.739

.039

40.292

.500

X10 Advertising

.165

2.138

1.147

.027

X11 Product Line

.529

.137

32.583

.258

X6 Product Quality

X12 Salesforce Image

.061

2.198

1.708

.007

2.001

2.080

9.432

.001

X14 Warranty & Claims

.081

.044

2.619

.006

X15 New Products

.096

.080

.216

.009

X16 Order & Billing

.546

.143

25.048

.275

X17 Price Flexibility

.470

2.356

12.551

.213

X18 Delivery Speed

.967

2.257

40.176

.861

X13 Competitive Pricing

●

●

Finally, two variables (X17 and X13) had almost equal univariate effects, but only X17 had a substantial association with one of the discriminant functions (a loading of .470 on the first function). The result is that even
though X17 can be considered descriptive of the first function and considered having an impact in discrimination based in these functions, X13 does not have any impact, either in association with these two functions or in
addition once these functions are accounted for.
All of the remaining variables had low univariate F values and low potency values, indicative of little or no
impact in both a univariate and multivariate sense.

Of particular note is the interpretation of the two dimensions of discrimination. This interpretation can be done
solely through examination of the loadings, but is complemented by a graphical display of the discriminant loadings,
as described in the following section.
GRAPHicAL DiSPLAY oF DiScRiMinAnt LoADinGS.

To depict the differences in terms of the predictor variables, the loadings
and the group centroids can be plotted in reduced discriminant space. As noted earlier, the most valid representation
is the use of stretched attribute vectors and group centroids.
Table 7.24 shows the calculations for stretching both the discriminant loadings (used for attribute vectors) and
the group centroids. The plotting process always involves all the variables included in the model by the stepwise
procedure (in our example, X6 and X18). However, we will also plot the variables not included in the discriminant
function if their respective univariate F ratios are significant, which adds X9, X11, and X16 to the reduced discriminant space. This procedure shows the importance of collinear variables that were not included in the final stepwise
model, similar to the potency index.
The plots of the stretched attribute vectors for the rotated discriminant loadings are shown in Figure 7.10, which
is based on the reduced space coordinates for both the five variables used to describe the discriminant functions and
each of the groups (see Table 7.24). The vectors plotted using this procedure point to the groups having the highest
mean on the respective independent variable and away from the groups having the lowest mean scores. Thus, interpretation of the plot in Figure 7.10 indicates the following:
●

●

As noted in the territorial map and analysis of group centroids, the first discriminant function distinguishes between
group 1 versus groups 2 and 3, whereas the second discriminant function separates group 3 from groups 1 and 2.
The correspondence of X11, X16, X9, and X18 with the X axis reflects their association with the first discriminant
function, but we see that only X6 is associated with the second discriminant function. The figure graphically
illustrates the rotated loadings for each function and distinguishes the variables descriptive of each function.
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table 7.24 calculation of the Stretched Attribute Vectors and Group centroids in Reduced Discriminant Space
Rotated Discriminant Function

Reduced Space

Loadings
independent Variables
X6 Product Quality

Function 1

Univariate F Ratio

Function 1

Function 2

2.257

.967

32.311

28.303

31.244

.061

2.207

1.221
29.776

1.571

17.236

4.464

13.676

3.581

38.850

210.325

X7 E-Commerce Activitiesa
X8 Technical Supporta

.033

.008

.782

X9 Complaint Resolution

.739

.039

40.292

X10 Advertisinga

.165

2.138

1.147

X11 Product Line

.529

.137

32.583

X12 Salesforce Imagea

.061

2.198

1.708

X13 Competitive Pricinga

a

Coordinates

Function 2

2.001

2.080

9.432

X14 Warranty & Claimsa

.081

.044

2.619

X15 New Productsa

.096

.080

.216

X16 Order & Billing

.546

.143

25.048

X17 Price Flexibilitya

.470

2.356

12.551

X18 Delivery Speed

.967

2.257

40.176

Variables with nonsignificant univariate rations are not plotted in reduced space.
Group Centroids
Function 1
Group 1: Less than 1 year

Function 1

Function 2

21.274

66.011

56.954

2126.147

272.559

.597

2.968

66.011

56.954

39.408

255.131

1.371

1.625

66.011

56.954

90.501

92.550

100

Function 1

Function 2

Reduced Space Coordinates

21.911

Group 2: 1 to 5 years
Group 3: More than 5 years

Approximate F Value

Function 2

Figure 7.10
Plot of Stretched Attribute
(Variables) in Reduced Discriminant
Space

Group 3

50
X6
X7
–150

–100

–50

X16X11
X9

0

–50

X18

50

100

Function 1
150

Group 2

Group 1

–100
Function 2

StAGe 6: VALiDAtion oF tHe DiScRiMinAnt ReSULtS
The hit ratios for the cross-classification and holdout matrices can be used to assess the internal and external
validity, respectively, of the discriminant analysis. If the hit ratios exceed the threshold values on the comparison
standards, then validity is established. As described earlier, the threshold values are 41.7 percent for the proportional
chance criterion and 43.7 percent for the maximum chance criterion. The classification results shown in Table 7.20
provide the following support for validity:
Internal validity is assessed by the cross-classification approach, where the discriminant model is estimated by
leaving out one case and then predicting that case with the estimated model. This process is done in turn for each
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observation, such that an observation never influences the discriminant model that predicts its group classification.
As seen in Table 7.20, the overall hit ratio for the cross-classification approach of 86.7 substantially exceeds both
standards, both overall and for each group. However, even though all three groups also have individual hit ratios
above the standards, the group 2 hit ratio (53.8) is substantially less than that over the other two groups.
External validity is addressed through the holdout sample, which is a completely separate sample that uses the
discriminant functions estimated with the analysis sample for group prediction.
In our example, the holdout sample has an overall hit ratio of 55.0 percent, which exceeds both threshold values,
although not to the extent found in the cross-classification approach. Group 2, however, did not exceed either
threshold value. When the misclassifications are analyzed, we see that more cases are misclassified into group 3 than
correctly classified into group 2, which suggests that these misclassified cases be examined for the possibility of a
redefinition of groups 2 and 3 to create a new group.
The researcher is also encouraged to extend the validation process through profiling the groups on additional
sets of variables or applying the discriminant function to another sample(s) representative of the overall population
or segments within the population. Moreover, analysis of the misclassified cases will help establish whether any
additional variables are needed or whether the dependent group classifications need revision.
A MAnAGeRiAL oVeRVieW
The discriminant analysis aimed at understanding the perceptual differences of customers based on their length
of time as an HBAT customer. Hopefully, examining differences in HBAT perceptions based on tenure as a
customer will identify perceptions that are critical to the development of a customer relationship, which is typified by those customers of long standing. Three customer groups were formed—less than 1 year, 1 to 5 years,
and more than 5 years—and HBAT perceptions were measured on 13 variables. The analysis produced several
major findings, both in terms of the types of variables that distinguished between the groups and the patterns
of changes over time:
●

●

First, there are two dimensions of discrimination between the three customer groups. The first dimension is
typified by higher perceptions of customer service (Complaint Resolution, Delivery Speed, and Order & Billing), along with Product Line and Price Flexibility. In contrast, the second dimension is characterized solely in
terms of Product Quality.
Profiling the three groups on these two dimensions and variables associated with each dimension enables
management to understand the perceptual differences among them.
● Group 1, customers of less than 1 year, generally has the lowest perceptions of HBAT. For the three
customer service variables (Complaint Resolution, Order & Billing, and Delivery Speed) these customers
are lower than either other group. For Product Quality, Product Line, and Competitive Pricing, this group
is comparable to group 2 (customers of 1 to 5 years), but still has lower perceptions than customers of
more than 5 years. Only for Price Flexibility is this group comparable to the oldest customers, and both
have lower values than the customers of 1 to 5 years. Overall, the perceptions of these newest customers
follow the expected pattern of being lower than other customers, but hopefully improving as they remain
customers over time.
● Group 2, customers of between 1 and 5 years, has similarities to both the newest and oldest customers. On
the three customer service variables, they are comparable to group 3 (customers of more than 5 years). For
Product Quality, Product Line, and Competitive Pricing, their perceptions are more comparable to the
newer customers (and lower than the oldest customers). They hold the highest perceptions of the three
groups on Price Flexibility.
● Group 3, representing those customer of 5 years or more, holds the most favorable perceptions of HBAT as
would be expected. Although they are comparable to the customers of group 2 on the three customer service
variables (with both groups greater than group 1), they are significantly higher than customers in the other
two groups in terms of Product Quality, Product Line, and Competitive Pricing. Thus, this group represents
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those customers that have the positive perceptions and have progressed in establishing a customer relationship through the strength of their perceptions.
Using the three customer groups as indicators in the development of customer relationships, we can identify
two stages in which HBAT perceptions change in this development process:
● Stage 1. The first set of perceptions to change is that related to customer service (seen in the differences
between groups 1 and 2). This stage reflects the ability of HBAT to positively affect perceptions with
service-related operations.
● Stage 2. A longer-run development is needed to foster improvements in more core elements (Product Quality, Product Line, and Competitive Pricing). When these changes occur, the customer hopefully becomes
more committed to the relationship, as evidenced by a long tenure with HBAT.
It should be noted that evidence exists that numerous customers make the transition through stage 2 more
quickly than the 5 years as shown by the substantial number of customers who have been customers between 1
and 5 years, yet hold the same perceptions as those long-time customers. Thus, HBAT can expect that certain
customers can move through this process possible quite quickly, and further analysis on these customers may
identify characteristics that facilitate the development of customer relationships.

Thus, management is presented with managerial input for strategic and tactical planning from not only the direct
results of the discriminant analysis, but also from the classification errors.

Summary
The underlying nature, concepts, and approach to multiple discriminant analysis have been presented. Basic guidelines for its application and interpretation were included to clarify further the methodological concepts. This chapter
helps you to do the following:
State the circumstances under which linear discriminant analysis should be used instead of multiple regression. In choosing an appropriate analytical technique, we sometimes encounter a problem that involves a categorical
dependent variable and several metric independent variables. Recall that the single dependent variable in regression
was measured metrically. Multiple discriminant analysis is one of the appropriate statistical techniques when the
research problem involves a single categorical dependent variable and several metric independent variables. In many
cases, the dependent variable consists of two groups or classifications, for example, male versus female, high versus
low, or good versus bad. In other instances, more than two groups are involved, such as low, medium, and high classifications. Discriminant analysis is capable of handling either two groups or multiple (three or more) groups. The
results of a discriminant analysis can assist in profiling the intergroup characteristics of the subjects and in assigning
them to their appropriate groups.
Identify the major issues relating to types of variables used and sample size required in the application
of discriminant analysis. To apply discriminant analysis, the researcher first must specify which variables are
to be independent measures and which variable is to be the dependent measure. The researcher should focus
on the dependent variable first. The number of dependent variable groups (categories) can be two or more,
but these groups must be mutually exclusive and exhaustive. After a decision has been made on the dependent
variable, the researcher must decide which independent variables to include in the analysis. Independent variables are selected in two ways: (1) by identifying variables either from previous research or from the theoretical
model underlying the research question, and (2) by utilizing the researcher’s knowledge and intuition to select
variables for which no previous research or theory exists but that logically might be related to predicting the
dependent variable groups.
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Discriminant analysis, like the other multivariate techniques, is affected by the size of the sample being analyzed.
A ratio of 20 observations for each predictor variable is recommended. Because the results become unstable as the
sample size decreases relative to the number of independent variables, the minimum size recommended is five
observations per independent variable. The sample size of each group also must be considered. At a minimum, the
smallest group size of a category must exceed the number of independent variables. As a practical guideline, each
category should have at least 20 observations. Even if all categories exceed 20 observations, however, the researcher
also must consider the relative sizes of the groups. Wide variations in the sizes of the groups will affect the estimation
of the discriminant function and the classification of observations.
Understand the assumptions underlying discriminant analysis in assessing its appropriateness for a particular problem. The assumptions for discriminant analysis relate to both the statistical processes involved in the
estimation and classification procedures and issues affecting the interpretation of the results. The key assumptions
for deriving the discriminant function are multivariate normality of the independent variables and unknown (but
equal) dispersion and covariance structures (matrices) for the groups as defined by the dependent variable. If the
assumptions are violated, the researcher should understand the impact on the results that can be expected and
consider alternative methods for analysis (e.g., logistic regression).
Describe the two computation approaches for discriminant analysis and the method for assessing overall
model fit. The two approaches for discriminant analysis are the simultaneous (direct) method and the stepwise
method. Simultaneous estimation involves computing the discriminant function by considering all of the independent variables at the same time. Thus, the discriminant function is computed based upon the entire set of independent
variables, regardless of the discriminating power of each independent variable. Stepwise estimation is an alternative
to the simultaneous approach. It involves entering the independent variables into the discriminant function one
at a time on the basis of their discriminating power. The stepwise approach follows a sequential process of adding
or deleting variables to the discriminant function. After the discriminant function(s) is estimated, the researcher
must evaluate the significance or fit of the discriminant function(s). When a simultaneous approach is used, Wilks’
lambda, Hotelling’s trace, and Pillai’s criterion all evaluate the statistical significance of the discriminatory power of
the discriminant function(s). If a stepwise method is used to estimate the discriminant function, the Mahalanobis
D2 and Rao’s V measures are most appropriate to assess fit.
Explain what a classification matrix is and how to develop one, and describe the ways to evaluate the
predictive accuracy of the discriminant function. The statistical tests for assessing the significance of the
discriminant function(s) only assess the degree of difference between the groups based on the discriminant Z
scores, but do not indicate how well the function(s) predicts. To determine the predictive ability of a discriminant
function, the researcher must construct classification matrices. The classification matrix procedure provides a
perspective on practical significance rather than statistical significance. Before a classification matrix can be
constructed, however, the researcher must determine the cutting score for each discriminant function. The cutting
score represents the dividing point used to classify observations into each of the groups based on discriminant
function score. The calculation of a cutting score between any two groups is based on the two group centroids
(group mean of the discriminant scores) and the relative size of the two groups. The results of the classification
procedure are presented in matrix form. The entries on the diagonal of the matrix represent the number of individuals correctly classified. The numbers off the diagonal represent the incorrect classifications. The percentage
correctly classified, also termed the hit ratio, reveals how well the discriminant function predicts the objects. If the
costs of misclassifying are approximately equal for all groups, the optimal cutting score will be the one that will
misclassify the fewest number of objects across all groups. If the misclassification costs are unequal, the optimum
cutting score will be the one that minimizes the costs of misclassification. To evaluate the hit ratio, we must look
at chance classification. When the group sizes are equal, determination of chance classification is based on the
number of groups. When the group sizes are unequal, calculating chance classification can be done two ways:
maximum chance and proportional chance.
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Tell how to identify independent variables with discriminatory power. If the discriminant function is statistically significant and the classification accuracy (hit ratio) is acceptable, the researcher should focus on making
substantive interpretations of the findings. This process involves determining the relative importance of each independent variable in discriminating between the groups. Three methods of determining the relative importance
have been proposed: (1) standardized discriminant weights, (2) discriminant loadings (structure correlations),
and (3) partial F values. The traditional approach to interpreting discriminant functions examines the sign and
magnitude of the standardized discriminant weight assigned to each variable in computing the discriminant
functions. Independent variables with relatively larger weights contribute more to the discriminating power of the
function than do variables with smaller weights. The sign denotes whether the variable makes either a positive or
a negative contribution. Discriminant loadings are increasingly used as a basis for interpretation because of the
deficiencies in utilizing weights. Measuring the simple linear correlation between each independent variable and
the discriminant function, the discriminant loadings reflect the variance that the independent variables share with
the discriminant function. They can be interpreted like factor loadings in assessing the relative contribution of
each independent variable to the discriminant function. When a stepwise estimation method is used, an additional
means of interpreting the relative discriminating power of the independent variables is through the use of partial
F values, which is accomplished by examining the absolute sizes of the significant F values and ranking them.
Large F values indicate greater discriminatory power.
Justify the use of a split-sample approach for validation. The final stage of a discriminant analysis involves
validating the discriminant results to provide assurances that the results have external as well as internal validity. In addition to validating the hit ratios, the researcher should use group profiling to ensure that the group
means are valid indicators of the conceptual model used in selecting the independent variables. Validation
can occur either with a separate sample (holdout sample) or utilizing a procedure that repeatedly processes
the estimation sample. Validation of the hit ratios is performed most often by creating a holdout sample, also
referred to as the validation sample. The purpose of utilizing a holdout sample for validation purposes is to
see how well the discriminant function works on a sample of observations not used to derive the discriminant
function. This assessment involves developing a discriminant function with the analysis sample and then
applying it to the holdout sample.
Multiple discriminant analysis helps us to understand and explain research problems that involve a single categorical dependent variable and several metric independent variables. This technique can be used to profile the intergroup
characteristics of the subjects and assign them to their appropriate groups. Potential applications to both business
and non-business problems are numerous.

Questions
1 How would you differentiate among multiple
discriminant analysis, regression analysis, logistic
regression analysis, and analysis of variance?

5 How would you determine whether the classification
accuracy of the discriminant function is sufficiently
high relative to chance classification?

2 What criteria could you use in deciding whether to stop
a discriminant analysis after estimating the discriminant function(s)? After the interpretation stage?

6 How does a two-group discriminant analysis differ
from a three-group analysis?

3 What procedure would you follow in dividing your
sample into analysis and holdout groups? How would
you change this procedure if your sample consisted of
fewer than 100 individuals or objects?

7 Why should a researcher stretch the loadings and
centroid data in plotting a discriminant analysis
solution?
8 How does discriminant analysis handle the relationship of the dependent and independent variables?

4 How would you determine the optimum cutting
score?
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Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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Logistic Regression: Regression
with a Binary Dependent Variable

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

●

●

●

●

State the circumstances under which logistic regression should be used instead of multiple regression or
discriminant analysis.
Identify the types of variables used for dependent and independent variables in the application of logistic
regression.
Describe the method used to transform binary measures into the likelihood and probability measures used in
logistic regression.
Interpret the results of a logistic regression analysis and assessing predictive accuracy, with comparisons to
both multiple regression and discriminant analysis.
Understand the strengths and weaknesses of logistic regression compared to discriminant analysis and multiple
regression.

chapter Preview
Logistic regression is a specialized form of regression that is formulated to predict and explain a binary (two-group)
categorical variable rather than a metric-dependent measure. The form of the logistic regression variate is similar
to the variate in multiple regression. The variate represents a single multivariate relationship, with regression-like
coefficients indicating the relative impact of each predictor variable. Moreover, casewise diagnostics (e.g., measures
of influential observations) are also available. And since the dependent variable is categorical, we will also employ
new measures of predictive accuracy.
The differences between logistic regression and discriminant analysis, another method for examining a categorical
dependent variable, will also become apparent in our discussion of logistic regression’s unique characteristics. Logistic
regression has the advantage of being less affected than discriminant analysis when basic assumptions underlying
statistical inference, particularly the normality of the variables and the inherent heteroscedasticity introduced by
binary dependent measures, are not met. Logistic regression also can accommodate nonmetric independent variables
through dummy-variable coding, just as regression can. Logistic regression is limited, however, to prediction of only
a two-group dependent measure. While it can be extended to a multi-category dependent measure, situations for
which three or more groups form the dependent measure, discriminant analysis is better suited in many instances
in these multi-group situations.
While there are differences that many times favor logistic regression over discriminant analysis, many similarities
also exist between the two methods. When the basic assumptions of both methods are met, they each give comparable
548
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predictive and classificatory results and employ similar diagnostic measures. The reader is encouraged to examine
Chapter 7, where we discuss in much more detail discriminant analysis as an alternative approach to situations with
a nonmetric dependent variable, particularly a multi-category independent variable.
In Chapter 1, logistic regression was described as estimating the relationship between a single nonmetric (binary)
dependent variable and a set of metric or nonmetric independent variables, in this general form:
Y1 5 X1 1 X2 1 X3 1 c1 Xn
(binary nonmetric)

(nonmetric and metric)

As we will discuss later, the primary difference between logistic regression and regression is the transformation
of the dependent measure in logistic regression. To provide a metric value for the dependent variable rather than
just values of 1 or 0, the dependent variable is expressed as a probability based upon values of the independent variables. For example, assume you are attempting to identify the factors that are related to whether a current customer
purchases a new product in the firm’s product line or not. We know that overall 30 percent of the customers purchased
the new product. But which customer characteristics impacted this purchase rate, if any? To examine gender, for
example, we could now calculate the purchase rate for males (assume a 15 percent purchase rate is found) and then
females (they have a purchase rate of 40%). We can see by comparing these probabilities that gender does seem to
make some difference (i.e., females have a higher rate than males). We can do this for an entire set of characteristics
and then, through the logistic regression model, assign weights to reflect the unique impact of each characteristic’s
impact on the purchase rate. These weights are comparable to the weights of multiple regression, but come in several
forms that reflect various ways of expressing the effect.
Logistic regression has gained widespread application in situations involving a binary outcome (e.g., Yes/No).
The prevalence of this outcome, coupled with the ease of use and robust estimation properties, have made logistic
regression one of the most widely used techniques in the social sciences today. It has a long history in the fields of
health care and social sciences, particularly as an extension of multiway frequency analysis [4, 5]. Indeed, use of the
method has now been extended to almost every discipline, and it has been particularly impactful is business-related
research [19, 1, 28].
But its use is not limited to just an explanatory objective, as it also provides a robust classification capability. As
a result, the analyst not only can identify and understand the factors that drive a particular outcome (e.g., a loan
default or not), but can also use logistic regression to predict the expected outcome for new loans and whether they
should be approved or not. It is its use as a classifier that has made it such an instrumental and popular tool in datadriven decision making today. This capability also underlies much of the automated decisions in our digital domain
today, such as real-time fraud protection on credit card purchases [8, 29, 26]. Thus, the simple binary outcome can
be analyzed and then formalized for classification purposes across almost any situation.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology to be used.
Throughout the chapter the key terms appear in boldface . Other points of emphasis in the chapter and key term crossreferences are italicized.
Accuracy Percentage of objects (individuals, respondents, firms, etc.) correctly classified by the logistic regression model. It is
calculated as the number of objects in the diagonal of the classification matrix divided by the total number of objects. Also
known as the percentage correctly classified or the hit ratio.
Analysis sample Group of cases used in estimating the logistic regression model. When constructing classification matrices, the
original sample is divided randomly into two groups, one for model estimation (the analysis sample) and the other for validation (the holdout sample).
AUc (area under the curve) The area under the ROC curve which indicates the amount of discrimination for the estimated
model. Higher values indicate better model discrimination and model fit, values of .5 indicate no discrimination and model
fit no better than chance.
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categorical variable See nonmetric variable.
c/cBAR An influence measure indicative of an observation’s impact on overall model fit, similar to Cook’s distance measure in

multiple regression.
chi-square difference An influence measure that represents the amount the model chi-square value will decrease when the

observation is omitted from the analysis.
classification matrix Means of assessing the predictive ability of the logistic regression model. Created by cross-tabulating actual

group membership with predicted group membership, this matrix consists of numbers on the diagonal representing correct
classifications (True Positives and True Negatives) and off-diagonal numbers representing incorrect classifications (False Positives and False Negatives).
complete separation A situation when an independent variable provides perfect prediction of the dependent measure. This
creates a situation in which the model cannot be estimated and the variable must be eliminated from the analysis.
cross-validation Procedure of dividing the sample into two parts: the analysis sample used in estimation of the logistic regression
model and the holdout sample used to validate the results. Cross-validation avoids the overfitting of the logistic regression by
allowing its validation on a totally separate sample.
Deviance difference An influence measure for an observation indicating the decrease in the model log likelihood value when
that observation is omitted from the analysis.
Deviance residual A residual of an observation indicating its contribution to the 22 log likelihood value of the estimated model.
Dfbeta An influence measure indicating the change in each estimated parameter if that observation is omitted from the analysis.
exponentiated logistic coefficient Antilog of the logistic coefficient, which is used for interpretation purposes in logistic regression. The exponentiated coefficient minus 1.0 equals the percentage change in the odds. For example, an exponentiated coefficient of .20 represents a negative 80 percent change in the odds 1 .20 2 1.0 5 2.80 2 for each unit change in the independent
variable (the same as if the odds were multiplied by .20). Thus, a value of 1.0 equates to no change in the odds and values above
1.0 represent increases in the predicted odds.
False negative One of the four cells in the classification matrix that denotes the number of observations that were positive, but
incorrectly predicted to be negative.
False positive One of the four cells of the classification matrix that denotes the number of observations that were negative, but
incorrectly predicted to be positive.
Hit ratio See accuracy.
Holdout sample Group of objects not used to compute the logistic regression model. This group is then used to validate the
logistic regression model with a separate sample of respondents. Also called the validation sample.
Hosmer and Lemeshow test A chi-square based test of overall model predictive accuracy where actual and predicted outcomes
are compared and a statistical significance test performed. Nonsignificance indicates close correspondence between actual
and predicted, thus indicating a good predictive model.
influence measure A measure of the impact of an individual observation either on the overall model fit or on any of the estimated model coefficients.
information value An overall measure of each independent variable’s ability to distinguish between the outcome categories based
on weight of evidence for categories of the independent variable. It provides a method separate from the actual model estimates
to assess the role of each independent variable to assist in both variable selection and relative comparison of independent
variables in terms of their predictive impact.
Leverage An influence measure that depicts how “typical” an observation is based on the entire set of independent variables.
High leverage observations are those that are most different from the centroid of the sample on the independent variables.
Likelihood value Measure used in logistic regression to represent the lack of predictive fit. Even though this method does not use
the least squares procedure in model estimation, as is done in multiple regression, the likelihood value is similar to the sum
of squared error in regression analysis.
Logistic curve An S-shaped curve formed by the logit transformation that represents the probability of an event. The S-shaped
form is nonlinear, because the probability of an event must approach 0 and 1, but never fall outside these limits. Thus, although
the midrange involves a linear component, the probabilities as they approach the lower and upper bounds of probability (0
and 1) must flatten out and become asymptotic to these bounds.
Logistic regression A special form of regression in which the dependent variable is a nonmetric, dichotomous (binary) variable.
Although some differences exist, the general manner of interpretation is somewhat similar to linear regression.
Logit analysis See logistic regression.
Logit transformation Transformation of the values of the discrete binary dependent variable of logistic regression into an S-shaped
curve (logistic curve) representing the probability of an event. This probability is then used to form the odds ratio, which acts
as the dependent variable in logistic regression.
Maximum chance criterion Measure of predictive accuracy in the classification matrix that is calculated as the percentage of respondents in the largest group. The rationale is that the best uninformed choice is to classify every observation into the largest group.
Maximum likelihood procedure A method for estimating the parameters of a statistical model based on parameter values that
maximize the likelihood function.
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Misclassification cost A method of portraying the differing costs of making an incorrect prediction (i.e., cost of a false positive

or a false negative). Can be integrated into the classification matrix to reflect these differential impacts across all outcomes.
negative predictive value (nPV) Represents the probability of making a correct negative prediction—the percentage of negative

predictions that are actually true negative.
nonmetric variable Variable with values that serve merely as a label or means of identification, also referred to as a categorical,

nominal, binary, qualitative, or taxonomic variable. The number on a football jersey is an example. A more complete discussion
of its characteristics and its differences from a metric variable is found in Chapter 1.
odds The ratio of the probability of an event occurring to the probability of the event not happening, which is used as a measure
of the dependent variable in logistic regression.
original logistic coefficient Estimated parameter from the logistic model that reflects the change in the logged odds value (logit)
for a one unit change in the independent variable. It is similar to a regression weight or discriminant coefficient.
Pearson residual A residual for an observation that is the standardized difference between the actual outcome value (1 or 0)
and the predicted probability.
Percentage correctly classified See accuracy.
Positive predictive value (PPV) Represents the probability of making a correct positive prediction—the percentage of positive
predictions that are actually true positive.
Probit Alternative to the logistic function as the statistical model used in the estimation procedure. Generally provides results
quite comparable to the logit transformation and while providing some advantages for instances of multi-category dependent
measures, its estimated coefficients are somewhat more difficult to interpret.
Proportional chance criterion Another criterion for assessing the hit ratio, in which the average probability of classification is
calculated considering all group sizes.
Pseudo R2 A value of overall model fit that can be calculated for logistic regression; comparable to the R2 measure used in multiple
regression.
Quasi-complete separation A situation where at least one cell related to an independent variable has zero observations, causing
problems in estimation of the parameter estimate associated with that independent variable. While the parameter estimate
may be inaccurate, the model can still be estimated, which is not the case for complete separation.
Relative importance A measure of contribution of each of the independent variable where the weights will sum to the coefficient
of determination, R2.
Roc curve A graphical means of portraying the trade-off between sensitivity (true positive rate) versus 1 – specificity (false positive
rate) for all possible cutoff values between 0 and 1.
Sensitivity Represents the true positive rate—percentage of actual positive outcomes that are predicted as positive.
Specificity Represents the true negative rate—percentage of actual negative outcomes that are predicted as negative.
true negative One of the four cells of the classification matrix that denotes the number of observations that were negative and
were correctly predicted to be negative.
true positive One of the four cells of the classification matrix that denotes the number of observations that were positive and
were correctly predicted to be positive.
Validation sample See holdout sample.
Variate Linear combination that represents the weighted sum of two or more independent variables that comprise the discriminant function. Also called linear combination or linear compound.
Wald statistic Test used in logistic regression for the significance of the logistic coefficient. Its interpretation is like the F or t values
used for the significance testing of regression coefficients.
Weight of evidence. A measure of the impact of each category of a nonmetric independent variable in terms of distinguishing
between the two outcome groups. When combined across all categories, it provides an overall measure termed information value.
Youden index A measure of overall predictive accuracy that is calculated as the sum of sensitivity and specificity minus 1. Higher
values indicate better model fit with a maximum value of 1 and a minimum value of 21.

What is Logistic Regression?
Logistic regression, along with discriminant analysis, is the appropriate statistical technique when the dependent
variable is a categorical (nominal or nonmetric) variable and the independent variables are metric or nonmetric
variables. When compared to discriminant analysis, logistic regression is limited in its basic form to two groups for
the dependent variable, although other formulations can handle more groups. It does have the advantage, however,
of easily incorporating nonmetric variables as independent variables, much like in multiple regression.
In a practical sense, logistic regression may be preferred for two reasons. First, discriminant analysis relies on strictly
meeting the assumptions of multivariate normality and equal variance–covariance matrices across groups—assumptions
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that are not met in many social science research situations. Logistic regression is not as limited by these strict assumptions and is much more robust when these assumptions are not met, making its application appropriate in many situations. Second, even if the assumptions are met, many researchers prefer logistic regression because it is more similar
to multiple regression. It has straightforward statistical tests, similar approaches to incorporating metric and nonmetric
variables and nonlinear effects, and a wide range of diagnostics. Thus, for these and other more technical reasons,
logistic regression is equivalent to two-group discriminant analysis and may be more suitable in many situations.

the Decision Process for Logistic Regression
The application of logistic regression can be viewed from the six-stage model-building perspective introduced in
Chapter 1. As with all multivariate applications, setting the objectives is Stage 1 in the analysis. In Stage 2, the
researcher must address specific design issues, including specifying the dependent variable and ensuring an adequate
samples size. Stage 3 involves making sure the underlying assumptions are met, even though logistic regression has
fewer assumptions to meet than discriminant analysis or multiple regression. Stage 4 proceeds with the estimation
of the probability of occurrence in each of the groups by use of the logistic curve as the underlying relationship.
The binary measure is translated into the odds of occurrence and then a logit value (log of the odds) that acts as the
dependent measure. The model form in terms of the independent variables is almost identical to multiple regression. Model fit is assessed much like discriminant analysis by first looking for statistical significance of the overall
model and then determining predictive accuracy by developing a classification matrix. With an acceptable overall
model achieved, Stage 5 focuses on interpretation of the variable coefficients. Given the unique nature of the transformed dependent variable, logistic coefficients are given in their “original” scale, which is in logarithmic terms,
and a transformed scale, which is interpreted more like regression coefficients. Each form of the coefficient details
a certain characteristic of the independent variable’s impact. Finally, in Stage 6, the logistic regression model should
be validated with a holdout sample or other cross-validation procedures.
Each of these stages is discussed in the following sections. Our discussion focuses both on the characteristics of
logistic regression while also identifying the differences between logistic regression and discriminant analysis or
multiple regression. Thus, as mentioned earlier, the reader should also review Chapter 7 for many of the underlying
principles of discriminant analysis models with nonmetric dependent variables and even Chapter 5 for the basics of
multiple regression models.

Stage 1: objectives of Logistic Regression
Logistic regression, like discriminant analysis, is a statistically based technique in the general class of methods
termed classifiers—models with the purpose of classifying objects into distinct groups based on the characteristics
of the object. A common characteristic of both logistic regression and discriminant analysis is that group membership is known whereas in methods such as cluster analysis (see Chapter 4) group membership is not known.
Among those techniques based on known group membership, the two methods are distinctive in that they are
statistical models (see discussion of statistical models versus algorithms in Chapter 1) unlike other classification
techniques like decision trees or support vector machines. As such, logistic regression and discriminant analysis
have two complementary, but equally important objectives—explanation and prediction (i.e., classification in
this case).
exPLAnAtion
The first objective focuses on identifying the independent variables that impact group membership represented by
the dependent variable. Here the focus is on the variate in terms of (a) specifying which object characteristics should
be included as independent variables and (b) estimating the importance of each independent variable in explaining
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group membership. Here the similarities are perhaps most apparent, as issues such as statistical significance of the
independent variables as well as assessing their relative importance are crucial. The outcome is to provide the analyst
with greater understanding or insight into the “reasons” for individual observations being in one group versus
another.
cLASSiFicAtion
The second objective involves establishing a classification system based on the logistic model for determining group
membership. Here the ultimate goal of prediction is not a specific metric value, like in multiple regression, but
instead a method of placing each observation into a distinct category/group. The measure of predictive accuracy then
becomes the correct classification (not R2, as with multiple regression), with particular emphasis on various types of
misclassification and their associated costs. Thus, as analytics becomes more embedded in decisions in almost every
economic sector, predictive accuracy becomes increasingly important.

Stage 2: Research Design for Logistic Regression
Logistic regression has several unique features that impact the research design. First is the unique nature of the binary
dependent variable, which ultimately impacts the model specification and estimation. The second issue relates to
sample size, both overall and within groups. The sample size is critical consideration due to the use of maximum
likelihood as the estimation technique (it requires larger sample sizes than ordinary least squares, for example) as
well as the sensitivity of logistic regression to small group sample sizes for both prediction (i.e., what is termed rare
event analysis) and estimation (the “zero cells” effect). Moreover, the need for estimation and holdout samples,
much like discriminant analysis, adds another requirement for maintaining an adequate sample size, both overall
and within groups.
RePReSentAtion oF tHe BinARY DePenDent VARiABLe
Most classification techniques execute the classification prediction in two steps: (1) first by estimating one or more
metric values that are then (2) used to assign an object to a specific group. In discriminant analysis, the nonmetric
character of a dichotomous dependent variable is accommodated by making predictions of group membership based
on discriminant Z scores. To do so, it calculates cutting scores to identify how to separate observations into groups,
and then it assigns each observation to one of the groups.
Assigning Binary Values Logistic regression approaches the task of assigning binary values in a manner similar to
discriminant analysis, but with logistic regression there are only two groups. The two groups of interest in logistic
regression are represented as binary variables with values of 0 and 1. It does not matter which group is assigned the
value of 1 versus 0, but this assignment (coding) must be noted for the interpretation of the coefficients.
●

●

If the groups represent characteristics (e.g., gender), then either group can be assigned the value of 1
(e.g., females) and the other group the value of 0 (e.g., males). In such a situation, the coefficients would
reflect the impact of the independent variable(s) on the likelihood of the person being female (i.e., the
group coded as 1).
If the groups represent outcomes or events (e.g., success or failure, purchase or non-purchase), the assignment of the group codes impacts interpretation as well. Assume that the group with success is coded as 1,
with failure coded as 0. Then, the coefficients represent the impacts on the likelihood of success. Just as
easily, the codes could be reversed (code of 1 now denotes failure) and the coefficients represent the forces
increasing the likelihood of failure. This approach to coding is interpreted, therefore, as if the independent
variables are predicting the group coded as 1.
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Thus, just as we have seen when using the dummy variable approach to creating binary variables to represent
multi-category nonmetric variables, the analyst must be aware of how the values are assigned and make sure they
match the intent of the research problem.
Use of the Logistic Curve Logistic regression, like most classification methods, is designed to predict a metric

value, in this case the probability of an event occurring (i.e., the probability of an observation being in the group
coded 1 versus the group coded 0). And although probability values are metric measures, there are fundamental
differences between logistic regression and other models predicting metric outcomes, such as multiple regression.
Because the binary dependent variable has only the values of 0 and 1, the predicted value (probability) must be
bounded to fall within the same range. Yet the linear relationship from regression, even with additional terms of
transformations for nonlinear effects, cannot guarantee that the predicted values will remain within the range of 0
and 1. We see the typical linear relationship portrayed in Figure 8.1, where it is impossible for a linear relationship
to provide estimated values approaching zero and one without exceeding these values.
What is needed is an inherently nonlinear relationship, where at very low levels of the independent variable, the
probability should approach 0, but never reach it. Likewise, as the independent variable increases, the predicted values
should increase, but the probability should never exceed 1. This requires that the slope of the relationship change across
values of the independent variable, starting almost horizontal, then increasing upwards towards values of one and
then again starting to decrease so that at the highest levels of the independent variable the probability will approach
1.0 but never exceed it.
To define this relationship bounded by 0 and 1, logistic regression uses the logistic curve to represent the relationship between the independent and dependent variables (also shown in Figure 8.1). Using this form of the relationship
allows for a direct estimation of a nonlinear relationship, although we will see in Stage 4 that probability values must
be transformed before they can be used with the logistic function.
Unique Nature of the Dependent Variable The binary nature of the dependent variable (0 or 1) has properties
that violate the assumptions of multiple regression. First, the error term of a discrete variable follows the binomial
distribution instead of the normal distribution, thus invalidating all statistical testing based on the assumptions of
normality. Second, the variance of a dichotomous variable is not constant, creating instances of heteroscedasticity
as well. Moreover, neither violation can be remedied through transformations of the dependent or independent
variables.
While logistic regression was developed specifically to deal with these issues, it does require differences in the
assumptions underlying the model (see Stage 3) as well as estimating the variate, assessing goodness-of-fit, and interpreting the coefficients (discussion in Stages 4 and 5) when compared to multiple regression or discriminant analysis.
Figure 8.1
estimated Values for Multiple Regression (Linear)
Versus Logistic Regression (nonlinear)

Y
Y=1

Logistic Regression Model

Y=0

X
Multiple Regression Model
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SAMPLe SiZe
Logistic regression, like every other multivariate technique, must consider the size of the sample being analyzed.
As discussed in Chapter 1, when dealing with statistical models, parameter estimates from very small samples
have so much sampling error that identification of all but the largest differences is improbable. Very large sample
sizes increase the statistical power so that any difference, whether practically relevant or not, will be considered
statistically significant. Yet most research situations fall somewhere in between these extremes, meaning the
researcher must consider the impact of sample sizes on the results, both at the overall level and on a group-bygroup basis.
The first aspect of sample size is the overall sample size needed to adequately support
estimation of the logistic model. One factor that distinguishes logistic regression from the other techniques is
its use of maximum likelihood (MLE) as the estimation technique. MLE requires larger samples such that, all
things being equal, logistic regression will require a larger sample size than multiple regression. For example,
Hosmer and Lemeshow recommend sample sizes greater than 400 [21], although logistic regression is applied
successfully in many situations which have smaller samples. Moreover, the researcher should strongly consider
dividing the sample into analysis and holdout samples as a means of validating the logistic model (see a more
detailed discussion in Stage 6). In making this split of the sample, the sample size requirements still hold for the
analysis sample, thus increasing the initial overall sample size needed based on the model specification (number
of parameters estimates, etc.).

Overall Sample Size

Sample Size Per Category of the Dependent Variable While overall sample size is important, a more frequently

encountered issue involves the sample size per group of the dependent variable. Many times logistic regression is
employed for what is termed a rare event situation [22]—where the event of interest has a very low incidence rate (e.g.,
natural disasters, extreme economic conditions or other very infrequent natural or man-made events). While rare
events most often are associated with events that have a very low number of occurrences, the techniques developed
are also applicable to situations such as credit card fraud that have a very low rate of occurrence (e.g., 3 to 5% rate).
While it is the frequency of the rare events that has the greatest impact, we will also examine issues associated with
low rates of occurrence.
The primary consideration is that in samples of less than 200 there are potential biases in
the estimated coefficients for the independent as well as the estimated probabilities of the rare events—they are typically
underestimated [22]. So while a situation of 50 events in a sample of 1,000 would be problematic, 500 events in a sample
of 10,000 would be quite appropriate for analysis. The recommended sample size for each group is at least 10 observations per estimated parameter. This is much greater than multiple regression, which had a minimum of five observations
per parameter, and that was for the overall sample, not the sample size for each group, as seen with logistic regression.
There are several approaches for dealing with low frequency of occurrence. One approach when the overall
sample is small is the use of exact logistic regression [18, 27, 14]. This method overcomes the biases associated with
small sample sizes, but is also limited by computational issues with small samples (under 200) and a small number
of independent variables, preferably binary. The other approach is some form of “penalized” estimation method in
which inherent biases are estimated and corrected during estimation [22, 11]. These methods are becoming more
available and provide a viable alternative to address the small sample size problem.
LoW FReQUencY oF occURRence

LoW RAte oF occURRence As discussed above, a low rate of occurrence is not inherently a problem unless the low
rate is associated with a small sample size of events. As is many time mentioned, the “information is in the ones,
not the zeros.” This allows for effective data management in that once a suitable sample of events is achieved, it is
not necessary to include all of the non-events in the analysis. This form of data management, termed choice-based
sampling or case-control design, enables the analyst to utilize as many of the events as possible and then select a
random sample of the non-events [6, 31]. This approach is the rationale for the widely used approach of randomly
selecting a sample of non-events to match the size of the sample of events, thus making the rate of event versus
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non-event equal and eliminating any issues dealing with differing subsample sizes. This approach does not impact
the estimated logistic coefficients, just the intercept term, and that can be adjusted as needed when making predictions back to the population.
Impact of Nonmetric Independent Variables A final consideration comes into play with the use of nonmetric

independent variables. When they are included in the model, they further subdivide the sample into cells created
by the combination of dependent and nonmetric independent variables. For example, a simple binary independent
variable creates four groups when combined with the binary dependent variable. Although it is not necessary for each
of these groups to meet the sample size requirements described above, the researcher must still be aware that if any
one of these cells has a very small sample size then it is effectively eliminated from the analysis. All cell frequencies
should be greater than 1 and a large majority (75% or more) should have frequencies greater than 5. The presence of
small or empty cells may cause the logistic model to become unstable, reporting implausibly large logistic coefficients
and odds ratios for independent variables. We will revisit this issue in Stage 4 when addressing quasi-separation and
its impact on the estimation process.
USe oF AGGReGAteD DAtA
To this point we have focused on individual observations, but it is also possible to analyze aggregated data. In aggregated form, we first identify each unique pattern of values for the set of nonmetric independent variables. For example, if there were three binary independent variables, there would be eight 1 2 3 2 3 2 5 8 2 possible combinations
resulting in a dataset with eight cases showing the values for each independent variable (e.g., 0, 0, 0; 0, 0, 1; …; 1,
1, 1). For each pattern we also include the proportion of observations with that pattern that had a 1 for the dependent
measure. In our example, each of the eight records would have values for one of the unique combinations and the
proportion of events for observations with those independent variable values.

Stage 3: Assumptions of Logistic Regression
The advantages of logistic regression compared to discriminant analysis and even multiple regression stem in
large degree to the general lack of assumptions required in a logistic regression analysis. It does not require any
specific distributional form of the independent variables and issues such as heteroscedasticity do not come into play
as they did in discriminant analysis. Moreover, logistic regression does not require linear relationships between the
independent variables and the dependent variables as does multiple regression. The method can address nonlinear
effects even when exponential and polynomial terms are not explicitly added as additional independent variables
because of the logistic relationship. Finally, it does require independence of observations and if present, this must be
addressed by some form of hierarchical or clustered-sample approach as discussed in Chapter 5.
There is one implicit assumption underlying logistic regression that deserves attention—the linearity of the
logit [20]. Just we had in multiple regression, the transformed logistic model assumes a linear relationship between
the logit and the independent variables, especially those of a continuous nature. In multiple regression a nonlinear
relationship was not reflected in the regression coefficient and generally required transformations or polynomials
to represent the nonlinearity (see Chapter 5 for more details). Likewise, logistic regression may encounter nonlinear
relationships that diminish the ability of the coefficients to measure the variable’s full impact. In logistic regression,
however, determining the linearity is more difficult than seen in multiple regression since the scatterplots (either
the bivariate scatterplots or residual plots) are not conducive to identifying nonlinearities in the relationships.
Given the inherent nonlinear relationship of the logistic function, what is the best method to examine nonlinearity? The
simplest test is the Box–Tidwell procedure applied to each continuous independent variable. First, create an interaction term
that is the product of the independent variable and its log value (independent variable * log (independent variable)). The
interaction term is similar to a polynomial term in regression. Then test for the significance of the interaction term when
added to the model. A significant interaction indicates a nonlinear component and thus should be retained in the model.
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Rules of thumb 8-1
Logistic Regression Basics
●

●

Logistic regression is the preferred method for two-group (binary) dependent variables due to its
robustness, ease of interpretation, and diagnostics.
Logistic regression has equally useful objectives in:
●

●

●

Explanation—providing estimates of the ability of a set of independent variables collectively
and individual to distinguish between a binary outcome.
Classification—provide a means for classification of cases into the outcome groups and provide a range
of diagnostic measures of predictive accuracy.

The logistic function is a means of directly analyzing an inherently nonlinear relationship between estimated
probabilities and a binary outcome of either 0 or 1.

Sample Size
●

●

Overall sample size should be 400 to achieve best results with maximum likelihood estimation, thus use
with smaller samples sizes should be aware of less efficiency in estimation the model coefficients.
Sample size considerations more focused on the size of each outcome group, which should have 10 times
the number of estimated model coefficients:
●

●
●

Particularly problematic are situations where the actual frequency of one outcome group is small
(i.e., below 20). The actual size of the small group is more problematic than the low rate of occurrence.
Several approaches have been proposed for addressing what may be termed “rare event” situations.
Sample size requirements should be met in both the analysis and the holdout samples.

While normally associated with data at the individual level, logistic regression can analyze aggregated data
if all the independent variables are nonmetric.

Assumptions
●

●

●

Logistic regression does not require the assumptions of normality and homoscedasticity seen in both
multiple regression and discriminant analysis.
The primary assumption is the independence of observations, which if violated requires some form of
hierarchical/nested model approach.
An inherent assumption that should be addressed with the Box–Tidwell test is the linearity of the
independent variables, especially continuous variables, with the outcome.

Stage 4: estimation of the Logistic Regression Model and Assessing
overall Fit
One of the unique characteristics of logistic regression is its use of the logistic relationship described earlier in
both estimating the logistic model and establishing the relationship between dependent and independent variables.
This procedure involves a unique transformation of the dependent variable, which impacts not only the estimation process, but also the resulting coefficients for the independent variables. And yet logistic regression shares
approaches to assessing overall model fit with both discriminant analysis (i.e., use of classification matrices) and
multiple regression (i.e., R2 measures). The following sections discuss the estimation process, problematic issues
frequently encountered and the various ways in which model fit is evaluated.
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eStiMAtinG tHe LoGiStic ReGReSSion MoDeL
Logistic regression has a single variate composed of estimated coefficients for each independent variable, as found in
multiple regression. However, this variate is estimated in a different manner. Logistic regression derives its name from
the logit transformation used with the dependent variable, creating several differences in the estimation process (as
well as the interpretation process discussed in a following section).
As shown earlier, the logit model uses the specific form of the logistic
curve, which is S-shaped, to stay within the range of 0 to 1. To estimate a logistic regression model, this curve
of predicted values is fitted to the actual data, just as was done with a linear relationship in multiple regression.
However, because the actual data values of the dependent variables can only be either 1 or 0, the process is
somewhat different.
Figure 8.2 portrays two hypothetical examples of fitting a logistic relationship to sample data. The actual data
represent whether an event either happened or not by assigning values of either 1 or 0 to the outcomes (in this case a
1 is assigned when the event happened, 0 otherwise, but they could have just as easily been reversed). Observations
are represented by the dots at either the top or bottom of the graph. These outcomes (happened or not) occur at each
value of the independent variable (the X axis). In part (a), the logistic curve cannot fit the data well, because a number
Transforming the Dependent Variable

Figure 8.2
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of values of the independent variable have both outcomes (1 and 0). In this case the independent variable does not
distinguish between the two outcomes, as shown by the high overlap of the two groups. As a result, the logistic curve
is “flatter,” indicating that across the range of the independent variables, the predicted probabilities (Y axis) were not
that different in value. This corresponds to a regression line with minimal slope. In this situation we may find that
the logistic curve provides insufficient ability to distinguish between 1 and 0. In that case, this independent variable
could be found to have a nonsignificant relationship with the outcome.
However, in part (b), a much more well defined relationship is based on the independent variable. Lower values
of the independent variable correspond to the observations with 0 for the dependent variable, whereas larger values
of the independent variable correspond well with those observations with a value of 1 on the dependent variable.
Thus, the logistic curve should be able to fit the data quite well. That is, there is a well-defined logistic curve that has
both very high and very low probabilities, another indication of a strong relationship with the outcome.
But how do we predict group membership from the logistic curve? For each observation, the logistic regression
technique predicts a probability value between 0 and 1. Plotting the predicted values for all values of the independent
variable generates the curve shown in Figure 8.2. This predicted probability is based on the value(s) of the independent variable(s) and the estimated coefficients. Then, a cutoff value is selected (much more discussion on selecting
the cut-off value is in the discussion of predictive accuracy). If the predicted probability is greater than the cut-off
(e.g., generally .50 when the two groups are of equal size), then the prediction is that the outcome is 1 (the event
happened); otherwise, the outcome is predicted to be 0 (the event did not happen). Let’s return to our example and
see how it works.
In parts (a) and (b) of Figure 8.2, suppose that a cut-off value of 6.0 on the X axis (the independent variable) has
been selected. In part (a), we can see that a number of observations of both groups fall on both sides of this value,
resulting in a number of misclassifications. Thus, the predicted probabilities do very poorly in distinguishing between
an event versus a non-event. In part (b), we make much better classifications (i.e., only a few misclassifications for
both groups) when using the cut-off value of 6.0.
Thus, with an estimated logistic curve we can estimate the probability for any observation based on its values for
the independent variable(s) and then predict group membership using a specified cut-off value. Once we have the
predicted membership, we can create a classification matrix just as was done for discriminant analysis and assess
predictive accuracy.
Estimating the Coefficients Where does the curve come from? In multiple regression, we estimate a linear relation-

ship that best fits the data. In logistic regression, we follow the same process of predicting the dependent variable by a
variate composed of the logistic coefficient(s) and the corresponding independent variable(s). What differs is that in
logistic regression the predicted values can never be outside the range of 0 to 1. Although a complete discussion of the
conceptual and statistical issues involved in the estimation process is beyond the scope of this text, several excellent
sources with complete treatments of these issues are available [9, 24, 30, 2, 20, 16]. We can describe the estimation
process in two basic steps as we introduce some common terms and provide a brief overview of the process.
Transforming a Probability into Odds and Logit Values Just as with multiple regression, logistic regression predicts

a metric dependent variable, in this case probability values constrained to the range between 0 and 1. But how can
we ensure that estimated values do not fall outside this range? The logistic transformation accomplishes this process
in two steps. But before we discuss these transformations, let’s revisit how the probabilities are calculated.
As we illustrated in the introduction at the beginning of the chapter, we represent probabilities
as the percentage of events, Prob 5 Number of events 4 1 Number of events 1 Number of non-events 2 . So we can
easily calculate the overall probability of an event across the sample as simple the percentage of observations with an event.
At the individual observation level it is either 100 percent (the event occurred) or 0 percent (the event did not occur).
When we want to examine the relationship of an independent variable to this probability, we compute the probability for each subgroup of observations with different values of the independent variable (e.g., probability for males

cALcULAtinG PRoBABiLitieS
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at 15% versus females at 40%). Now, observations that are male have the associated probability of 15 percent versus
observations of females at 40 percent. This continues as we add additional independent variables, similar to what we
described when using aggregated data, but here for individual cases.
ReStAtinG A PRoBABiLitY AS oDDS In their original form, predicted probabilities are not constrained to values between
0 and 1. So, what if we were to restate the probability in a way that the new variable would always fall between 0
and 1? We restate it by expressing a probability as odds—the ratio of the probability of the two outcomes or events
1 Oddsi 5 Probi 4 1 1 2 Probi 2 2 . Odds are also many times stated as the relative frequency of events. For example,
the odds of an event happening is the number of events divided by the number of non-events.
Let us use an example of the probability of success or failure to illustrate how the odds are calculated. In this example we have eight successes and two failures. We know that the probability of success is .80 and that the probability of
the alternative outcome (i.e., failure) is .20 1 .20 5 1.0 2 .80 2 . We can then state this as odds with either the number
of events (many times stated as 8 to 2) or as the ratio of probabilities 1 .80 4 .20 2 . In either case we know that the odds
of success are 4.0, or that success is four times more likely to happen than failure. Conversely, we can state the odds
of failure as .25 (.20 4 .80 or 2 to 8) meaning that failure happens at one-fourth the rate of success. Thus, no matter
which outcome we look at (success or failure), we can state the probability as odds and vice versa, as shown below:

P
12P

Odds 5
or
P5

Odds
1 1 Odds

Using odds, any probability value is now stated in a metric variable that can be directly estimated. Any odds value
can be converted back into a probability that falls between 0 and 1. As you can probably surmise, a probability of .50
results in odds of 1.0 (both outcomes have an equal chance of occurring). Odds less than 1.0 represent probabilities
less than .50 and odds greater than 1.0 correspond to a probability greater than .50. Figure 8.3 illustrates a range of
probabilities from zero to one and their associated odds. We have solved our problem of constraining the predicted
values to within 0 and 1 by predicting the odds value and then converting it into a probability with a value of 0 to 1.
The odds variable solves the problem of making probability estimates between 0 and
1, but we have another problem: How do we keep the odds values from going below 0, which is the lower limit of
the odds (there is no upper limit). The solution is to compute what is termed the logit value, which is calculated by
taking the logarithm of the odds. Odds less than 1.0 will have a negative logit value, odds ratios greater than 1.0 will
have positive logit values, and the odds ratio of 1.0 (corresponding to a probability of .5) has a logit value of 0 (see
Figure 8.3). Moreover, no matter how low the negative value gets, it can still be transformed by taking the antilog
into an odds value greater than 0.

cALcULAtinG tHe LoGit VALUe

Probability
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Frequency

a
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1/9
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.000

.70

7/3

2.333
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.90

9/1
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10/0
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Figure 8.3
correspondence of Probability, odds
and Log odds

Assuming 10 cases.

NC 5 Cannot be calculated.
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With the logit value, we now have a metric variable that can have both positive and negative values but that can
always be transformed back to a probability value that is between 0 and 1. This value now becomes the dependent
variable of the logistic regression model. Note, however, that the logit, when converted back to a probability, can
never actually reach either 0 or 1. We will see this problem in the next section when we discuss separation, which is
the situation where we have a probability of either zero or one that cannot be transformed into a logit value.
Once we understand how to interpret the values of either the odds or logit measures, we can
proceed to using them as the dependent measure in our logistic regression. The process of estimating the logistic
coefficients is similar to that used in regression, although instead of using ordinary least squares as a means of estimating the model, the maximum likelihood method is used.

Model Estimation

Multiple regression employs the method of least squares, which minimizes the sum of the squared differences between the actual and predicted values of the dependent variable.
The nonlinear nature of the logistic transformation requires that another procedure, the maximum likelihood
procedure, be used in an iterative manner to find the most likely estimates for the coefficients. Instead of minimizing the squared deviations (least squares), logistic regression maximizes the likelihood that an event will
occur. The likelihood value, instead of the sum of squares, is then used when calculating a measure of overall
model fit. Using this alternative estimation technique also requires that we assess model fit in different ways, as
will be discussed in the next section.

USinG MAxiMUM LiKeLiHooD FoR eStiMAtion

The estimated coefficients for the independent variables are estimated using the logit
value as the dependent measure to ensure that any predicted value (i.e., any logit value) can be transformed back to
a probability that falls within zero and one. The model formulation is:
eStiMAtinG tHe coeFFicientS

Logiti 5 ln¢

probevent
≤ 5 b0 1 b1X1 1 c1 bnXn
1 2 probevent

As we will discuss in Stage 5, however, the coefficients estimated in this model formulation relate to impacts on
a logged odds value, something that may be difficult to interpret. So we will see that if we transform this model
formulation (see model formulation below) we can arrive at model coefficients that relate to changes in odds, which
are more easy to interpret:
Oddsi 5 ¢

probevent
c
≤ 5 eb0 1b1X1 1 1bnXn
1 2 probevent

Both model formulations are equivalent, but whichever is chosen affects how the coefficients are interpreted. Many
software programs provide the logistic coefficients in both forms, so the researcher must understand how to interpret
each form. We will discuss interpretation issues in a later section.
This process can accommodate one or more independent variables, and the independent variables can be either
metric or nonmetric (binary). As we will see later in our discussion of interpreting the coefficients, both forms of the
coefficients reflect both direction and magnitude of the relationship, but are interpreted differently.
Issues in Model Estimation As discussed earlier, maximum likelihood estimation encounters estimation problems

whenever the sample size in any group becomes very small. This can be encountered whenever one of the outcome
groups is very small (i.e., termed rare events) or, when adding independent variables we create subgroups with very
small numbers of observations. In these instances the estimation procedure may encounter problems generating
accurate parameter estimates or standard errors.
But even more problematic are subgroups that have no observations (i.e., the probability of the event is zero). This
is because, as we saw earlier, probabilities of zero (and one), when transformed to logit values, are values that cannot
be calculated. So when the estimation procedure encounters these values, it cannot proceed in many instances. This
problem is termed separation and can be seen in two forms discussed below.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

562

Section IV Dependence Techniques – Non-metric Outcomes

coMPLete SePARAtion The most problematic form of separation is complete separation, where the dependent variable
is perfectly predicted by an independent variable. This would be a scatterplot (like those shown in Figure 8.2) where
there was no overlap for the outcomes—i.e., they were completely separate on the independent variable. Now this
might seem like an ideal independent variable, but remember that we predict logit values and when we have complete
separation, all of the logit values for that variable are undefined since they are either zero or one. Figure 8.4 contains
a simple cross-tabulation for a dichotomous independent variable with the outcome. Here we see that a value of zero
on the independent variable is always associated with a one on the dependent variable, and vice versa for a value of
1 for the independent variable.
This is most often encountered with nonmetric independent variables, such as the example where males all had
one outcome and females had the other outcome. But it could also found with continuous variables if one group
had all values below a certain value and the other group had all values above that value (i.e., again, no overlap
between groups on the independent variable). For example, distinguishing between adults and their pets based on
weight could easily result in all of the adult weights being greater than the largest weight of any pet, thus complete
separation.
When complete separation is encountered, the resulting model estimates for the offending variable are not possible. The only remedy is to collapse categories for multi-category variables (if possible) so that all of the probabilities
are not just zero and one. If that is not possible, such as the case with dichotomous independent variables or continuous variables, then the variable should be eliminated from the analysis.
QUASi-coMPLete SePARAtion A more frequently encountered form of separation is quasi-complete separation, where
one or more of the groups defined by the nonmetric independent variable have counts of zero. An example is also
shown in Figure 8.4. Many times termed the “zero cells” effect, it also presents a problem for the estimation procedure. In the case of quasi-complete separation, the estimation procedure may be completed, but many times the
estimated parameter and standard error for the offending variable are very large (parameter estimates of five or more
and standard errors much larger).
There are several remedies for addressing quasi-complete separation [17]. First, if possible, collapse categories
and eliminate the zero cells. There are also alternative estimation procedures, such as the penalized methods [22,
11] or exact logistic models that were discussed earlier when addressing small cell counts. Finally, even though the
estimated coefficient and standard error cannot be interpreted, retaining it in the model does not impact the other
parameter estimates. For example, if it is deemed necessary for the offending variable to be included in the model,
the other parameter estimates can still be reported and interpreted.

It should be noted that there is an alternative model form to the logistic
model that is almost equivalent. The probit model is a model form that is essentially equivalent to the logistic model
in most instances of a binary outcome variable and its advantages become more apparent when the model is extended
to a multi-category outcome measure. For binary outcomes logistic models are generally preferred because the model
coefficients are somewhat easier to interpret. But many times the choice of logit or probit is dependent on the field
of study and preferences established in that area of research [7].
Alternative Models: The Probit Model

Figure 8.4
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Rules of thumb 8-2
Model estimation
●
●

●

Uses the logged odds values instead of probabilities as the dependent value.
Maximum likelihood provides ability to estimate the logistic function that reflects the nonlinear relationship
between predicted probabilities and the outcomes of 0 and 1.
For model estimation to work there must be some “overlap” of observations across values of the independent variable:
●
●

●

Complete separation – independent variable perfectly predicts outcome, yet cannot be included in model.
Quasi-complete separation – at least one cell created by addition of nonmetric variable has zero observations. Can be remedied by collapsing variable categories or specialized estimation methods.

Probit is an alternative to the logistic function with generally equivalent results. Although interpretation of
probit coefficients is more difficult, it does perform well with multi-category outcome measures.

ASSeSSinG tHe GooDneSS-oF-Fit oF tHe eStiMAteD MoDeL
Before we can proceed to Stage 5 and model interpretation, the overall goodness-of-fit for the logistic regression
model must be assessed and deemed acceptable. There are two primary methods for the evaluation of model fit. The
first is to use an overall measure of statistical significance of the model fit and also “pseudo” R2 values, similar to that
found in multiple regression. The second approach is to examine predictive accuracy where the ability of the model
to correctly classify the outcome measure is computed in what is termed a classification matrix. The two approaches
examine model fit from different perspectives, but should yield similar conclusions.
Model Estimation Fit The basic measure of how well the maximum likelihood estimation procedure fits is the like-

lihood value, similar to the sums of squares values used in multiple regression. Logistic regression measures model
estimation fit with the value of 22 times the log of the likelihood value, referred to as 22LL or 22 log likelihood. The
minimum value for 22LL is 0, which corresponds to a perfect fit (likelihood 5 1 and 22LL is then 0). Thus, the lower
the 22LL value, the better the fit of the model. As will be discussed in the following section, the 22LL value can be used
to compare equations for the change in fit or to calculate measures comparable to the R2 measure in multiple regression.
The likelihood value can be compared between equations to assess the difference in
predictive fit from one equation to another, with statistical tests for the significance of these differences. The basic
approach follows three steps:

BetWeen MoDeL coMPARiSonS

1 Estimate a null model. The first step is to calculate a null model, which acts as the baseline for making comparisons of improvement in model fit. The most common null model is one without any independent variables,
which is similar to calculating the total sum of squares using only the mean in multiple regression. The logic
behind this form of null model is that it can act as a baseline against which any model containing independent
variables can be compared.
2 Estimate the proposed model. This model contains the independent variables to be included in the logistic
regression model. Hopefully, model fit will improve from the null model and result in a lower 22LL value. Any
number of proposed models can be estimated (e.g., models with one, two, and three independent variables can
all be separate proposed models).
3 22LL difference. The final step is to assess the statistical significance of the 22LL value between the two
models (null model versus proposed model). If the statistical tests support significant differences, then we can
state that the set of independent variable(s) in the proposed model is significant in improving model estimation
fit and that model as a whole is statistically significant.
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We should note that any two proposed models can be compared. In these instances, the 22LL difference reflects the
difference in model fit due to the different model specifications. For example, a model with two independent variables
may be compared to a model with three independent variables to assess the improvement gained by adding one independent variable. In these instances, one model is selected to act as the null model and then compared against another model.
The chi-square test and the associated test for statistical significance are used to evaluate the reduction in the log
likelihood value. However, these statistical tests are particularly sensitive to sample size (for small samples it is harder
to show statistical significance, and vice versa, for large samples). Therefore, researchers must be particularly careful
in drawing conclusions based solely on the significance of the chi-square test in logistic regression.
In addition to testing for the difference from a base model, there is also a test for the
significance of any of the estimated coefficients. This test, if significant, reflects that at least one of the estimated
coefficients is significant. This is similar in nature to the overall model F test in multiple regression.

GLoBAL nULL HYPotHeSiS teSt

In addition to the statistical chi-square tests, several different ''R2-like'' measures have been
developed and are presented in various statistical programs to represent overall model fit. These pseudo R2 measures
are interpreted in a manner similar to the coefficient of determination in multiple regression. A pseudo R2 value
can be easily derived for logistic regression similar to the R2 value in regression analysis [13]. The pseudo R2 for
a logit model 1 R2LOGIT 2 can be calculated as:
PSeUDo R2 MeASUReS

2
RLOGIT
5

22LLnull 2 1 22LLmodel 2
22LLnull

Just like its multiple regression counterpart, the logit R2 value ranges from 0.0 to 1.0. As the proposed model
increases model fit, the 22LL value decreases. A perfect fit has a 22LL value of 0.0 and a R2LOGIT of 1.0.
Two other measures are similar in design to the pseudo R2 value and are generally categorized as pseudo R2
measures as well. The Cox and Snell R2 measure operates in the same manner, with higher values indicating greater
model fit. However, this measure is limited in that it cannot reach the maximum value of 1, so Nagelkerke proposed
a modification that had the range of 0 to 1. Both of these additional measures are interpreted as reflecting the amount
of variation accounted for by the logistic model, with 1.0 indicating perfect model fit.
We should note that the different pseudo R2 measures vary widely in terms of magnitude and no one version has
been deemed most preferred. For all of the pseudo R2 measures, however, the values tend to be much lower than
for multiple regression models. This results from the outcome variable since we are trying to predict values that are
only zero or one with probability values. Thus the analyst should always be aware of these limitations in using the
pseudo-R2 measure as an evaluation of overall model fit.
In discussing the procedures for assessing model fit in logistic regression,
we made several references to similarities with multiple regression in terms of various measures of model fit. In
Figure 8.5, we compare the concepts used in multiple regression and their counterparts in logistic regression.
As we can see, the concepts between multiple regression and logistic regression are similar. The basic approaches
to testing overall model fit are comparable, with the differences arising from the estimation methods used in the
two techniques.
A coMPARiSon to MULtiPLe ReGReSSion

Figure 8.5
comparing the Primary elements of Model Fit Between Multiple and Logistic Regression
Multiple Regression

Logistic Regression

Total sum of squares
Error sum of squares

22LL of base model
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Regression sum of squares

Difference of 22LL for base and proposed models

F test of model fit

Chi-square test of 22LL difference

Coefficient of determination 1 R2 2

Pseudo R2 measures
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Just as we borrowed the concept of R2 from regression as a measure of overall model fit, we
will also use a measure from discriminant analysis (classification matrix) to assess overall predictive accuracy along
with a chi-square-based measure of fit.
Predictive Accuracy

With logistic regression the analyst has the capability to select the cutoff value that maximizes the type of predictive accuracy to meet the research question. If misclassification costs are equal (or unspecified), then a misclassification of a positive outcome is just as impactful as a negative outcome misclassification. So
the analyst can select the cutoff value that maximizes the overall predictive accuracy or the predictive accuracy of
either positive or negative outcomes.
The default cut-off value is .50, which is applicable in many situations, especially when the group sizes of the
dependent variable are equal. But when group sizes differ and/or research objectives dictate, the analyst may want to
see if other cut-off values result in predictive accuracy more closely aligned with research objectives (e.g., emphasize
correctly predicting positive outcomes or minimizing the error rate in positive predictions).
Whatever cut-off value is selected, the process of classification is straightforward. As depicted in Figure 8.6, all
of the observations can be arrayed on their predicted probability. The cut-off value is specified and then all observations above the cut-off value are classified as positive and those below the cut-off as negative. Since we know the
actual group membership, we can examine each outcome group and see how well it was predicted. In Figure 8.6 the
positive outcomes are shown by the distribution to the right. For positive outcomes that were predicted to be positive,
they are referred to as true positives. For the positive outcomes classified as negative, they are referred to as false
negatives. Turning our attention to the actual negative outcomes, those that are correctly classified as negative (i.e.,
to the left of the cut-off value) are true negatives and the incorrectly classified negative outcomes are false positives.
As we can see from Figure 8.6, as the cut-off value is either increased or decreased, the percentage of cases in each
of the four groups changes. For example, we can increase the percentage of True Positives, but we then also increase
False Positives. The actual shapes of the distributions for each group dictate the magnitude of these trade-offs. What
is needed are measures which reflect these tradeoffs and we will see that the classification matrix is a simple method
for detailing each of these different predicted outcomes and that there are specific measures to describe each.

SeLectinG tHe cUt-oFF VALUe

cLASSiFicAtion MAtRix This classification matrix approach is simple in design—a cross-tabulation of the outcome variable with the predicted outcome. It measures how well group membership is predicted (both events and non-event)
as well as the misclassifications (e.g., events predicted to be non-events). Figure 8.7 provides an example of the
classification matrix along with the four groups we described earlier (true positives, true negatives, false positives
and false negatives). We can also see that the column totals provide the total number of predicted outcomes for each
group, while the row totals are the total number of actual outcomes. It should be noted that there will be different
classification matrix values (true positives, true negatives, etc.) for each cut-off value used. Note that in the following
discussion we will use the term Positive to represent the event of interest (dependent measure equals 1) and negative

Figure 8.6
Applying the cut-off Value for Making Predictions

Cut-off
Value

Predicted Positive

Predicted Negative

True
Negatives

True
Positives

FP
TN

TP

FN

Predicted Probability
False
Negatives

False
Positives
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to be a non-event (dependent measure equals zero). This is done solely for simplicity in comparing and contrasting
the different measures.
With the classification matrix complete, we can now calculate three types of
measures—overall predictive accuracy, predictive accuracy of the actual outcomes and predictive accuracy of the
predicted outcomes. The specific measures for each type, their calculations and description are shown in Figure 8.8
and discussed in the sections below.

MeASUReS oF PReDictiVe AccURAcY

Overall Predictive Accuracy The first type of predictive accuracy relates to the overall model, combining both positive
and negative outcomes into a single measure. Accuracy is the number of true positive and true negatives divided
by the total sample—the percentage of total cases correctly classified. In assessing discriminant analysis, this was
termed the hit ratio or percentage correctly classified. While it does not distinguish between predictive accuracy
of positives or negatives, it is a single composite reflecting overall model predictive accuracy.
Youden index A second measure is the Youden index, which is a combination of the True Positive rate and the True
Negative rate minus 1. As we will discuss in the next section, the True Positive rate is termed Sensitivity and the True
Negative Rate is termed Specificity. The maximum value is 1.0, with higher values indicating better overall predictive
accuracy. Note that it can vary from the accuracy measure since it is the sum of the two rates (positive and negative)
and does not account for different group sizes.

Figure 8.7
classification table and Group Distributions Based on Predicted Probability
Predicted outcome

Actual Outcome

no

Yes

total

No

True Negatives

False Positives

Total Actual No

Yes

False Negative

True Positives

Total Actual Yes

Total

Total Predicted No

Total Predicted Yes

Total Sample

Figure 8.8
Measures of Predictive Accuracy: overall, Actual outcomes and Predicted outcomes
Measure

calculation

Accuracy

1 TP 1 TN 2 / N

Youden Index (YI)

SN 1 SP-1
TP / 1 TP 1 FN 2

Description
overall Predictive Accuracy
Measure of overall classification accuracy for both states (Positive and Negative)
Overall measure of predictive accuracy, with 11 as perfect prediction

Predictive Accuracy of Actual outcome

Sensitivity (SN)
Specificity (SP)

TN / 1 TN 1 FP 2

Positive Predictive Value (PPV)

TP / 1 TP 1 FP 2

Negative Predictive Value (NPV)

TN / 1 TN 1 FN 2

True Positive Rate – percentage of actual positives that are predicted as positive
True Negative Rate – percentage of actual negatives that are predicted as
negative

Predictive Accuracy of Predicted outcome
Probability of Correct Positive Prediction – Percentage of positive predictions
that are actually positive
Probability of Correct Negative Prediction – percentage of negative predictions
that are actually negative

Legend:
N 5 Total Sample
TP 5 True Positives
TN 5 True Negatives
FP 5 False Positives
FN 5 False Negatives
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As discussed in Chapter 7 on discriminant analysis, there are two chance-related standards of comparison for
assessing our predictive accuracy value. The first is the maximum chance criterion, which is a naïve model—assign
all cases to the largest group. For example, if the two groups were 75 percent and 25 percent, then the maximum
chance criterion would be 75 percent. The proportional chance criterion is similar, but takes into account both
groups. It is calculated as the sum of the percentage positive2 plus the percentage negative2. So for our example
of 75 percent and 25 percent, the proportional chance criterion would be .625 1 .752 1 .252 5 .625 2 . These then
become the values to which compare the model’s accuracy value. Some analysts believe that the accuracy should
exceed the chance-based measures by at least one-fourth. So in the case of a value of .625, the actual standard for
comparison would be .78125 1 .625 * 1.25 2 . Interested readers should refer to the more detailed discussion of these
standards and others found in Chapter 7.
Even with the chance-based measures, acceptable levels of predictive accuracy are more within the judgment of
the researcher versus some established standard. These measures do, however, provide an objective and consistent
means of comparing different cutoff values in terms of their predictive accuracy.
Predictive Accuracy of Actual Outcomes Many times the focus of predictive accuracy is oriented toward the individual
outcomes rather than the overall level of accuracy. To address this issue, measures of sensitivity and specificity have
been developed (see Figure 8.8). Sensitivity is the true positive rate—the percentage of actual positive outcomes that
were correctly predicted. Specificity is the true negative rate—the percentage of actual negative outcomes that were
correctly predicted. So while accuracy was the overall level of predictive accuracy, sensitivity and specificity relate
to levels of either the positive or negative outcomes.
The two measures now provide a means to understand the trade-offs between false positives and false negatives for any specific cut-off value. Increasing sensitivity works toward minimizing false negatives, and specificity
does the same for false positives. From another perspective, a highly sensitive model rarely overlooks a positive
(i.e., a high true positive rate) and a model with high specificity minimizes the false positives. While it would be
useful to have high sensitivity and specificity, it is generally a trade-off between these measures that defines the
final cut-off model. Note that the Youden index was calculated as the sum of sensitivity and specificity minus
1.0. Thus, maximizing the Youden index is preferred by some analysts as the appropriate balance between the
two measures.
Predictive Accuracy of Predicted Outcomes Up to this point we have focused on the predictive accuracy of predicting the
actual outcomes, either positive or negative. But we can also focus on the predictive accuracy of the prediction—of
those we predicted as positive, how many were positive, and of those we predicted as negative how many were negative predictions. This differs from sensitivity and specificity in that the denominator is now the number of predictions, either positive or negative, versus the actual number of positive or negative cases. The positive prediction
value (PPV) is the number of correct positive predictions divided by the total number of positive predictions (i.e.,
the true positives and the false positives). Likewise, the negative prediction value (NPV) is the number of correct
negative predictions divided by the total number of negative predictions. Figure 8.8 contains the calculations and
descriptions of these two measures.
The PPV and NPV allow the analyst to address slightly different questions—if you test positive or negative, how
likely is it that the test is correct. In many situations, such as testing for medical conditions, emphasis may by on
maximizing the PPV so as to not cause undue concern with a false diagnosis. But in doing so there is also the trade-off
that this most likely results in an increase in false negatives—missing the condition if it is present. Many research
questions, upon closer inspection, involve these types of tradeoffs between positive and negative outcomes. The
concept of misclassification costs (the cost of a false positive or a false negative) is an approach to try and quantify
these tradeoffs and assist in determining the right balance between PPV and NPV.
Summary The wide range of measures of predictive accuracy discussed above provide the analyst with a number of
perspectives from which to evaluate a model, or more likely, compare between models. Figure 8.9 provides a simple
illustration of the calculation of each of these measures of predictive accuracy. For example, this model and cut-off
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Figure 8.9
calculating Predictive Accuracy Measures for Actual and Predicted outcomes
Predicted
0
Actual

1

0

20

3

1

5

22

20/ 1 5 1 20 2 5 .80

Negative Predictive Value:

22/ 1 22 1 3 2 5 .880

Positive Predictive Value:

Specificity 5 20/ 1 3 1 20 2 5 .870
Sensitivity 5 22/ 1 22 1 5 2 5 .815
Accuracy: 1 22 1 20 2 /50 5 .840

value result in a better true negative rate (specificity) of .870 compared to the true positive rate (sensitivity) of .815.
However, if we evaluate the PPV and NPV values, we see that there is a higher PPV value (.880), which indicates that
if a prediction is positive, it is correct 88 percent of the time.
For each different cut-off value a new classification matrix and resulting set of predictive accuracy measures will
be calculated. Once the appropriate measures have been selected, these measures can then be compared between
several different cut-off values, to select the cut-off value which best meets the research objectives.
We have discussed the trade-off between sensitivity and specificity as being a key comparison standard
for predictive accuracy, plus the need for comparing between models to determine, if possible, the best trade-off to
meet the research objectives. The ROC curve was developed to provide a graphical representation of this trade-off
across the entire range of cut-off values and illustrate how well a model simultaneously predicts both positives and
negatives. Developed initially in World War II to evaluate the ability of sonar to distinguish signal from noise (hence
its name Receiver Operating Characteristic), the ROC curve plots sensitivity on the Y axis and 1 – specificity on the
X axis. The result is, for each possible cut-off value, the true positive rate versus the false positive rate.
To illustrate how the ROC curve portrays the trade-off of sensitivity versus specificity, Figure 8.10 provides the
sensitivity and specificity values across cut-off values ranging from 0 to 1 (see Part A) and the resulting ROC curve
(Part B). In Part A we can see the trade-off between sensitivity and specificity as the cut-off value changes. This is most
easily seen at the two extreme cut-off values, 0 and 1. At the far left of Part A we see that a cut-off value of 0 where all
observations are classified as positive. This results in a sensitivity value of 1 (i.e., all positive observations are correctly
classified), but also a sensitivity of 0 since no observations are classified as negative. The result on the ROC curve, shown
in the upper right corner, is the point where sensitivity equals 1 and 1 – specificity equals 1. To the other extreme of a
cut-off value of 1 (far right of Part A) we have all observations classified as negative. At this cut-off value the sensitivity
is zero (no positives classified as positive) and the specificity is 1 (all the negatives are correctly predicted). The result is
the point at the bottom left of the ROC curve, where the sensitivity is zero and 1 – specificity is also 0. All of the points
in between are the sensitivity versus 1 – specificity values for the various cut-off values between 0 and 1.
So how do we interpret the ROC curve? First, the diagonal line across the ROC curve represents a null model,
one predicting equally to chance. This line represents the lower bound of acceptability since we would never want
to do worse than random chance and the objective is to be above this diagonal line as much as possible. The most
preferable cut-off values are ones that move into the upper left of the chart, where the sensitivity (i.e., true positive
rate) is high and the 1 – specificity (i.e., false negative rate) is low. The maximum Youden index, which combines
sensitivity and specificity, corresponds to the cut-off value where the ROC curve is highest above the diagonal line.
An excellent review of ROC curves and their interpretation is provided by [10].
Finally, the AUC (area under the curve) provides a value between 1 (perfect prediction) and .5 (a test no different from random chance). The AUC is an overall test of predictive accuracy, combining both the sensitivity and
specificity across the entire range of cut-off values that might be used with a model. Typically values above .90 are
considered excellent and decreasing in quality of predictive accuracy until reaching the minimum of .5. The AUC is
particularly useful in comparing between different models, as illustrated in Figure 8.11. Models with the higher AUC

Roc cURVe
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Sensitivity and Specificity Value

Part A: Sensitivity and Specificity Values by Probability Cut-off Value
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Figure 8.10
constructing and
interpreting a Roc
curve

Specificity

0.50

0.25

0.00
0.00
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0.75
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Part B: ROC curve as the Combination of Sensitivity and 1−Specificity
Corresponds to a
cut-off value of 0
where True Positive
Rate equals 1, but
False Positive Rate
also equals 1

0.75
Sensitivity

True Positive Rate

1.00

0.50

0.25

0.00
0.00
Corresponds to a
cut-off value of 1
where True Positive
Rate equals 0, but
False Positive Rate
also equals 0

0.25

0.50
1–Specificity

0.75

1.00

False Positive Rate

Source: Adapted from [25].

values are those extending towards the upper left portion of the graph and the desirable combinations of sensitivity
and specificity.
A complementary measure to AUC is the concordance (or c) statistic, which is the probability that
a randomly selected observation with a positive outcome will have a higher predicted probability than a randomly
selected observation with a negative outcome. It is also comparable to a rank correlation between predicted probabilities of the outcome occurring and the observed response. Concordance is calculated by taking all possible pairs
of observations of different outcomes (i.e., one outcome is positive and the other is negative). Then the percentage
of pairs with a higher predicted probability of positive outcome versus negative outcome is the c statistic. That
is, all subsets of the sample consisting of one subject who experienced the event of interest and one subject who
did not experience the event of interest. The c-statistic is the proportion of such pairs in which the subject who
experienced the event had a higher predicted probability of experiencing the event than the subject who did not

concoRDAnce
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experience the event. The c statistic ranges from 1 (perfect prediction of positive outcomes) to zero. A value below
0.5 indicates a very poor model, with no better than chance in predicting the outcome. Values over 0.7 indicate a
good model and values over 0.8 indicate a strong model [3]. We should note that the AUC is directly comparable
to the c statistic as well 1 AUC 5 percent concordant 1 1 .5 * percent tied 2 2 .
cHi-SQUARe-BASeD MeASURe All of the measures of predictive accuracy discussed to this point have been measures
derived from the classification matrix or model likelihood values. But none of them have had an associated statistical test of significance. Hosmer and Lemeshow test is a classification test of the statistical significance of the actual
versus predicted outcomes [21]. Figure 8.12 illustrates application of the test to a sample of 200 observations where
an event is an outcome of 1 and a non-event is an outcome of 0. The test consists of five steps:

1 Divide subjects into deciles based on predicted probabilities. The first decile contains the 10 percent
of observations with lowest predicted probabilities, second decile the next lowest 10 percent of predicted

1

Worthless
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0.9

True positive rate
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Figure 8.11
comparing three Models with Roc
curves
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Figure 8.12
Partition table for the Hosmer and Lemeshow test
Average Predicted
Probabilities

outcome 5 1

outcome 5 0

observed

expected

observed

expected

1

20

1.70%

98.30%

0

0.34

20

19.66

2

20

6.25%

93.75%

0

1.25

20

18.75

3

20

14.45%

85.55%

1

2.89

19

17.11

4

20

23.35%

76.65%

8

4.67

12

15.33

5

20

35.50%

64.50%

11

7.1

9

12.9

6

20

46.95%

53.05%

10

9.39

10

10.61

7

20

57.05%

42.95%

9

11.41

11

8.59

8

20

70.70%

29.30%

12

14.14

8

5.86

9

20

81.55%
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17

16.31

3
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18

18.5

2

1.5

Group

total

outcome 5 1 outcome 5 0
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probabilities and so on. In our example, the 200 observations are divided into 10 groups of 20 each, with the
first decile the 20 observations with the lowest predicted probabilities of an event.
Compute the actual/observed events and non-events in each decile. In our example the first decile had all 20
observations with a non-event. In the tenth decile, 18 observations had an event and 2 had a non-event.
For each decile calculate the average predicted probabilities for both outcomes. The average probability of an event and a non-event within each decile will sum to one. In our example the first decile
had an average predicted probability of an event of 1.7 percent and an average predicted probability of
a non-event of 98.3. The tenth decile had an average event probability of 92.5 percent and a non-event
probability of 7.5 percent.
Calculate the expected events and non-events in each decile. The expected values are the decile average probabilities times the decile size, in this case 20 observations. So in the first decile the expected number of events is
.34 1 20 3 1.7% 2 and the expected number of non-events is 19.66 1 20 3 98.3% 2 .
Compare the actual/observed and expected number of events and non-events with the chi-square statistic.
This test provides a comprehensive measure of predictive accuracy that is based not on the likelihood value, but
rather on the actual prediction of the dependent variable. A nonsignificant value indicates a well-fitting model
between actual and predicted events.

The appropriate use of this test requires a sample size of at least 50 cases to ensure that each class has at least five
observations and generally an even larger sample because the number of predicted events should never fall below
one. Also, the chi-square statistic is sensitive to sample size, enabling this measure to find small statistically significant
differences when the sample size becomes large.
oVeRVieW oF ASSeSSinG MoDeL Fit
Logistic regression provides two approaches to assessing model fit—a model-based measure based upon the statistical process of model estimation and case-based measures of predictive accuracy derived from comparison of actual
and predicted outcomes for each case. The model-based approach provides statistical tests of significance for the
model overall and measures somewhat comparable to R2 from multiple regression. The case-based approaches
are similar to those also used in discriminant analysis, although they provide more diagnostic perspectives (e.g.,
predictive accuracy of actual events versus predictive accuracy of predictions) than usually found in discriminant
analysis. The analyst should consider both approaches for the perspectives they provide and hopefully a convergence of indications from these measures will provide the necessary support for the researcher in evaluating the
overall model fit.
cASeWiSe DiAGnoSticS
One of the benefits of logistic regression is its similarity to multiple regression in many areas, such as model specification and interpretation of the model coefficients discussed in the next section. An additional similarity is the availability of casewise diagnostics similar to those found in multiple regression, such as residuals and influential measures.
Anyone using these diagnostics in multiple regression will make an easy transition to the measures provided by logistic regression. As such, we will refer the reader to Chapter 5 for a more detailed description of the basic concepts and
approaches in using casewise diagnostics. Our discussion here will highlight the similarities and differences in these
two types of measures—residuals and influential measures—that arise when having the unique outcome measure in
logistic regression and the use of maximum likelihood estimation instead or ordinary least squares.
Residuals in logistic regression are similar to those found in multiple regression in that they represent
the difference between the predicted and actual value of the dependent measure, but in logistic regression the
binary dependent measure necessitates two forms of residuals. Pearson residuals are the difference between the
observed values (1 or 0) and estimated probabilities that are standardized by dividing by the standard deviation of

Residuals
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the estimated probability. In large samples the standardized residuals should have a normal distribution. Deviance
residuals are expressed in log likelihood terms (22 times the log of the difference in predicted probability and
actual outcome), such that the sum of the squared deviance across all observations is equal to the 22 log likelihood
value for the model. Deviance for perfect fit (which can never occur since the probability will never exactly equal
1 or 0) is zero and values increase as the differences increase. Thus, in both types of residuals, the difference
between the predicted probability and the actual outcome (1 or 0) is restated. When using standardized residuals,
observations with values greater than 62 should warrant further examination. Interpretation of either type of
residual is similar, with larger values indicative of observations in which the predicted probability was substantially
different than the actual outcome (i.e., a low predicted probability when the outcome was actually 1 or vice versa).
Influential measures provide a means of assessing the impact of individual observations
on either overall model fit or specific model parameter estimates. As such, they extend beyond the information
provided by residuals to address specific aspects of model estimation and interpretation. Chapter 5 provides a
much more detailed discussion of characterizing the concept of influential observations and the various measures
available.
In terms of the impact on overall model performance, there are three basic measures. First is deviance difference, which is the change in the deviance value as a result of deleting that observation. The second is the chi-square
difference, which represents the change in model chi-square as a result of deleting the observation. The final is
C/CBAR which are measures that are similar to Cooks distance, another measure of overall model fit change found
in multiple regression. Each of these measures are best used in a comparative sense across all observations, with
relatively large values indicating observations with markedly greater influence on the overall model fit.
In terms of estimated coefficients, logistic regression also provides dfbeta that represents the change in the estimated coefficient for each variable in the model when a specific observation is deleted from the analysis. Again,
relatively large values denote those observations whose deletion from the analysis would cause a substantial change
in the estimated coefficient. Observations that impact multiple coefficients, for example, may be candidates for
further investigation.
The final influence measure is leverage, which is the degree to which each observation differs from the “average”
observation’s profile on the independent variables. While not directly related to any specific aspect of model performance, it is a useful characterization of the “typicality” of an observation on the independent variables. High leverage values indicate observations that are markedly different on the set of independent variables. A useful tool is a
scatterplot of leverage by residual values, such that observations with high residuals can be assessed on whether they
represent unique/different profiles on the independent variables or not.

Influential Measures

SUMMARY
Logistic regression, while quite similar to multiple regression and discriminant analysis in many regards, has unique
characteristics due to the binary dependent variable that give rise to differences in many aspects of model estimation,
from the specification of the dependent measure to the method of estimation. The widespread use of logistic regression
has led to substantial development of specialized measures of predictive accuracy that address not just overall model
fit, but measures specific to each outcome. To this can be added the casewise diagnostics popularized in multiple
regression allowing a focus on specific observations and their impact on model results. As a result, the analyst has a
wide array of measures to assess a model’s overall fit to the data as well as for each outcome value and by observation.

Stage 5: interpretation of the Results
As discussed earlier, the logistic regression model results in coefficients for the independent variables much like
regression coefficients and quite different from the loadings of discriminant analysis. Moreover, most of the
diagnostics associated with multiple regression for influential observations are also available in logistic regression.
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Rules of thumb 8-3
Assessing Model Fit
●

Model estimation fit—degree to which the outcome measures coincide to predicted probabilities:
●

●

●

Model significance tests can be made with a chi-square test on the differences in the log likelihood
values 1 22LL 2 between two models (e.g., estimated model and null model).
Pseudo R2 measures are comparable to those found in multiple regression, but generally have lower
values.

Predictive accuracy—ability to classify observations into correct outcome group:
●
●

●

●

●

●

All predictive accuracy measures are based on the cut-off value selected for classification.
The final cut-off value selected should be based on comparison of predictive accuracy measures across
cut-off values. While .5 is generally the default cut-off, other values may substantially improve predictive
accuracy.
The classification matrix is a framework for multiple measures of predictive accuracy:
●

Accuracy: predictive accuracy of positives and negatives combined.

●

Sensitivity: true positive rate—percentage of positive outcomes correctly predicted.

●

Specificity: true negative rate—percentage of negative outcomes correctly predicted.

●

PPV (positive predictive value): percentage of positive predictions that are correct.

●

NPV (negative predictive value): percentage of negative predictions that are correct.

ROC curve is a graphical portrayal of the trade-off of sensitivity and specificity values across the entire
range of cut-off values. A larger AUC (area under the curve) indicates better fit.
Hosmer and Lemeshow—the only statistical test of predictive accuracy; nonsignificance indicates
well-fitting model.
Case-wise diagnostics—the impact of each observation on model fit and coefficients:
●

●

Both residuals (Pearson and deviance) reflect standardized differences between predicted probabilities and outcome value (0 and 1). Values above 62 merit further attention.
Influence measures reflect impact on model fit and estimated coefficients if an observation is deleted
from the analysis.

What does differ from multiple regression, however, is the interpretation of the coefficients. Because the dependent
variable has been transformed in the process described in the previous stage, the coefficients must be evaluated
in a specific manner. The following discussion first addresses how the directionality and then magnitude of the
coefficients are determined. Then, the differences in interpretation between metric and nonmetric independent are
covered, just as was needed in multiple regression.
teStinG FoR SiGniFicAnce oF tHe coeFFicientS
Logistic regression tests hypotheses about individual coefficients just as was done in multiple regression. In multiple
regression, the statistical test was to see whether the coefficient was significantly different from 0. A coefficient
of 0 indicates that the coefficient has no impact on the dependent variable. In logistic regression, we also use a
statistical test to see whether the logistic coefficient is different from 0. Remember, however, in logistic regression
using the logit as the dependent measure, a value of 0 corresponds to the odds of 1.00 or a probability of .50—values
that indicate the probability is equal for each group (i.e., again no effect of the independent variable on predicting
group membership).
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In multiple regression, the t value is used to assess the significance of each coefficient. Logistic regression uses
a different statistic, the Wald statistic. It provides the statistical significance for each estimated coefficient so that
hypothesis testing can occur just as it does in multiple regression. If the logistic coefficient is statistically significant,
we can interpret it in terms of how it impacts the estimated probability, and thus the prediction of group membership.
Estimation problems arising from quasi-complete separation are many times reflected in estimated coefficients
with higher values and/or substantially higher standard errors. While many programs provide diagnostic warning
when these issues arise, the analyst is always cautioned to view the estimated coefficients as potential indicators of
these problems and resolve these issues if at all possible,
inteRPRetinG tHe coeFFicientS
One of the advantages of logistic regression is that we need to know only whether an event (purchase or not, good
credit risk or not, firm failure or success) occurred or not to define a dichotomous value as our dependent variable.
When we analyze these data using the logistic transformation, however, the logistic regression and its coefficients
take on a somewhat different meaning from those found in regression with a metric dependent variable. Similarly,
discriminant loadings from a two-group discriminant analysis are interpreted differently from a logistic coefficient.
From the estimation process described earlier, we know that the coefficients (B0, B1, B2, …, Bn) are actually
measures of the change in the ratio of the probabilities (the odds), not the probabilities directly. This requires some
consideration by the analyst, especially in interpretation, as the changes are not in terms of probabilities, but rather
the change in odds. Probability values closely correspond to their odds at low levels of probabilities, but they diverge
sharply as probabilities increase. For example, a probability of 10 percent corresponds to odds of .111 while a probability of 50 percent equals odds of 1 and a probability of 80 percent equals 4. So increasing the odds by a certain
amount relates to different changes in probability depending on the existing level of probability. This is also seen
when we view the logistic curve itself. Increases of one unit of either high or low values of the independent variable
results in relatively minor changes in probability (i.e., very little slope at the tails). But in the middle of the logistic
curve, a one unit change in the independent variable shows marked change in probability values (i.e., the relatively
steep slope in the middle section of the curve). We mention this since analysts must be aware of what the coefficients
actually represent to accurately assess their impact.
The original logistic coefficients have an additional complication in their interpretation because they are
expressed in terms of logarithms when we use the logit as the dependent measure. Thus, the original logistic coefficient reflects the change in the log of the odds. Thus, most computer programs also provide an exponentiated
logistic coefficient, which is just a transformation (antilog) of the original logistic coefficient and now represents a
change in odds. In this way, we can use either the original or exponentiated logistic coefficients for interpretation.
The two types of logistic coefficient differ in that they reflect the relationship of the independent variable with the
two forms of the dependent variable, as shown in Figure 8.13.
We will discuss in the next section how each form of the coefficient reflects both the direction and magnitude of
the independent variable’s relationship, but requires differing methods of interpretation.
Directionality of the Relationship The direction of the relationship (positive or negative) reflects the changes in

the dependent variable associated with changes in the independent variable. A positive relationship means that an
increase in the independent variable is associated with an increase in the predicted probability, and vice versa for
a negative relationship. We will see that the direction of the relationship is reflected differently for the original and
exponentiated logistic coefficients.

Logistic coefficient

Reflects changes in …

Original

Logit (log of the odds)

Exponentiated

Odds

Figure 8.13
interpreting the two types of Logistic coefficients
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The sign of the original coefficients (positive or negative) indicates
the direction of the relationship, just as seen in regression coefficients. A positive coefficient increases the probability,
whereas a negative value decreases the predicted probability, because the original coefficients are expressed in terms
of logit values, where a value of 0.0 equates to an odds value of 1.0 and a probability of .50. Thus, negative numbers
relate to odds less than 1.0 and probabilities less than .50.

inteRPRetinG tHe DiRection oF oRiGinAL coeFFicientS

Exponentiated coefficients must be interpreted differently
because they are the logarithms of the original coefficient. By taking the logarithm, we are actually stating the exponentiated coefficient in terms of odds, which means that exponentiated coefficients will not have negative values.
Because the logarithm of 0 (no effect) is 1.0, an exponentiated coefficient of 1.0 actually corresponds to a relationship
with no direction. Thus, exponentiated coefficients above 1.0 reflect a positive relationship and values less than 1.0
represent negative relationships.
inteRPRetinG tHe DiRection oF exPonentiAteD coeFFicientS

An exAMPLe oF inteRPRetAtion Let us look at a simple example to see what we mean in terms of the differences
between the two forms of logistic coefficients. If Bi (the original coefficient) is positive, its transformation (exponentiated coefficient) will be greater than 1, meaning that the odds will increase for any positive change in the independent variable. Thus the model will have a higher predicted probability of occurrence. Likewise, if Bi is negative
the exponentiated coefficient is less than 1.0 and the odds will be decreased. A coefficient of zero equates to an
exponentiated coefficient value of 1.0, resulting in no change in the odds. A more detailed discussion of interpretation of coefficients, logistic transformation, and estimation procedures can be found in numerous texts [21, 24, 30].

To determine how much the odds will change
given a one-unit change in the independent variable, the numeric value of the coefficient must be evaluated. Just as
in multiple regression, the coefficients for metric and nonmetric variables must be interpreted differently, because
each reflects different impacts on the dependent variable.
For metric variables, the question is: How much will the estimated odds change for each unit change in the
independent variable? In multiple regression, we knew that the regression coefficient was the slope of the linear
relationship of the independent and dependent measures. A coefficient of 1.35 indicated that the dependent variable
increased by 1.35 units each time that independent variable increased by one unit. In logistic regression, we know that
we have a nonlinear relationship bounded between 0 and 1, so the coefficients are likely to be interpreted somewhat
differently. Moreover, we have both the original and exponentiated coefficients to consider.

Magnitude of the Relationship of Metric Independent Variables

Although most appropriate for determining the direction of the relationship, the original logistic coefficients are less useful in determining the magnitude of the relationship. They reflect the change in
the logit (logged odds) value, a unit of measure not particularly understandable in depicting how much the odds or
probabilities actually change.

oRiGinAL LoGiStic coeFFicientS

Exponentiated coefficients directly reflect the magnitude of the change in
the odds value. Because they are exponents, they are interpreted slightly differently. Their impact is multiplicative, meaning that the coefficient’s effect is not added to the dependent variable (the odds), but multiplied for
each unit change in the independent variable. As such, an exponentiated coefficient of 1.0 denotes no change
1 1.0 3 independent variable 5 no change 2 . This outcome corresponds to our earlier discussion, where exponentiated coefficients less than 1.0 reflect negative relationships and values above 1.0 denote positive relationships,
while a value of 1 reflects no relationship.

exPonentiAteD LoGiStic coeFFicientS

An exAMPLe oF ASSeSSinG MAGnitUDe oF cHAnGe

Perhaps an easier approach to determine the amount of change in the

odds from these values is as follows:

Percentage change in odds 5 1 Exponentiated coefficienti 2 1.0 2 3 100

Figure 8.14 illustrates how to calculate the change in odds due to a one-unit change in the independent variable for
a range of exponentiated coefficients.
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Figure 8.14
expressing exponentiated coefficients as a Percentage change in odds
Exponentiated Coefficient 1 e

Value

bi 2

.20

.50

1.0

Exponentiated Coefficient - 1.0

2.80

2.50

0.0

Percentage change in odds

280%

250%

0%

1.5

1.7

.50

.70

50%

70%

If the exponentiated coefficient is .20, a one-unit change in the independent variable will reduce the odds by
80 percent (the same as if the odds were multiplied by .20). Likewise, an exponentiated coefficient of 1.5 denotes a
50 percent increase in the odds ratio.
A researcher who knows the existing odds and wishes to calculate the new odds value for a change in the independent variable can do so directly through the exponentiated coefficient as follows:
New odds value 5 Old odds value 3 Exponentiated coefficient
3 Change in independent variable
Let us use a simple example to illustrate the manner in which the exponentiated coefficient affects the odds value.
Assume that the odds are 1.0 (i.e., 50–50) when the independent variable has a value of 5.5 and the exponentiated
coefficient is 2.35. We know that if the exponentiated coefficient is greater than 1.0, then the relationship is positive,
but we would like to know how much the odds would change. If we expected that the value of the independent variable would increase 1.5 points to 7.0, we could calculate the following:
New odds 5 1.0 3 2.35 3 1 7.0 2 5.5 2 5 3.525

Odds can be translated into probability values by the simple formula of:
Probability 5 Odds/ 1 1 1 Odds 2

Thus, the odds of 3.525 translate into a probability of 77.9 percent 1 3.25/ 1 1 1 3.25 2 5 .779 2 , indicating that increasing the independent variable by 1.5 points will increase the probability from 50 percent to 78 percent, an increase
of 28 percent.
The nonlinear nature of the logistic curve is demonstrated, however, when we apply the same increase
to the odds again. This time, assume that the independent variable increased another 1.5 points, to 8.5.
Would we also expect the probability to increase by another 28 percent? It cannot, because that would make
the probability greater than 100 percent 1 78% 1 28% 5 106% 2 . Thus, the probability increase or decrease
slows so that the curve approaches, but never reaches the two end points (0 and 1). In this example, another
increase of 1.5 points creates a new odds value of 12.426, translating into odds of 92.6 percent, an increase
of 14 percent. Note that in this case of increasing the probability from 78 percent, the increase in probability
for the 1.5 increase in the independent variable is one-half (14%) of what it was for the same increase when
the probability was 50 percent.
The result is that the researcher may find that exponentiated coefficients are quite useful not only in assessing the
impact of an independent variable, but also in calculating the magnitude of the effects.
Interpreting Magnitude for Nonmetric (Dummy) Independent Variables As we discussed in multiple regression,
dummy variables represent a single category of a nonmetric variable (see Chapter 5 for a more detailed discussion
of dummy variables). As such, they are not like metric variables that vary across a range of values, but instead take
on just the values of 1 or 0, indicating the presence or absence of a characteristic. As we saw in the preceding discussion for metric variables, the exponentiated coefficients are the best means of interpreting the impact of the dummy
variable, but are interpreted differently from the metric variables.
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Any time a dummy variable is used, it is essential to note the reference or omitted category. In a manner similar to
the interpretation in regression, the exponentiated coefficient represents the relative level of the dependent variable
for the represented group versus the omitted group. We can state this relationship as follows:
Oddsrepresented category 5 Exponentiated coefficient 3 Oddsreference category
Let us use a simple example of two groups to illustrate these points. If the nonmetric variable is gender, the
two possibilities are male and female. The dummy variable can be defined as representing males (i.e., value of 1 if
male, 0 if female) or females (i.e., value of 1 if female, 0 if male). Whichever way is chosen, however, determines
how the coefficient is interpreted. Let us assume that a 1 is given to females, making the exponentiated coefficient
represent the percentage of the odds ratio of females compared to males. If the coefficient is 1.25, then females have
25 percent higher odds than males 1 1.25 2 1.0 5 .25 2 . Likewise, if the coefficient is .80, then the odds for females
are 20 percent less 1 .80 2 1.0 5 2.20 2 than males.
Figure 8.15 illustrates the impact of a nonmetric variable on the predicted probabilities. Just as we saw with binary
variables in regression that generated predicted values that were parallel lines, here we see parallel logistic curves,
varying by the impact of the binary measure.
As we have seen in multiple regression and other methods, a series of
additional measures of variable importance have been developed. In the case of logistic regression, one of these
(relative importance) is an extension of measures first derived for multiple regression, while the other (weight of
evidence/information value) has been developed specifically for logistic regression. While both of these measures
must be calculated externally to the major software packages, they do represent additional measures whose benefits
may be realized in differing research situations or disciplines.

Other Measures of Variable Importance

One of the major questions in interpretation of multiple regression results is finding a measure
for determining importance of the independent variables on a metric which is easily understood and directly

ReLAtiVe iMPoRtAnce

Figure 8.15
impact of Binary nonmetric Variable on Predicted Probabilities
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comparable. Relative importance, in both regression and logistic regression, is a measure of contribution of each
of the independent variable where these weights will sum to the coefficient of determination, R2, and can be also be
represented as a percentage of the model fit. As such, they represent a direct measure of relative effect sizes. Interested analysts are referred to [32], which provides an overview of the approach and links to macros for most software
packages to enable calculating these values.
WeiGHt oF eViDence/inFoRMAtion VALUe Another measure of variable importance is weight of evidence and its complementary measure information value. This is a measure that was developed primarily in the credit card industry [15]
and has spread as an interpretation tool among other disciplines. Weight of evidence is a concept drawn from information theory that represents the degree to which a nonmetric variable distinguishes between the binary outcomes.
Calculated for each variable separately, it indicates how well each category of the variable distinguishes among the
outcomes. The weight of evidence values of the categories as combined to provide an overall measure of discrimination for an independent variable that is information value. The information value provides another measure for
comparing between independent variables as to their relative value in distinguishing between the outcomes. Larger
information values indicate that an independent variable is more informative about the outcome (i.e., provides more
discrimination between the two outcomes).
In terms of assessing the information values themselves, information values less than 0.02 indicate that a variable is not predictive; 0.02 to 0.1 indicate weak predictive power; 0.1 to 0.3 indicate medium predictive power; and
greater than 0.3 indicates strong predictive power [15]. Information value can also be calculated for metric independent variables by converting them to categorical variables, with the benefit of assessing the relative role each category/
range of the metric variables to provide discrimination power for the outcome measures. It should be noted that
weight of evidence and information value are calculated for each independent variable separately and thus do not
reflect their final model importance which may be impacted by multicollinearity among the independent variables.
As such, it is often also used as a variable selection measure among multiple independent variables for possible
inclusion in the logistic model [23, 33].

Multicollinearity The issue of multicollinearity impacts the interpretation of coefficients in logistic regression in

a manner similar to other multivariate methods, perhaps most comparably to multiple regression. High levels of
multicollinearity reduce the unique impact of the independent variables involved and thus their estimated coefficients and standard errors. While not a problem for purposes of model fit, it does potentially confound interpretation.
Most logistic regression programs do not provide collinearity diagnostics, but the analyst can easily use multiple
regression models to obtain this information. Since multicollinearity is only based upon the independent variables
in a model, the analyst can run the logistic model (dependent and independent variables) in a multiple regression
procedure and obtain the collinearity diagnostics. While estimated coefficients are obviously not used, the VIF
and tolerance measures are applicable. As with regular multiple regression, another approach is to calculate binary
correlations among the independent variables and any bivariate correlation .50 or greater indicates the possibility
of multicollinearity problems.
cALcULAtinG PRoBABiLitieS FoR A SPeciFic VALUe oF tHe inDePenDent VARiABLe
In the earlier discussion of the assumed distribution of possible dependent variables, we described an S-shaped, or
logistic, curve. To represent the relationship between the dependent and independent variables, the coefficients must
actually represent nonlinear relationships between the dependent and independent variables. Although the transformation process of taking logarithms provides a linearization of the relationship, the researcher must remember that
the coefficients actually represent different slopes in the relationship depending on the values of the independent
variable. In this way, the S-shaped distribution can be estimated. If the researcher is interested in the slope of the
relationship at various values of the independent variable, the coefficients can be calculated and the relationship
assessed [13].
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oVeRVieW oF inteRPRetinG coeFFicientS
The similarity of the coefficients to those found in multiple regression has been a primary reason for the popularity
of logistic regression. As we have seen in the prior discussion, many aspects are quite similar, but the unique nature
of the dependent variable (the odds ratio) and the logarithmic form of the variate (necessitating use of the exponentiated coefficients) requires a somewhat different approach to interpretation. The researcher, however, still has the
ability to assess the direction and magnitude of each independent variable’s impact on the dependent measure and
ultimately the classification accuracy of the logistic model.

Stage 6: Validation of the Results
The final stage of a logistic regression analysis involves ensuring the external as well as internal validity of the results.
Although logistic regression is not as susceptible as discriminant analysis to “overfitting” the results, the process of
validation is still essential, especially with smaller samples. The most common approach for establishing external
validity is the assessment of hit ratios through either a separate sample (holdout sample) or utilizing a procedure that
repeatedly processes the estimation sample. External validity is supported when the hit ratio of the selected approach
exceeds the comparison standards that represent the predictive accuracy expected by chance (see discussion on
predictive accuracy measures in Chapter 7).
The most common form of validation is through the creation of a holdout sample, also referred to as the
validation sample, which is separate from the analysis sample used to estimate the model. The objective is to
apply the logistic model to a totally separate set of respondents to assess the levels of predictive accuracy achieved.
Because these cases were not used in the estimation process, they should provide insight into the generalizability
of the logistic model.
A second approach is cross-validation, which uses a variant of the holdout sample where the test of external
validity uses multiple subsets of the total sample. The most widely used approach is the jackknife method based on
the “leave-one-out” principle. Typically the analysis is performed on k 2 1 subsamples, eliminating one observation
at a time from a sample of k cases. The logistic model is computed for each sample and then the predicted group
membership of the eliminated observation is computed. After all the subsamples have been analyzed, a classification
matrix is constructed and the hit ratio calculated for the holdout cases in each subsample. Readers are encouraged
to review Chapter 7 for more detail on the validation process in discriminant analysis.

Rules of thumb 8-4
interpreting coefficients
●

●
●

Large values for original logistic coefficients and/or associated standard errors may indicate
quasi-complete separation problems.
Coefficients are expressed in two forms: original and exponentiated to assist in interpretation.
Interpretation of the coefficients for direction and magnitude is as follows:
●

●

Direction can be directly assessed in the original coefficients (positive or negative signs) or indirectly in
the exponentiated coefficients (less than 1 are negative, greater than 1 are positive).
Magnitude is best assessed by the exponentiated coefficient, with the percentage change in the dependent variable shown by:
Percentage change 5 (Exponentiated coefficient 2 1.0) 3 100
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Rules of thumb 8-4 (continued)
Validation
●

●

Split of the sample into estimation and holdout portions is encouraged to provide separate test of predictive
accuracy.
If a holdout sample is precluded by small overall sample size, a cross-validation procedure (i.e., the
“leave-one-out” or jackknife approach) is available.

An illustrative example of Logistic Regression
Logistic regression is an attractive alternative to discriminant analysis whenever the dependent variable has only two
categories. Its advantages over discriminant analysis include the following:
1 Less affected than discriminant analysis by the variance–covariance inequalities across the groups, a basic
assumption of discriminant analysis.
2 Handles categorical independent variables easily, whereas in discriminant analysis the use of dummy variables
created problems with the variance–covariance equalities.
3 Empirical results parallel those of multiple regression in terms of their interpretation and the casewise diagnostic measures available for examining residuals.
The following example, identical to the two-group discriminant analysis discussed in Chapter 7, illustrates these
advantages and the similarity of logistic regression to the results obtained from multiple regression. As we will see,
even though logistic regression has many advantages as an alternative to discriminant analysis, the researcher must
carefully interpret the results due to the unique types of estimated coefficients along with aspects of how logistic
regression handles the prediction of probabilities and group membership.
The issues addressed in the first three stages of the decision process are identical for the two-group
discriminant analysis and logistic regression. We review them briefly here and refer the reader to Chapter 7
for more detail.
StAGe 1: oBjectiVeS oF LoGiStic ReGReSSion
As discussed in Chapter 7, HBAT’s management team is interested in any differences in perceptions between
those customers located and served by their US-based salesforce versus those outside the United States who
are served mainly by independent distributors. Their specific focus is to identify any perceptions that differ
in terms of their primary areas of operations (product line, pricing, etc.) between these two sets of customers.
One objective is to identify which perception(s) provide distinctive differences so as to develop differentiated
strategies between the customer groups. But a second objective, classification, is equally important as a means
of developing support for the model among operational units. The ability of the management team to easily
distinguish between customers even without knowing their geographic location makes for improved salesforce
coordination. Moreover, identifying customers which are dissimilar to their contemporaries make allow for
even more differentiated services.
StAGe 2: ReSeARcH DeSiGn FoR LoGiStic ReGReSSion
The research design stage focuses on three key issues: selecting dependent and independent variables, assessing
the adequacy of the sample size, both overall and by outcome group, and dividing the sample for validation
purposes.
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Logistic regression analysis requires a single nonmetric
dependent measure and either metric or nonmetric independent measures. The dependent variable is Region 1 X4 2
and the independent variables are the perceptions of HBAT. We should note that nonmetric variables will not be used
as independent variables because of their impact on sample size as discussed in the next section.

Selection of Dependent and Independent Variables

Sample Size With a HBAT dataset of 100 observations, logistic regression will face issues relating to the ability to

create a holdout sample as well as the lower power of the model to identify significant results. While the analysis and
holdout samples of 60 and 40 respectively do fall below the recommended sample size, the size of the two outcomes
in the estimation sample (34 and 26) provides an adequate sample size for model estimation. Moreover, no nonmetric
independent variables will be used in the analysis, thus avoiding issues of quasi-complete separation due to cells with
zero observations. It is important to ensure randomness in the selection of the holdout sample so that any ordering
of the observations does not affect the processes of estimation and validation.
StAGe 3: ASSUMPtionS oF LoGiStic ReGReSSion
The only assumptions underlying logistic regression analysis involve the independence of observations, which is
met in this sample by the nature of its research design. It is important to remember, however, that an underlying
assumption is the “linearity of the logit” which forms the basis for the estimation of the logistic model. Given the
inadequacy of graphical means for portraying nonlinearities, the Box Tidwell test is the most direct approach. As
discussed earlier, this involves adding an interaction term representing the nonlinear effect of each independent
variable and then assessing its significance. The test for nonlinear effects will be performed after model estimation
to see if any variables and/or interaction terms should be added for improved model fit.
StAGe 4: eStiMAtion oF tHe LoGiStic ReGReSSion MoDeL AnD ASSeSSinG oVeRALL Fit
Before model estimation begins, Table 8.1 provides univariate tests of each independent variable. A series of simple
logistic regression models were estimated with each independent variable as the only variable in the model to provide
the univariate significance tests. The univariate tests identify five of the 13 variables (X6, X11, X12, X13, and X17) with
statistically significant relationships with the dependent variable. We would expect one or more of these variables
to be in our final model. We can also expect multicollinearity among these variables that can impact not only the
estimated coefficients and standard errors, but also any sequential estimation process that is used. Prior analysis in
Exploratory Factor Analysis (Chapter 3) gave some indications that multicollinearity may have an impact on model
table 8.1 Univariate Analysis of independent Variables
Univariate Logistic Model
independent Variable
X6 Product Quality

Logit coefficient

Significance

2.782

.001

.611

.159

X8 Technical Support

2.215

.210

X9 Complaint Resolution

2.184

.355

.215

.376

X7 E-Commerce Activities

X10 Advertising
X11 Product Line

21.145

.000

.852

.006

X13 Competitive Pricing

1.129

.000

X14 Warranty & Claims

2.240

.496

X15 New Products

.131

.436

X16 Order & Billing

2.078

.765

X17 Price Flexibility

1.932

.000

X18 Delivery Speed

2.135

.692

X12 Salesforce Image
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estimation and interpretation. First, among the five significant variables, both X6 and X13 were part of the Product
Value factor derived by exploratory factor analysis. Thus, only one of those variables may be in a final model due
to multicollinearity. Second, we also know that four factors were identified containing 10 of the 13 independent
variables indicating some levels of multicollinearity among the entire set of variables. With these issues in mind, the
collinearity diagnostics run in conjunction with multiple regression (see Chapter 5 for more detail) did not identify
any levels of multicollinearity that required remediation. Thus, while logistic regression is affected by multicollinearity among the independent variables in a manner similar to discriminant analysis and regression analysis, it is not
expected to be a serious problem in model estimation or interpretation.
While these five variables are the logical candidates for inclusion in the logistic regression variate because they
demonstrate significant relationships, we need to assess all of the variables in some concurrent manner apart from
the univariate tests. Logistic regression may include one or more of these variables in the model, as well as even other
variables that do not have significant differences at this stage if they work in combination with other variables to
significantly improve prediction. The possible nonlinear effects of the independent variables will also be examined.
For purposes of illustration, the stepwise model will be fully evaluated and then the nonlinear effects will be tested
to determine if there are substantive improvements to the model.
Stepwise Model Estimation A stepwise logistic regression model is estimated much like multiple regression in that
a base model is first estimated to provide a standard for comparison (see earlier discussion for more detail). In multiple regression, the mean is used to set the base model and calculate the total sum of squares. In logistic regression, the
same process is used, with the intercept used in the estimated model not to calculate the sum of squares, but instead
to calculate the log likelihood value. From this model, the conditional relationship (i.e., accounting for variables in
the model) for each variable can be established and the most discriminating variable chosen in a stepwise model
according to the selection criteria. It should also be noted that the default cut-off value of .5 is used for predicting
outcomes, but this will be re-examined once the final model is estimated.

Table 8.2 contains the base model results for the logistic regression analysis based on the
60 observations in the analysis sample. The log likelihood value 1 22LL 2 is 82.108. The score statistic, a measure of
association used in logistic regression, is the measure used for selecting variables in the stepwise procedure. Several

eStiMAtinG tHe BASe MoDeL

table 8.2 Logistic Regression Base Model Results
overall Model Fit: Goodness-of-Fit Measures
22 Log Likelihood 1 22LL 2

Value
82.108

Variables not in the equation
independent Variables
X6 Product Quality

Score Statistic

Significance

11.925

.001

X7 E-Commerce Activities

2.052

.152

X8 Technical Support

1.609

.205

.866

.352

X9 Complaint Resolution
X10 Advertising
X11 Product Line
X12 Salesforce Image
X13 Competitive Pricing
X14 Warranty & Claims

.791

.374

18.323

.000

8.622

.003

21.330

.000

.465

.495

X15 New Products

.614

.433

X16 Order & Billing

.090

.764

X17 Price Flexibility

21.204

.000

X18 Delivery Speed

.157

.692
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criteria can be used to guide entry: greatest reduction in the 22LL value, greatest Wald coefficient, or highest conditional probability. In our example, we employ the criteria of reduction of the log likelihood ratio.
In reviewing the score statistics of variables not in the model at this time, we see that the same five variables with
statistically significant differences (X6, X11, X12, X13, and X17) are the only variables with significant score statistics
in Table 8.2. Because the stepwise procedure selects the variable with the highest score statistic, X13 should be the
variable added in the first step.
As expected, X13 was selected for entry in the first step of the estimation process (see Table 8.3). It corresponded to the highest score statistic across all 13 perception variables. The
entry of X13 into the logistic regression model obtained a reasonable model fit, with pseudo R2 values ranging from
.306 (pseudo R2) to .459 (Nagelkerke R2) and overall accuracy ratios of 73.3 percent and 75.0 percent for the analysis
and holdout samples, respectively. We will examine all of the measures of overall model fit and predictive accuracy
after the final stepwise model is determined.
StePWiSe eStiMAtion: ADDinG tHe FiRSt VARiABLe, X13

table 8.3 Logistic Regression Stepwise estimation: Adding X13 (competitive Pricing)
overall Model Fit: Goodness-of-Fit Measures
cHAnGe in —2LL
From Base Model
22 Log Likelihood 1 22LL 2

Value

change

Significance

change

56.971

25.136

.000

25.136

Cox and Snell R

.342

Nagelkerke R2

.459

2

From Prior Step
Significance
.000

.306

2

Pseudo R

Value

Significance

17.329

2

Hosmer and Lemeshow x

.027

Variables in the equation
independent
Variable

Wald

df

Sig.

exp(B)

1.129

.287

15.471

1

.000

3.092

27.008

1.836

14.570

1

.000

.001

B

X13 Competitive

Std. error

Pricing
Constant

B = logistic coefficient, Exp(B) = exponentiated coefficient.
Variables not in the equation
independent Variables
X6 Product Quality

Score Statistic

Significance

4.859

.028

X7 E-Commerce Activities

.132

.716

X8 Technical Support

.007

.932

X9 Complaint Resolution

1.379

.240

.129

.719

X11 Product Line

6.154

.013

X12 Salesforce Image

2.745

.098

X14 Warranty & Claims

.640

.424

X15 New Products

.344

.557

X16 Order & Billing

2.529

.112

X17 Price Flexibility

13.723

.000

X18 Delivery Speed

1.206

.272

X10 Advertising
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table 8.3 (continued)
classification Matrix
PReDicteD GRoUP MeMBeRSHiPa
AnALYSiS SAMPLe

HoLDoUt SAMPLe

X4 Region

X4 Region

outside
Actual Group Membership
USA/North America

USA/north

north

America

America

19

7

outside
total
26

(73.1)
Outside North America

a

9

USA/north

north

America

America

4

9

total
13

(30.8)
25

34

(73.5)

(73.3)

1

26

27

(96.3)

(75.0)

Values in parentheses are percentage correctly classified.

Examination of the results, however, identifies two reasons for considering an additional stage(s) to add variable(s) to the logistic regression model. First, three variables not in the current logistic model (X17, X11, and X6) have
statistically significant score statistics, indicating that their inclusion would significantly improve the overall model
fit. Second, the overall accuracy for the holdout sample is good (75.0%), but one of the groups (USA/North America
customers) has an unacceptably low level of predictive accuracy of 30.8 percent.
StePWiSe eStiMAtion: ADDinG tHe SeconD VARiABLe, X17 Hopefully one or more steps in the stepwise procedure will result
in the inclusion of all independent variables with significant score statistics as well as achieve acceptable levels of
predictive accuracy (overall and group-specific) for both the analysis and holdout samples.
X17, with the highest score statistic after adding X13, was selected for entry at step 2 (Table 8.4). Improvement in all measures of model fit ranged from a decrease in the 22LL value to the various R2 measures.
More important from a model estimation perspective, however, none of the variables not in the equation had
statistically significant change scores. Thus, the two-variable logistic model including X13 and X17 will be the
final model in the stepwise procedure. We can then proceed to assessing in more detail overall model fit and
predictive accuracy.

Assessing Overall Model Fit In making an assessment of the overall fit of a logistic regression model, we can draw

upon three approaches: statistical measures of overall model fit improvement, pseudo R2 measures, and measures of
classification accuracy. Each of these approaches will be examined for the one-variable and two-variable (final) logistic
regression models from the stepwise procedure. We should note that while almost all of the measures shown here are
common to all software packages, there are specific instances in which they differ. For example, IBM SPSS has direct
estimation of a holdout sample classification matrix while SAS provides measures such as the global null hypothesis
and concordance measures. While we combine all of these measures here to illustrate their use, the analyst should feel
comfortable that each software package provides a comprehensive set of results with which to evaluate any model results.
The first statistical measure is the chi-square test for the change in the 22LL value from the
base model, which is comparable to the overall F test in multiple regression. Smaller values of the 22LL measure
indicate better model fit, and the statistical test is available for assessing the difference between both the base model
and other proposed models (in a stepwise procedure, this test is always based on improvement from the prior step).
In the single-variable model (see Table 8.5), the 22LL value is reduced from the base model value of 82.108 to
59.971, a decrease of 25.136. This increase in model fit was statistically significant at the .000 level. In the two-variable
model, the 22LL value decreased further to 39.960, resulting in significant decreases not only from the base model
(42.148), but also a significant decrease from the one-variable model (17.011). Both of these improvements in model
fit were significant at the .000 level.
StAtiSticAL MeASUReS
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table 8.4 Logistic Regression Stepwise estimation: Adding X17 (Price Flexibility)
overall Model Fit: Goodness-of-Fit Measures
cHAnGe in 22LL
From Base Model
22 Log Likelihood 1 22LL 2

From Prior Step

Value

change

Significance

change

Significance

39.960

42.148

.000

17.011

.000

Cox and Snell R2

.505

Nagelkerke R2

.677

Pseudo R2

.513

2

Hosmer and Lemeshow x

Value

Significance

5.326

.722

Variables in the equation
independent Variable

B

X13 Competitive Pricing

1.079

X17 Price Flexibility

Std. error

Wald

df

Sig.

exp(B)

.357

9.115

1

.003

2.942

1.844

.639

B 5 logistic coefficient, Exp 1 B 2 5 exponentiated coefficient.

Constant

3.712

214.192

8.331

1

.004

6.321

14.614

1

.000

.000

Variables not in the equation
independent Variables

Score Statistic

X6 Product Quality
X7 E-Commerce Activities
X8 Technical Support

Significance

.656

.418

3.501

.061

.006

.937

X9 Complaint Resolution

.693

.405

X10 Advertising

.091

.762

X11 Product Line

3.409

.065

X12 Salesforce Image

.849

.357

X14 Warranty & Claims

2.327

.127

.026

.873

X16 Order & Billing

.010

.919

X18 Delivery Speed

2.907

.088

X15 New Products

classification Matrix
Predicted Group Membershipa
AnALYSiS SAMPLe

HoLDoUt SAMPLe

X4 Region

X4 Region

Actual Group

USA/ north

outside north

Membership

America

America

USA/North America

25

1

total
26

(96.2)
Outside North America

a

6

USA/north

outside north

America

America

9

4

total
13

(69.2)
28

34

(82.4)

(88.3)

2

25

27

(92.6)

(85.0)

Values in parentheses are percentage correctly classified (hit ratio).

The second measure of overall model fit is the test of the global null hypothesis that none of the estimated variable coefficients are significant. Comparable to the overall F test in regression, it provides a comparison of a model
to the baseline or null model of only the intercept. Table 8.5 contains the three measures used to test the global null
hypothesis (likelihood ratio, score coefficient and the Wald coefficient). As expected, the initial model with X13 was
significantly different on all three measures and that difference increased substantially with the inclusion of X17.
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Both measures of overall model fit indicated a statistically significant improvement from the baseline or null
model. However, as with many significance tests, we still lack some more direct assessment as to the magnitude of
the model fit. In this regard we will examine two additional types of fit measures—pseudo R2 measures and measures
of predictive accuracy.
Three available measures are comparable to the R2 measure in multiple regression: the Cox and
Snell R2, the Nagelkerke R2, and a pseudo R2 measure based on the reduction in the 22LL value (see Table 8.6). For
the one-variable logistic regression model, these values were .342, .459, and .306, respectively. In combination, they
indicate that the one-variable regression model accounts for approximately one-third of the variation in the dependent measure. Although the one-variable model was deemed statistically significant on several overall measures of
fit, these R2 measures are somewhat low for purposes of practical significance.
The two-variable model (see Table 8.4) has R2 values that are each over .50, indicating that the logistic regression model accounts for at least one-half of the variation between the two groups of customers. One would
always want to improve these values, but this level is deemed practically significant in this situation, particularly
given the fact that pseudo R2 measures for logistic regression are generally lower than those found in multiple
regression. The R2 values of the two-variable model showed substantive improvement over the single-variable
model and indicate good model fit, even when compared to the R2 values usually found in multiple regression.
Coupled with the statistically based measures of model fit, the model is deemed acceptable in terms of both
statistical and practical significance.
PSeUDo R2 MeASUReS

cLASSiFicAtion AccURAcY The third type of measure for overall model fit involves the predictive accuracy of the model
with particular emphasis on practical significance (i.e., how well actual outcomes are predicted by the model and
how well the predictions actually work). The classification matrices, which are identical in nature to those used in
discriminant analysis, represent the framework for the various measures of predictive accuracy. Yet before predictive
accuracy can be assessed, the appropriate cut-off value used in predictions of group membership must be determined.
Determining The Appropriate Cut-off Value The classification matrices shown in Tables 8.3 and 8.4 used the default
cut-off value of .50. This cut-off value may be appropriate given the relatively equal group sizes of 26 and 34 in the
two outcome groups, but the analyst should examine the levels of predictive accuracy obtained with other cut-off

table 8.5 Statistical Measures of overall Model Fit improvement
Step 1: X13 entered

Step 2 (Final Model): X17 entered

Model Fit improvement: Reduction in 22 Log Likelihood (Base Model 22LL 82.108)
Reduction in 22LL

Significance

Reduction in 22LL

Significance

25.136

.000

17.011

.000

–Log Likelihood

testing the Global null Hypothesis
test

chi-Square

DF

Pr > chiSq

chi-Square

DF

Pr > chisq

Likelihood Ratio

25.1363

1

, .0001

42.1477

2

, .0001

Score

21.3297

1

, .0001

31.3228

2

, .0001

Wald

15.471

1

, .0001

14.1772

2

0.0008

table 8.6 Pseudo R2 Measures of Model Fit
Pseudo R2 Measure
Cox and Snell R2
2

Nagelkerke R
2

Pseudo R

Step 1: X13 entered

Step 2 (Final Model): X17 entered

.342

.505

.459

.677

.306

.513
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values. This is particularly important if the outcome has group sizes that are markedly dissimilar (e.g., the rare event
situations discussed earlier). It should be noted that varying the cut-off value does not impact model estimation in
any way since it is just applying the cutoff to the probability values generated by the model.
A wide range of cut-off values (ranging from 0 to 1.0 with smaller levels of difference around the default of .50)
are shown in Table 8.7 along with the associated measures of predictive accuracy for each cut-off value for the final
stepwise model. While there is no single measure that determines the cut-off value to select, the measures of accuracy
(the overall percentage of correctly classified) and the Youden index (combination of sensitivity and specificity) best
reflect overall model fit. As we can see, accuracy is highest within the range of .44 to .54, while the Youden index is
maximized within the values of .50 to .54. Thus, the default cut-off value of .50 will be retained, but the analyst should
take note of the range of cut-off values with maximum levels of predictive accuracy, even with very similar group
sizes. This is an indication that other situations with more dissimilar group sizes may require a different cut-off value.
Overall Predictive Accuracy The two measures of overall predictive accuracy, accuracy and the Youden index, had
maximum values of 88.3 and 78.5 percent respectively. Accuracy, similar to the hit ratio in discriminant analysis, can
be compared to the values of 65.5 for the proportional chance criterion (the preferred measure) and 76.3 percent for
the maximum chance criterion. The value of adding X17 to the initial model is shown by the accuracy values for the
estimation and holdout sample were only 73.3 and 75.0 percent respectively. Thus, the additional variable provided
a noticeable improvement in accuracy such that the final model exceeded both standards of comparison. If you are
unfamiliar with the methods of calculating the proportional and maximum chance criterion measures, refer back to
Chapter 7 regarding assessment of classification measurement accuracy.

In addition to accuracy, sensitivity (true positive rate) and specificity (true negative rate)
represent the group-specific measures that provide a more detailed perspective on predictive accuracy. These measures
become even more important if the research situation requires a more focused approach on either of the two outcomes.
For example, it may be deemed important to focus on improving the true positive rate, which also has the effect of
reducing the false negative (predicting a true outcome to be negative) effect. Even if there is a focus on a specific
outcome, it is critical to make sure that both sensitivity and specificity achieve acceptable levels, even if the overall
level of predictive accuracy is acceptable.
An example of differences between levels of sensitivity and specificity are illustrated in the single-variable stepwise
model for the holdout sample (see Table 8.3). Even though the accuracy level (85.0%) is greater than the proportional
chance criterion and comparable to the maximum chance criterion, a significant problem appears in the specificity
value (i.e., percent correctly classified for USA/North America customers), where only 30.8 percent of that group is
correctly predicted. This level is below both standards and supports additional variables in the logistic model so as
to increase that group-specific rate to acceptable levels. When X17 is added to the model, specificity increases to 69.2
percent, above the comparison value of 65.5 percent for the proportional chance criterion. With these improvements
to both accuracy and sensitivity/specificity, the two-variable logistic regression model is deemed acceptable in terms
of these measures of predictive accuracy.
Sensitivity and Specificity

PPV and NPV While sensitivity and specificity measure the ability to predict the actual outcome, they do not deal
directly with the accuracy of the prediction. This is the role of PPV (positive predictive value) and NPV (negative
predictive value), which are the percentage of the predictions, either positive or negative, that are accurate. So the PPV,
for example, portrays the probability that the prediction of a positive outcome for an observation is correct. The focus
of PPV and NPV is solely on the accuracy of the prediction, which has substantive value in the application of the logistic
model for classification purposes.
For the cut-off value of .50, the PPV is 96.6 percent, where of the 29 positive predictions only one prediction
was incorrect (see Table 8.7). The NPV is 80.6 percent, where of the 31 negative predictions 6 were incorrect. So
while the sensitivity/specificity trade-off favored specificity (True Positive rate/sensitivity of 82.4 and True Negative
rate/specificity of 96.2), the model produces a much more accurate test in terms of positive outcomes than negative
outcomes.
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26

1

13

0

1

1

1

1

1

1

1

1

1

2

2

2

4

6

10

34

10

10

9

7

7

7

6

6

6

5

5

5

5

5

3

3

0

0

negative

False

no

Predicted:

Bold indicates maximum values for measure.

0

24

24

25

27

27

27

28

28

28

29

29

29

29

29

31

31

34

34

Positive

true

Yes

Predicted:

Actual:Yes

NC: Not calculated due to zero for either true positive or true negative.

25

25

0.8

0.9

25

25

0.6

0.7

25

25

0.56

0.58

25

25

0.52

25

0.5

0.54

24

24

0.46

0.48

22

24

0.42

20

0.4

0.44

13

16

0.2

0.3

19

26

0

7

Positive

negative

0

False

true

0.1

Yes

no

Level

Predicted:

Predicted:

Probability

Actual: no

43.3%

81.7%

81.7%

83.3%

86.7%

86.7%

86.7%

88.3%

88.3%

88.3%

88.3%

88.3%

88.3%

85.0%

81.7%

78.3%

73.3%

68.3%

56.7%

Accuracy

classification table

table 8.7 Selecting the cutoff Value for the classification Matrix

0.0%

70.6%

70.6%

73.5%

79.4%

79.4%

79.4%

82.4%

82.4%

82.4%

85.3%

85.3%

85.3%

85.3%

85.3%

91.2%

91.2%

100.0%

100.0%

Sensitivity

100.0%

96.2%

96.2%

96.2%

96.2%

96.2%

96.2%

96.2%

96.2%

96.2%

92.3%

92.3%

92.3%

84.6%

76.9%

61.5%

50.0%

26.9%

0.0%

Specificity

0.0%

66.7%

66.7%

69.7%

75.6%

75.6%

75.6%

78.5%

78.5%

78.5%

77.6%

77.6%

77.6%

69.9%

62.2%

52.7%

41.2%

26.9%

0.0%

Youden

Predictive Accuracy Measures

NC

96.0%

96.0%

96.2%

96.4%

96.4%

96.4%

96.6%

96.6%

96.6%

93.5%

93.5%

93.5%

87.9%

82.9%

75.6%

70.5%

64.2%

56.7%

PPV

43.3%

71.4%

71.4%

73.5%

78.1%

78.1%

78.1%

80.6%

80.6%

80.6%

82.8%

82.8%

82.8%

81.5%

80.0%

84.2%

81.3%

100.0%

NC

nPV
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ROC Curve The varying levels and trade-offs between sensitivity and specificity across the range of cut-off values
in Table 8.7 is shown in graphical form in the ROC curve in Table 8.8. Here we see the specificity and 1 – specificity
values for the complete range of cut-off values for a set of models. First, there are the curves for two univariate models,
one each for X13 and X17. These demonstrate the relative predictive accuracy for each variable separately. We can see
that in some instances one model outperformed the other and they switched in other instances. As a result, the final
model, which combines both variables, performs better than either single variable in almost all instances, especially
at the highest levels of the cut-off value (to the left of the chart) where the false positive rate is lower (i.e., the x axis
which is 1 - specificity).
Better fitting models are shown as being farther removed (i.e., towards the upper left of the chart) from the diagonal reference line representing a random chance model. The AUC measures this positioning of models, with higher
values of the AUC indicating better fitting models. The final model has an AUC value of .9214, which is greater than
either of the two univariate models. The AUC allows for easy comparison between models, as done here with the two
univariate models versus the multivariate model. In this way the analyst can see a broader perspective of predictive
accuracy versus just a single set of sensitivity and specificity values. We encouraged you to review Fawcett’s article
[10] for further detail on interpreting ROC curves.

None of the measures of predictive accuracy to this point provide a statistical test for the
level of predictive accuracy. The Hosmer and Lemeshow measure is a statistical test of overall predictive accuracy
based on the correspondence of actual and predicted values of the dependent variable. In this case, better model
Hosmer and Lemeshow Test

table 8.8 comparing the independent Variables and Final Stepwise Model
with the Roc curve
1.0

0.8

Sensitivity

0.6

0.4

Variables in the Model
X13 - Competitive Pricing
X17 - Price Flexibility
Final Model (X13 and X17)
Random Chance

0.2

0.0
0.0

0.2

0.4

0.6

0.8

1.0

1-Specificity

AUC values: X13 1 .8495 2 , X17 1 .8535 2 , Final Model (.9214), Random Chance (.5000).
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fit is indicated by a smaller difference in the observed and predicted classification. Thus, well-fitting models have a
small chi-square value that is nonsignificant.
The Hosmer and Lemeshow test shows statistical significance for the one-variable logistic model (.027 from Table 8.9),
indicating that significant differences remain between the actual and expected values. The two-variable model, however,
reduces the significance level to .722 (see Table 8.4), a nonsignificant value indicating that the model fit is acceptable. In
comparing this statistical measure to the earlier measures of model fit, we do see differences. Both statistical measures
of overall model fit indicated a well-fitting single variable model, but this was not supported by the statistical measure
of predictive accuracy. This does not invalidate the model in any manner, but does highlight the various perspectives on
model fit (i.e., model fit versus predictive accuracy) that are involved in assessing a logistic regression model.
Concordance One final measure of predictive accuracy is the concordance or c statistic (see Table 8.9). This measure
details the percentage of all randomly formed pairs of observations (each pair has a positive outcome observation
and a negative outcome observation) in which the predicted probability is higher for the positive outcome. Higher
values indicate a well-fitting model across the entire set of observations. The concordance statistic is also comparable
to the AUC measure of the ROC curve.

Across all of the basic types of measures of overall model fit, the two-variable model (with X13 and X17)
demonstrates acceptable levels of both statistical and practical significances. With the overall model fit acceptable, we
turn our attention to assessing the statistical tests of the logistic coefficients in order to identify the coefficients that
have significant relationships affecting group membership. Before doing so, however, we will examine the casewise
diagnostics to identify any observations that might exert undue influence on the model results.

SUMMARY

The analysis of the misclassification of individual observations can provide further insight
into possible improvements of the model. Casewise diagnostics such as standardized residuals and measures of
influence are available in terms of both impact on overall model fit and individual model coefficients.
In the estimation sample, only seven cases were misclassified. The most direct measure of misclassification of individual cases is the standardized Pearson residual or standardized deviance. In terms of impact, the Dfbetas provide
a measure of influence of each case on the estimated coefficients. Table 8.10 provides the Pearson residuals and the
Dfbetas for X13 and X17 for each of the misclassified cases. Table 8.11 portrays these three influential measures for
all of the cases with those exceeding the threshold (62 for standardized residuals) or markedly higher than the

Casewise Diagnostics

table 8.9 Hosmer and Lemeshow test and concordance Measures of Predictive Accuracy
Step 1: X13 entered
Hosmer and Lemeshow Test

Chi-Square

Chi-Square

.027

5.326

17.329
Concordant Pairs

Step 2 (Final Model): X17 entered

Significance

Significance
.722

Percentage

Percentage

84.5%

92.1%

table 8.10 casewise Diagnostics For Misclassified cases

a

iD

x4, Regiona

Predicted x4

Pearson Residual

normalized Residual

DFBetA for X13

DFBetA for X17

43

0

1

20.90685

23.12015

20.18468

20.33639

3

1

0

0.87653

2.66447

20.19425

20.04348

64

1

0

0.85632

2.44131

20.03588

20.29290

94

1

0

0.84127

2.30217

20.17161

20.00072

32

1

0

0.64928

1.36060

0.02221

20.09600

49

1

0

0.64209

1.33939

0.03614

20.11685

80

1

0

0.51462

1.02968

0.10015

20.14607

Values of X4: 0 5 USA/North America, 1 5 Outside North America.
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table 8.11 casewise Diagnostics for Final Stepwise Model (X13 and X17)
Normalized Residuals
X4 - Region
USA/North America
Outside North America

3
64

94

Normalized residual

2.0

0.0

–2.0

45

–4.0
1

3
2

5
4

6

7 10 12 15 17 24 29 31 33 36 38 44 46 48 50 53 56 60 63 65 68 72 80 86 88 94 98
8 11 14 16 20 27 30 32 35 37 43 45 47 49 52 54 58 61 64 67 69 79 81 87 92 95 100

ID
Dfbeta for X13
X4 - Region
USA/North America
Outside North America

DFBETA for X13 - Competitive Pricing

0.2

0.1

0.0

–0.1

43

94

3
–0.2
1 3 5 7 10 12 15 17 24 29 31 33 36 38 44 46 48 50 53 56 60 63 65 68 72 80 86 88 94 98
ID
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table 8.11 (continued)
Dfbeta for X17
X4 - Region
USA/North America
0.2

Outside North America

DFBETA for X17 - Price Flexibility

0.1

0.0

–0.1

–0.2

64
–0.3

43

–0.4
1 3 5 7 10 12 15 17 24 29 31 33 36 38 44 46 48 50 53 56 60 63 65 68 72 80 86 88 94 98
ID

remaining cases for the Dfbetas. As we can see in both tables, four cases (case IDs: 3, 43, 64, and 94) represent those
cases with the highest values on at least two of the three measures. Also, note that case 43, the only misclassified case
for USA/North America also had the highest residual as well as high values on both Dfbetas. These findings indicate
that this case could be examined for possible data errors or even exclusion if it was found to not be representative of
the USA/North American cases. Cases 3, 64, and 94 also had a very high residual indicating that their profiles on the
independent variables was dissimilar to other cases in the Outside North America group and thus also candidates for
further study. Given the low levels of misclassification, however, none of the cases are eliminated from the analysis.
StAGe 5: inteRPRetAtion oF ReSULtS
The stepwise logistic regression procedure produced a variate quite similar to that of the two-group discriminant
analysis, although with one less independent variable. We will examine the logistic coefficients to assess their statistical significance and then both the direction and impact each variable has on predicted probability and group
membership.
Statistical Significance of the Coefficients The estimated coefficients for the two independent variables and
the constant can also be evaluated for statistical significance. The Wald statistic is used to assess significance in a
manner similar to the t test used in multiple regression. The logistic coefficients for X13 1 1.079 2 and X17 1 1.844 2
and the constant 1 214.190 2 are all significant at the .01 level, based on the statistical tests of the Wald statistic (see
Table 8.4). No other variables would enter the model and achieve at least a .05 level of significance. Thus, the individual variables are significant and can be interpreted to identify the relationships affecting the predicted probabilities
and subsequently group membership.
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Interpreting the Logistic Coefficients The final logistic regression model included two variables (X13 and X17) with

logistic regression coefficients of 1.079 and 1.844, respectively, and a constant of 214.190 (see Table 8.4). Comparing
these results to the two-group discriminant analysis (see Chapter 7) reveals almost identical results, because discriminant analysis included three variables in the two-group model—X13 and X17 along with X11.
DiRection oF tHe ReLAtionSHiPS To assess the direction of the relationship of each variable, we can examine either
the original logistic coefficients or the exponentiated coefficients. Let us start with the original coefficients. If
you recall from our earlier discussion, we can interpret the direction of the relationship directly from the sign of
the original logistic coefficients. In this case both variables have positive signs, indicating a positive relationship
between both independent variables and predicted probability. As the values of either X13 or X17 increase, the
predicted probability will increase, thus increasing the likelihood that a customer will be categorized as residing
outside North America.
Turning our attention to the exponentiated coefficients, we should recall that values above 1.0 indicate a positive
relationship and below 1.0 indicate a negative relationship. In our case, the values of 2.942 and 6.319 also indicate
positive relationships.
MAGnitUDe oF tHe ReLAtionSHiPS The most direct method of assessing the magnitude of the change in probability
due to each independent variable is to examine the exponentiated coefficients. As you recall, the exponentiated
coefficients minus one equals the percentage change in odds (which is the same as the odds times the exponentiated
coefficient). In our case, it means that an increase by one point increases the odds by 194 percent for X13 and 531
percent for X17 or multiplying the odds by 2.194 and 6.321 respectively. These numbers can exceed 100 percent
because they are increasing the odds, not the probabilities themselves. The impacts are large because the constant
term 1 214.190 2 defines a starting point of almost zero for the probability values. Thus, large increases in the odds
are needed to reach larger probability values. In terms of relative impact, we can see that X17 has slightly more than
twice the impact on the odds per unit change than X13.

Another approach in understanding how the logistic coefficients define probability is to
calculate the predicted probability for any set of values for the independent variables. For the independent variables
X13 and X17, let us first use the group means for the two groups. In this manner, we can see what the predicted probability would be for a “typical” member of each group.
Table 8.12 shows the calculations for predicting the probability of the two group centroids. First, we calculate the
logit value for each group centroid by inserting the group centroid values (e.g., 5.60 and 3.63 for group 0 on X13 and
X17, respectively) into the logit equation. Remember from Table 8.12 that the estimated weights were 1.079 and 1.844
for X13 and X17, respectively, with a constant of 214.192. Thus, substitution of the group centroid values into this
equation results in logit values of 21.452 (group 0) and 2.909 (group 1). Taking the antilog of the logit values results
in odds of .234 and 18.332. Then, the probability of a group is calculated as its odds value over the sum of the odds
for both groups. This results in the “typical” member of group 0 having a probability of being incorrectly assigned
to group 1 of .189 1 .189 5 .234/ 1 .234 1 18.332 2 2 and the “typical” member of group 1 has a probability of .948 of
being correctly assigned to group 1. This demonstrates the ability of the logistic model to create separation between
the two group centroids in terms of predicted probability, resulting in the excellent classification results achieved
for both analysis and holdout samples.
We can also plot the predicted probabilities across the range of values for each of independent variables
along with the cases for each group (see Table 8.13). For both variables the relationships are well defined with
relatively small confidence intervals. Here we can see how selecting different probability values for the cut-off
values impact the predictive accuracy. For example, in the case of X13, if we used a cut-off value of .5 (represented
by a vertical line intersecting the curve at a value of .5) we would seem to misclassify relatively few of the upper
outcome group 1 X4 5 1 2 compared to the lower group. If we were to increase the cut-off value above .5 then the
correct classifications of the lower group would increase, but with an associated increase in misclassifications
in the upper group.
PReDictinG PRoBABiLitieS
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table 8.12 calculating estimated Probability Values for the Group
centroids of X4 Region
x4 (Region)
Group 0:

Group 1:

USA/north America

outside north America

Centroid: X13

5.60

7.42

Centroid: X17

3.63

4.93

21.452

2.909

Oddsb

.234

18.332

Probabilityc

.189

.948

Logit Value

a

a

Calculated as: Logit 5 214.190 1 1.079X13 1 1.844X17.
Calculated as: Odds 5 eLogit.

Calculated as: Probability 5 Odds/ 1 1 1 Odds 2 .

b
c

table 8.13 Predicted Probability Values
for X13 and X17 with corresponding
cases in each outcome Group

Predicted Probabilities Across the Values of X13
1.0

Probability

0.8

0.6

0.4

0.2

0.0
4

6
8
X13 - Competitive Pricing

10

Fit computed at X17 = 4.368

Predicted Probabilities Across the Values of X17
1.0

Probability

0.8

0.6

0.4

0.2

0.0
3

4

5
X17 - Price Flexibility

6

7

Fit computed at X13 = 6.63

Cases within each outcome group depicted on upper and lower axes.
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Assessing Nonlinear Effects As a final step in interpreting the estimated coefficients, it is recommended to test for
any additional nonlinear effects that can be added to the final model. We will first identify any nonlinear effects that
would be significant additions to the univariate effects shown in Table 8.1. To do so we first computed the interaction
term for each independent variable (i.e., independent variable * log(independent variable)). The interaction terms
are then added to each univariate model to test for significance. The presence of nonlinear effects is assessed both
with (a) the significance test of the interaction term along with (b) a test of the incremental model fit from adding
the interaction term so as to preclude any issues that might arise in the significance test due to multicollinearity of
the independent variable and the interaction term.
As seen in Table 8.14, two of the independent variables exhibit potential nonlinear effects. X6, one of the five independent variables with significant univariate effects, had a significant interaction term and significant improvement
in model fit. Also, X16, which did not have a significant univariate effect, exhibited a significant interaction term
and model improvement. While neither of these variables was included in the final stepwise model, we will examine
whether the inclusion of these nonlinear effects will improve the model at this stage. Each of these variables is tested
for inclusion by adding the variable and its interaction term to the final model.
In the second section of Table 8.14 we can see the results of adding the two variables with nonlinear effects to
the final model. For X6 the addition of the nonlinear effect resulted in both a nonsignificant interaction term and
nonsignificant improvement in model fit. But X16 did exhibit significance both for the interaction term and the
improvement in model fit. As a result, X16 and its interaction term can be added to the final model to determine
if a significant and substantive improvement is achieved. In this example, the addition of the two variables did
improve the model slightly, but the estimated coefficients were not interpretable due to the high multicollinearity
between them. Given the emphasis on the ability to provide explanation about the relationships in the model, X16
and its nonlinear effect were not included in a final revised model. If the objectives of the research were focused
primarily on classification, then X16 could be included in the model since the interpretability of the coefficients
was less important.

The estimated logistic coefficients define positive relationships for both independent variables and
provide a means of assessing the impact of a change in either or both variables on the odds and thus the predicted
probability. While the relationship of the independent variables are with odds or logit values, the ability to translate
these to predicted probability values highlights why many researchers prefer logistic regression to discriminant

Summary

table 8.14 testing for nonlinear effects of the independent Variables
Univariate Model
Significance of

Addition to Final Stepwise Model

improvement in Model Fit

Significance of

improvement in Model Fit

interaction term

chi-Square

Significance

interaction term

chi-Square

Significance

X6 Product Quality

.016

8.095

.004

.064

4.622

099

X7 E-Commerce Activities

.337

1.018

.313
.853

.046

7.045

.030

X8 Technical Support

.854

.034

X9 Complaint Resolution

.202

1.871

.171

X10 Advertising

.254

1.356

.244

X11 Product Line

.144

2.712

.100

X12 Salesforce Image

.816

.053

.817

X13 Competitive Pricing

.559

.350

.554

X14 Warranty & Claims

.952

.004

.952

X15 New Products

.766

.090

.764

X16 Order & Billing

.060

5.274

.022

X17 Price Flexibility

.214

1.904

.168

X18 Delivery Speed

.274

1.335

.248

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

596

Section IV Dependence Techniques – Non-metric Outcomes

analysis when comparisons are made on the more useful information available from logistic coefficients versus
discriminant loadings.

StAGe 6: VALiDAtion oF tHe ReSULtS
The validation of the logistic regression model is accomplished in this example through the same method used in
discriminant analysis: creation of analysis and holdout samples. By examining the measures of predictive accuracy
for the holdout sample (see Table 8.15), the researcher can assess the external validity and practical significance of
the logistic regression model.
For the final two-variable logistic regression model, the accuracy measure (.850) exceeds both of the comparison standards (proportional chance and maximum chance criteria). Moreover, both sensitivity and specificity
are sufficiently large, indicating acceptable predictive accuracy for each outcome group as well. Finally, both
PPV and NPV are above .80 and provide reasonable levels of predictive ability for both positive and negative
outcomes. The holdout sample results are particularly useful since they provide the primary evidence of external validity. These outcomes lead to the conclusion that the logistic regression model demonstrated sufficient
external validity for complete acceptance of the results, as was found with the discriminant analysis model
as well.
A MAnAGeRiAL oVeRVieW
Logistic regression presents an alternative to discriminant analysis that may be more comfortable to many researchers
due to its similarity to multiple regression. Given its robustness in the face of data conditions that can negatively
affect discriminant analysis (e.g., unequal variance–covariance matrices), logistic regression is also the preferred
estimation technique in many applications.
When compared to discriminant analysis, logistic regression provides comparable predictive accuracy with a
simpler variate that used the same substantive interpretation, only with one less variable. From the logistic regression
results, the researcher can focus on competitive pricing and price flexibility as the primary differentiating variables
between the two groups of customers. The objective in this analysis is not to increase probability (as might be the
case of analyzing success versus failure), yet logistic regression still provides a straightforward approach for HBAT
to understand the relative impact of each independent variable in creating differences between the two groups of
customers.
table 8.15 Predictive Accuracy Measures for the Holdout Sample
Predicted
Actual
0: USA/North America
1 : Outside North America

0: USA/North America

1: Outside North America

9

4

2

25

9/ 1 9 1 2 2 5 .818

Positive Predictive Value:

Negative Predictive Value:

25/ 1 25 1 4 2 5 .862

Specificity 5 9/ 1 9 1 4 2 5 .692

Sensitivity 5 22/ 1 22 1 5 2 5 .926

Accuracy: 1 9 1 25 2 /40 5 .850

Summary
The researcher faced with a dichotomous dependent variable need not resort to methods designed to accommodate the limitations of multiple regression nor be forced to employ discriminant analysis, especially if its statistical assumptions are violated. Logistic regression addresses these problems and provides a method developed
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to deal directly with this situation in the most efficient manner possible. Basic guidelines for their application
and interpretation were included to clarify further the methodological concepts. This chapter helps you to do
the following:
State the circumstances under which logistic regression should be used instead of discriminant analysis
or multiple regression. In choosing an appropriate analytical technique, we sometimes encounter a problem that
involves a categorical dependent variable and several metric independent variables. Logistic regression is the appropriate statistical technique when the research problem involves a single binary categorical dependent variable and
several metric or nonmetric independent variables. Logistic regression is generally preferred over discriminant
analysis when the dependent measure is binary given its minimal set of assumptions, and thus its robustness, in most
situations. Moreover, the similarity in interpretation to multiple regression makes it easier for many researchers than
the discriminant function(s) in the discriminant model.
Identify the types of dependent and independent variables used in logistic regression. Although logistic
regression is limited to only a binary dependent measure, it does provide the ability to include both metric and
nonmetric independent variables, much like multiple regression. This contrasts to discriminant analysis, which is
limited in most situations to only metric independent variables.
Interpret the results of a logistic regression analysis, with comparisons to both multiple regression
and discriminant analysis. The goodness-of-fit for a logistic regression model can be assessed in two ways: (1) using
pseudo R2 values, similar to that found in multiple regression, and (2) examining predictive accuracy (i.e., the classification matrix in discriminant analysis). The two approaches examine model fit from different perspectives, but
should yield similar conclusions. One of the advantages of logistic regression is that we need to know only whether
an event occurred to define a dichotomous value as our dependent variable. When we analyze these data using the
logistic transformation, however, the logistic regression and its coefficients take on a somewhat different meaning
from those found in regression with a metric dependent variable. Similarly, discriminant loadings in discriminant
analysis are interpreted differently from a logistic coefficient. The logistic coefficient reflects both the direction and
magnitude of the independent variable’s relationship, but requires differing methods of interpretation. The direction
of the relationship (positive or negative) reflects the changes in the dependent variable associated with changes in
the independent variable. A positive relationship means that an increase in the independent variable is associated
with an increase in the predicted probability, and vice versa for a negative relationship. To determine the magnitude
of the coefficient, or how much the probability will change given a one-unit change in the independent variable,
the numeric value of the coefficient must be evaluated. Just as in multiple regression, the coefficients for metric and
nonmetric variables must be interpreted differently, because each reflects different impacts on the dependent variable.
Understand the strengths and weaknesses of logistic regression compared to discriminant analysis and
multiple regression. Although discriminant analysis can analyze any situation where the dependent variable
is nonmetric, logistic regression is preferred for two reasons when the dependent variable is binary. First,
discriminant analysis relies on strictly meeting the assumptions of multivariate normality and equal variance–
covariance matrices across groups—assumptions that are not met in many situations. Logistic regression does
not face these strict assumptions and is much more robust when these assumptions are not met, making its
application appropriate in many situations. Second, even if the assumptions are met, many researchers prefer
logistic regression, because it is similar to multiple regression. As such, it has straightforward statistical tests,
similar approaches to incorporating metric and nonmetric variables and nonlinear effects, and a wide range of
diagnostics. Logistic regression is equivalent to two-group discriminant analysis and may be more suitable in
many situations.
Logistic regression is a valuable option in research problems that involve a single categorical dependent variable
and several metric or nonmetric independent variables. Its relative strength comes in its ability to be flexible across
multiple research settings, its robustness derived from a minimal set of underlying assumptions, and its similarity to
multiple regression for purposes of interpretation. The result is a wide range of applications in both academic and
practitioner contexts.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

598

Section IV Dependence Techniques – Non-metric Outcomes

Questions
1 How would you differentiate among multiple
discriminant analysis, regression analysis, logistic
regression analysis, and analysis of variance?
2 When would you employ logistic regression rather
than discriminant analysis? What are the advantages
and disadvantages of this decision?

3 How does logistic regression handle the relationship
of the dependent and independent variables?
4 What are the unique characteristics of interpretation
in logistic regression?
5 Explain the concept of odds and why it is used in
predicting probability in a logistic regression procedure.

Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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oVeRVieW

B

ehavioral researchers often propose theoretical process models that suggest how some hypothetical factors
may influence, or “cause,” other hypothetical factors. Testing causal sequences proves complicated and the

final chapters of the book discuss statistical approaches that are a by-product of the need to test such models.
This section provides a simple and concise introduction to a cutting-edge technique in multivariate analysis—
structural equation modeling (SEM)—that has grown in popularity over the past 40 years as computational power
increased with technology. The ability to simultaneously estimate multiple dependence relationships (similar to
multiple regression equations) while also incorporating multiple measures for each concept (i.e., akin to factor
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analysis) has been embraced across social sciences. This section provides the reader with a general understanding of the procedure, the knowledge of when it and how it can be applied, and the ability to apply this technique to
basic problems.

cHAPteRS in Section V
Section V contains four chapters. Chapter 9 provides an overview of the analysis of covariance structures using
structural equation modeling (SEM), a procedure allowing an omnibus test of a theory represented by a series
of equations while accommodating a correction for measurement error directly in the estimation of a series of
dependence relationships. It is the best multivariate procedure for testing both the construct validity and theoretical
relationships among a set of concepts represented by multiple measured variables. Previous to the introduction of
SEM, this process would require the application of several different statistical tools and the result would be a less
satisfying examination of theory. We do not wish to underestimate the effort involved, but no researcher should
avoid SEM solely for this reason because the principles of factor analysis and multiple regression form a basis for
understanding SEM.
Following the basic overview, Chapter 10 is devoted to confirmatory factor analysis, which extends ideas presented
earlier when we discussed exploratory factor analysis. Now, however, the researcher must take a more active role in
developing and specifying a theory that will determine how many factors should exist among a set of variables and
determines which variables relate to those factors. Just as importantly, the theory also dictates which variables are
unrelated to factors, each other, or residual variance terms. By constraining models to dictate a lack of relationship,
the analyst emphasizes the structure part of SEM and separates the statistical approach from more purely empirical
approaches that allow everything to be inter-related. SEM provides a test of how well the theory fits the data and
provides detailed results enabling a user to thoroughly examine construct validity for the entire measurement model.
Chapter 11 is devoted to the testing of theoretical relationships between the factors represented by multiple variables. The goal here is to test the structure of relationships among the factors. Therefore, it is conceptually similar
to conducting regression analysis using a set of summated rating scales, each summated rating scale representing
a factor that can be recovered with factor analysis. Using SEM, the researcher can assess the strength of relationships between any two factors more accurately because SEM will correct the relationship for measurement error.
Furthermore, an overall test of fit is provided that enables the researcher to assess theoretical validity of the process
represented by a theoretically justified model. Researchers also often theorize competing process models. Relative
tests of fit provide an indication of which of a set of competing models is most valid.
Chapter 12 addresses several advanced topics in SEM, notably higher-order confirmatory factor analysis, testing
relationships across groups, evaluating moderating and mediating relationships, time-dependent relationship, plus
an introduction into Bayesian SEM. These issues extend the range of conceptual questions that SEM can address
while maintaining the underlying foundation of measurement theory.
Chapter 13 describes another method of extracting parameter estimates for a series of relationships representing
correspondence rules between measured variables and hypothetical constructs and among hypothetical constructs.
Partial least squares structural equations models (PLS-SEM) utilizes principal components analysis and OLS regression techniques to develop parameter estimates for both a set of measurement and structural relationships. Although
both SEM approaches provide estimates of relationships, PLS-SEM and covariance-based SEM are not interchangeable, being different in both purpose and application. Together, these final chapters provide the reader useful guidance to both approaches.
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9

Structural Equation Modeling:
An Introduction

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Understand the distinguishing characteristics of structural analysis.

●

Distinguish between variables and constructs.

●

Understand structural equation modeling and how it can be thought of as a combination of familiar multivariate
techniques.

●

Know the basic conditions for causality and how SEM can help establish a cause-and-effect relationship.

●

Explain the types of relationships involved in SEM.

●

Understand that the objective of SEM is to explain covariance and determine the fit of a theoretical model.

●

Know how to represent a SEM model visually with a path diagram.

●

List the six stages of structural equation modeling and understand the role of theory in the process.

chapter Preview
One primary objective of multivariate techniques is to expand the researcher’s explanatory ability. Multiple regression, exploratory factor analysis, multivariate analysis of variance, discriminant analysis, and the other techniques
discussed in previous chapters all provide the researcher with powerful tools for addressing a wide range of managerial and theoretical questions. They also all share one common limitation: Each technique focuses on individual relationships. Even the techniques allowing for multiple dependent variables, such as multivariate analysis of
variance, still are interpreted based on individual relationships between a dependent and independent variable.
All too often, however, the researcher is faced with a set of interrelated generalizations that together represent
a theory. For example, what variables determine a retailer’s image? How does that image combine with other
variables to affect purchase decisions, shopping value, and satisfaction? Do shopping value and satisfaction drive
a customer’s long-term loyalty? Issues like these contain both managerial and theoretical importance. Yet none of
the multivariate techniques we examined thus far enable us to address all these questions with one comprehensive
technique. In other words, these techniques do not enable us to test the researcher’s entire theory with a technique
that considers all possible information. For this reason, we now examine the technique of structural equation
modeling (SEM), an extension of several multivariate techniques we already studied, most notably factor analysis
and multiple regression analysis.
As briefly described in Chapter 1, structural equation modeling can examine a series of dependence relationships
simultaneously. SEM is particularly useful in testing theories that can be represented by multiple equations involving dependence relationships. In other words, if we believe that image creates loyalty because image first creates a
603
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satisfied customer, then satisfaction is both a dependent and an independent variable in the same theory. Thus, a
hypothesized dependent variable becomes an independent variable in a subsequent dependence relationship. None
of the previous techniques in this book enable us to assess the merits of an hypothesized theoretical model while
also assessing its measurement properties. SEM enables researchers to address a multi-variate, and indeed multiequation, research problem with a single analysis. Note that this chapter as well as Chapters 10, 11, and 12 focus only
on covariance-based SEM. In Chapter 13 we describe partial least squares structural equation modeling, referred to
as variance-based SEM.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology used.
Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key term
cross-references are italicized. Illustrative examples are in shaded text.
Absolute fit indices Measure of overall goodness-of-fit for both the structural and measurement models collectively. This type

of measure does not make any comparison to a specified null model (incremental fit measure) or adjust for the number of
parameters in the estimated model (parsimonious fit measure).
All-available approach Method for handling missing data that computes values based on all available valid observations. Also
known as pairwise deletion.
Badness-of-fit An alternative perspective on goodness-of-fit in which larger values represent poorer fit. Examples include the root
mean square error of approximation or the standardized root mean square residual.
causal inference Dependence relationship of two or more variables in which the researcher clearly specifies that one or more variables cause or bring about an outcome represented by at least one other variable. It must meet the requirements for causation.
causation Principle by which changes in an entity (independent variable/exogenous construct) bring about changes in an
outcome entity (dependent/endogenous). Causal inferences require a sufficient degree of association (covariance) between
the two variables, that the cause occurs before the effect, and that the observed relationship would not vanish when or if other
potential causes were introduced. Strong theoretical support enhances empirical support of causation.
chi-square (χ2) Statistical assessment of fit between the observed and theoretically implied estimated covariance matrices. Thus, it
empirically assesses the accuracy of a proposed theoretical structure. It is an omnibus fit measure that has a direct assessment
of statistical significance, and it forms the basis for most other goodness-of-fit indices.
chi-square difference statistic (∆χ2) Competing, nested SEM theoretical models can be compared using this statistic, which is
the simple difference between each model’s χ2 statistic. It has degrees of freedom equal to the difference in the models’ degrees
of freedom.
communality Total amount of variance a measured variable has in common with the constructs upon which it theoretically
loads. It represents the amount of variance in a measured variable explained by the factor it indicates. Sometimes referred to
as squared multiple correlation or item-reliability. Also see variance extracted in the next chapter.
competing models strategy Modeling strategy that compares the proposed model with plausible, alternative models. This
approach is particularly relevant in structural equation modeling, because a model can be shown only to have acceptable fit,
but acceptable fit alone does not guarantee that another model will not fit better or equally well.
complete case approach Approach for handling missing data that computes values based on data from only complete cases;
that is, cases with no missing data. Also known as listwise deletion.
confirmatory analysis Use of a multivariate technique to test (confirm) a prespecified structure or relationship. For example,
suppose we hypothesize that X causes M which in terms causes Y. If we empirically test this overall theoretical process and
the implied relationships and nonrelationships, the test is a confirmatory analysis. It is the opposite of exploratory analysis.
confirmatory modeling strategy Strategy that statistically assesses a single model for its fit to the observed data. This approach
is actually less rigorous than the competing models strategy, because it does not consider alternative models that might fit better
or equally well than the proposed model.
construct Unobservable or latent concept that the researcher can define in conceptual terms but cannot measure directly or
without error (see measurement error). A construct can be defined in varying degrees of specificity, ranging from quite narrow
concepts to more complex or abstract concepts, such as intelligence or emotions. Latent constructs are approximately measured
by multiple indicator (measured) variables.
construct validity Extent to which a set of measured variables actually represents the theoretical latent construct they are designed
to measure. Discussed in detail in Chapter 13.
Degrees of freedom (df ) In SEM models, degrees of freedom are the number of nonredundant covariances/correlations
(moments) in the input matrix minus the number of estimated coefficients. Each estimated (free) coefficient “uses up” a degree
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of freedom. A model can never estimate more coefficients than the number of nonredundant correlations or covariances,
meaning that zero is the lower bound for the degrees of freedom for any model.
Dependence relationship A regression type of relationship represented by a one-headed arrow flowing from an independent
variable or construct to a dependent variable or construct. Typical dependence relationships in SEM connect constructs to
measured variables and predictor (exogenous) constructs to outcome (endogenous) constructs. Dependence relationships
imply causality.
endogenous constructs Latent, multi-item equivalent to dependent variables. An endogenous construct is represented by a
variate of dependent variables. In terms of a path diagram, one or more arrows lead into the endogenous construct.
estimated covariance matrix Covariance matrix composed of the model-estimated covariances between all indicator variables
involved in a SEM based on the equations that represent the hypothesized theoretical model. Typically abbreviated with Σk.
exogenous constructs Latent, multi-item equivalent of independent variables. They are constructs determined by factors outside
of the model.
exploratory analysis Empirically oriented analysis that allows the multivariate technique to discover possible relationships. The
opposite of confirmatory analysis, the researcher is not looking to confirm any relationships specified prior to the analysis, but
instead lets the statistical technique define the nature of the relationships.
Fit See goodness-of-fit.
Fixed parameter Parameter that has a value specified by the researcher. Most often the value is specified as zero, indicating no
relationship, and in a model, is represented by the absence of a connection.
Free parameter Parameter estimated by the structural equation program to represent the strength of a specified relationship.
These parameters may occur in the measurement model (most often denoting loadings of indicators to constructs) as well as
the structural model (relationships among constructs).
Goodness-of-fit (GoF) Measure indicating how well a specified model structure reproduces the covariance matrix among the
indicator variables, alternatively, the accuracy of a proposed theory.
imputation Process of estimating the missing data of an observation based on characteristics of non-missing data. One simple
imputation method is substituting the variable mean using the non-missing observations and substituting it for missing values.
See also all-available, complete case, and model-based approaches for missing data.
incremental fit indices Goodness-of-fit indices that assesses how well a specified model fits relative to some alternative baseline
model. Most commonly, the baseline model is a null model specifying that all measured variables are unrelated to each other.
Complements the other two types of goodness-of-fit measures, the absolute fit and parsimonious fit measures.
indicator Observed value (also called a measured or manifest variable) used to reflect a latent construct that cannot be measured
directly. The researcher must specify which indicators are associated with each latent construct.
Latent construct A real phenomenon that cannot be measured directly but can be represented or measured by one or more
variables (indicators). In combination, the indicators give a reasonably accurate measure of the latent construct when good
psychometric properties exist.
Latent factor See latent construct.
Latent variable See latent construct.
LiSReL The first widely used SEM software. The name is derived from LInear Structural RELations.
LiSReL notation A commonly used method of expressing SEM models that corresponds to matrices used by LISREL. The matrices, such as lambda, beta and gamma, represent specific components in an SEM model. Although the notation is specific to
the LISREL program, the widespread use of LISREL has popularized the terminology when describing models and results.
Manifest variable See measured variable.
Maximum likelihood estimation (MLe) A robust estimation method commonly employed in structural equation models. An
alternative to ordinary least squares, MLE is a procedure that yields consistent parameter estimates that are “most likely” to
have produced the observed data.
Measured variable Observed (measured) value for a specific item or question, obtained either from respondents in response
to questions (as in a questionnaire) or from some type of observation. Measured variables are used as the indicators of latent
constructs. Same as manifest variable.
Measurement error Degree to which the indicator variables do not perfectly represent the latent construct(s) of interest. For all
practical purposes, all constructs and all variables have some measurement error. However, the researcher’s objective is to
minimize the amount of measurement error. SEM estimation corrects structural relationships for measurement error in order
to provide more accurate estimates of the relationships between constructs.
Measurement model A theoretically derived model (1) specifying how the indicators correspond to latent constructs and (2)
enabling an assessment of construct validity. The first of the two major steps in a complete structural model analysis discussed
in more detail in Chapter 13.
Measurement relationship Dependence relationship between indicators or measured variables and their associated construct(s).
A common specification depicts the construct “causing” or giving rise to the indicators, thus the arrows point from the
construct to the indicators. An alternative specification reverses the relationship.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

606

Section V Moving Beyond The Basics

Missing at random (MAR) Classification of missing data applicable when missing values of Y depend on X, but not on Y. When

missing data are MAR, observed data for Y are a truly random sample for the X values in the sample, but not a random sample
of all Y values, due to missing values of X.
Missing completely at random (McAR) Classification of missing data applicable when missing values of Y are not dependent on
X. When missing data are MCAR, observed values of Y are a truly random sample of all Y values, with no underlying process
that lends bias to the observed data.
Model Representation and operationalization of a theory. A conventional model in SEM terminology consists of two parts. The
first part is the measurement model, which represents theory explaining how measured variables come together to represent
constructs. The second part is the structural model, which represents the processes through which constructs are associated
with each other, often involving multiple dependence relationships. The model can be formalized in a path diagram.
Model respecification Modification of an existing model with estimated parameters to correct for inadequacies in the fit of a
previously estimated model or to create a competing model for comparison using new data.
Models-based approach Replacement approach for missing data in which values for missing data are estimated based on all
non-missing data for a given respondent. Most widely used methods are maximum likelihood estimation (ML) of missing
values and EM, which involves maximum likelihood estimation of the means and covariances given missing data.
Multicollinearity Extent to which constructs or variables overlap with each other. As multicollinearity among predictors increases,
it complicates the interpretation of regression effects because it biases estimates and makes it more difficult to ascertain the
true effect of any single construct.
nested model Model is nested within another model if it contains the same number of constructs and can be formed from the
other model by altering the relationships. The most common form of nested model occurs when a single relationship is added
to or deleted from another model. Thus, the model with fewer estimated relationships is nested within the more general model.
null model Baseline or comparison standard used in incremental fit indices. The null model is hypothesized to be the simplest
model that can be theoretically justified.
observed sample covariance matrix Typical input matrix for SEM estimation composed of the observed variances and covariances for each measured variable. Typically abbreviated with a bold, capital letter S (S).
operationalizing a construct Key process in the measurement model involving determination of the measured variables that will
represent a construct and the way in which they will be measured.
Parsimony fit indices Measures of overall goodness-of-fit representing the degree of model fit per estimated coefficient. This
measure attempts to correct for any overfitting of the model and evaluates the parsimony of the model compared to the goodness-of-fit. These measures complement the other two types of goodness-of-fit measures, the absolute fit and incremental fit
measures.
Path analysis General term for an approach that employs simple bivariate correlations to estimate relationships in a SEM model.
Path analysis seeks to determine the strength of the paths shown in path diagrams.
Path diagram A visual representation of a model and the complete set of relationships among the model’s constructs. Dependence
relationships are depicted by straight arrows, with the arrow emanating from the predictor variable and the arrowhead pointing to the dependent construct or variable. Curved arrows represent correlations between constructs or indicators, but no
causation is implied.
Reduced form equation An equation predicting an endogenous variable/construct in a single equation using only and all
exogenous constructs (or independent variables) involved in an analysis as predictors.
Reliability Measure of the degree to which the indicators of a latent construct are internally consistent with each other. The indicators of highly reliable constructs are highly interrelated, indicating that they all seem to measure the same thing. Individual
item reliability can be computed as 1.0 minus the measurement error variance. Note that high reliability is a necessary, but not
sufficient, condition for validity.
Residual The difference between the actual and estimated value for any relationship. In SEM analyses, residuals are the differences
between the observed and estimated covariance matrices.
Spurious relationship A relationship that is false or misleading. A common occurrence in which a relationship can be spurious is
when an omitted construct variable explains relates to both cause effect (i.e., relationship between original constructs becomes
nonsignificant upon adding omitted construct).
Structural equation modeling (SeM) Multivariate technique combining aspects of factor analysis and multiple regression that
enables the researcher to simultaneously examine a series of interrelated dependence relationships among the measured variables
and latent constructs (variates), as well as between several latent constructs.
Structural model Set of one or more dependence relationships linking the hypothesized model’s constructs. The structural model
is most useful in representing the interrelationships of variables between constructs.
Structural relationship Dependence relationship (regression type) specified between any two latent constructs. Structural relationships are represented with a single-headed arrow and suggest that one construct is dependent upon another. Exogenous
constructs cannot be dependent on another construct. Endogenous constructs are dependent on either exogenous or endogenous constructs (see Chapter 11 for more detail).
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theory A systematic set of relationships providing a consistent and comprehensive explanation of phenomena. In practice, a

theory is a researcher’s attempt to specify the entire set of dependence relationships explaining a particular set of outcomes. A
theory is a reasoned explanation, not just a precition, of each variable’s correspondence to all others in the model.
Variate A linear combination of measured variables that represents a latent construct.

What is Structural equation Modeling?
Structural equation modeling (SEM) is a family of statistical models that seeks to explain the relationships among
multiple variables. In doing so, SEM examines the structure of interrelationships expressed in a series of equations,
similar to a series of multiple regression equations. These equations depict all relationships among constructs (the
dependent and independent variables) and variables involved in the analysis. Just as importantly, a theoretical structure specifies which variables and constructs are not likely to be related to one another. Constructs are unobservable,
or latent factors, represented by multiple variables. In previous chapters, each multivariate technique has been
classified either as an interdependence or dependence technique. SEM can be thought of as a unique combination
of both types of techniques, because SEM’s foundation lies in two familiar multivariate techniques: factor analysis
and multiple regression analysis.
SEM is known by many names: covariance structure analysis, latent variable analysis, and sometimes users even
refer to it by the name of the specialized software package used (e.g., a LISREL or AMOS model). SEM models are
distinguished from traditional regression models in that they tend to involve:
1 Simultaneous estimation of multiple and interrelated dependence relationships
2 An ability to represent unobserved concepts in these relationships and account for measurement error in the
estimation process
3 Defining a theoretical model to explain the entire set of relationships
4 Over-identifying assumptions (meaning variables are explained by a unique set of variables that does not
include all possible relationships)
eStiMAtion oF MULtiPLe inteRReLAteD DePenDence ReLAtionSHiPS
One difference between SEM and other multivariate techniques is the use of separate relationships for each of a set
of dependent variables. In simple terms, SEM estimates a series of separate, but interdependent, multiple regression
equations simultaneously by specifying the structural model used by the statistical program. First, the researcher
draws upon theory, prior experience, and the research objectives to distinguish which independent variables explain
each dependent variable. Dependent variables in one relationship can become independent variables in subsequent
relationships, giving rise to the interdependent nature of the structural model. Moreover, many of the same variables
affect each of the dependent variables, but with differing effects. The structural model expresses these dependence
relationships among independent and dependent variables, even when a dependent variable becomes an independent variable in other relationships.
The proposed relationships are then translated into a series of structural equations (similar to regression equations) for each dependent variable. This feature sets SEM apart from other multivariate techniques that accommodate
multiple dependent variables—multivariate analysis of variance and canonical correlation—in that they allow only
a single relationship between dependent and independent variables.
Structural equations are different from reduced form equations. A reduced form equation solves for a single
endogenous construct (or dependent variable) in a single equation with all and only exogenous constructs (or
independent variables) employed as predictors. Moreover, if a researcher is interested in more than one endogenous construct, a separate reduced form equation would be needed for each, which would again include all and
only exogenous variables. In reduced form equations, endogenous constructs cannot predict other endogenous
constructs. This differs from structural equations, which are parsimonious and include only the specific predictors,
endogenous or exogenous, that are theoretically linked to the outcome construct. SEM solves structural equations
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simultaneously, whereas reduced form equations are solved individually. Reduced form parameter estimates do not
relate to any specific relationship or process among constructs, as in a structural model, but instead represent a total
or composite estimate of the exogenous variable’s impact on a single dependent variable. In this sense, structural
equations represent theoretically or deductively derived models, while reduced form equations identify relationships
inductively by including all predictors without regard to a prespecified theory.
incoRPoRAtinG LAtent VARiABLeS not MeASUReD DiRectLY
SEM also has the ability to incorporate latent variables into the analysis. A latent construct (also termed a latent
variable) is a hypothetical, unobserved concept that can be represented by observed or measured variables. Latent
constructs are measured indirectly by examining multiple measured variables, sometimes referred to as manifest
variables, or indicators. By any name, the indicators are variables that are directly assessing some specific aspect or
concept. Most typically, particularly in psychometrics, the measured variables are individual survey item responses.
But increasingly the measured variables included in SEM are obtained from digital Big Data (secondary or archival
data) such as social media, mobile phone usage patterns, geographic movements (GPS), and so forth, as well as from
data warehouses with organizational information, most often stored in the cloud.
The Benefits of Using Latent Constructs Yet why would we want to use a latent variable that we cannot measure
directly instead of the direct measures provided by respondents? First, we can indeed represent latent, theoretical
concepts using multiple indicators of a concept, which reduces the measurement error over relying on a single indicator. Second, SEM can account for the measurement error associated with latent constructs and correct for it to
make more accurate statistical estimations of relationships among constructs.

We introduced in Chapter 3 the notion that most concepts require multiple
assessments for adequate representation. From a theoretical perspective, most concepts are relatively complex (e.g.,
patriotism, consumer confidence, self-identity) and have many aspects and/or dimensions. With complexity, the
researcher tries to design the best items to measure the concept knowing that individuals may interpret any single
item somewhat differently. The intent is for the collective set of questions to represent the concept better than any
single item [13].
Moreover, the researcher must also be aware of measurement error that occurs with any form of measurement.
Although we may be able to minimize it with physical concepts such as time (e.g., measurement with atomic clocks),
any more theoretical or abstract concept is necessarily subject to measurement error. In its most basic form, measurement error is due to inaccurate representation of the concept. But, more importantly, measurement error occurs when
respondents may be somewhat unsure about how to respond or may interpret the questions in a way that is different
from what the researcher intended. Finally, it can result from a natural degree of inconsistency on the part of the
respondent when we use multiple perspectives or items to measure the same concept. All of these situations give rise
to measurement error. If we know the magnitude of the problem, we can incorporate the extent of the measurement
error into the statistical estimation and improve our dependence model.
How do we represent concepts theoretically and quantify the amount of measurement error? SEM includes a
measurement model that specifies the theoretical correspondence rules between measured and latent variables
(constructs). The measurement model enables the computation of a proxy measure of the construct to represent any
single independent or dependent construct with multiple items. By testing the fit of the theoretical measurement
model against reality, one can assess the degree of measurement error present.
As an example, let us consider the following situation in developing a measurement model for HBAT. HBAT
would like to determine which factors are influencing the job satisfaction of its employees. The dependent (outcome)
variable is job satisfaction, and the two independent variables are how they feel about their supervisor and how they
like their work environment. Each of these three variables can be defined as a latent construct. Each latent construct
would be measured with several indicator variables. For example, how employees feel about their supervisor might
be measured by the following three indicator variables: (1) My supervisor recognizes my potential; (2) My supervisor
RePReSentinG tHeoReticAL concePtS
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helps me resolve problems at work; and (3) My supervisor understands that I have a life away from work. The
researcher identifies the specific indicator variables associated with each construct, typically based on a combination
of previous similar studies and the situation at hand. When SEM is applied, the researcher can assess the contribution of each indicator variable in representing its associated construct and measure how well the combined set of
indicator variables represents the construct (reliability and validity). This is the measurement assessment component
of SEM. After the constructs have met the required measurement standards, the theoretical model representing the
way constructs are related to each other can be evaluated. This is the structural assessment component of SEM.
All the multivariate techniques reviewed in previous chapters overlook any measurement error present in our variables. As has been discussed, we know from both practical and theoretical perspectives
that we cannot perfectly measure a concept and that some degree of measurement error is always present. For
example, when asking about something as straightforward as household income, we know some people will answer
incorrectly, either intentionally overstating or understating the amount or just not knowing it precisely. The answers
contain measurement error, which affects the estimate of the structural coefficient between constructs.
Reliability is a measure of the degree to which a set of indicators of a latent construct is internally consistent based
on how highly interrelated the indicators are with each other. In other words, reliability represents the extent to which
multiple indicators all converge. Reliability does not guarantee, however, that the measures indicate only a single
concept. We discuss this more in the next chapter. Generally, reliability is inversely related to measurement error. As
reliability goes up, the relationships between a construct and the indicators are greater, meaning that the construct
explains more of the variance in each indicator. In this way, high reliability is associated with lower measurement
error. Note that the comments in this paragraph are associated with reflective measurement models, and not formative measurement models, both of which are discussed in Chapters 10 and 13.
Statistical theory tells us that a regression coefficient is actually composed of two elements: the true structural
coefficient between the dependent and independent variable and the reliabilities. The impact of measurement error
(and the corresponding reliability) can be illustrated by an expression of a regression coefficient as:

iMPRoVinG StAtiSticAL eStiMAtion

by.x 5 f (Bx* rx)
where by # x is the observed regression coefficient, bs is the true structural coefficient, and rx is the reliability of the
predictor variable. What SEM does is make an estimate of the true structural coefficient 1 bs 2 based on the estimated
regression coefficient. This is a critical point, because unless the reliability is 100 percent (i.e., no measurement error),
the observed correlation (and resulting regression coefficient) will always understate the true relationship. So SEM
“corrects for” or “accounts for” the amount of measurement error in the variables (latent constructs) and estimates
what the relationship would be if there was no measurement error. These are the estimates of the causal relationships
in the structural model between constructs. The above example presumes measurement error only in the predictor.
In reality, measurement error usually exists in both the outcome and the predictor.
Thus, the relationships we can estimate through regression models will always be weaker in the presence of
measurement error (this makes sense when we think about it, because error can only detract from the true relationship). The equation means that relationships estimated with other multivariate procedures will understate the actual
or true relationship because reliability can only take on values between 0 (meaning no reliability) and 1 (meaning
100 percent reliability). So, if one knows the reliability of measures and the observed regression coefficient, the true
regression relationship can be found as a function of the observed regression coefficient divided by the square root of
the product of the reliabilities for each construct—predictor and outcome. SEM offers the advantage of automatically
applying such a correction. The parameter estimates are corrected for attenuation due to measurement error and
should be more accurate than those found when using other approaches. Because the SEM relationship coefficients
are corrected in this fashion, they will tend to be larger than coefficients obtained when multiple regression is used.
Although reliability is important, high reliability does not guarantee that a construct is measured accurately. That
conclusion involves an assessment of validity, which is discussed in the next chapter. Reliability is a necessary, but
not sufficient, condition for validity.
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Distinguishing Exogenous Versus Endogenous Latent Constructs Recall that in multiple regression, multiple
discriminant analysis, and MANOVA, it was important to distinguish between independent and dependent variables. Likewise, in SEM a similar distinction must be made. However, because we are now generally predicting latent
constructs with other latent constructs, a different terminology is used.
Exogenous constructs are the latent, multi-item, equivalent of independent variables. As such, they use a variate
of measures to represent the construct, which acts as an independent variable in the model. They are determined by
factors outside of the model (i.e., they are not explained by any other construct or variable in the model), thus the
term independent. SEM models are often depicted by a visual diagram. It is useful, therefore, to know how to identify
an exogenous construct. Given that it is independent of any other construct in the model, visually an exogenous
construct does not have any paths (single-headed arrows) from any other construct or variable going into it. We
discuss the issues in constructing the visual diagram in the next section.
Endogenous constructs are the latent, multi-item equivalent to dependent variables. (i.e., a variate of individual
dependent variables). These constructs are theoretically determined by factors within the model. Thus, they are
dependent on other constructs, and this dependence is represented visually by a path to an endogenous construct
from an exogenous construct (or from another endogenous construct, as we will see later).

DeFininG A MoDeL
A model is a representation of a theory. Theory can be thought of as a systematic set of relationships providing a
consistent and comprehensive explanation of phenomena. From this definition, we see that theory is not the exclusive
domain of academia, but can be rooted in experience and practice obtained by observation of real-world behavior.
A conventional model in SEM terminology consists of really two theories, the measurement model (representing
how measured variables come together to represent constructs) and the structural model (showing how constructs
are associated with each other). Chapter 10 is devoted to the first part of SEM, or the measurement model, whereas
Chapter 11 addresses issues in the second part of SEM, or the structural model.
A model should not be developed without some underlying theory. Theory is often a
primary objective of academic research, but practitioners may develop or propose a set of relationships that are as
complex and interrelated as any academically based theory. Thus, researchers from both academia and industry
can benefit from the unique analytical tools provided by SEM. We will discuss in a later section specific issues in
establishing a theoretical base for your SEM model, particularly as it relates to establishing causality. In all instances,
SEM analyses should be dictated first and foremost by a strong theoretical base that portrays how things are related,
and at least just as importantly, what things are not related.
Importance of Theory

A complete SEM model consisting of measurement and structural models can
be quite complex. Although all of the relationships can be expressed in path analysis notation, many researchers
find it more convenient to portray a model in a visual form, known as a path diagram. This visual portrayal of
the theoretical relationships employs specific conventions both for the constructs and measured variables as well
as the associations and independences among them.

A Visual Portrayal of the Model

Latent constructs are connected to corresponding measured variables with a measurement relationship. This is a type of dependence relationship (depicted by
a straight arrow) between measured variables and constructs. In a typical SEM, the arrow is drawn from the latent
constructs to the variables that are associated with the constructs. These variables are referred to as indicators,
because no single variable can completely represent a construct, but it can be used as an indication of the construct.
The researcher must justify the theoretical basis of the indicators, because SEM only examines the empirical characteristics of the variables. An alternative specification where the arrows point from the indictors toward the construct
will be discussed later in this chapter and in more detail in Chapter 10. We will also discuss how to assess the quality

DePictinG tHe conStRUctS inVoLVeD in A StRUctURAL eQUAtionS MoDeL
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of the indicators of the constructs in a SEM model. Here, we focus on the basic principles in constructing a diagram
of a measurement model:
●

●

●

Constructs typically are represented by ovals or circles, and measured variables are represented by squares or
rectangles.
To assist in distinguishing the indicators for endogenous versus exogenous constructs, measured variables
(indicators) for exogenous constructs are usually referred to as X variables, whereas endogenous construct indicators are usually referred to as Y variables.
The X and/or Y measured variables are associated with their respective construct(s) by a single-headed straight
arrow from the construct(s) to the measured variable.

Figure 9.1a illustrates the measurement relationship between a construct and one of its measured variables.
Because constructs will likely be indicated by multiple measured variables, the more common depiction is as in
Figure 9.1b. Remember that the indicators are labeled as either X or Y, depending on whether they are associated
with an exogenous or endogenous construct, respectively.
A structural model involves specifying structural relationships between latent
constructs. Specifying a relationship means that we either specify that a relationship exists by drawing an arrow,
which if we do not specify a value for frees that path to be estimated, or we specify that no relationship exists by
constraining a path to 0 by excluding any connection. Two types of relationships are possible among constructs:
dependence relationships and correlational (covariance) relationships.
As we discussed earlier, measurement relationships are one form of dependence relationship between constructs
to variables. The second form is a dependence relationship between constructs. Here the arrows point from the
antecedent (independent variable) to the subsequent effect or outcome (dependent variable). This relationship is

DePictinG StRUctURAL ReLAtionSHiPS
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depicted in Figure 9.1c. In a later section, we discuss issues involved in specifying causation, which is a special form
of dependence relationship.
Specification of dependence relationships also determines whether a construct is considered exogenous or endogenous. Recall that an endogenous construct acts like a dependent variable, and any construct with a dependence
path (arrow) pointing to it is considered endogenous. Whenever a construct is related to other constructs or variables, other than its own indicators, or error variance terms, it is in fact endogenous to some degree. An exogenous
construct can only display correlational relationships with other exogenous constructs and acts like an independent
variable in structural relationships with endogenous constructs.
In many instances, one may specify a simple correlation between exogenous constructs. This type of relationship
does not imply dependence and is depicted by a two-headed arrow connection, as shown in Figure 9.1d. An exogenous construct cannot share this type of relationship with an endogenous construct. Only a dependence relationship
can exist between exogenous and endogenous constructs.
coMBininG MeASUReMent AnD StRUctURAL ReLAtionSHiPS Figure 9.2 illustrates a simple SEM model incorporating
both the measurement and structural relationships of two constructs with four indicators each. In Figure 9.2a,
there is a correlational relationship between the two constructs, indicated by the curved arrow. The indicators (four on each construct) are labeled X1 to X8. Figure 9.2b depicts a dependence relationship between the
exogenous and endogenous construct. The two constructs retain their same indicators, but two changes distinguish it from the correlational relationship. First, the indicators of the exogenous constructs are denoted by
X1 to X4, whereas the endogenous indicators are Y1 to Y4. The measured variables themselves did not change
at all, just their designation in the model. Second, the single dependence relationship between the exogenous
construct and the endogenous construct is depicted by the straight arrow between the constructs that replaces
the curved arrow.

Figure 9.2
Visual Representation of Measurement and Structural
Model Relationships in a Simple SeM Model
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The researcher determines whether constructs are exogenous or endogenous based on theory. A single SEM model
most likely will contain both dependence and correlational relationships.
How Well Does the Model Fit? In contrast to OLS regression or other dependence techniques that seek to predict

relationships in a single equation, the statistical goal of covariance-based SEM is to reproduce the observed covariance
matrix of all measured variables needed to test a theory. Therefore, measures of predictive accuracy for other techniques (i.e., R2 for multiple regression or PLS-SEM, classification accuracy in discriminant analysis, or statistical significance in MANOVA) are not the primary, statistical objective of covariance-based SEM. What is needed is a measure
of fit or explanatory accuracy that reflects the overall model, not individual relationships. The researcher “accepts or
rejects” the theoretical model tested with CB-SEM by assessing how closely the theoretical model fits the observed data.
Because the focus is on the entire theoretical model, CB-SEM relies on the observed covariance matrix among
measured variables, which contains full information about how all variables correspond to each other. Model fit is
determined by the resulting similarity between the observed covariance matrix and an estimated covariance matrix
produced from the equations representing the proposed theoretical model. If the proposed theory creates equations
that reproduce precisely the correspondence among measured variables (observed covariance matrix), then we can
say the theory fits reality. Practically, fit also allows insight into relative fit, allowing the researcher to know one theory
fits better than an alternative. We will discuss the process of estimating a covariance matrix from the proposed model,
along with a number of measures of fit, in greater detail in later sections of this chapter as well as in Chapters 10 and 11.

SeM and other Multivariate techniques
SEM is a multivariate technique based on variates explaining both the measurement and structural correspondences. In the measurement models, each set of indicators for a construct acts collectively (as a variate) to define the
construct. In the structural model, constructs are related to one another in correlational and dependence relationships. SEM is most appropriate when the researcher has multiple constructs, each represented by several measured
variables, and these constructs are distinguished based on whether they are exogenous or endogenous. In this sense,
SEM is similar to other multivariate dependence techniques, such as MANOVA and multiple regression analysis.
Moreover, the measurement model looks similar in form and function to exploratory factor analysis, because in
fact it is very similar to exploratory factor analysis. We will discuss the similarities of SEM to both dependence and
interdependence techniques in the following sections.
SiMiLARitY to DePenDence tecHniQUeS
SEM obviously is similar to multiple regression, one of the most widely used dependence techniques. Relationships
for each individual endogenous construct can be expressed in a regression equation. The endogenous construct is
the dependent variable, and the independent variables are the constructs, with arrows pointing to the endogenous
construct. One principal difference in SEM is that a construct that acts as an independent variable in one relationship can be the dependent variable in another relationship. SEM then allows for all the relationships/equations to
be estimated simultaneously.
SEM can also be used to represent other dependence techniques. Variations of the standard SEM models can
be used to represent nonmetric, categorical variables, and even a MANOVA model can be examined using SEM. It
enables the researcher to take advantage of SEM’s ability to accommodate measurement error, for example, within
a MANOVA context.
SiMiLARitY to inteRDePenDence tecHniQUeS
At first glance, the measurement model, associating measured variables with constructs, seems identical to exploratory factor analysis described in Chapter 3 where variables load on factors. Despite a great deal of similarity, such
as the interpretation of the strength of the relationship of each variable to the construct (known as a loading in
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exploratory factor analysis), one difference is critical. Exploratory factor analysis described in Chapter 3 is an
exploratory analysis technique that searches for structure among variables by defining factors in terms of sets of
variables. As a result, every variable loads on every factor.
SEM is a confirmatory procedure, meaning the opposite of an exploratory technique. The researcher a priori
specifies which variables are associated with each construct and which variables are not associated with a construct
or with other variables. Then loadings are estimated only where variables are associated with constructs. Typically,
cross-loadings are constrained to 0 (no cross-loading paths). Exploratory factor analysis requires no such specification on the part of the researcher. In contrast, SEM requires complete specification of the measurement model. The
non-specified but possible relationships help to over-identify the model.
The advantages of using multiple measures for a construct, discussed earlier and in Chapter 3, are realized through the
measurement model in SEM. In this way, the estimation procedures for the structural model can include a direct correction
for measurement error, as discussed earlier. By doing so, the relationships between constructs are estimated more accurately.
tHe eMeRGence oF SeM
SEM’s roots extend back to the first half of the twentieth century. SEM’s development originated with the desires of
genetics and economics researchers to be able to establish causal relationships between observed variables [8, 19, 55].
The mathematical complexity of SEM limited its application until computers and software became widely available.
They enabled the two multivariate procedures of factor analysis and multiple regression to be combined. During the
late 1960s and early 1970s, the work of Jöreskog and Sörbom led to simultaneous maximum likelihood estimation of
a theory represented by relationships between latent constructs and measured indicator variables and among latent
constructs (and the corresponding lack of relationships). This work culminated in the SEM program LISREL [27,
28, 29, 30]. LISREL was the first SEM software to gain widespread usage.
SEM’s growth remained relatively slow during the 1970s and 1980s, in large part due to its perceived complexity.
By 1994, however, more than 150 SEM articles were published in the academic social science literature. That number
increased to more than 300 by 2000, and today SEM is “the dominant multivariate technique,” followed by multiple
regression, cluster analysis and MANOVA [23].

the Role of theory in Structural equation Modeling
SEM should never be applied without a strong theoretical basis for specification of both the measurement and
structural models. The following sections address some fundamental roles played by theory in SEM: (1) specifying
relationships that define the model; (2) establishing causation, particularly when using cross-sectional data; and (3)
the development of a modeling strategy.
SPeciFYinG ReLAtionSHiPS
Although theory can be important in all multivariate procedures, it is critically important for SEM, because it is considered a confirmatory analysis. That is, it is useful for testing and potentially confirming theory. Theory is needed to
specify what and how things are related and are not related to each other in both measurement and structural models.
Theory provides a pattern of relationships and non-relationships that end up imposing a structure upon the data.
From a practical perspective, a theory-based approach to SEM is necessary, because all potential relationships and
non-relationships must be specified by the researcher before a SEM model can be estimated. With other multivariate
techniques, the researcher may have been able to specify a basic model and allow default values in the statistical
programs to “fill in” the remaining estimation issues. Thus, when we stress the need for theoretical justification, we are
emphasizing that SEM is a confirmatory method more about testing theory than exploring empirical relationships.
The relationships in a path diagram typically involve a combination of dependence and correlational relationships
among exogenous and endogenous constructs. Any concepts not connected are theorized to be independent. The
researcher can specify any sequence of relationships that make theoretical/logical sense derived from the research
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question. The following examples illustrate how a sequence of relationships can involve both dependence and correlational elements, including some variables acting as both predictors and outcomes.
Figure 9.3 shows three examples of relationships depicted by path diagrams, along with the corresponding equations. Figure 9.3a shows a simple three-construct model. Both X1 and X2 are exogenous constructs related to the
endogenous construct Y1, and the curved arrow between X1 and X2 allows for intercorrelation (multicollinearity).
We can show this model with a single equation with Y1 as a function of X1 and X2, much as we did in our discussion
of multiple regression.
In Figure 9.3b, we add a second endogenous construct—Y2. Now, in addition to the model and equation shown
in Figure 9.3a, we add a second equation showing the relationship between X2 and Y1 with Y2. Here we can see the
unique role played by SEM. We want to know the effects of X1 on Y1, the effects of X2 on Y1, which would be the
same as frame a, but simultaneously we consider the effects of X2 and Y1 on Y2. Y1 then serves as both independent
and dependent variable. In the end, SEM will address how well the sequence of relationships explains fully the all
of the information indicating relationships among the variables. The full information about all interrelationships
is captured in the covariance matrix.
The relationships become even more intertwined in Figure 9.3c, with three dependent constructs, each related
to the others as well as to the independent constructs. A reciprocal relationship (two-headed, straight arrow) even
occurs between Y2 and Y3. This relationship is shown in the equations by Y2 appearing as a predictor of Y3 and Y3
appearing as a predictor of Y2. It is not possible to express all the relationships in either Figure 9.3b or 9.3c in a single
equation. Separate equations are required for each dependent construct. The need for a method that can estimate all
the equations simultaneously can be addressed with SEM.
These examples are just a preview of the types of relationships that can be portrayed and then empirically examined
through SEM. Given the ability for the models to become complex quite easily, it is even more important to use theory
as a guiding factor to specification of both the measurement and structural models. Later in this chapter, as well as
in Chapters 10 and 11 we will discuss the criteria by which the researcher can specify SEM models in more detail.
eStABLiSHinG cAUSAtion
Perhaps the strongest type of theoretical inference a researcher can draw is a causal inference, which involves
proposing that a dependence relationship actually is based on causation. A causal inference involves a hypothesized
cause-and-effect relationship. If we understand the causal sequence among variables, then we can explain how some

Causal Relationships
Independent
Variables

Dependent
Variables

X1 X2

Figure 9.3
Representing Dependence and correlational
Relationships through Path Diagrams

Path Diagram

X1

X2

Y1
Y1

(a)

X1
X 1 X2

Y1

X2 Y1

Y2

X2
Y1

Y2

X2

X3

(b)

X1
X1 X2

Y1

X2 X3 Y1 Y3

Y2

Y1 Y2

Y3
(c)

Y1

Y2
Y3

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

616

Section V Moving Beyond The Basics

cause determines a given effect. In practical terms, the effect can be at least partially managed with some degree
of certainty. So, dependence relationships can sometimes be theoretically hypothesized as causal. However, simply
thinking that a dependence relationship is causal doesn’t make it so. As such, we use the term cause with great care
in SEM.
Let us consider HBAT’s interest in job satisfaction as an example. If feeling positive about a supervisor can be
proven to result in (cause) increased job satisfaction, then we know that higher job satisfaction can be achieved by
improving how employees feel about their supervisor. Thus, company policies and training can focus on improving
supervision approaches. If supervision is causally related as hypothesized, then the resulting improvements will
increase employee job satisfaction.
Causal research designs traditionally involve an experiment with some controlled manipulation (e.g., a
categorical independent variable as found in MANOVA or ANOVA). SEM models are typically used, however, in
non-experimental situations in which the exogenous constructs are not experimentally controlled variables. This
limits the researcher’s ability to draw causal inferences, and SEM alone cannot establish causality. SEM can, however,
treat dependence relationships as causal if four types of evidence (covariation, sequence, nonspurious covariation,
and theoretical support) are reflected in the SEM model [26, 45].
Covariation Because causality means that a change in a cause brings about a corresponding change in an effect,

systematic covariance (correlation) between the cause and effect is necessary, but not sufficient, to establish causality. Just as is done in multiple regression by estimating the statistical significance of coefficients of independent
variables that affect the dependent variable, SEM can determine systematic and statistically significant covariation
between constructs. Thus, statistically significant estimated paths in the structural model (i.e., relationships between
constructs) provide evidence that covariation is present. Structural relationships between constructs are typically the
paths corresponding to hypothesized links or sequences of connections among constructs. In addition, structure is
imposed by omitting paths indicating nonrelationships.
Sequence A second requirement for causation is the temporal sequence of events. We use our earlier example as

an illustration.
If improvements in supervision result in increased job satisfaction, then the changes in supervision cannot occur
after the change in job satisfaction. If we picture many dominos standing in a row, and the first one is knocked down
by a small ball, it may cause all the other dominos to fall. In other words, the ball hitting the first domino causes the
other dominos to fall. If the ball is the cause of this effect, the ball must hit the first domino before the others fall. If
the others have fallen before the ball strikes the first domino, then the ball cannot have caused the dominoes to fall.
Thus, sequence in causation means that improvements in supervision must occur before job satisfaction increases
if the relationship between the two variables is causal.
SEM cannot provide this type of evidence without a research design that involves either an experiment or longitudinal data. An experiment can provide this evidence, because the researcher maintains control of the causal variable
through manipulations. Thus, the research first manipulates a variable and then observes the effect. Longitudinal data
can provide this evidence, because the data enable us to account for the period in which events occur. A great deal
of social science research relies on cross-sectional surveys. Measuring all of the variables at the same point in time
does not provide a way of accounting for the time sequence. Thus, theory must be used to argue that the sequence
of effects is from one construct to another.
Nonspurious Covariance A spurious relationship is one that is false, misleading, or due to the lack of consideration

of some other effect. A relationship is considered spurious when another event, not included in the original analysis,
explains both the cause and effect. Simply put, the size and nature of the relationship between a true cause and the
relevant effect should not be affected by including other constructs (or variables) in a model. Many anecdotes describe
what can happen with spurious correlation. In addition, evidence suggesting correlated residual terms associated with
the cause and effect, which can be assessed using SEM, also suggests a spurious relationship.
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To illustrate, a significant correlation between ice cream consumption and the likelihood of drowning can be
empirically verified. Is it safe, however, to say that eating ice cream causes drowning? If we account for some other
potential cause (e.g., temperature is associated with increased ice cream consumption and more swimming), we would
find no real relationship between ice cream consumption and drowning. Thus, we cannot say with any certainty that
ice cream consumption causes the likelihood of drowning, even though they are significantly correlated. Thinking
about the residuals from a regression predicting drowning with ice cream consumption alone, the residual (error
variance) terms associated with drowning and ice cream consumption would be correlated. If indeed the residuals
(error variance) are correlated and the effect is not modeled, the fit of the model will be diminished (we describe
fit in more detail later). If the correlation between the residual terms is modeled, then causality is questioned. In
fact, the notion of propensity scoring, introduced in an earlier chapter, is another way to determine the degree of
causality in a relationship.
Because a causal inference is supported when we can show that some other construct does
not affect the relationship between the cause and effect, a lack of collinearity among the predictors (see Chapter 5
on multicollinearity) is desirable. When collinearity is not present, the researcher comes closest to reproducing the
conditions that are present in an experimental design. These conditions include orthogonal, or uncorrelated, experimental predictor variables.
Unfortunately, most structural models involve multiple predictor constructs that exhibit multicollinearity with
both other predictors and the construct. In these cases, making a causal inference is less certain. Therefore, in SEM
models involving cross-sectional survey research, causal evidence is found when (1) the relationship between a cause
and an effect remains constant when other predictor constructs are introduced into the model and (2) when the effect
construct’s error variance is independent (not related nor displaying high residual terms) [45, 51].

tHe iMPAct oF coLLineARitY

Figure 9.4 shows an example of testing for a nonspurious relationship with two
SEM models. The first model specifies the proposed structural relationship between the two constructs. The second
model incorporates the Alternative Cause construct as an additional predictor variable. If the estimated relationship
between constructs found in the first model remains unchanged when the additional predictor is added (the second
model), then the relationship is deemed nonspurious. However, if the structural relationship becomes nonsignificant in the second model because of the addition of the other predictors, then the relationship must be considered
spurious. More than one additional construct may be added and the predicted causal structural relationships must
remain consistent no matter how many constructs are added.
teStinG FoR SPURioUS ReLAtionSHiPS
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In our employee job satisfaction example, we propose that supervisor perceptions influenced satisfaction
(Figure 9.4a). One could argue, however, that how employees feel about their supervisor does not really determine
their level of satisfaction with their job. An alternative explanation, for instance, is that good working conditions
act as an alternative cause for both improved supervision and higher job satisfaction (Figure 9.4b). If the working
conditions construct is measured along with the other constructs, and a relationship is specified between working
conditions and both supervision and job satisfaction, then a SEM model can determine whether a relationship
between the constructs exists or not. In our example, the estimated coefficient remains unchanged (.50), indicating
that the relationship between supervisor and job satisfaction is nonspurious. If the estimated coefficient had become
nonsignificant when working conditions is added to the model, then we would consider the relationship between
supervisor and job satisfaction to be spurious.
Theoretical Support The final condition for causality is theoretical support, or a compelling rationale to support

a cause-and-effect relationship. This condition emphasizes the fact that simply testing a SEM model and analyzing
its results alone cannot establish causality. Theoretical support becomes especially important with cross-sectional
data. A SEM model may suggest relationships between any correlated constructs (e.g., ice cream consumption and
drowning statistics). But unless theory can be used to establish a causal ordering and a rationale for the observed
covariance, the relationships remain simple association and should not be attributed with any further causal power.
Do employees’ feelings about their supervisors cause job satisfaction? A theoretical justification for causation may
exist in that as employees spend more time with their supervisors they become more familiar with their supervision
approaches, which increases their understanding and reactions to the supervisor, and based on these experiences
they become more satisfied with their job situation. Thus, a case can be made that more favorable feelings about
supervisors cause increased job satisfaction.
Although SEM has often been referred to as causal modeling, causal inferences are only possible when evidence
is consistent with the four conditions for causality already mentioned. SEM can provide evidence of systematic
covariation and can help in demonstrating that a relationship is not spurious. If data are longitudinal, SEM can also
help establish the sequence of relationships. However, it is up to the researcher to establish theoretical support. Thus,
SEM is helpful in establishing a causal inference, but it cannot do it alone.
DeVeLoPinG A MoDeLinG StRAteGY
One of the most important concepts a researcher must learn regarding multivariate techniques is that no single
correct way exists to apply them. In some instances, relationships are strictly specified, and the objective is a confirmation of the relationship. At other times, the relationships are loosely recognized, and the objective is the discovery
of relationships. At each extreme, as well as the points in between, researchers must apply the multivariate technique
in accordance with the research objectives.
The application of SEM follows this same tenet. Its flexibility provides researchers with a powerful analytical
tool appropriate for many research objectives, which serve as guidelines in a modeling strategy. The use of the term
strategy is designed to denote a plan of action toward a specific outcome. For our purposes, we define three distinct
strategies in the application of SEM: confirmatory modeling strategy, competing models strategy, and model development strategy.
Confirmatory Modeling Strategy The most direct application of structural equation modeling is a confirmatory

modeling strategy. The researcher specifies a specific theoretical model composed of a pattern of relationships and
nonrelationships and then SEM assesses how well the model fits reality. The SEM approach is quite the opposite
of exploratory approaches like stepwise regression or principal components analysis. If the proposed model has
acceptable fit, the researcher has found support for that model. But, as we will discuss later, that model is just one of
several different models that possibly have acceptable model fits. Perhaps a more insightful test can be achieved by
comparing alternative theoretical models to find which model fits better than another.
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Competing Models Strategy A competing models strategy is based on comparing one plausible theoretical estimated model with alternative theories by assessing relative fit. The strongest test of a proposed model is to identify
and test competing models that represent truly different, but plausible, theories. When comparing these models, the
researcher comes much closer to a test of competing theories, which is much stronger than a test of a single model in
isolation. Philosophically, we may never know the absolute truth, but we can know that one theory is more truthful
than another.
Equivalent models provide a second perspective on developing a set of comparative models. It has been shown
that for a proposed structural equation model, at least one other model exists with the same number of parameters
but with different relationships portrayed that fits at least as well as the proposed model.

The model development strategy differs from the prior two strategies in that,
although a basic model framework is proposed, the purpose of the modeling effort is to improve this framework through modifications of the structural or measurement models. In many applications, theory can provide
only a starting point for development of a theoretically justified model that can be empirically supported. Thus,
the researcher must employ SEM not just to test the model empirically, but also to provide insights into its
respecification.
One note of caution must be made. The researcher must be careful not to employ this strategy to the extent that
the final model has acceptable fit but cannot be generalized to other samples or populations. Moreover, model
respecification must always be done with theoretical support rather than just empirical justification. Models developed empirically should be verified with an independent sample as is the case with any exploratory or predictive
approach.

Model Development Strategy

A Simple example of SeM
The following example illustrates how SEM works. The example involves a sequence of relationships, multiple equations
including equations because a dependent variable in one equation is an independent variable in another equation(s).
This capability enables the researcher to model complex relationships in a way that is not possible with any of the other
multivariate techniques discussed in this text. Another and perhaps more accurate way to think of the SEM process
is to first imagine that every measured variable is related to every other measured variable. Then, constraints would
be added that represented cases of independence, in other words, where relationships were pre-specified to be 0. The
question then becomes whether the model can perform well even in the face of potentially many such constraints.
For simplicity, each construct in the following example is treated as a single variable. Thus, our example does not
depict one of SEM’s key strengths—the ability to employ multiple measures (the measurement model) to represent
a construct through exploratory factor analysis. Chapter 10 discusses measurement theory and confirmatory factor
analysis and will illustrate multiple item measurement in detail. For now, we focus only on the basic principles of
model construction and estimating multiple relationships.
tHeoRY
Theory must be the foundation of even the simplest of SEM models. Any sequence of multiple variables could be
linked to one another in many ways. Perhaps some of the possible sequences of relationships would be complete
nonsense. Theory should make the model plausible. The emphasis on representing dependence relationships necessitates that the researcher carefully details not only the number of constructs involved, but also the constraints
necessary to represent only paths where relationships should exist. With these constructs in hand, model estimation
can proceed.
To demonstrate how theory can be used to develop a model to test with SEM, let us use our example of employee
job satisfaction, but expand it by adding a couple of more constructs. Two key research questions are: (1) what
factors influence job satisfaction and (2) is job satisfaction related to employees’ likelihood of looking for another job
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(i.e., quitting their present job)? More specifically, HBAT management believes that favorable perceptions of supervision, coworkers, and working conditions will increase job satisfaction, which in turn will decrease the likelihood
of searching for another job.
From their experiences, management developed a series of relationships they believe explain the process:
●
●
●
●

Improved supervision leads to higher job satisfaction.
Better work environment leads to higher job satisfaction.
More favorable perceptions of coworkers lead to higher job satisfaction.
Higher job satisfaction consequently leads to lower likelihood of job search.

These four relationships form the basis of how HBAT management believes they can reduce the likelihood of employees searching for another job. Additionally, the theory proposes that Supervision, Work Environment, and Coworkers
do not relate directly to job search. Management would like to reduce job-searching activities because the cost of
recruiting, hiring, and training new employees is very high.
The research team could use multiple regression, but that approach would only test part of this model, because
regression is used to examine relationships between multiple independent variables and a single metric dependent
variable. Given that the following theory involves more than a single dependent variable, the research team can use
another technique that can examine relationships with more than a single dependent variable. In addition, the multiple equation approach recognizes that some effects on outcomes may be indirect and work through other constructs.
SettinG UP tHe StRUctURAL eQUAtion MoDeL FoR PAtH AnALYSiS
Once a theoretical sequence of effects and non-effects is specified, the researcher sets out to represent the model in a
form suitable for analysis. First, constructs are identified as either being exogenous or endogenous. Then, the theoretical
process can be portrayed visually in a path diagram, where straight arrows depict the impact of one construct on another.
If causal effects are inferred, the arrows representing dependence relationships point from the cause to the subsequent
effect. A construct with no arrow entering it is exogenous. A construct with an arrow(s) entering it is endogenous.
HBAT management proposes a theoretical model including five constructs: perceptions of supervision, work
environment, and coworkers, along with job satisfaction and job search. An initial step is to identify which constructs
are considered exogenous and which are endogenous. Remember that exogenous constructs are like independent
variables, whereas endogenous are like dependent variables.
The supervision, work environment, and coworker constructs are identified as exogenous variables because they
are not predicted by constructs within the model. Job search is clearly an endogenous variable, because it is represented as a dependent variable. But what about job satisfaction? It is dependent on the supervision, work environment, and coworker constructs, but it is also an independent variable because it is shown as influencing the job
search construct. This is one of the unique and clearly beneficial characteristics of SEM—it can examine relationships
(models) in which a construct operates as both an independent and dependent variable. From our model of the
relationships, therefore, we can identify the types of constructs as shown below:
exogenous constructs

endogenous constructs

Supervision

Job Satisfaction

Work Environment

Job Search

Coworkers

With the constructs specified as either exogenous or endogenous, the relationships can now be represented in a
path diagram, as shown in Figure 9.5.
Note that one type of relationship also presented in Figure 9.5 was not expressed by the HBAT research
team: the correlations among the exogenous constructs. Relationships among exogenous constructs are generally assumed unless there is a good theoretical reason to believe that the exogenous constructs are independent.
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Path Diagram of a Simple
Structural Model
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Job
Satisfaction

Job Search

Coworkers

Typically, the assumption of correlated exogenous constructs involves the fact that additional variables not
included in the model impact the exogenous variables (i.e., a common cause). In the case of exogenous variables,
it is directly comparable to representing the multicollinearity discussed in multiple regression (see Chapter 4
for more detail). We have added these correlational relationships in our theoretical model because we expect
the separate elements of managing HBAT employees (Supervision, Work Environment, and Coworkers) will be
coordinated and based on consistent planning and execution. Moreover, including the interconstruct correlations between the exogenous variables often makes the estimates for the dependent relationships more reliable.
However, relationships with endogenous factors are presumed not to exist unless and are constrained to zero
unless some theoretical reasons dictates otherwise. We will discuss other reasons for adding this type of relationship in the following chapters. The research team can now collect data on the five constructs as a basis for
evaluating the proposed theoretical model.
tHe BASicS oF SeM eStiMAtion AnD ASSeSSMent
With the relationships and path diagram specified, researchers can now put them in a format suitable for analysis in
SEM, estimate the strength of the relationships, and assess how well the data actually fits the model. In the example,
we illustrate the basic procedures in each of these steps as we investigate the issues raised by employees’ work environment and their job satisfaction and desire to engage in job search.
Observed Covariance Matrix SEM differs from multiple regression analysis in that it performs a covariance struc-

ture analysis rather than a variance decomposition analysis. As a result, SEM focuses on explaining covariation
among all measured variables, which together form the observed sample covariance matrix. Although it may not
always be obvious to the user, SEM programs can compute solutions using either a covariance matrix or a correlation
matrix as input rather than using the individual data observations.
Correlation is just a special case of covariance. A correlation matrix is simply the covariance matrix when standardized variables are used (i.e., the standardized covariance matrix). The key at this point is to realize that we
compute the observed covariance matrix from sample observations, just as we would compute a correlation matrix.
It is not estimated, nor is it dependent on a model imposed by a researcher.
Let us revisit our example and see how the researchers would proceed after the model is defined.
To understand how data are input into SEM, think of the covariance matrix among the five variables. The observed
covariance matrix would contain 25 values. The five diagonal values would represent the variance of each variable
with 10 unique covariance terms. Because the covariance matrix is symmetric, the 10 unique terms would be repeated
both above and below the diagonal. As a result, the number of unique values in the matrix is the five diagonal values
(variances) plus the 10 unique off-diagonals (covariances), for a total of 15.
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For example, suppose the sample involves individuals interviewed using a mall-intercept technique. The resulting covariance matrix is composed of the following values, with each construct simply abbreviated as S for Supervision, WE for Work Environment, CW for Coworkers, SAT for Job Satisfaction, and SRCH for Job Search (as in
Figure 9.5). The matrix of unduplicated values would be as follows:
S

We

cW

SAt

SRcH

Var (S)
Observed

Cov (S,WE)

Var (WE)

Covariance

Cov (S,CW)

Cov (WE,CW)

Var (CW)

Cov (S,SAT)

Cov (WE,SAT )

Cov (CW,SAT )

Var (SAT)

Cov (S,SRCH)

Cov (WE,SRCH )

Cov (CW,SRCH)

Cov (SAT,SRCH)

Var (SRCH)

Actual values for this example are shown in Table 9.1a, the observed covariance matrix.

Estimating and Interpreting Relationships Prior to the widespread use of SEM programs, researchers found solu-

tions for multiple equation models using a process known as path analysis. Path analysis uses bivariate correlations
to estimate the relationships in a system of structural equations. This process estimates the strength of each structural
relationship (a straight or curved arrow) in a path diagram. The actual mathematical procedure is briefly described
in Appendix 9A.
Path analysis procedures provide estimates for each depicted relationship (arrow) in the model shown in Figure 9.6.
These estimates are interpreted like regression coefficients if two separate equations are used—one to predict Job
Satisfaction and a second to predict Job Search. But SEM does not keep each equation separate, and all estimates of
relationships in both equations are computed at the same time using the information from all equations that make
up the model. SEM also provides estimates of the correlational relationships between the exogenous constructs,
which may be useful in our interpretation of the results, as well as directly influencing our assessment of the validity
of the exogenous constructs.
With estimates for each path, an interpretation can be made of each relationship represented in the model. When
statistical inference tests are applied, the researcher can assess the probability that the estimates are significant (i.e.,
not equal to zero). Moreover, the estimates can be used like regression coefficients to make estimates of the values
of any construct in the model.
The relationships (paths) in the model shown in Figure 9.6 represent the research questions posed by the HBAT
research team. When we look at the first three relationships (i.e., impact of Supervision, Work Environment and
Coworkers on Job Satisfaction), we can see that the estimated coefficients are .065, .219, and .454, respectively.
The sizes of these coefficients indicate that Coworkers has the biggest impact on job satisfaction, whereas Work
Figure 9.6
An estimated Structural equation Model of job Search
Supervision

.200

.065
Work
Environment

.200

.150

Job
Satisfaction

.219

.500

Job
Search

.454
Coworkers
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Environment is somewhat less and supervision has the smallest impact. Moreover, Job Satisfaction has a substantial
impact on Job Search (.50) and provides evidence of that relationship as well.
Recall that regression coefficients can be used to compute predicted values for dependent variables. Those values
were referred to as y^ . Thus, for any particular values of the independent variables, an estimated value for the outcome
can be obtained. In this case, where we treat constructs as variables, they would represent predicted values for endogenous constructs, or the outcome. The difference between the actual observed value for the outcome and y^ is error.
SEM also can provide estimated values for exogenous constructs when multiple variables are used to indicate the
construct. This process will become clearer in the next chapters. Realize that several potential relationships between
constructs have no path drawn, which means that the researcher does not expect a direct relationship between these
constructs. For instance, no arrows are drawn between Supervision and Job Search, Work Environment and Job
Search, or Coworkers and Job Search, which affects the equations for the predicted values.
In our model, if we take any observed values for Supervision, Work Environment and Coworkers, we can estimate
a value for Job Satisfaction using the following equation:
y^ JobSatisfaction 5 .065 1 Supervision 2 1 .219 1 Work Environment 2 1 .454 1 Coworkers 2

Similarly, predicted values for Job Search can be obtained:

y^ JobSearch 5 .50 1 Job Satisfaction 2

This would represent a multiple equation prediction, because Job Satisfaction is also endogenous. Substituting the
equation for Job Satisfaction into the equation for Job Search, we get:
y^ JobSearch 5 .50 3 .065 1 Supervision 2 1 .219 1 Work Environment 2 1 .454 1 Coworkers 2 4

This illustrates, therefore, how path estimates in Figure 9.6 can be used to calculate estimated values for Job Satisfaction and Job Search. What is missing though is the big question of how well the proposed theoretical model represents
reality. Here is where SEM enters the picture fully.
Assessing Model Fit with the Estimated Covariance Matrix The climatic step in SEM involves calculating an
estimated covariance matrix that represents what the covariance matrix would be if the imposed structure, represented by the sequence of relationships and non-relationships, were true. The estimated covariance matrix is derived
from the path estimates of the model. Then, SEM compares the estimated covariance matrix to the observed covariance matrix to test the fit of a theoretical model. Models that produce an estimated covariance matrix that is within
sampling variation of the observed covariance matrix would be said to fit.
Let’s look at one relationship (Work Environment and Job Satisfaction) to illustrate what happens. They involve
both direct and indirect paths:

Direct path:
Work Environment S Job Satisfaction 5 .219
Indirect paths:
Work Environment S Supervision S Job Satisfaction 5 .200 3 .065 5 .013
Work Environment S Coworkers S Job Satisfaction 5 .150 3 .454 5 .068
Total:
Direct 1 Indirect 5 .219 1 .013 1 .068 5 .300
Thus, the estimated covariance between Work Environment and Job Satisfaction is .300, the sum of both the direct
and indirect paths. The complete estimated covariance matrix is shown in Table 9.1b.
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table 9.1 observed, estimated, and Residual covariance Matrices
(A) observed covariance

Supervision

Work environment

coworkers

job Satisfaction

job Search

Var (SP)

—

—

—

—

.20

Var (WE)

—

—

—

.20

.15

Var (CW)

—

—

.20

.30

.50

Var (JS)

—

2.05

.25

.40

.50

Var(JS)

—

—

—

—

—

.20

—

—

—

—

.20

.15

—

—

—

.20

.30

.50

—

—

.10

.15

.25

.50

—

—

—

—

—

Matrix: (S)

(B) estimated covariance
Matrix: (Σ)

(c) Residuals: observed Minus estimated covariances
Supervision

—

Work Environment

.00

—

—

—

—

Coworkers

.00

.00

—

—

—

Job Satisfaction

.00

.00

.00

—

—

2.15

.10

.15

.00

—

Job Search

This example illustrates how the researcher’s theory determines the estimated covariance matrix (and ultimately
model fit) by the paths (and non-paths) specified in the model. In our example, if the Work Environment was
not theoretically independent of the Supervision construct or Coworkers construct, and thus each possible path
constrained to zero, then the estimated covariance would be different. Therefore, the researcher should note that
each path added or constrained in the model ultimately controls how well the observed covariance matrix can be
predicted. The identification of direct and indirect paths for each covariance is addressed in more detail in the Basic
Stats appendix available online.
The last issue in assessing fit is the concept of a residual. The residuals in SEM models are the differences between
each specific observed covariance and the corresponding estimated covariance. Thus, when we compare the observed
and actual covariance matrices, any differences we detect are the residuals. The distinction with other multivariate
techniques, especially multiple regression, is important. In those techniques, residuals reflected the errors in predicting individual observations 1 y^ –y 2 . In SEM, predictions of individual observations are not the focus of the analysis.
When a SEM program refers to residuals, it refers to the difference between the estimated and observed covariances
for any pair of measured variables.
The matrix of residuals (the differences between the observed and estimated covariance matrices, 0 S 2 Sk 0 ) becomes
the key driver in assessing the fit of a SEM model. The theoretical explanations represented by the proposed model
are supported to the extent that the estimated covariance matrix 1 Sk 2 is sufficiently close to the observed covariance
matrix (S). The smaller the residuals the closer the fit and the better the model matches reality. If the reader is familiar
with cross-tabulation, it should be no surprise that a x2 statistic can be computed based on the difference between
the two matrices. Later, we will use this statistic as the basic indicator of the goodness-of-fit of a theoretical model.
Comparing the observed and estimated covariance matrices shown in Table 9.1, some covariances are exactly
predicted and some differences are found. For example, if you look in the first column of numbers in both matrices, you will see that the relationships between Supervision and Work Environment, and Coworkers and Job
Satisfaction, are all predicted exactly. That is, they are all .20 in both the observed and estimated matrices. For
other relationships, such as the relationship between Coworkers and Job Satisfaction, the estimated covariance
(.25) is noticeably different from the observed covariance (.40).
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Rules of thumb 9-1
Structural equation Modeling introduction
●

●

●

●

No model should be developed for use with SEM without a plausible underlying theory, which is needed to
develop:
●

Measurement model specification

●

Structural model specification.

Theoretical models can be represented by drawing a corresponding path diagram:
●

Dependence relationships are represented with single-headed directional arrows.

●

Correlational (covariance) relationships are represented with two-headed arrows.

Causal are the strongest type of inference made in applying multivariate statistics; therefore, they can be
supported only when precise conditions for causality exist:
●

Covariance between the cause and effect

●

The cause must occur before the effect

●

Nonspurious association must exist between the cause and effect

●

Theoretical support exists for the relationship between the cause and effect.

Models developed with a model development strategy must be cross-validated with an independent sample.

The result is the residuals matrix (Table 9.1c). As we have noted, three residuals are not zero. Specifically, only the
residuals for the relationships between the three exogenous constructs and Job Search are not zero (2.15, .10, and .15). These
findings indicate that the SEM model does not perfectly explain the covariance between these constructs, and it
could suggest that the researcher’s theory is inadequate in explaining Job Search. But we need additional information
before rejecting the proposed theory.
Notice that dependent variables in one relationship can easily be independent variables in another relationship
(as with Job Satisfaction). No matter how large the path diagram gets or how many relationships are included, path
analysis provides a way to analyze the set of relationships.
Fortunately, the researcher does not have to do all the calculations in path analysis manually because the software
takes care of that. The researcher needs to understand the principles underlying SEM so that the implications of
adding, constraining, or deleting potential paths or connections can be understood. The next two chapters explain
how these procedures are implemented in testing measurement and structural theories, respectively.

Six Stages in Structural equation Modeling
Researchers are attracted to SEM because it provides a conceptually appealing way to test theory. If a researcher can
express a theory in terms of relationships among measured variables and latent constructs (variates), then SEM will
assess how well the theory fits reality as represented by data.
This section continues the discussion of SEM by describing a six-stage decision process (see Figure 9.7). This
process varies slightly from that introduced in Chapter 1 in order to reflect the unique terminology and procedures
of SEM. The six stages are as follows:
Stage 1: Defining individual constructs
Stage 2: Developing the overall measurement model
Stage 3: Designing a study to produce empirical results
Stage 4: Assessing the measurement model validity
Stage 5: Specifying the structural model
Stage 6: Assessing structural model validity
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Figure 9.7
Six-Stage Process for Structural equation Modeling

Stage 1

Defining the Individual Constructs
What items are to be used as measured variables?

Stage 2

Develop and Specify the Measurement Model
Make measured variables with constructs
Draw a path diagram for the measurement model

Stage 3

Designing a Study to Produce Empirical Results
Assess the adequacy of the sample size
Select the estimation method and missing data approach

Stage 4

Assessing Measurement Model Validity
Assess line GOF and construct validity of measurement model

Refine measures
and design a
new study

No

Measurement Model
Valid?

Yes

Proceed to test
structural model
with stages 5 and 6

Stage 5

Specify Structural Model
Convert measurement model to structural model

Stage 6

Assess Structural Model Validity
Assess model fit and significance, direction, and size of
structural parameter estimates

Refine model and
test with new
data

No

Structural Model Valid?

Yes

Draw substantive
conclusions and
recommendations

The remainder of this chapter provides a brief overview and introduction of these six stages, which will also be
discussed in greater detail over the next two chapters. Rather than include an HBAT example as an illustration of the
technique here in this chapter, it will be introduced in the next chapter. The next two chapters are devoted to testing
the measurement and structural models, respectively. Many SEM analyses involve testing both measurement theory
(how the constructs are represented) and structural theory (how the constructs relate to each other). Chapter 10
covers the first four stages of SEM and Chapter 11 the remaining two stages.
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Stage 1: Defining individual constructs
A good measurement theory is a necessary condition to obtain useful results from SEM. Hypotheses tests involving
the structural relationships among constructs will be no more reliable or valid than is the measurement model in
explaining how these constructs are constructed. Researchers often have a number of established scales to choose
from, each a slight variant from the others. But in other situations, the researcher is faced with the lack of an established scale and must develop a new scale or substantially modify an existing scale to the new context. In each case,
how the researcher selects the items to measure each construct sets the foundation for the entire remainder of the
SEM analysis. The researcher must invest significant time and effort early in the research process to make sure the
measurement quality will enable valid conclusions to be drawn.
oPeRAtionALiZinG tHe conStRUct
The process begins with a good theoretical definition of the constructs involved. This definition provides the basis
for selecting or designing individual indicator items. A researcher operationalizes a latent construct by selecting
its measurement scale items and scale type. In survey research, operationalizing a latent construct results in a series
of scaled indicator items in a common format such as a Likert scale or a semantic differential scale. The definitions
and items are derived from two common approaches.
Scales from Prior Research In many instances, constructs can be defined and operationalized as they were in
previous research studies. Researchers may do a literature search on the individual constructs and identify scales that
previously performed well. As we discussed in Chapter 3, compendiums of prior scales are available in numerous
disciplines.
New Scale Development At times, research is needed to develop and validate a scale to measure a latent construct.

This development is appropriate when a researcher is studying something that does not have a rich history of previous
research or when existing scales are inappropriate for a given context. Also, a great deal of research exists for the sole
purpose of developing psychometric scales capable of representing latent constructs. The term psychometrics refers
to theory of and research directed toward quantitative and valid representation of latent psychological concepts. The
general process for developing scale items is long and detailed. The essentials of this process are highlighted in the
next chapter, but the reader is referred elsewhere for a more thorough discussion [13, 10, 20, 42].
PReteStinG
Generally, when measures are either developed for a study or are taken from various sources, some type of pretest
should be performed. The pretest should use respondents similar to those from the population to be studied so as
to screen items for appropriateness. Pretesting is particularly important when scales are applied in specific contexts
(e.g., purchase situations, industries, or other instances where specificity is paramount) or in contexts outside their
normal use. Empirical testing of the pretest results is done in a manner identical to the final model analysis (see
discussion on stage 4 later in this chapter). Items that do not behave statistically as expected may need to be refined
or deleted to avoid these issues when the final model is analyzed.

Stage 2: Developing and Specifying the Measurement Model
With the scale items specified, the research must now specify the measurement model. In this stage, each latent
construct to be included in the model is defined and the measured indicator variables (items) are assigned to the
corresponding latent constructs. Although this assignment is reflected by equations in reality, SEM software allows a
simpler representation in the form of a diagram. Figure 9.8 represents a simple two-construct measurement model,
with four indicators associated with each construct and a correlational relationship between constructs.
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Figure 9.8
Visual Representation of a Measurement Model
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SeM notAtion
A key element in the path diagram is the labeling notation for indicators, constructs, and relationships between them.
Each software program utilizes a somewhat unique approach, a standard convention developed with the widespread
adoption of LISREL that is simply referred to as LISREL notation. LISREL notation is tied to the program’s use of
matrix notation, and thus it becomes unwieldy for those with no experience with LISREL. For purposes of this text,
we will simplify our notation to be as generalizable as possible among all the SEM software programs, including
AMOS, which is also widely used today. Given the widespread use of LISREL notation, however, we have developed
a reference guide to LISREL notation (see Appendix 9B) along with a “conversion” between this notation and the
LISREL notation for interested readers that are available online. Other software, such as M-Plus or lavaan, an R-based
alternative, uses programming code somewhat like that presented here [32].
Table 9.2 lists the notation used in this text for the measurement and structural models. As discussed earlier, there
are three types of relationships: measurement relationships between indicators/items and constructs; structural relationships between constructs; and correlational relationships between constructs. There are also two types of error
terms, one related to individual indicators and the other to endogenous constructs.
Specification of the complete measurement model uses (1) measurement relationships for the items and constructs,
(2) correlational relationships among the constructs, and (3) error terms for the items.
A basic measurement model can be illustrated as shown in Figure 9.8. The model has a total of 17 estimated
parameters. The 17 free parameters include eight loading estimates, eight error estimates, and one between-construct
correlation estimate (the two construct variances are fixed at 1). The estimate for each arrow linking a construct to
a measured variable is an estimate of a variable’s loading—the degree to which that item is related to the construct.
This stage of SEM can be thought of as assigning individual variables to constructs. Visually, it answers the question,
“Where should arrows be drawn or omitted linking constructs to variables?”

table 9.2 notation for Measurement and Structural Models
element

Symbol

notation

example

Exogenous

X

Xnumber

X1

Endogenous

Y

Ynumber

Y1

Type of Indicator

Type of Relationship
Measurement (Loading)

L

Litem

LX1

Structural (Path coefficient)

P

Poutcome, predictor

PJob Sat, Sup

Cov

Covconstruct1, construct2

CovSup, WE

Indicators

e

eitem

eX1

Constructs

E

Econstruct

EJob Search

Correlational between Constructs
Error Terms
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Numerous possible paths are not specified. For example, no paths suggest correlations among indicator variables’ error variances or loadings of indicators on more than one construct (cross-loadings). In the estimation
process, these unspecified loadings are set (fixed or constrained) to the value of zero, meaning that they will not
be estimated.
cReAtinG tHe MeASUReMent MoDeL
Specification of the measurement model can be a straightforward process, but a number of issues still must be
addressed. Chapter 10 provides more detailed discussion of each issue. The types of questions are listed here:
1 Can we empirically support the validity and unidimensionality of the constructs? Essential points must be
engaged in establishing the theoretical basis of the constructs and measures.
2 How many indicators should be used for each construct? What is the minimum number of indicators? Is there
a maximum? What are the trade-offs for increasing or decreasing the number of indicators?
3 Should the measures be considered as portraying the constructs (meaning that they describe the construct) or
seen as explaining the construct (such that we combine indicators into an index)? Each approach brings with it
differing interpretations of what the construct represents.
The researcher, even with well-established scales, must still confirm the validity and unidimensionality in this
specific context. In any scale development effort, issues as to the number of indicators and type of construct specification must be addressed. Researchers should always ensure that these issues are thoroughly examined, because any
unresolved problems at this stage can affect the entire analysis, often in unseen ways.

Stage 3: Designing a Study to Produce empirical Results
With the basic model specified in terms of constructs and measured variables/indicators, the researcher must turn
attention to issues involved with research design and estimation. Our discussion will focus on issues related to
both research design and model estimation. In the area of research design, we will discuss (1) the type of data to
be analyzed, either covariances or correlations; (2) the impact and remedies for missing data; and (3) the impact
of sample size. In terms of model estimation, we will address model structure, the various estimation techniques
available, and the current computer software being used.
iSSUeS in ReSeARcH DeSiGn
As with any other multivariate technique, SEM requires careful consideration of factors affecting the research design
necessary for a successful SEM analysis. SEM can be estimated with either covariances or correlations. Thus, the
researcher must choose the appropriate type of data matrix for the research question being addressed. And even
though the statistical issues of SEM estimation are discussed in the next section, here it is important to note that
sample size and missing data can have a profound effect on the results no matter what method is used.
The observed or measured variables have traditionally been represented by metric
data (interval or ratio). Metrically measured data is directly amenable to the calculation of covariances among items,
as discussed earlier. Advances in the software programs, however, now allow for the use of many nonmetric data
types (censored, binary, ordinal, or nominal). Differing types of variables can even be used as items for the same
latent construct. The researcher must be careful to specify the type of data being used for each measured variable so
that the appropriate measure of association can be calculated.

Metric Versus Nonmetric Data

Covariance Versus Correlation Researchers conducting SEM analyses in the past debated over the use of a covari-

ance versus correlation matrix as input. SEM was originally developed using covariance matrices (hence, it is referred
to with the common name of analysis of covariance structures). Many researchers advocated the use of correlations as
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a simpler form of analysis that was easier to interpret. The issue had practical significance, because for many years the
input matrices were computed using a statistical routine outside the SEM program and then the matrix of correlations
or covariances was used as input for the analysis. Today, most SEM programs can compute a model solution directly
from raw data without the researcher computing a correlation or covariance matrix separately.
inteRPRetAtion The key advantage of correlational input for SEM lies in the fact that the default parameter estimates
are standardized, meaning they are not scale dependent. All estimated values must fall within the range 21.0 to
11.0, making identification of inappropriate estimates easier than with covariances, which have no defined range.
However, it is simple to produce these results from covariance input by requesting a standardized solution. As such,
correlations hold no real advantage over the standardized results obtained using covariances.

The primary advantages of using covariances arise from statistical considerations. First, the use of
correlations as input can at times lead to errors in standard error computations [12]. In addition, any time hypotheses
concern questions related to the scale or magnitude of values (e.g., comparing means), then covariances must be
used, because this information is not retained using correlations. Finally, any comparisons between samples require
that covariances be used as input. Thus, covariances have distinct advantages in terms of their statistical properties
versus correlations.
StAtiSticAL iMPAct

In comparing the use of correlations versus covariances, we recommend using covariances whenever possible. Software makes the selection of one type versus another just a matter of
selecting the type of data being computed. Covariance matrices provide the researcher with far more flexibility due
to the relatively greater information content they contain.

cHooSinG BetWeen coVARiAnceS AnD coRReLAtionS

Just as with other multivariate procedures, the researcher must make several important decisions
regarding missing data. Two questions must be answered concerning missing data to suitably address any problems
it may create:
Missing Data

1 Is the missing data sufficient and nonrandom so as to cause problems in estimation or interpretation?
2 If missing data must be remedied, what is the best approach?
The reader is also referred back to Chapter 2, where a more complete discussion is provided on the methods of
assessing the extent and pattern of missing data and the approaches to remedy missing data, if needed. For survey
data in particular, the forced response options available in electronic questionnaires make missing data relatively
uncommon. Nonetheless, if any missing data exists, it must be dealt with.
extent AnD PAtteRn oF MiSSinG DAtA Most notably, missing data must always be addressed if the missing data are in
a nonrandom pattern or more than 10 percent of the data items are missing. Missing data are considered missing
completely at random (MCAR) if the pattern of missing data for a variable does not depend on any other variable
in the dataset or on the values of the variable itself [48]. If the pattern of missing data for a variable is related to
other variables, but not related to its own values, then it is considered to be missing at random (MAR). Chapter 2
provides much more detailed discussion on the procedures used in assessing the extent and pattern of missing data.
MiSSinG DAtA ReMeDieS Four basic methods are available for solving the missing data problem: the complete case
approach (known as listwise deletion, where the observation is eliminated if missing data on any variable); the
all-available approach (known as pairwise deletion, where all non-missing data are used); imputation techniques
(e.g., mean substitution); and model-based approaches. Again, Chapter 2 provides a more detailed discussion of
each of these options and their advantages and disadvantages. As with most missing data situations, listwise deletion and pairwise deletion have been the methods most widely employed, but both of these approaches do have
substantial issues [1]. Model-based approaches extend past the simpler imputation approaches in that missing data
are imputed (replaced) based on all available data for a given respondent. The most common approaches are the
(1) maximum likelihood estimation of the missing values (ML), (2) the EM approach and (3) multiple imputation.
Discussion of these imputation methods is not included in this chapter, but is available in a number of sources
[11, 15] and in Chapter 2.
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SeLectinG A MiSSinG DAtA APPRoAcH What is the best approach for handling missing data for SEM in general? We
should first note that if missing data are random, less than 10 percent of observations, and the factor loadings are
relatively high (.7 or greater), then any of the approaches are appropriate [14]. When missing data is more problematic
than this, the first decision facing the researcher is whether to remedy the missing data problem before the estimation
process or let the SEM software perform the missing data treatment.
Table 9.3 summarizes the strengths and weaknesses of each approach. When applying a remedy for missing data
before estimation, the complete case approach (listwise deletion) becomes particularly problematic when samples and
factor loadings are small. Conversely, the advantages of the model-based approaches become particularly apparent
as sample sizes and factor loadings become generally smaller and/or the amount of missing data becomes larger. The
all-available approach (pairwise deletion) is used most often when sample sizes exceed 250 and the total amount of
missing data involved among the measured variables is below 10 percent. With this approach, the sample size (N)
should be set at the minimum (smallest) sample size available for any two covariances. The all-available approach has
many good properties, but the user should be aware of the potential inflation of fit statistics when a modest or large
amount of data are missing and factor loadings are large. All of these approaches allow the researcher to explicitly
remedy the missing data before estimation and understand the implications of whichever approach is taken. Thus, if
missing data are imputed, the imputed values are plugged in for the missing values and saved in a new dataset, from
which, the covariance matrix used as input to SEM is computed [15].
Another option is FIML (full information maximum likelihood) imputation. Based on a regression-based maximum likelihood approach, FIML uses all the information in a dataset to substitute missing data points for each
variable. Some variables may need much more substitution than others. The result is that a new dataset with no
missing values becomes available, upon which an SEM model can be estimated as if no missing data were present
to begin with. Many commercial statistical packages, including those devoted to SEM, facilitate FIML missing data

table 9.3 Some Advantages and Disadvantages of Different Missing Data Procedures
Method

Advantages
2

Complete case

●

x shows little bias under most conditions.

(listwise)

●

Effective sample size is known.

●

Easy to implement using any program.

Disadvantages
●

Increases the likelihood of non-convergence (SEM program
cannot find a solution) unless factor loadings are high
(. .6) and sample sizes are large (. 250).

●

Increased likelihood of factor loading bias.

●

Increased likelihood of bias in estimates of relationships
among factors.
x2 is biased upward when amount of missing data

All-available

●

Fewer problems with convergence.

(pairwise)

●

Factor loading estimates relatively free of bias.

exceeds 10%, factor loadings are high, and sample size

●

Easy to implement using any program.

is high.

Model-based
(ML/EM)

●

Fewer problems with convergence.
2

●

x shows little bias under most conditions.

●

Least bias under conditions of random missing

●

●

Effective sample size is uncertain.

●

Not as well known.

●

Not available on older SEM programs.

●

Effective sample size is uncertain for EM.

data.
Full information

●

Remedy directly in estimation process.

●

Researcher has no control over how missing data remedied.

maximum

●

In most situations has less bias than other

●

No knowledge how missing data impacts estimates.

methods.

●

Typically only a subset of fit indices available.

likelihood (FIML)

Note: See Enders and Bandalos (2001) and Enders and Peugh (2004) for more detail. ML/EM have been combined based on the
negligible differences between the results for the two (Enders and Peugh, 2004).
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substitution [2,18]. Research has demonstrated that the model-based approach of FIML performs well compared
to other methods presuming the data are missing at random [14], confirming the improvement found in the use of
model-based approaches in most situations (see Chapter 2). Thus, the use of a model-based approach for missing
data treatment is recommended when more than trivial amounts of missing data exist.
Sample Size SEM is often thought to require a larger sample relative to other multivariate approaches. Sample size,

as in any other statistical method, provides a basis for the estimation of sampling error. Given the factor analytic basis
for SEM, the reader can review the sample size discussions required for exploratory factor analysis (Chapter 3) [35].
Given that larger samples are usually more time consuming and expensive to obtain, the critical question in SEM
involves how large a sample is needed to produce trustworthy results. Most importantly, the sample size required for
any given statistic is a question secondary to the sample size required to generalize from a sample to a population.
In almost all instances, the sample size requirement to infer to the population exceeds that for a specific statistic.
Five considerations affecting the required sample size for SEM include the following: (1) multivariate normality
of the data, (2) estimation technique, (3) model complexity, (4) the amount of missing data, and (5) the average error
variance among the reflective indicators.
As data deviate more from the assumption of multivariate normality, then the ratio of observations to parameters needs to increase. A generally accepted ratio to minimize problems with deviations from
normality is 10 respondents for each parameter estimated in the model. Although some estimation procedures are
specifically designed to deal with non-normal data (asymptoptic free), the researcher is always encouraged to provide
sufficient sample size to allow for the sampling error’s impact to be minimized, especially for non-normal data [54].
More importantly, a sample appropriate for generalizability is always needed, no matter the technique.

MULtiVARiAte noRMALitY

eStiMAtion tecHniQUe The most common SEM estimation procedure is maximum likelihood estimation (MLE).
Simulation studies suggest that under ideal conditions, MLE provides valid and stable results for simple models
with sample sizes as small as 50. As one moves away from conditions with very strong measurement and no missing
data, minimum sample sizes to ensure stable MLE solutions increase when confronted with sampling error [34]. As
an absolute minimum, SEM with maximum likelihood estimation is mathematically impossible with a sample size
equal or less than the number of measured variables in a model.

Simpler models can be tested with smaller samples. In the simplest sense, more measured or
indicator variables require larger samples. However, models can be complex in other ways that all require larger
sample sizes:

MoDeL coMPLexitY

●
●
●

More constructs that require more parameters to be estimated.
Constructs having less than three measured/indicator variables.
Multigroup analyses require an adequate sample for each group.

The role of sample size is to produce more information and greater stability. Once a researcher has exceeded the
absolute minimum size (one more observation than the number of observed covariances), larger samples mean
less variability and increased stability in the solutions. Thus, model complexity leads to the need for larger samples.
Recent research indicates the concept of communality (see Chapter 3 for more
details) is a more relevant way to approach the sample size issue. Communalities represent the average amount of
variation among the measured/indicator variables explained by the measurement model. Standard measurement
theories allow any single measured variable to load on only a single latent construct. The communality of an item can
be directly calculated as the square of the standardized loading of a variable on its construct (see Chapter 10). Studies
show that larger sample sizes are required as communalities become smaller (i.e., the unobserved constructs are not
explaining as much variance in the measured items). Models containing multiple constructs with communalities less
than .5 (i.e., standardized loading estimates less than .7) also require larger sizes for convergence and model stability
[14]. The problem is much greater when models have constructs with only one or two items.

AVeRAGe eRRoR VARiAnce oF inDicAtoRS
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As SEM matures and additional research is undertaken on key research design issues, previous
guidelines such as “always maximize your sample size” and “sample sizes of 300 are required” are not appropriate. Larger
samples generally produce more stable solutions, particularly when data or measurement problems exist.
Based on the discussion of sample size, the following suggestions for minimum sample sizes are offered based on
the model complexity and basic measurement model characteristics:

SUMMARY on SAMPLe SiZe

●

●

●

●

Minimum sample size—100: Models containing five or fewer constructs, each with more than three items
(observed variables), and with high item communalities (.6 or higher).
Minimum sample size—150: Models with seven constructs or less, at least modest communalities (.5), and no
underidentified constructs.
Minimum sample size—300: Models with seven or fewer constructs, lower communalities (below .45), and/or
multiple underidentified (fewer than three) constructs.
Minimum sample size—500: Models with large numbers of constructs, some with lower communalities, and/or
having fewer than three measured items.

In addition to these characteristics of the model being estimated, sample size should be increased in the following
circumstances: (1) data deviates substantially from multivariate normality, (2) sample-intensive estimation techniques (e.g., ADF) are used, or (3) missing data exceeds 10 percent. Also, remember that group analysis requires
that each group meet the sample size requirements just discussed. Finally, the researcher must remember that the
sample size issue goes beyond being able to estimate a statistical model. The sample size, just as with any other statistical inference, must be adequate to represent the population of interest, which should be the overriding concern
of the researcher. At the risk of being repetitive, inference to the population is the most important consideration in
determining sample size.
iSSUeS in MoDeL eStiMAtion
In addition to the more general research design issues discussed in the prior section, SEM analysis has several unique
issues as well. These issues relate to the model structure, estimation technique used, and computer program selected
for the analysis.
Among the most important step in setting up a SEM analysis is determining and communicating
the theoretical model structure to the program. Path diagrams, like those used in prior examples, can be useful for
this purpose. Knowing the theoretical model structure, the researcher can then specify the model parameters to be
estimated. These models often include common SEM abbreviations denoting the type of relationship or variable
referred to. As discussed earlier, LISREL notation is widely used as a notational form.
As we have mentioned many times, the researcher is responsible for specifying both the measurement and structural models. For every possible parameter (possible connection between variables), the researcher must decide if
it is to be free or fixed. A free parameter is one to be estimated in the model and a value is produced by the SEM
procedures. A fixed parameter is one in which the value is constrained to some value by the researcher. Most often
a fixed parameter is constrained to a zero, implying independence between those variables (latent or observed).
In a graphic model, any link that could be drawn but is omitted is a fixed parameter constrained to zero. At other
times, the researcher may fix a parameter to a non-zero value. We will cover those situations later. In any event, the
researcher specifies the complete SEM model in terms of free and fixed (constrained) linkages before estimating a
model solution.

Model Structure

Estimation Technique Once the model is specified and the data collected, researchers choose the estimation
method, the mathematical algorithm that will be used to identify estimates for each free parameter. Several options
are available for obtaining a SEM solution.
Early attempts at structural equation model estimation were performed with ordinary least squares (OLS) regression.
These efforts were quickly supplanted by MLE, which is consistent, more efficient and unbiased when the assumption
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of multivariate normality as at least approximated. MLE is a flexible and robust approach to parameter estimation
identifying the “most likely” parameter values to achieve the best model fit. The potential sensitivity of MLE to nonnormality, however, created a need for alternative estimation techniques. Methods such as weighted least squares
(WLS), generalized least squares (GLS), and asymptotically distribution free (ADF) estimation became available
[21]. The ADF technique has received particular attention due to its insensitivity to non-normality of the data, but
its requirement of rather large sample sizes limits its use.
All of the alternative estimation techniques have become more widely available as the computing power of the
personal computer has increased, making them feasible for typical problems. MLE continues to be the most widely
used approach and is the default in most SEM programs. In fact, it has proven fairly robust to violations of the
normality assumption. Researchers compared MLE with other techniques, and it produced reliable results under
many circumstances [43, 44, 49].
Computer Programs Several readily available statistical programs are convenient for performing SEM. Traditionally, the most widely used program for covariance-based SEM is LISREL (LInear Structural RELations) [9,
30]. LISREL is a flexible program that can be applied in numerous situations (i.e., cross-sectional, experimental,
quasi-experimental, and longitudinal studies) and at one point became almost synonymous with structural equation
modeling. AMOS (Analysis of Moment Structures) [3] is a program that has gained considerable popularity because,
in addition to being a module in SPSS, it also is among the first SEM programs to rely heavily on a graphical
interface for all functions so researchers never have to use any syntax commands or computer code. Mplus is a
modeling program with multiple techniques that also has a graphical interface [41]. EQS (actually an abbreviation
for equations) is another program that also can perform regression, factor analysis, and test structural models [6].
Finally, lavaan (latent variable analysis) is one of several SEM programs available through the R package.

Rules of thumb 9-2
SeM Stages 1–3
●

●

When a model has scales borrowed or adapted from various sources reporting other research, a pretest
using respondents similar to those from the population to be studied is recommended to screen items for
appropriateness.
Pairwise deletion of missing cases (all-available approach) is a good alternative for handling missing data
when the amount of missing data is less than 10 percent and the sample size is about 250 or more:
●

●
●

●

When the amount of missing data becomes very high (15% or more), SEM may not be appropriate.

Covariance matrices provide the researcher with far more flexibility due to the relatively greater information
content they contain and are the recommended form of input to SEM models.
The minimum sample size for a particular SEM model depends on several factors, including the model
complexity and the communalities (average variance extracted among items) in each factor:
●

●

●

As sample sizes become small or when missing data exceed 10 percent, one of the imputation methods
for missing data such as FIML becomes a good alternative for handling missing data.

SEM models containing five or fewer constructs, each with more than three items (observed variables),
and with high item communalities (.6 or higher), can be adequately estimated with samples as small as
50. But, remember more observations than the number of measured variables always are needed for
the math to work.
When the number of factors is larger than six, some of which have fewer than three measured items as
indicators, severe distributional problems exist, and multiple low communalities are present, sample size
requirements become much greater.

The sample size must be sufficient to allow the model to run, but more important, it must adequately represent the population of interest.
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Ultimately, the selection of a SEM program is based on researcher preference and availability. For most standard
applications, the programs produce similar, although not always identical, substantive results. An appendix available
online provides examples of the commands needed for several of these programs.

Stage 4: Assessing Measurement Model Validity
With the measurement model specified, sufficient data collected, and the key decisions such as the estimation
technique already made, the researcher comes to the most fundamental event in SEM testing: “Is the measurement
model valid?” Measurement model validity depends on (1) establishing acceptable levels of goodness-of-fit for
the measurement model (fit validity) and (2) finding other specific evidence of construct validity. Because we are
focusing on the structural model in this simple example, we will defer the investigation of construct validity until
discussed thoroughly in Chapter 10. The basics of fit though are the same whether testing a measurement or structural theory component.
Goodness-of-fit (GOF) indicates how well the user-specified model mathematically reproduces the observed
covariance matrix among the indicator items (i.e., the similarity of the observed and estimated covariance matrices).
Goodness of fit suggests how well the specified theoretical structure represents reality as represented by the data.
The model must be able to account for all of the information about the data, meaning not only the variances but
the covariances among measured variables as well. In the following sections, we first review some basic elements
underlying all GOF measures, followed by discussions of numerous GOF heuristics that try to summarize the quality
of fit in a single number rather than with a test of significance. Readers interested in more detailed and statistically
based discussions are referred to Appendix 9C.
tHe BASicS oF GooDneSS-oF-Fit
Once a specified model is estimated, model fit compares the theory to reality by assessing the similarity of the estimated covariance matrix (theory) to reality (represented by the observed covariance matrix). If a researcher’s theory
were perfect, the observed and estimated covariance matrices would be the same. The values of any GOF measure
result from a mathematical comparison of these two matrices. The closer the values of these two matrices are to each
other, the better the model is said to fit.
We start by examining chi-square (χ2), the fundamental measure of statistical differences between the observed
and estimated covariance matrices. Then the discussion focuses on calculating degrees of freedom, and finally, on
how statistical inference is affected by sample size and the impetus that provides for alternative GOF measures.
The difference in the observed and estimated covariance matrices (termed S and Sk, respectively) is the key value in assessing the GOF of any SEM model. The chi-square 1 x2 2 test is the only appropriate
statistical test of the difference between matrices in SEM and is represented mathematically by the following
equation:
Chi-Square (χ2) GOF

x2 5 f 3 1 N 2 1 2 1 Observed sample covariance matrix 2 SEM estimated covariance matrix 2 4

or:

x2 5 f 3 1 N 2 1 2 1 S 2 Sk 2 4

N is the overall sample size. It should be noted that even if the differences in covariance matrices (i.e., residuals)
remained constant, the x2 value increases as sample size increases. Likewise, the estimated covariance matrix is
influenced by how many parameters are constrained (i.e., fixed) and the numer of measured variables in the model,
so the model degrees of freedom tend to increase the x2 GOF value. The x2 statistic provides the basis for most of
the GOF heuristics discussed below.
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Degrees of Freedom (df) As with other statistical procedures, degrees of freedom represent the amount of math-

ematical information available. Let’s start by reviewing how the number of df are calculated. The net number of
degrees of freedom for a SEM model is:
df 5

1
3 1p2 1p 1 12 4 2 k
2

where p is the total number of observed variables and k is the number of estimated (free) parameters. The fundamental difference in determining df in SEM comes in the first part of the calculation—1/2 3 1 p 2 1 p 1 1 2 4 —which
represents the number of covariance terms below the diagonal plus the variances on the diagonal. Thus, unlike other
procedures, df are not derived at all from sample size as we saw in other multivariate techniques (e.g., in regression, df
is the sample size minus number of estimated coefficients). Thus, degrees of freedom in SEM are based on the size of
the covariance matrix, which is a square matrix with the number of rows (columns) equal to the number of indicators
(measured variables) in the model. An important implication is that the researcher does not affect degrees of freedom
through sample size, but we will see later how sample size does influence the use of chi-square as a GOF measure.
Statistical Significance of χ2

The implied null hypothesis of SEM is that the observed sample and SEM estimated
covariance matrices are equal, meaning that the model fits perfectly. The x2 value increases as differences (residuals) are found when comparing the two matrices. With the x2 test, we assess the statistical probability that the
observed sample and SEM estimated covariance matrices are actually equal in a given population. This probability
is the traditional p-value associated with parametric statistical tests. Note that there will nearly always be differences
in the covariances of the two matrices, but statistically, good fit exists when the difference in the matricies is not
statistically significant.
An important difference between SEM and other multivariate techniques also occurs in this statistical test for GOF.
For other techniques we typically looked for a smaller p-value (less than .05) to show that a significant relationship
existed. But with the x2 GOF test in SEM, we make inferences in a way that is in some ways exactly opposite. When
we find a p-value for the x2 test to be small (statistically significant), it indicates that the two covariance matrices are
statistically different and indicates lack of fit. So in SEM we look for a relatively small x2 value (and corresponding
large p-value; . .05), indicating no statistically significant difference between the two matrices, to support the idea
that a proposed theory fits reality. Relatively small x2 values support the proposed theoretical model being tested.
We should note that the chi-square can also be used when comparing models, because the difference in chi-square
between two models can be tested for statistical significance. Thus, if the researcher is expecting differences between
models (e.g., differences in two models estimated for males and females), large ∆x2 difference values would lend
support that the models are different.
Chi-square 1 x2 2 is the fundamental statistical measure in SEM to quantify the differences between the covariance
matrices. When used as a GOF measure, the comparison is between observed and predicted covariance matrices. Yet
the actual assessment of GOF with a x2 value alone is complicated by several factors discussed in the next section.
To provide alternative perspectives on model fit, researchers developed a number of alternative goodness-of-fit
measures. The discussions that follow present the role of chi-square as well as the alternative measures.
ABSoLUte Fit inDiceS
Absolute fit indices are a direct measure of how well the model specified by the researcher reproduces the observed
data [31]. As such, they provide the most basic assessment of how well a researcher’s theory fits the sample data.
They do not explicitly compare the GOF of a specified model to any other model. Rather each model is evaluated
independent of other possible models.
χ2 Statistic The most fundamental absolute fit index is the x2 statistic. It is the only statistically-based SEM fit
measure [9] and is essentially the same as the x2 statistic used in cross-classification analysis between two nonmetric
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measures. The one crucial distinction, however, is that when used as a GOF measure, the researcher interprets no
differences between matrices (i.e., low x2 values) as support for the model as representative of the data.
The x2 GOF statistic has two mathematical properties that are problematic in its interpretation as a GOF measure.
First, recall that the x2 statistic is a mathematical function of the sample size (N) and the difference between the
observed and estimated covariance matrices. As N increases, so does the x2 value, even if the differences between
matrices do not change. Second, although perhaps not as obvious, the x2 statistic also is likely to be greater when
the number of observed variables increases. Thus, all other things equal, just adding indicators to a model will cause
the x2 values to increase and make it more difficult to achieve model fit.
Although the x2 test provides a test of statistical significance, these mathematical properties present tradeoffs for the researcher. Although larger sample sizes are often desirable, just the increase in sample size itself will
make it more difficult for those models to achieve a statistically insignificant GOF. Moreover, as more indicators
are added to the model, because of either more constructs or better measurement of constructs, this will make it
more difficult to obtain an insignificant x2. One could argue that if more variables are needed to represent reality,
then they should reflect a better fit, not a worse fit, as long as they produce valid measures. Thus, in some ways
the mathematical properties of the x2 GOF test reduce the fit of a model for things that should not be detrimental
to its overall validity.
For this reason, the x2 GOF test is often not used as the only GOF measure [52]. Researchers have developed many
heuristic measures of fit to correct for the bias against large samples and increased model complexity. Several of these
GOF indices are presented next. However, the x2 issues also impact many of these additional indices, particularly some
of the absolute fit indices. This said, the x2 value for a model does summarize the fit of a model quite well and with
experience the researcher can make educated judgments about models based on this result. In sum, the statistical
test or resulting p-value is less meaningful particularly as sample sizes become large or the number of observed
variables becomes large.
The GFI was an early attempt to produce a fit statistic that was less sensitive to sample
size. Even though N is not included in the formula, this statistic is still sensitive to sample size due to the effect of N
on sampling distributions [36]. No statistical test is associated with the GFI, only guidelines to fit [53]. The possible
range of GFI values is 0 to 1, with higher values indicating better fit. In the past, GFI values of greater than .90 typically were considered good. Others researchers argue that .95 should be used [24]. Development of other fit indices
has led to a decline in usage of GFI.

Goodness-of-Fit Index (GFI)

One of the most widely used measures that attempts to
correct for the tendency of the x GOF test statistic to reject models with a large samples or a large number of
observed variables is the root mean square error of approximation (RMSEA). This measure better represents how
well a model fits a population, not just a sample used for estimation [25]. It explicitly tries to correct for both model
complexity and sample size by including each in its computation. Lower RMSEA values indicate better fit.
The question of what is a “good” RMSEA value is debatable. Although previous research had sometimes pointed
to a cut-off value of .05 or .08, more recent research points to the fact that drawing an absolute cut-off for RMSEA
is inadvisable [17]. An empirical examination of several measures found that the RMSEA was best suited to use
in a confirmatory or competing models strategy as samples become larger [47]. Large samples can be considered
as consisting of more than 500 respondents. One key advantage to RMSEA is that a confidence interval can be
constructed giving the range of RMSEA values for a given level of confidence. Thus, it enables us to report that the
RMSEA is between 0.03 and 0.08, for example, with 95 percent confidence.

Root Mean Square Error of Approximation (RMSEA)
2

Root Mean Square Residual (RMR) and Standardized Root Mean Residual (SRMR) As discussed earlier, the

error in prediction for each covariance term creates a residual. When covariances are used as input, the residual is
stated in terms of covariances, which makes them difficult to interpret since they are impacted by the scale of the
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indicators. But standardized residuals (SR) are directly comparable. The average SR value is 0, meaning that both
positive and negative residuals can occur. Thus, a predicted covariance lower than the observed value results in a
positive residual, whereas a predicted covariance larger than observed results in a negative residual. A common rule
is to carefully scrutinize any standardized residual exceeding 0 4.0 0 (below 24.0 or above 4.0). Individual SRs enable
a researcher to spot potential problems with a measurement model.
Standardized residuals are deviations of individual covariance terms and do not reflect overall model fit. What
is needed is an “overall” residual value, and two measures have emerged in this regard. First is the root mean square
residual (RMR), which is the square root of the mean of these squared residuals: an average of the residuals. Yet the
RMR has the same problem as residuals in that they are related to the scale of the covariances. An alternative statistic is the standardized root mean residual (SRMR). This standardized value of RMR (i.e., the average standardized
residual) is useful for comparing fit across models. Although no statistical threshold level can be established, the
researcher can assess the practical significance of the magnitude of the SRMR in light of the research objectives and
the observed or actual covariances or correlations [4]. Lower RMR and SRMR values represent better fit and higher
values represent worse fits, which puts the RMR, SRMR, and RMSEA into a category of indices sometimes known
as badness-of-fit measures in which high values are indicative of poor fit. A rule of thumb is that an SRMR over .1
suggests a problem with fit, although there are conditions that make the SRMR inappropriate that are discussed in
a later section.
Normed Chi-Square This GOF measure is a simple ratio of x2 to the degrees of freedom for a model. Generally, x2: df

ratios on the order of 3:1 or less are associated with better-fitting models, except in circumstances with larger samples
(greater than 750) or other extenuating circumstances, such as a high degree of model complexity. The normed
chi-square is not a substitute for reporting the actual chi-square value and number of df.
Most SEM programs provide the user with many different fit indices. In the preceding
discussion, we focused more closely on those that are most widely used. But this is by no means an exhaustive list.
For more information, the reader can refer to an extended discussion of these measures online, as well as the documentation associated with the specific SEM program used.
Other Absolute Indices

incReMentAL Fit inDiceS
Incremental fit indices differ from absolute fit indices in that they assess how well the estimated model fits relative to
some alternative baseline model. The most common baseline model is referred to as a null model, one that assumes
all observed variables are uncorrelated. It implies that no model specification could possibly improve the model,
because it contains no multi-item factors (see Chapter 3) or relationships between them. This class of fit indices
represents the improvement in fit by the specification of related multi-item constructs.
Most SEM programs provide multiple incremental fit indices as standard output. Different programs provide
different fit statistics, however, so you may not find all of these in a particular SEM output. Also, they are sometimes
referred to as comparative fit indices for obvious reasons. Listed below are some of the most widely used incremental
fit measures, but the TLI and CFI are the most widely reported.
Normed Fit Index (NFI) The NFI is one of the original incremental fit indices. It is a ratio of the difference in the x2

value for the fitted model and a null model divided by the x2 value for the null model. It ranges between 0 and 1, and a
model with perfect fit would produce an NFI of 1. One disadvantage is models that are more complex will necessarily
have higher index values and artificially inflate the estimate of model fit. As a result, it is used less today in relation
to either of the following incremental fit measures.
Tucker Lewis Index (TLI) The TLI conceptually similar to the NFI, but varies in that it is actually a comparison

of the normed chi-square values for the null and specified model, which to some degree takes into account model
complexity. However, the TLI is not normed, and thus its values can fall below 0 or above 1. Typically though, models
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with good fit have values that approach 1, and a model with a higher value suggests a better fit than a model with a
lower value.
Comparative Fit Index (CFI) The CFI is an incremental fit index that is an improved version of the normed
fit index (NFI) [5, 7, 25]. The CFI is normed so that values range between 0 and 1, with higher values indicating
better fit. Because the CFI has many desirable properties, including its relative, but not complete, insensitivity to
model complexity. In fact, the CFI has become the most widely reported index to supplement the x2 and df.
Relative Non-centrality Index (RNI) The RNI also compares the observed fit resulting from testing a specified
model to that of a null model. Like the other incremental fit indices, higher values represent better fit, and the possible
values generally range between 0 and 1.

PARSiMonY Fit inDiceS
The third group of indices is designed specifically to provide information about which model among a set of competing models is best, considering its fit relative to its complexity. A parsimony fit measure is improved either by a better
fit or by a simpler model. In this case, a simpler model is one with fewer estimated parameters paths. The parsimony
ratio is the basis for these measures and is calculated as the ratio of degrees of freedom used by a model to the total
degrees of freedom available [37].
Parsimony fit indices are conceptually similar to the notion of an adjusted R2 (discussed in Chapter 4) in the
sense that they relate model fit to model complexity. More complex models are expected to fit the data better, so fit
measures must be relative to model complexity before comparisons between models can be made. The indices are
not useful in assessing the fit of a single model, but are quite useful in comparing the fit of two models, one more
complex than the other.
The use of parsimony fit indices remains somewhat controversial. Some researchers argue that a comparison of
competing models’ incremental fit indices provides similar evidence and that we can take parsimony into account
further in some other way. It is clear to say that a parsimony index can provide useful information in evaluating
competing models, but that it should not be relied upon as the only fit measure. In theory, parsimony indices are a
good idea. In practice, they tend to favor more parsimonious models to a large extent. When used, the PNFI is the
most widely applied parsimony fit index.
Adjusted Goodness of Fit Index (AGFI) An adjusted goodness-of-fit index (AGFI) tries to take into account differ-

ing degrees of model complexity. It does so by adjusting GFI by a ratio of the degrees of freedom used in a model to
the total degrees of freedom available. The AGFI penalizes more complex models and favors those with a minimum
number of free paths. AGFI values are typically lower than GFI values in proportion to model complexity. No statistical test is associated with AGFI, only guidelines to fit [53]. As with the GFI, however, the AGFI is less frequently
used in favor of the other indices which are not as affected by sample size and model complexity.
The PNFI adjusts the normed fit index (NFI) by multiplying it times the
parsimony ratio [40]. Relatively high values represent relatively better fit, so it can be used in the same way as the
NFI. The PNFI takes on some of the added characteristics of incremental fit indices relative to absolute fit indices in
addition to favoring less complex models. Once again, the values of the PNFI are meant to be used in comparing one
model to another, with the highest PNFI value being most supported with respect to the criteria captured by this index.

Parsimony Normed Fit Index (PNFI)

PRoBLeMS ASSociAteD WitH USinG Fit inDiceS
Ultimately, fit indices are used to establish the acceptability of any SEM model. Probably no SEM topic is more
debated than what constitutes an adequate or good fit. The expanding collection of fit indices and the lack of
consistent guidelines can tempt the researcher to “pick and choose” an index that provides the best fit evidence in
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one specific analysis and a different index in another analysis. The researcher is faced with two basic questions in
selecting a measure of model fit:
1 What are the best fit indices to objectively reflect a model’s fit?
2 What are objective cut-off values suggesting good model fit for a given fit index?
Unfortunately, the answer to both questions is neither simple nor straightforward. Some researchers equate the search
for answers to these questions with the “mythical Golden Fleece, the search for the fountain of youth, and the quest
for absolute truth and beauty” [38]. Indeed many problems are associated with the pursuit of good fit. Following is
a brief summary of the major issues found in various fit indices.
Problems with the χ2 Test

Perhaps the most clear and convincing evidence that a model’s fit is adequate would be
a x value with a p-value indicating no significant difference between the observed and estimated covariance matrices. For example, if a researcher used an error rate of five percent, then a p-value greater than .05 would suggest
that the researcher’s model is capable of reproducing the observed variables’ covariance matrix—a “good” model fit.
But as we have discussed earlier, so many factors impact the x2 significance test that practically any result can
be questioned. Does a nonsignificant x2 value always enable a researcher to say: “Case closed, we have good fit”?
Not quite! Very simple models with small samples have a bias toward a nonsignificant x2 even though they do not
meet other standards of validity or appropriateness. Likewise, there are inherent penalties in the x2 for larger sample
sizes and larger numbers of indicator variables [5]. The result is that many models today are more complex and have
sample sizes that make the x2 significance test less useful as a clear GOF measure that always separates good from
poor models. Thus, no matter what the x2 test result, the researcher should complement it with other GOF indices.
But just as important, the x2 value itself and the model degrees of freedom should always be reported [22, 49].
2

Although we know we need to complement the x2
with additional fit indices, one question still remains no matter what index is chosen: What is the appropriate cut-off
value for that index? For most of the incremental fit statistics, accepting models producing values of .90 became
standard practice in the early 1990s. However, some scholars concluded that .90 was too low and could lead to false
conclusions, and by the end of the decade .95 had become the recommended standard for indices such as the TLI
and CFI [25]. In general, .95 somehow became the magic number indicating good-fitting models, even though no
empirical evidence supported such a development.
Research has challenged the use of a single cut-off value for GOF indices, finding instead that a series of additional
factors can affect the index values associated with acceptable fit. First, research using simulated data (for which
the actual fit is known) provides counterarguments to these cut-off values and does not support .90 as a generally
acceptable rule of thumb [25]. It demonstrates that at times even an incremental goodness-of-fit index above .90
would still be associated with a severely misspecified model. This suggests that cut-off values should be set higher
than .90. Second, research continues to support the notion that model complexity unduly affects GOF indices, even
with something as simple as just more indicators per construct [31]. Finally, the underlying distribution of data
can influence fit indices [16]. In particular, as data become less appropriate for the particular estimation technique
selected, the ability of fit indices to accurately reflect misspecification can vary. This issue seems to affect incremental
fit indices more than absolute fit indices.
What has become clear is that no single “magic” value always distinguishes good models from bad models. GOF
must be interpreted in light of the characteristics of the research. It is interesting to compare these issues in SEM
to the general lack of concern for establishing a magic R2 number in multiple regression. If a magic minimum R2
value of .5 had ever been imposed, it would be just an arbitrary limit that would exclude potentially meaningful
research. So we should be cautious in adopting one size fits all standards. It is simply not practical to apply a single
set of cut-off rules that apply for all SEM models of any type.
Cut-off Values for Fit Indices: The Magic .90, or Is that .95?
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UnAccePtABLe MoDeL SPeciFicAtion to AcHieVe Fit
Researchers sometimes test theory and sometimes pursue a good fit. The desire to achieve good fit should never
compromise the theory being tested. Yet, in practice the pursuit of increasing model fit can lead to several poor
practices in model specification [31, 33, 39]. In each of the following instances, a researcher may be able to increase
fit, but only in a manner that compromises the theory test. Although each of these actions may be required in very
specific instances, they should be avoided whenever possible, because each has the potential to unduly limit the ability
of SEM to provide a true test of a model. Further, researchers learn not only from theory that is confirmed, but also
from the areas where theoretical expectations are not confirmed [22].
One area of poor practices involves the number of items per construct. A common mistake is to reduce the number
of items per construct to only two or three. Although doing so may improve model fit by reducing the total number
of indicators, it very likely diminishes the construct’s theoretical domain and ultimately its validity. The concept of
multiple measures was to include as wide a range as possible of items that could measure the construct, not limit it
to a very small subset of these items. An even more extreme action is to use a single item to represent a construct,
necessitating an arbitrary specification of measurement error. Here the researcher circumvents the objective of the
measurement model by providing the values for the indicator. Single items should only be used when the construct
truly is and can be measured by a single item (e.g., a binary variable, such as purchase/no purchase, succeed/fail, or
yes/no). Finally, a test of a measurement model should be performed with the full set of items. The parceling of items,
where the full set of indicator variables (e.g., 15 indicators for a construct) is parceled into a small number of composite
indicators (e.g., three composites of five items each), can reduce model complexity but may obscure the qualities of
individual items. Thus, if parceling of items is performed, it should be employed after the entire set has been evaluated.
Another poor practice is to assess measurement model fit through a separate analysis for each construct instead
of one analysis for the entire model with all constructs. This is an inappropriate use of the GOF indices, which need
to examine the entire model at the same time, not a single construct at a time. The result is not only an incomplete
test of the overall model, but a bias toward confirmation, because it is easier for single constructs to each meet the
fit indices than it is for the entire set to achieve acceptable fit. Moreover, tests of discriminant validity and potential
item cross-loadings (see Chapter 10) are impossible unless all of the constructs are tested collectively.
Finally, many model fit indices look more favorable with relatively small samples. While one might be tempted to use
a small sample to improve the appearance of fit, such justification of a small sample runs counter to the need for use of
as large a sample as possible or feasible to ensure representativeness and generalizability. Moreover, very small samples
increase the chances for encountering statistical problems with model convergence and provide lower statistical power.
Occasionally, researchers may find merit in examining a CFA with only a single factor or be forced to rely on a
small sample. However, improvement in fit is not an appropriate justification for any of these steps. Always remember
that these procedures can interfere with the overall test of a measurement (or structural) model, and thus the theory
remains untested until all measured variables and constructs are included in a single test.
GUiDeLineS FoR eStABLiSHinG AccePtABLe AnD UnAccePtABLe Fit
A single cut-off for fit index values that distinguish good models from poor models across all situations cannot be
offered. Consequently, we offer these guides for usage, not rules that guarantee a correct model. Thus, no specific value
on any index can separate models into acceptable and unacceptable fits. The guidelines allow the analyst flexibility
in application of fit criteria and even though for simplicity, one may want a yes or no answer, the best analyst still
applies reason in evaluating the merit of a model.
Typically, using three to four fit indices provides adequate evidence of
model fit. Current research suggests a fairly common set of indices perform adequately across a wide range of situations, and the researcher need not report all GOF indices, because they are often redundant. However, the researcher
should report at least one incremental index and one absolute index, in addition to the x2 value and the associated
degrees of freedom, because using a single GOF index, even with a relatively high cut-off value, does not adequately

Use Multiple Indices of Differing Types
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supplement the x2 GOF test alone [38]. Thus, reporting the x2 value and degrees of freedom, the CFI, and the
RMSEA will often provide sufficient unique information to evaluate a model. The SRMR can replace RMSEA to
also represent badness of fit (higher values mean relatively worse fit), whereas the others represent goodness of fit
(higher values represent relatively better fit).
Adjust the Index Cut-off Values Based on Model Characteristics Table 9.4 provides guidelines for assessing fit
indices in different situations. The guidelines are based primarily on simulation research that considers different
sample sizes, model complexity, and degrees of error in model specification to examine how accurately various
fit indices perform [25, 38]. One key point across the results is that simpler models and smaller samples should be
subject to more strict evaluation than are more complex models with larger samples. Likewise, more complex models
with smaller samples may require somewhat less strict criteria for evaluation with the multiple fit indices [50].
For example, based on a sample of 100 respondents and a four-construct model with only 12 total indicator
variables, evidence of relatively good fit would include an insignificant x2 value, a CFI of at least .99, and a RMSEA
of .08 or lower. It is extremely unrealistic, however, to apply the same guideline to an eight-construct model with 50
indicator variables tested with a sample of 2,000 respondents.
Remember that Table 9.4 is provided more to give the researcher an idea of how fit indices can be used practically
than to suggest absolute rules separating good and bad fit. Moreover, it is worth repeating that even a model with a
good fit must still meet the other criteria for validity discussed in subsequent chapters.
Compare Models Whenever Possible Although it is difficult to determine absolutely when a model is good or bad,
it is much easier to determine that one model is better than another. The indices in Table 9.4 perform well in distinguishing the relative superiority of one model compared to another. A CFI of .96, for instance, indicates truly better
fit than a similar model with a CFI of .88. A more in-depth discussion of competing models is described in Stage 6.
The Pursuit of Better Fit at the Expense of Testing a True Model is Not a Good Trade-Off Many model specifications

can influence model fit. The researcher should be sure, therefore, that all model specifications are done to best approximate the theory to be tested rather than hopefully increase model fit. Remember, the idea is to test the theory accurately
not to twist the theory to match the results.
table 9.4 characteristics of Different Fit indices Demonstrating Goodness-of-Fit Across Different Model Situations
no. of Stat.

N * 250

vars. (m)
x2

CFI or TLI
RNI

SRMR

RMSEA

m " 12

12 * m * 30

N + 250
m # 30

m * 12

12 * m * 30

m # 30

Insignificant

Significant

Significant

Insignificant

Significant

Significant

p-values expected

p-values even with

p-values

p-values even

p-values expected

p-values

good fit

expected

with good fit

.99 or better

.97 or better

Above .93

.96 or better

Above .94

Above .92

May not diagnose

.97 or better

Above .93

expected

.96 or better,

Above .94,

Above .92,

misspecification

not used with

not used with

not used with

well

N . 1,000

N . 1,000

N . 1,000

Biased upward, use

.08 or less (with

Less than

Biased upward;

.08 or less (with

.08 or less

other indices

CFI of .95 or

.09 (with CFI

use other indices

CFI above .94)

(with CFI

higher)

above .93)

Values , .08 with

Values , .08

Values , .08

Values , .07

Values , .07

Values , .07

CFI of 5 .99 or

with CFI of .97 or

with CFI

with CFI of .96

with CFI of .94 or

with CFI of

higher

higher

above .93

or higher

higher

.92 or higher

above .92)

Note: m 5 number of observed variables; N applies to number of observations per group when applying CFA to multiple groups at the
same time.
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Stage 5: Specifying the Structural Model
Specifying the measurement model (i.e., assigning indicator variables to the constructs they should represent) is
a critical step in developing a SEM model. This activity is accomplished in Stage 2. Stage 5 involves specifying
the structural model by assigning relationships from one construct to another based on the proposed theoretical
model. Structural model specification focuses on using single-headed, directional arrows as shown in Figure 9.1c
to show dependence relationships that represent structural hypotheses of the researcher’s model. In other words,
the researcher identifies the dependence relationships that are hypothesized to exist among the constructs, and
each hypothesis represents a specific relationship that must be specified. The relationships show how one construct
influences another and may be direct or indirect. Thus, the model displays all the dependence relationships that exist
among the constructs. Sometimes, for convenience, researchers specify each specific link as a hypothesis, although
the goal of SEM is to test theory and not individual relationships.
Now we return to the Job Search model discussed earlier in the chapter. We can specify the full measurement
model, as shown in Figure 9.9, where there were no structural relationships among the constructs. All constructs
were considered exogenous and correlated. This is also known as a confirmatory factor analysis (CFA) model.
In specifying a structural model, the researcher now carefully selects what are believed to be the key factors that
influence Job Search. From their experience and judgment, the HBAT management team believes there is a strong
reason to suspect that perceptions of supervision, work environment, and coworkers affect job satisfaction, which
in turn affects job search. Based on theory the team proposes that environmental characteristics influence job satisfaction, and through job satisfaction, employees search behavior is determined. The theory can be expressed with
the following direct structural relationships:
H1 :

Supervision perceptions are positively related to Job Satisfaction.

H2 :

Work Environment perceptions are positively related to customer
share.

H3 :

Coworkers perceptions are positively related to customer share.

H4 :

Job Satisfaction is negatively related to Job Search.

These structural relationships are shown in Figure 9.10. H1 is specified with the arrow connecting supervision and
job satisfaction. In a similar manner H2, H3, and H4 are specified. The single-headed arrows showing the dependence
relationship between constructs represents the structural part of the model. The constructs display the specified
measurement structure (links to indicator variables) that would have already been tested in the confirmatory factor
analysis stage. Any relationships among exogenous constructs are accounted for with correlational relationships
Figure 9.9
A Path Diagram Showing Hypothesized Measurement Model Specification (cFA Model)
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Figure 9.10
A Path Diagram Showing Specified Hypothesized Structural Relationships and
Measurement Specification
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(curved, two-headed arrows). Thus, the three relationships among the two exogenous constructs are specified just
as they were in the measurement model.
Another way to view the structural model is that “constraints” can be added to the measurement model. That
is, specific structural paths replace the correlations between the constructs for each hypothesized relationship. In
addition, every place where no relationship is hypothesized would represent a connection constrained to zero. With
the exception of correlational relationships among exogenous constructs, no path is drawn between two constructs
unless a direct, dependence relationship is hypothesized. Thus, all relationships not shown in the structural model
are “constrained” to be equal to zero.
Although the focus in this stage is on the structural model, estimation of the SEM model requires that the
measurement specifications be included as well. In this way, the path diagram represents both the measurement and
structural part of SEM in one overall model. Thus, the path diagram in Figure 9.10 shows not only the complete set of
constructs and indicators in the measurement model, but also imposes the structural relationships among constructs.
The model is now ready for estimation. This becomes the test of the overall theory, including both the measurement
relationships of indicators to constructs, as well as the hypothesized structural relationships among constructs.

Stage 6: Assessing the Structural Model Validity
The final stage involves efforts to test the validity of the proposed theoretical structural model and examine the theoretical relationships embedded within that theory (e.g., H1–H4 in our simple example). Realize that if the measurement model has not survived its tests of fit and other aspects of validity in Stage 4, Stages 5 and 6 are not advised
because the results suggest the proposed measurement theory is flawed. If one does not achieve acceptable fit for the
measurement model, model fit will not improve when constraints are added to represent the theoretical structural
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model. Only when the measurement model is first validated and achieves acceptable model fit can we turn our
attention to a test of the structural relationships.
Two key differences arise in testing the fit of a structural model relative to a measurement model. First, even
though acceptable overall model fit must again be established, alternative or competing theoretical models are
encouraged to support a model’s superiority. Second, the parameter estimates for the structural relationships become
a focus if fit is sufficient because they provide direct empirical evidence relating to hypothesized relationships implied
by the proposed theoretical model.
Structural Model GOF The process of establishing the structural model’s validity follows the general guidelines
outlined in Stage 4. The observed data are still represented by the observed sample covariance matrix. It does not
and should not change. However, a new SEM estimated covariance matrix is computed based on constraints added
to the measurement model necessary to convert it to the proposed structural model. For example, some constructs
that are presumed to be correlated in the measurement model may be considered independent theoretically. Thus,
the relationship between the two would be constrained to zero and no path would link the two. This difference is a
result of the structural relationships in the structural model. Therefore, for conventional SEM models, the x2 GOF
statistic for the measurement model will be less than the x2 GOF for the structural model.
The overall fit can be assessed using the same criteria as the measurement model: using the x2 value for
the structural model and at least one absolute index and one incremental index. These measures establish the
validity of the structural model, but comparisons between the overall fit should also be made with the measurement model. Generally, the closer the structural model GOF comes to the measurement model, the better the
structural model fit, because the measurement model fit provides an upper bound to the GOF of a conventional
structural model.

coMPetitiVe Fit
Competing models assessment is important in SEM. The primary objective is to ensure that the proposed model not
only has acceptable model fit, but assessing whether one model outperforms a plausible alternative model. If not,
then the alternative theoretical model is supported. Comparing models can be accomplished by assessing differences
in incremental or parsimony fit indices along with differences in x2 GOF values for each model.
A powerful test of alternative models is to compare models of similar complexity, yet
representing varying theoretical relationships. A common approach is through nested models, where a model is
nested within another model if it contains the same number of variables and can be formed from the other model
by altering the relationships, such as either adding or deleting paths. Generally, competing nested SEM models are
compared based on a chi-square difference statistic 1 Dx2 2 . The x2 value from some baseline model (B) is subtracted
from the x2 value of a lesser constrained, alternative nested model (A). Similarly, the difference in degrees of freedom
is found, with one less degree of freedom for each additional path that is estimated. The following equation is used
for computation:
Comparing Nested Models

2
2
Dx2Ddf 5 xdf
1B2 2 xdf1A2

Ddf 5 df 1 B 2 2 df 1 A 2

Because the difference of two x2 values is itself x2 distributed, we can test for statistical significance given a Dx2
difference value and the difference in degrees of freedom 1 Ddf 2 . For example, for a model with one degree of freedom
difference (Ddf 5 1, as when one additional path is added in model A), a Dx2 of 3.84 or better would be significant
at the .05 level. The researcher would conclude that the model with one additional path (alternatively one could think
of the model as having one less constraint) provides a better fit based on the significant reduction in the x2 GOF.
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An example of a nested model in Figure 9.10 might be the addition of a structural path from the Supervision
construct directly to the Job Search construct. This added path would reduce the degrees of freedom by one. The new
model would be re-estimated and the Dx2 calculated. If it is larger than 3.84, then the researcher would conclude
that the alternative model was a significantly better fit. Before the path is added, however, there must be theoretical
support for the new relationship.
Comparison to the Measurement Model One useful comparison of models is between the CFA and the structural model fit. The structural model is composed of theoretical networks of relationships among constructs. In
a conventional CFA (as will be detailed in the next chapter), all constructs are assumed to be related to all other
constructs. As discussed earlier, a structural model will generally specify fewer relationships among constructs,
because not every construct will be hypothesized to have a direct relationship with every other construct. In
this sense, a structural model is more constrained (over-identified) than a measurement model, because more
relationships are fixed to zero and not freely estimated. A way to think of this is that a structural model is formed
from a measurement model by adding constraints. Adding a constraint cannot reduce the chi-square value. At
best, if a relationship between constructs truly is zero, and the researcher constrains that relationship to zero by
not specifying it in a structural model, the actual chi-square value will be unchanged by adding the constraint.
When the two constructs truly are related, then adding the constraint will increase the actual chi-square value.
Conversely, relaxing a constraint by including a relationship in the model should reduce the chi-square value or
keep it the same.
As just described, adding or deleting paths (i.e., adding a path means a constraint has been relaxed and deleting
a path means a constraint has been added) changes the degrees of freedom accordingly. Adding one constraint
means the chi-square difference test will have one degree of freedom, adding two means the test will have two
degrees of freedom, and so forth. When a measurement model and a structural model have approximately the same
chi-square value, this means that the constraints added to form the structural model have not significantly added
to the x2 value.
The overall x2 GOF for the Job Search example measurement model can be compared to the overall x2 GOF for
the example’s structural model shown in Figure 9.10. A Dx2 test can be used to compare these two models. The test
would have Ddf 5 3, because three relationships that would be estimated in a CFA (measurement model test) are
constrained to zero (i.e., not modeled) in the structural model. Specifically, no direct relationship from any exogenous
construct (Supervision, Work Environment, or Coworkers) to the rightmost endogenous construct (Job Search) is
modeled in this researcher’s theory. If the Dx2 test with three degrees of freedom is insignificant, it would mean that
constraining the measurement model (which includes all interconstruct covariances) by not allowing these three
direct relationships did not significantly worsen fit. An insignificant Dx2 test between a measurement model and a
structural model would generally provide supporting evidence for the proposed theoretical model.
Recently, an adjusted theoretical fit index (ATFI) has been proposed to quantify the comparison of measurement
and structural model fit. The basic logic of the index, which mathematically compares the fits of the measurement
and theoretical models, is captured in this equation [20]:

ATFI 5 ¢

CFICFA 2 CFITM
DFTM
≤ 3
CFICFA
DFCFA

The equation takes the difference of the measurement model (CFA) and theoretical model CFIs as a ratio of the
measurement model’s fit and adjusts by a ratio of the degrees of freedom. Smaller values represent relatively better
fits and a value of 0 would mean the measurement and theoretical fits are equal.
Equivalent Models Good fit statistics do not prove that a given theoretical model is the best way to explain
the observed sample covariance matrix. As described earlier, any number of equivalent models may exist that
offer equal or better fit to the same estimated covariance matrix. Therefore, any given model, even with good fit,
is only one potential explanation. This means that good empirical fit does not prove that a given model is the
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“only” true explanation. Favorable fit statistics are highly desirable, but many alternative models can provide an
equivalent fit [46].
This issue further reinforces the need for building measurement models based on solid theory. Complex situations may produce many equivalent models. Yet, many models derived empirically may make little sense given the
conceptual nature of the study’s variables. Thus, in the end empirical results provide some evidence of validity, but
the researcher must provide theoretical evidence that is equally important in validating a model.
teStinG StRUctURAL ReLAtionSHiPS
Good model fit is necessary but not sufficient to support all explanations represented by a structural theory. The
researcher also must examine the individual parameter estimates that represent each link or “path.” A theoretical
model’s unconstrained paths are considered valid to the extent that the parameter estimates are:
1 Statistically significant and in the predicted direction. That is, they are greater than zero for a positive relationship and less than zero for a negative relationship.
2 Non-trivial. Effect sizes should be checked for practical significance using the completely standardized loading
estimates. The guideline here is the same as in other multivariate techniques. Coefficients can be statistically
significant but practically meaningless, particularly as samples become large.
Therefore, the structural model shown in Figure 9.10 is considered acceptable only when it demonstrates acceptable model fit and the path estimates representing each of the four hypotheses are interpreted. The researcher
also can examine the variance explained estimates for the endogenous constructs analogous to the analysis of R2
performed in multiple regression. More detail will be provided about procedures used in this stage in Chapter 10
and particularly in Chapter 11, including discussions on diagnostic measures for both the measurement and structural models.

Rules of thumb 9-3
SeM Stages 4–6
●

As models become more complex, the likelihood of alternative models with equivalent fit increases

●

Multiple fit indices should be used to assess a model’s goodness-of-fit and should include:

●

●

●

The x2 value and the associated df.

●

One absolute fit index (i.e., GFI, RMSEA, or SRMR).

●

One incremental fit index (i.e., CFI or TLI).

●

One goodness-of-fit index (GFI, CFI, TLI, etc.).

●

One badness-of-fit index (RMSEA, SRMR, etc.).

●

The ATFI provides a useful look at the relative fit of the theoretical structural and measurement models.

No single “magic” value for the fit indices separates good from poor models, and it is not practical to apply
a single set of cut-off rules to all measurement models and, for that matter, to all SEM models of any type.
The quality of fit depends heavily on model characteristics, including sample size and model complexity:
●

●

Simple models with small samples should be held to strict fit standards; even an insignificant p-value for
a simple model may not be meaningful.
More complex models with larger samples should not be held to the same strict standards, and so when
samples are large and the model contains a large number of measured variables and parameter estimates, universal cut-off values of .95 on key GOF measures are unrealistic.
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Summary
Several key learning objectives were provided for this chapter. These learning objectives together provide a basic
overview of SEM. The basic overview should enable a better understanding of the more specific illustrations that
follow in the next chapters.
Understand the distinguishing characteristics of SEM. SEM is a flexible approach to examining how things are
related to each other. Therefore, SEM applications can appear quite different. However, three key characteristics of
covariance-based SEM are (1) the estimation of multiple and interrelated dependence relationships and how well the
overall model fits, (2) an ability to represent unobserved concepts in these relationships and correct for measurement
error in the estimation process, (3) a focus on explaining the covariance among the measured items.
Distinguish between variables and constructs. The models typically tested using SEM involve both a measurement model and a structural model. Most of the multivariate approaches discussed in the previous chapters focused
on analyzing variables directly. Variables are the actual items that are measured using a survey, observation, or some
other measurement device. Variables are considered observable in the sense that we can obtain a direct measure of
them. Constructs are unobservable or latent factors that are represented by a variate that consists of multiple variables. Simply put, multiple variables come together mathematically to represent a proxy of a construct. Constructs
can be exogenous or endogenous. Exogenous constructs are the latent, multi-item equivalent of independent variables. They are constructs that are determined by factors outside of the model. Endogenous constructs are the latent,
multi-item equivalent of dependent variables.
Understand structural equation modeling and how it can be thought of as a combination of familiar
multivariate techniques. SEM can be thought of as a combination of exploratory factor analysis and multiple regression analysis. The measurement model part is similar to exploratory factor analysis in that it also demonstrates how
measured variables load on a smaller number of factors (i.e., constructs). Several different regression analogies apply,
but key among them is the fact that endogenous (outcome) constructs are predicted using multiple other constructs
in the same way that independent variables predict dependent variables in multiple regression.
Know the basic conditions for causality and how SEM can help establish a cause-and-effect relationship. Theory
can be defined as a systematic set of relationships providing a consistent and comprehensive explanation of a phenomenon. SEM has become the most prominent multivariate tool for testing behavioral theory. SEM’s history grows out
of the desire to test causal models. Theoretically, four conditions must be present to establish causality: (1) covariation, (2) temporal sequence, (3) non-spurious association, and (4) theoretical support. SEM can establish evidence of
covariation through the tests of relationships represented by a model. SEM cannot, as a rule, demonstrate that cause
occurred before the effect, because cross-sectional data are most often used in SEM. SEM models using longitudinal
data can help demonstrate temporal sequentiality. Evidence of nonspurious association between a cause and effect
can be supplied, at least in part, by SEM. If the addition of other alternative causes does not eliminate the relationship
between the cause and effect, then the causal inference becomes stronger. Finally, theoretical support can only be
supplied through reason. Empirical findings alone cannot render a relationship sensible. Thus, SEM can be useful in
establishing causality, but simply using SEM on any given data does not mean that causal inferences can be established.
Explain the basic types of relationships involved in SEM. The four key theoretical relationship types in a SEM model
are described in Figure 9.1, which also shows the conventional graphical representation of each type. The first shows relationships between latent constructs and measured variables. Latent constructs are represented with ovals and measured
variables are represented with rectangles. The second shows simple covariation or correlation between constructs. It does
not imply any causal sequence, and it does not distinguish between exogenous and endogenous constructs. These first
two relationship types are fundamental in forming a measurement model. The third relationship type shows how an
exogenous construct is related to an endogenous construct and can represent a causal inference in which the exogenous
construct is a cause and the endogenous construct is an effect. The fourth relationship type shows how one endogenous
construct is related to another. It can also represent a causal sequence from one endogenous construct to another.
Understand that the objective of SEM is to explain covariance and how it translates into the fit of a model.
SEM is sometimes known as covariance structure analysis. The algorithms that perform SEM estimation have the
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goal of explaining the observed covariance matrix of variables, S, using an estimated covariance matrix, Sk, calculated using the regression equations that represent the researcher’s model. In other words, SEM is looking for a set of
parameter estimates producing estimated covariance values that most closely match observed covariance values. The
closer these values come, the better the model is said to fit. Fit indicates how well a specified model reproduces the
covariance matrix among the measured items. The basic SEM fit statistic is the x2 statistic. However, its sensitivity
to sample size and model complexity brought about the development of many other fit indices. Fit is best assessed
using multiple fit indices. It is also important to realize that no magic values determine when a model is proved best
on fit. Rather, the model context must be taken into account in assessing fit. Simple models with small samples should
be held to different standards than more complex models tested with larger samples.
Know how to represent a model visually using a path diagram. The entire set of relationships that make up a
SEM model can be represented visually using a path diagram. Each type of relationship is conventionally represented
with a different type of arrow and abbreviated with a different character. Figure 9.10 depicts a path diagram showing
both a measurement and a structural model. The inner portion represents the structural model. The outer portion
represents the measurement model.
List the six stages of structural equation modeling and understand the role of theory in the process. Figure 9.7
lists the six stages in the SEM process. It begins with choosing the variables that will be measured. It concludes with
assessing the overall structural model fit. It should also be emphasized that theory plays a key role in each step of the
process. The goal of a SEM is to provide a test of a theory. Thus, without theory a true SEM test cannot be conducted.
As mentioned previously, this chapter does not include an extended HBAT example. Rather, a new HBAT example
will be introduced in the next chapter. Over the next three chapters, it will illustrate the complete use of SEM to test
relationships that will help HBAT management make key decisions.

Questions
1 What is the difference between a latent construct and
a measured variable?

7 What is a spurious correlation? How might it be
revealed using SEM?

2 What are the distinguishing characteristics of covariance-based SEM?

8 What is fit?

3 Describe how the estimated covariance matrix in
CB-SEM analysis 1 Sk 2 can be computed. Why do we
compare it to S?
4 How is structural equation modeling similar to the
other multivariate techniques discussed in the earlier
chapters?
5 Explain what is a “constraint” in SEM and include a
discussion of how constraints are depicted in a graphical SEM.
6 What is a theory? How is a theory represented in a
SEM framework?

9 What is the difference between an absolute and a
relative fit index?
10 How does sample size affect structural equation
modeling?
11 Why are no magic values available to distinguish
good fit from poor fit across all situations?
12 Draw a path diagram with two exogenous constructs
and one endogenous construct. The exogenous
constructs are each measured by five items and the
endogenous construct is measured by four items.
Both exogenous constructs are expected to be related
negatively to the endogenous construct.

Suggested Readings and online Resources
For a further guidance on how to report quantitative results, including those from SEM, in academic papers, see
Applebaum et al. (2018), “Journal Article Reporting Standards for Quantitative Research in Psychology: The
APA Publications and Communications Board Task Force Report,” American Psychologist, 73 (1), 3–25. A list
of suggested readings and other materials relating to the techniques in this chapter are available in the online
resources at the text’s websites (Cengage Brain or www.mvstats.com).
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Appendix 9A
Estimating Relationships Using Path Analysis

What was the purpose of developing the path diagram? Path diagrams are the basis for path analysis, the procedure
for empirical estimation of the strength of each relationship (path) depicted in the path diagram. Path analysis calculates the strength of the relationships using only a correlation or covariance matrix as input. We will describe the
basic process in the following section, using a simple example to illustrate how the estimates are actually computed.

identifying Paths
The first step is to identify all relationships that connect any two constructs. Path analysis enables us to decompose
the simple (bivariate) correlation between any two variables into the sum of the compound paths connecting these
points. The number and types of compound paths between any two variables are strictly a function of the model
proposed by the researcher.
A compound path is a path along the arrows of a path diagram that follow three rules:
1 After going forward on an arrow, the path cannot go backward again; but the path can go backward as many
times as necessary before going forward.
2 The path cannot go through the same variable more than once.
3 The path can include only one curved arrow (correlated variable pair).
When applying these rules, each path or arrow represents a path. If only one arrow links two constructs (path analysis
can also be conducted with variables), then the relationship between those two is equal to the parameter estimate
between those two constructs. For now, this relationship can be called a direct relationship. If there are multiple
arrows linking one construct to another as in X→Y→Z, then the effect of X on Z is equal to the product of the
parameter estimates for each arrow and is termed an indirect relationship. This concept may seem quite complicated
but an example makes it easy to follow:
Figure 9A.1 portrays a simple model with two exogenous constructs (X1 and X2) causally related to the endogenous
construct (Y1). The correlational path A is X1 correlated with X2, path B is the effect of X1 predicting Y1, and path C
shows the effect of X2 predicting Y1. The value for Y1 can be stated simply with a regression-like equation:
Y1 5 b1X1 1 b2X2
We can now identify the direct and indirect paths in our model. For ease in referring to the paths, the causal paths
are labeled A, B, and C.
Direct Paths
A 5 X1 to X2
B 5 X1 to Y1
C 5 X2 to Y1

Indirect Paths
AC 5 X1 to Y1
AB 5 X2 to Y1
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Figure 9A.1
calculating Structural coefficients with Path Analysis
Bivariate Correlations

Path Diagram
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Correlations as Compound Paths
CorrX1X2 = A
CorrX1Y1 = B + AC
CorrX2Y1 = C + AB

Solving for the Structural Coefficients
.50 = A
.60 = B + AC
.70 = C + AB
Substituting A = .50
.60 = B + .50C
.70 = C + .50B
Solving for B and C
B = .33
C = .53

estimating the Relationship
With the direct and indirect paths now defined, we can represent the correlation between each construct as the sum
of the direct and indirect paths.
The three unique correlations among the constructs can be shown to be composed of direct and indirect paths
as follows:
CorrX1X2 5 A
CorrX1Y1 5 B 1 AC
CorrX2Y1 5 C 1 AB
First, the correlation of X1 and X2 is simply equal to A. The correlation of X1 and Y1 (CorrX1,Y1) can be represented
as two paths: B and AC. The symbol B represents the direct path from X1 to Y1, and the other path (a compound
path) follows the curved arrow from X1 to X2 and then to Y1. Likewise, the correlation of X2 and Y1 can be shown to
be composed of two causal paths: C and AB.
Once all the correlations are defined in terms of paths, the values of the observed correlations can be substituted
and the equations solved for each separate path. The paths then represent either the causal relationships between
constructs (similar to a regression coefficient) or correlational estimates.
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Using the correlations as shown in Figure 9A.1, we can solve the equations for each correlation (see Figure 9A.1)
and estimate the causal relationships represented by the coefficients b1 and b2.
We know that A equals .50, so we can substitute this value into the other equations. By solving these two equations, we get values of B(b1) = .33 and C(b2) = .53. The actual calculations are shown in Figure 9A.1. This approach
enables path analysis to solve for any causal relationship based only on the correlations among the constructs and
the specified causal model.
As you can see from this simple example, if we change the path model in some way, the causal relationships will
change as well. Such a change provides the basis for modifying the model to achieve better fit, if theoretically justified.
With these simple rules, the larger model can now be modeled simultaneously, using correlations or covariances
as the input data. We should note that when used in a larger model, we can solve for any number of interrelated
equations. Thus, dependent variables in one relationship can easily be independent variables in another relationship.
No matter how large the path diagram gets or how many relationships are included, path analysis provides a way to
analyze the set of relationships.
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Appendix 9B
SEM Abbreviations

The following guide will aid in the pronunciation and understanding of common SEM abbreviations. SEM terminology often is abbreviated with a combination of Greek characters and Roman characters to help distinguish different
parts of a SEM model.

Symbol

Pronunciation

Meaning

ξ

xi (KSI or KZI)

A construct associated with measured X variables

λx

lambda “x”

λy

lambda “y”

Λ

capital lambda

η
φ

eta (“eight-ta”)
phi (fi)

Φ

capital phi

γ

gamma

Γ
β

capital gamma
beta (“bay-ta”)

Β
δ
θδ

capital beta
delta
theta (“they-ta”) delta

«
θ«

epsilon
theta-epsilon

ζ
τ
κ
χ2

zeta (“zay-ta”)
tau (rhymes with “now”)
kappa

A path representing the factor loading between a latent construct and a
measured x variable
A path representing the factor loading between a latent construct and a
measured y variable
A way of referring to a set of loading estimates represented in a
matrix where rows represent measured variables and columns
represent latent constructs
A construct associated with measured Y variables
A path represented by an arced two- headed arrow representing
the covariation between one ξ and another ξ
A way of referring to the covariance or correlation matrix between
a set of ξ constructs
A path representing a causal relationship (regression coefficient)
from a ξ to an η
A way of referring to the entire set of γ relationships for a given model
A path representing a causal relationship (regression coefficient)
from one η construct to another η construct
A way of referring to the entire set of β relationships for a given model
The error term associated with an estimated, measured x variable
A way of referring to the residual variances and covariances associated with
the x estimates; the error variance items are the diagonal
The error term associated with an estimated, measured y variable
A way of referring to the residual variances and covariances associated with
the y estimates; the error variance items are the diagonal
A way of capturing the covariation between η construct errors
The intercept terms for estimating a measured variable
The intercept terms for estimating a latent construct

chi (ki)-squared

The likelihood ratio
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Appendix 9C
Detail on Selected GOF Indices

The chapter describes how researchers developed many different fit indices that represent the GOF of a SEM model
in different ways. Here, a bit more detail is provided about some of the key indices in an effort to provide a better
understanding of just what information is contained in each.

Goodness-of-Fit index (GFi)
If we think of Fk as the minimum fit function after a SEM model has been estimated using k degrees of freedom
(S – Σk), and we think of F0 as the fit function that would result if all parameters were zero (everything is unrelated
to each other; no theoretical relationships), then we can define the GFI simply as:
GFI 5 1 2

Fk
F0

A model that fits well produces a ratio of Fk/F0 that is quite small. Conversely, a model that does not fit well
produces Fk/F0 that is relatively large because Fk would not differ much from F0. This ratio works something like the
ratio of SSE/SST discussed in Chapter 4. In the extreme, if a model failed to explain any true covariance between
measured variables, Fk/F0 would be 1, meaning the GFI would be 0.

Root Mean Squared error of Approximation (RMSeA)
Computation of RMSEA is rather straightforward and provided here to demonstrate how statistics try to correct for
the problems of using the χ2 statistic alone.
RMSEA 5

1 x2 2 dfk 2

Å 1N 2 12

Note that the df are subtracted from the numerator in an effort to capture model complexity. The sample size is used
in the denominator to take it into account. To avoid negative RMSEA values, the numerator is set to 0 if dfk exceeds χ2.

comparative Fit index (cFi)
The general computational form of the CFI is:
CFI 5 1 2

1 xk2 2 dfk 2

1 x2N 2 dfN 2
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Here, the subscript k represents values associated with the researcher’s specified model or theory, that is, the resulting
fit with k degrees of freedom. The subscript N denotes values associated with the statistical null model. Additionally, the equation is normed to values between 0 and 1—with higher values indicating better fit—by substituting an
appropriate value (i.e., 0) if a χ2 value is less than the corresponding degrees of freedom.

tucker-Lewis index (tLi)
The equation for the TLI is provided here for comparison purposes:

TLI 5

ca

x2N
x2k
b 2 a bd
dfN
dfk

ca

x2N
b 2 1d
dfN

Once again, N and k refer to the null and specified models, respectively. The TLI is not normed and thus its values
can fall below 0 or above 1. It produces values similar to the CFI in most situations.

Parsimony Ratio (PR)
The parsimony ratio (PR) forms the basis for parsimony GOF measures [31]:
PR 5

dfk
dft

As can be seen by the formula, it is the ratio of degrees of freedom used by a model to the total degrees of freedom
available. Thus, other indices are adjusted by PR to form parsimony fit indices. Although parsimony fit indices can
be useful, they tend to strongly favor the more parsimonious measures. These measures have existed for quite some
time but are still not widely applied.
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10

SEM: Confirmatory Factor
Analysis

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

●

●

●

Distinguish between exploratory factor analysis (EFA) and confirmatory factor analysis (CFA).
Understand the basic principles of statistical identification and know some of the primary causes of CFA identification problems.
Know how to represent a measurement model using a path diagram.
Understand the concept of model fit as it applies to measurement models and be able to assess the fit of a
confirmatory factor analysis model.

●

Assess the construct validity of a measurement model.

●

Use CFA diagnostics to spot problems with a SEM model.

chapter Preview
The previous chapter introduced the basics of covariance-based structural equation modeling. It described the two
basic parts to a conventional structural equation model. This chapter addresses the first part by demonstrating how
confirmatory processes can test a proposed measurement theory. The measurement theory can be represented with
a model that shows how measured variables come together to represent constructs. Confirmatory factor analysis
(CFA) enables us to test how well the measured variables represent a set of theoretical latent constructs. CFA offers
the key advantage of analytically testing a precise, conceptually grounded theory explaining how different measured
variables represent important psychological, sociological, or business constructs. When CFA fit results are combined
with construct validity tests, researchers know the quality of the theoretical measurement model.
The importance of assessing the quality of measures in a behavioral model cannot be overstated. No valid conclusions exist without valid measurement. The procedures described in this chapter demonstrate how the validity of a
measurement model can be tested using CFA.

Key terms
Before beginning this chapter, review the key terms to develop an understanding of the concepts and terminology
used. Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key
term cross-references are italicized. Illustrative examples are in shaded text.
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Average variance extracted (AVe) A summary measure of convergence among a set of items representing a reflectively measured

latent construct. It is the average percentage of variation explained (variance extracted) among the items of a construct.
Between-construct error covariance Covariance between two error terms of measured variables indicating different constructs.
communality See variance extracted.
congeneric measurement model Measurement model consisting of several unidimensional constructs with all cross-loadings

assumed to be zero. Represented in CFA by all possible cross-loadings and all between- and within-construct error covariances
being fixed at zero.
constraints Fixing a potential relationship in a SEM model to some specified value (even if fixed to zero) rather than allowing
the value to be estimated (free).
construct (composite) reliability (cR) Measure of reliability and internal consistency of the measured variables representing a
latent construct. Must be established before construct validity can be assessed.
construct validity Extent to which a set of measured variables actually represents the theoretical latent construct those variables
are designed to measure.
convergent validity Extent to which indicators of a specific construct converge or share a high proportion of variance in common.
Discriminant validity Extent to which a construct is truly distinct from other constructs. The construct correlations can be useful
in this assessment.
Face validity Extent to which the content of the items is consistent with the construct definition, based solely on the researcher’s
judgment.
Formative measurement Implies that (1) a set of measured variables forms a concept, and (2) the error in measurement is an
inability to fully predict the concept. Here, a construct is not considered a latent factor. See also reflective measurement theory.
Heywood case a solution producing an error variance estimate of less than zero (a negative error variance—or alternatively, more
than 100% prediction) leading to an improper solution.
identification Whether enough information exists to identify (compute) a solution for a set of structural equations using
covariance-based SEM. An identification problem leads to an inability of the proposed model to generate reliable estimates and
makes a solution mathematically impossible. The three possible conditions of identification are overidentified, just-identified,
and underidentified.
just-identified SEM model containing just enough degrees of freedom to estimate all free parameters. Just-identified models
have perfect fit by definition, meaning that a fit assessment is not meaningful.
Measurement model Specification of the measurement theory that shows how constructs are operationalized by sets of measured
variables. The measurement theory, not the factor routine, dictates the number of factors, which items load on each factor, as
well as any constraints representing variables or latent factors that are theoretically unrelated.
Measurement theory Series of relationships that suggest how measured variables represent a construct not measured directly
(latent). A measurement theory can be represented by a series of regression-like equations mathematically relating a factor
(construct) to the measured variables.
Modification index Amount the overall model x2 value would be reduced by freeing (estimating) any single particular path that
is not currently estimated.
nomological validity Test of validity that examines whether the correlations between the constructs in the measurement theory
make sense. Construct correlations can be useful in this assessment.
operationalization Manner in which a construct is represented. With CFA, a set of measured variables represents a construct.
order condition Requirement that the degrees of freedom for a model be greater than zero; that is, the number of unique
covariance and variance terms less the number of free parameter estimates must be positive.
overidentified model Model that has more unique covariance and variance terms than parameters to be estimated, yielding
positive net degrees of freedom. This is the preferred type of identification for a SEM model.
Parameter Numerical representation of some characteristic of a population. Parameters are numerical characteristics of the SEM
relationships, comparable to regression coefficients in multiple regression.
Psychometrics Branch of psychology that addresses how to properly go about the quantitative measurement of psychological
concepts such as personal traits, attitudes, affect, opinion, etc.
Rank condition Requirement that each individual parameter estimated be uniquely, algebraically defined. If you think of a set
of equations that could define any dependent variable, the rank condition is violated if any two equations are mathematical
duplicates.
Reflective measurement Based on the assumptions that (1) latent constructs cause the measured variables (indicators), and (2)
measurement error results in an inability to fully predict the measured variables. It is the typical representation for a latent
construct. See also formative measurement.
Residuals Individual differences between observed covariance terms and the estimated covariance terms.
Specification search Empirical trial-and-error approach that may lead to sequential changes in the model based on key model
diagnostics.
Squared multiple correlations Values representing the extent to which a variable’s variance is explained by a latent factor(s);
like communality from EFA.
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Standardized residuals Residuals divided by the standard error of the residual. Used as a diagnostic measure of model fit.
tau equivalence Assumption that a measurement model is congeneric and that all factor loadings on a given factor are equal.
three-indicator rule Refers to congeneric measurement models in which all constructs having at least three indicators are identified.
Underidentified model Model with more parameters to be estimated than there are item variance and covariances. The term

unidentified is used in the same way as underidentified.
Unidentified model See underidentified model.
Unidimensional measures Set of measured variables (indicators) with only one underlying latent construct. That is, the indicator

variables load on only one construct.
Variance extracted Total amount of variance a measured variable has in common with the constructs upon which it loads. Thus,

it can be thought of as the variance explained in a measured variable by the construct. Also referred to as a communality and
often as Average Variance Extracted (AVE).
Within-construct error covariance Covariance between two error terms of measured variables that are indicators of the same
construct.

What is confirmatory Factor Analysis?
This chapter begins by providing a description of confirmatory factor analysis (CFA). CFA is a way of testing how
well a prespecified measurement theory composed of measured variables and factors fits reality as captured by data.
The chapter illustrates this process by showing how CFA is similar to other multivariate techniques. Then, a simple
example is provided. A few key aspects of CFA are discussed prior to describing the CFA stages in more detail and
demonstrating CFA with an extended illustration.
cFA AnD exPLoRAtoRY FActoR AnALYSiS
Chapter 3 described procedures for conducting exploratory factor analysis (EFA). EFA explores data and provides
information suggesting empirically how many factors are needed to represent that data. With EFA, all measured
variables load on every factor producing a factor loading estimate for each variable on all factors. Simple structure results when each measured variable loads highly on only one factor and has smaller loadings on all other
factors (e.g., loadings <.4). EFA becomes useful in identifying variables with little communality with others being
considered.
In contrast to CFA, EFA factors are derived from statistical results, not from theory. This means that the researcher
runs the software and lets the underlying pattern of the data determine the factor structure. Thus, EFA, and Principal Components (PCA), are conducted without knowing how many factors really exist (if any), or which variables
belong with which constructs. When either is applied, the researcher uses established guidelines to determine which
variables load best on a factor and how many factors to keep. The researcher names the factors after the exploratory
analysis is performed. In this respect, CFA and EFA are not the same. Note that in this chapter the terms factor and
construct are used interchangeably.
Chapter 3 conducted EFA on 13 variables from the HBAT dataset. Based on the eigenvalues and the pattern of
loadings, a four-factor solution was deemed most appropriate. The four factors were named based on the variables
loading highly on each factor. Using this process, the factors were named (1) Customer Service, (2) Marketing,
(3) Technical Support, and (4) Product Value (see Chapter 3 for more details).
In contrast to EFA, with CFA the researcher must specify both the number of factors that exist for a set of variables and which factor each variable will load on before results can be computed. Thus, the statistical technique
does not assign variables to factors. Instead, the researcher makes this assignment based on the theory being tested
before any results can be obtained. Moreover, if good measurement principals are employed in the theory, a variable
can load on only a single factor and cross-loadings (loading on more than a single factor) are not permitted. Just
as importantly, the measurement theory should specify independence for all error variance terms. Thus, crossloadings and error variance correlations are constrained to zero. As a result, a factor uniquely determines each of its
indicator variables. CFA then tests the extent to which a researcher’s a priori, theoretical pattern of factor loadings
on prespecified constructs (variables loading on specific constructs) represents the actual data. Thus, instead of
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allowing the statistical method to determine the number of factors and loadings as in EFA, CFA statistics tell us how
well our theoretical specification of the factors matches reality (the actual data). In a sense, CFA reveals the degree
of confirmation for our preconceived measurement theory.
MeASUReMent tHeoRY AnD PSYcHoMetRicS
The paragraph above describes how CFA is used to test a measurement theory. A measurement theory specifies
precisely how measured variables logically and systematically represent constructs involved in a theoretical model.
In other words, measurement theory specifies a series of relationships and constraints that suggest how measured
variables represent a latent factor. The measurement theory may then be combined with a structural theory to fully
specify a SEM model.
In fact, an entire branch of psychology, known as psychometrics, addresses how to properly go about the
quantitative measurement of latent, psychological constructs. Psychometric theory provides the framework by
which individual researchers can create a valid measurement theory. Factor analysis, in particular CFA, is the
fundamental, multivariate statistical tool for psychometricians.
Measurement theory requires that a construct first be defined. Therefore, unlike EFA, with CFA a researcher uses
theory to specify a priori the number of factors, as well as which variables load on those factors. This specification
is often referred to as the way the conceptual constructs in a measurement model are operationalized. CFA cannot
be conducted without a measurement theory. One can perform EFA without any prespecified theory or knowledge
of factors that may exist. As such, the E (exploratory) in EFA is emphasized.
A SiMPLe exAMPLe oF cFA AnD SeM
We are now going to illustrate a simple CFA utilizing two constructs from the example first introduced in Chapter 9.
We will explain how the measurement theory is represented in a path diagram.
Consider a situation where a researcher is interested in studying factors that impact employee job satisfaction.
After reviewing the relevant theory, the researcher concludes that two factors have the largest impact—Supervision
and Work Environment. The measured variables for both factors are evaluated using a 7-point, agree–disagree Likert
scale.
The construct Supervision can be defined as what workers think about the management capabilities of their
immediate supervisor. The supervision construct can be represented by the following four items:
●
●
●
●

My supervisor recognizes my potential.
My supervisor helps me resolve problems at work.
My supervisor understands the challenges of balancing work and home demands.
My supervisor supports me when I have a problem.

The construct Work Environment can be defined as the aspects of the environment where people work that
impact their productivity. The work environment construct can be represented by the following four measured
variables:
●
●
●
●

Supervisors and workers have similar values and ideas about what this organization should be doing.
My organization provides the equipment needed to perform my job well.
The temperature of my office and other working areas is comfortable.
The physical arrangement of work areas at my organization helps me to manage my time on the job well.

A ViSUAL DiAGRAM
Measurement theories, like structural equation models in general, can be depicted using visual representations, which
are called path diagrams. A path diagram depicts the theoretical pattern of linkages and constraints between specific
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measured variables and their associated constructs and the relationships among constructs. “Paths” from the latent
construct to the measured items (loadings) are based on a measurement theory formed using good psychometric
principles. Psychometric principles include:
1 Only the loadings theoretically linking a measured item to its corresponding latent factor are freely estimated
and thus shown in the path diagram.
2 All other possible loadings are assumed to be equal to, and therefore constrained to, zero. The absence of
connections represents no association. The effect is the same as drawing a connection and specifying that it is 0.
3 No covariance exists among the residuals, which are represented by error variance terms in a model. Thus, no
connections exist among the unobserved concepts representing error variances, meaning that a constraint of 0
(independence) exists for each possible connection among error variance terms.
Point two highlights a particularly key difference between EFA and CFA in that EFA produces a loading for every
variable on every factor, and the researcher has no control over this fact.
When conducting a CFA, we specify five elements to develop a measurement model:
1
2
3
4
5

the latent constructs,
the measured variables (indicators),
the pattern of item loadings on specific constructs,
the relationships among constructs,
the error variance and covariance terms for each indicator.

In CFA, one specifies all latent concepts as ellipses (circles or ovals) and the measured variables as rectangles.
Correlational (or covariance) relationships are depicted by two-headed curved arrows, and the indicator variables
typically are denoted by X (e.g., X1, X2, …). The relationships between the latent constructs and the respective
measured variables (called factor loadings, as in EFA) are represented by single-headed arrows from the construct to
the measured variable. Finally, each measured indicator variable has an error variance (shown as an e in our diagram
but typically depicted with an ellipse), which is the extent to which the latent factor does not account for the measured
variable’s variance. Although published papers often exclude the error-variance terms from the diagrams that depict
models, they are vital to understanding CFA.
Figure 10.1 provides a complete specification of a CFA model. The two latent constructs are Supervision and
Work Environment. The symbols x1–x8 represent the measured indicator variables and Lx1 — Lx8 are the relationships between the latent constructs and the respective measured items (i.e., factor loadings). As you can see, the four
items measuring Supervision are linked to that latent construct, as are the other four items to the Work Environment
construct. The curved arrow between the two constructs denotes a correlational relationship between them. The
symbols e1–e8 represent the error variances associated with each measured item. All other possible connectors are
omitted. We return to this point shortly.
Each SEM software uses a somewhat unique notation to denote the various elements of a SEM model. Some
programs, such as lavaan and Mplus, do not provide for a graphical interface to execute the program. Thus, they
Figure 10.1
Visual Representation (Path Diagram) of a Measurement
theory
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Rules of thumb 10-1
construct Validity
●

Psychometric measurement theory means measurement models should be specified as congeneric.

●

Standardized loading estimates should be .5 or higher, and ideally, .7 or higher, to indicate convergent validity.

●

AVE should be .5 or greater to suggest adequate convergent validity.

●

●

AVE estimates for two factors also should be greater than the square of the correlation between the two factors to
provide evidence of discriminant validity.
Construct reliability should be .7 or higher to indicate adequate convergence or internal consistency.

require knowledge of and capability with programming. The coding bears some similarity to SPSS or SAS syntax.
Long-time users of LISREL rely on its program coding where each matrix or vector involved in the mathematics
is represented by Greek characters (e.g., lambda, gamma, phi, etc.). In this text, we have developed a simplified
notation. Chapter 9 describes the notation in greater detail. AMOS and LISREL both include a graphical interface
that enables a user to avoid any program coding.

SeM Stages for testing Measurement theory Validation with cFA
A six-stage SEM process was introduced in the previous chapter. Stages 1–4 will be discussed in more detail here
because they involve examining measurement theory. Stages 5 and 6, which address the structural theory theoretically
linking constructs to each other, will be discussed in the next chapter. Recognizing that valid measurement models
from the first stages are absolutely necessary for a valid test of the structural theory, some researchers refer to the
measurement model as an auxiliary theory [29].

Stage 1: Defining individual constructs
The process begins by defining all constructs that will comprise the measurement model. If the researcher has
experience with measuring one of these constructs, then perhaps some scale that was previously used can be
applied again. If not, numerous compilations of validated scales are available for a wide range of constructs [6, 28].
When a previously applied scale is not available, the researcher may use psychometric principles and the steps of
scale development to produce a measure. The process of designing a new construct measure involves several steps
through which the researcher translates the theoretical definition of the construct into a set of specific measured
variables that express the meaning of the construct. As such, it is essential that researchers consider not only the
operational requirements (e.g., number of items, dimensionality), but also establish the construct validity of the
newly designed scale [26]. The process of scale development is simple to follow but implementation can be frustrating and time consuming.

Stage 2: Developing the overall Measurement Model
In this step, the researcher must carefully consider how all the individual constructs will come together to form an
overall measurement model. Several key issues should be highlighted at this point.
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Rules of thumb 10-2
Defining individual constructs
Factors must display adequate content validity, whether they are new scales or scales taken from previous research;
even previously established scales should be carefully checked for content validity

●

Content validity should be of primary importance and judged both qualitatively (e.g., experts opinion) and empirically
(e.g., unidimensionality and convergent validity).

●

Pilot test(s) should be used to purify measures prior to confirmatory testing

●

UniDiMenSionALitY
We introduced unidimensionality in Chapter 3. Unidimensional measures mean that a set of measured variables
(indicators) can be explained by only one underlying construct. Unidimensionality becomes critically important
when more than two constructs are involved. In such a situation, each measured variable is hypothesized to relate
to only a single construct. All cross-loadings and error variance covariance terms are hypothesized to be zero when
unidimensional constructs exist.
Figure 10.1 hypothesizes two unidimensional constructs, because no measured item is determined by more than
one construct (has more than one arrow from a latent construct to it). In other words, all cross-loadings are fixed at
zero. In addition, no connections are drawn among any error variance terms.
One type of relationship among variables that impacts unidimensionality is when researchers allow a single measured
variable to be caused by more than one construct. This situation is represented in the path model by arrows from a
single construct pointing toward indicator variables associated with separate constructs. Remember that the researcher
is seeking a model that produces a good fit. When one frees another path in a model to be estimated, the additional
estimated path cannot reduce fit. That is, the difference between the estimated and observed covariance matrices
(Σk2S) is reduced unless the two variables are completely uncorrelated. Therefore, the x2 statistic will almost always
be reduced by freeing additional paths.
Figure 10.2 is like the original model with the exception that several additional relationships are hypothesized. In
contrast to the original measurement model, this one is not hypothesized to be unidimensional. Additional relationships are hypothesized between X3, a measured variable, and the latent construct Work Environment and between X5
and the latent construct Supervision. These relationships are represented by LX3,WE and LX5,SUP, respectively. This
means that Supervision indicator variable X3 and Work Environment indicator variable X5 are each hypothesized as
loading on both of the latent constructs.

Figure 10.2
Measurement Model with Hypothesized
cross-Loadings and correlated error Variance
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As a rule, even if the addition of these paths leads to a significantly better fit, the researcher should not free
(hypothesize) cross-loadings. Why? Because the existence of significant cross-loadings is evidence of a lack of
construct validity. When a significant cross-loading is found to exist, any potential improvement in fit is artificial in
the sense that it is obtained with the admission of a corresponding lack of construct validity.
Another form of relationships between variables is the covariance among error variance terms of two measured
variables. Two types of covariance between error variance terms exist: (1) covariance among error terms of items
indicating the same construct, referred to as within-construct error covariance, and (2) the covariance between two
error terms of items indicating different constructs, referred to as between-construct error covariance.
Figure 10.2 also shows covariance (correlation) among some of the error terms. For example, the diagram shows
covariance between the error variance terms of measured variables X1 and X2 (i.e., within-construct error covariance). It also indicates covariance between two error variance terms of indicator variables loading on different
constructs—eX4 and eX7. Here the covariance between e4 and e7 is an example of between-construct error covariance
between measured indicator variables.
In conventional measurement validation, testing CFA models that include covariances between error terms or
cross-loadings violates basic psychometric principles of good measurement. Allowing these paths to be estimated
(freeing them) will reduce the x2, but at the same time seriously question the construct validity of the construct.
Although more focus is typically on the issues raised with between-construct correlations and their impact on
the structural model, within-construct error covariance terms also threaten construct validity [15]. Significant
between-construct error covariances suggest that the two items associated with these error terms are more highly
related to each other than the original measurement model predicts. High within-construct error variance covariance suggests some other factor, not currently measured, likely exists that explains the relationship. Evidence that
a significant cross-loading exists also shows a lack of discriminant validity. So again, although these paths can be
freed (covariance permitted) and improve the model fit, doing so violates the assumptions of good measurement.
Therefore, we recommend that in standard CFA for psychometric measurement model validation do not free either
type of error-covariance path. Relatively rare and specific situations exist where researchers may free these paths as a
way of explaining some specific measurement issue not represented by standard factor loadings. For more information
on this topic, the reader is referred to other sources [3].
conGeneRic MeASUReMent MoDeL
SEM terminology often states that a measurement model is constrained by the model hypotheses. The constraints
refer specifically to the set of fixed parameter estimates. One type of common constraint is a measurement model
hypothesized to consist of several unidimensional constructs with all cross-loadings constrained to zero. In addition,
when a measurement model also hypothesizes no covariance between or within construct error variances, meaning
they are all fixed at zero, the measurement model is said to be congeneric. Congeneric measurement models are
considered to be sufficiently constrained to represent good psychometric properties [11]. A congeneric measurement
model depicts construct validity and good CFA fit for the model provides evidence of its validity.
iteMS PeR conStRUct
Researchers are faced with somewhat of a dilemma in deciding how many indicators are needed per construct. On
the one hand, researchers prefer many indicators to fully represent a construct and maximize reliability. On the other
hand, parsimony encourages researchers to use a smallest number of indicators to adequately represent a construct.
More items (measured variables or indicators) are not necessarily better. Even though more items do produce
higher reliability estimates and generalizability [4], more items also require larger sample sizes and can make it difficult to validate unidimensional factors. As researchers increase the number of scale items (indicators) representing
a single construct (factor), they may include a subset of items that inadvertently focuses on some specific aspect of a
problem and create a subfactor. This problem becomes particularly prevalent when the content of the items has not
been carefully screened ahead of time.
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In practice, you may find a CFA conducted with only a single item representing some factors. However, good
practice dictates a minimum of three items per factor, preferably four, not only to provide minimum coverage of a
construct’s theoretical domain, but also to provide adequate identification for the construct, as discussed next.
Items per Construct and Identification A brief introduction to the concept of statistical identification is provided here

to clarify why at least three or four items per construct are recommended. We discuss the issue of statistical identification
within an overall SEM model in more detail later. In general, identification deals with whether enough information
exists to identify a solution to a set of structural equations. As we saw earlier in our example, information is provided
by the sample covariance matrix. In a CFA or SEM model, one parameter can be estimated for each unique variance
or covariance in the observed covariance matrix (i.e., the number of unique terms in a covariance matrix). Thus, the
covariance matrix provides the degrees of freedom used to estimate parameters, just as the number of respondents
provided degrees of freedom in regression. In fact, the covariance matrix contains full information about the data.
If there are p measured items, then we can calculate the number of unique variances/covariances as:
1/2 3 p 1 p 1 1 2 4

where p 5 the number of measured variables.

For example, if there are six items, then there are 21 unique variances/covariances 1 1@2 1 6 3 7 2 5 21 2 . One degree
of freedom is then used up for each parameter estimated. Another way to think about identification is that it costs
one degree of freedom to free a parameter in any SEM.
Models, and even constructs, can be characterized by their degree of identification, which is defined by the
degrees of freedom of a model after all the parameters to be estimated are specified. We will discuss the three levels
of identification in terms of construct identification now and then discuss overall model identification at a later point.
UnDeRiDentiFieD An underidentified model (also termed unidentified) has more parameters to be estimated than
unique indicator variable variances and covariances in the observed variance/covariance matrix. For instance, the
measurement model for a single construct with only two measured items as shown in Figure 10.3 is underidentified.
The covariance matrix would be 2 by 2, consisting of one unique covariance and the variances of the two variables.
Thus, there are three unique values. A measurement model of this construct would require, however, that two factor
loadings (LX1 and LX2) and two error variances (e1 and e2) be estimated (presuming the factor variance is fixed to a
value, usually 1). Thus, a unique solution cannot be found.
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jUSt-iDentiFieD Using the same logic, the three-item indicator model in Figure 10.3 is just-identified. This means
that there are just enough degrees of freedom to estimate all free parameters. All the information is used, which
means the CFA analysis will reproduce the sample covariance matrix identically. Because of this, just-identified
models have perfect fit by definition. To help understand this, you can use the equation for degrees of freedom given
in Chapter 9, and you will see that the resulting degrees of freedom for a three-item factor would be zero:

3 3 1 3 1 1 2 /2 4 2 6 5 0

In SEM terminology, a model with zero degrees of freedom is referred to as saturated. The resulting x2 goodness
of fit statistic also is zero. Just-identified models do not test a theory, because their fit is determined by the circumstance. As a result, they are not of interest to researchers testing theories. Figure 10.3 illustrates the logic of both
underidentified and just-identified single construct models. As noted in the figure, the number of unique variances/
covariances is either exceeded by the number of estimated parameters (i.e., underidentified model) or equal to the
number of estimated parameters (i.e., just-identified model).
oVeRiDentiFieD Overidentified models have more unique covariance and variance terms than parameters to be estimated. Thus, for any overidentified measurement model, a solution can be found with positive degrees of freedom and a useful chi-square goodness-of-fit value. A four-item, unidimensional measurement model produces
an overidentified construct for which a fit value can be computed [19]. Increasing the number of measured items
only strengthens the overidentified condition. Thus, the ideal objective when applying CFA and SEM is to model
overidentified constructs within an overidentified measurement model.
Figure 10.4 illustrates an overidentification situation depicting a CFA testing a unidimensional Empowerment
construct measured using the following four items: (1) This organization allows me to do things I find personally
satisfying, (2) This organization provides an opportunity for me to excel in my job, (3) I am encouraged to make
suggestions about how this organization can be more effective, and (4) This organization encourages people to
solve problems by themselves. The items 1 X1–X4 2 indicate how much employees perceive they are empowered on
their job.
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A SEM program was used to calculate the results. The sample size was 800 respondents. By counting the
number of items in the covariance matrix, we can see that there are a total of 10 unique covariance matrix values
1 1@2 1 4 3 5 2 5 10 2 . We can also count the number of measurement parameters that are free to be estimated. There
are four loading estimates 1 Lx1, Lx2, Lx3, Lx4 2 and four error variances 1 e1, e2, e3, e4 2 , for a total of eight. Thus, the
resulting model has two degrees of freedom 1 10 2 8 2 . The overidentified model produces a x2 5 14.9, with two
degrees of freedom.
But consider what would happen if only the first three items were used to measure Empowerment. There
would be only six items in the covariance matrix, and exactly six item parameters to be estimated (three loadings
and three error variances). The model would be just-identified. Finally, if only two items—X1 and X2—were
used (as in Figure 10.3), four parameter estimates (two loadings and two error variances) would be needed, but
there would be only three items in the covariance matrix. Therefore, the construct would be underidentified.
Note that even though a unidimensional two-item construct CFA is underidentified on its own, if it is integrated
into a CFA model with other constructs the overall model may be overidentified. The same identification rules
still apply to the overall model as described earlier. However, the extra degrees of freedom from some of the other
constructs can provide the necessary degrees of freedom to identify the overall model.
Does this mean the researcher should not worry about the identification of individual constructs, only the overall
model? The answer is NO! Even though the overall model is identified, this does not mean the underlying problems
with two-item and single-item measures disappear completely when we integrate them into a larger model. Strictly
speaking, unidimensionality of constructs with fewer than four item indicators cannot be determined separately [1].
The dimensionality of any construct with only one or two items can only be established relative to other constructs.
Constructs measured with one or two items also increase the likelihood of problems with interpretational confounding [10]. One and two-item measures are more likely to lead to statistical problems, including problems with convergence (identifying an appropriate mathematical solution).
In summary, when specifying the number of indicators per latent construct, the following is recommended:
●
●
●

Use at least four indicators whenever possible.
Having three indicators per construct is acceptable, particularly when other constructs have more than three.
Constructs with fewer than three indicators should be avoided or if used, constrained to identify.

The exception to using multiple items to represent a construct comes when concepts can
be adequately represented with a single item. Some concepts are very simple and lack the nuance and complexity that
accompanies most psychological constructs. In other words, if there is little argument over the meaning of a term
and that term is distinct and very easily understood, a single item can be sufficient. In marketing, some behavioral
outcomes, such as sales, can be captured with a single item. The amount of sales is not really a latent concept. Sales
is an observed variable. Other behaviors are directly observable (purchase/no purchase, fail/succeed, etc.). Some
would argue that the concept of liking (How much do you like this store?) is a very simple and easily understood
concept that does not require multiple items [7]. Although single items can adequately represent some phenomena, operationally, they are difficult to validate. When in doubt, and when multiple items are truly available, using
multiple items is the safest approach. We will also address how to operationalize a single item measure in a SEM
model in Chapter 11.

Single-Item Constructs

ReFLectiVe VeRSUS FoRMAtiVe MeASUReMent
The issue of causality is an important consideration in measurement theory. Behavioral researchers typically study
latent factors, in which the causal direction is from the factor to the measured variables. At times, however, the
causality may be reversed. The contrasting direction of causality leads to different measurement approaches—
reflective versus formative measurement models. Until now, our discussion of CFA assumed a reflective measurement theory. A reflective measurement theory is based on the idea that latent constructs cause the measured
variables and that the error results in an inability to fully explain these measured variables. Thus, the arrows are
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drawn from latent constructs to measured variables. As such, reflective measures are consistent with classical test
theory, the psychometric basis for measurement [24].
In our earlier example of employee job satisfaction, the construct Job Search is believed to cause specific measured
indicators, such as how often you search for another job, telling friends about looking for another job, and your
frequency of looking at job listings on the web.
In contrast, a formative measurement theory assumes that measured variables cause, or actually form, a scale.
The error in formative measurement models, therefore, is an inability of the measured variables to fully capture the
variance in a scale. A key assumption is that formative factors are not latent. Instead, they are better viewed as indices
where each indicator is a cause of the index score. A typical example would be a social class index [12]. Social class
often is viewed as a composite of one’s educational level, occupational prestige, and income (or sometimes wealth).
Social class does not cause these indicators, as in the reflective case. Rather, each formative indicator is considered
a cause of the index. With the measures, the researcher forms a composite score for an observation’s social class. In
contrast, one could measure social class with a series of items asking a respondent how he/she perceives her social
class (e.g., “I fit well into upper-middle class society,” etc.). Such an approach would represent reflective measurement.
In fact, one could think of ways to represent some concepts like social class with either reflective or formative
measurement.
Formative measures have become trendy in recent years, but they should be approached with a degree of caution.
Besides issues related to specification in a SEM model (which are quite different than reflective constructs), formative
measures have unique qualities in terms of their conceptual and practical meaning. For example, construct validity
must be measured differently with formative measures. Thus, the traditional psychometric methods for measurement
validation do not apply to formative measures [29]. Formative measurement is distinctly different from psychometric
measurement [20]:
1 For formative measures, correlation among the indicators is not desireable since each indicator should have an
independent effect.
2 High reliability or high AVE would provide evidence that a formative scale lacks validity.
3 For formative measures, one needs the complete set of variables that may form a factor. But in reflective
measurement, the measured items are correlated so each item is viewed as interchangeable and thus
representative of the factor. Omission of a variable in formative measurement means the index is
improperly formed.

Rules of thumb 10-3
Developing the overall Measurement Model
●

●

●

●

In standard CFA applications testing a measurement theory, within and between error covariance terms should be
fixed at zero and not estimated.
In standard CFA applications testing a measurement theory, all measured variables should be free to load only on
one construct.
Latent constructs should be indicated by at least three measured variables, and preferably four or more; in other
words, latent factors should be statistically identified.
Formative scale are not latent and are not validated in the same manner as conventional reflective scale.
They present greater difficulties with statistical identification but can be included in identified models provided
other multiple-item, reflective concepts are included.
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Stage 3: Designing a Study to Produce empirical Results
The third stage involves designing a study that will produce confirmatory results. In other words, the researcher’s
measurement theory will be tested. Here, all the standard rules and procedures that produce valid descriptive research
apply [17]. If all goes well with the measurement model (CFA), the same sample is used to test the structural model
(SEM). We should note that the initial data analysis procedures described in Chapter 2 should first be performed
to identify any problems in the data including respondent error. After conducting these preliminary analyses, the
researcher must make some key decisions on designing the CFA model.
MeASUReMent ScALeS in cFA
CFA models typically contain reflective indicators measured with an ordinal or better measurement scale. Indicators
with ordinal responses of at least four categories can be treated as interval, or at least as if the variables are continuous,
but should be interpreted accordingly. All the indicators for a construct are not required to be of the same scale type,
and different scale values do not have to be normalized (mathematically transformed to a common scale range) prior
to using SEM. Normalization, including recoding of oppositely worded items, can make interpreting coefficients and
response values easier, so it is generally done prior to estimating the model. Thus, there are few restrictions on the type
of data that can be used in SEM analyses, making typical survey research data suitable for a CFA model using SEM.
To illustrate the possibilities of using different scales when applying CFA, let us consider the job satisfaction example
introduced earlier. The Job Satisfaction measure consists of four indicator variables. Each indicator variable could be
measured with a different number of potential scale values (7 points, 10 points, 100 points, etc.). Although the researcher
could transform the number of scale points to a common scale before estimating the model (e.g., all 7 points), it is not
necessary to do so. CFA is capable of analyzing multiple indicator variables using a different number of scale points.
SeM AnD SAMPLinG
Issues related to sample size and SEM in general were addressed in Chapter 9. But many times CFA requires the
use of multiple samples, particularly when the measurement model includes new scales. An initial sample can be
examined with EFA and the results used for further purification. Then an additional sample(s) should be drawn to
perform the CFA. Even after CFA results are obtained, however, evidence of model stability and generalizability can
only come from performing the analysis on additional samples and contexts.
SPeciFYinG tHe MoDeL
CFA, not EFA, should be used to test the measurement model. As noted earlier, a critical distinction between CFA and
EFA is the ability of the researcher to use CFA to perform a test of the measurement theory by specifying theoretically
supported correspondence rules between indicators and constructs. EFA provides insight into the structure of the
items and may be helpful in proposing the measurement model, but it does not test a theory. As we have discussed,
in CFA the researcher specifies (fixes or frees for estimation) the indicators associated with each construct and the
correlations between constructs. In addition, the researcher does not specify cross loadings, which fixes the loadings
at zero.
One unique feature in specifying the indicators for each construct is the process of “setting the scale” of a latent
factor. Because it is unobserved, a latent construct has no metric scale, meaning no range of values. This must be
done for both exogenous and endogenous constructs in one of two ways:
●

●

Fix one of the factor loadings on each construct to a specific value (1 is typically used although any value could
be inserted), or
Fix the value of the variance of the construct (again 1 is a good value to use).

Most SEM software today will insert “1s” in appropriate places to set a scale for the latent constructs. For example, the AMOS software automatically fixes, or constrains, one of the factor loading estimates to 1. However, the
researcher should get in the habit of making sure that the appropriate values are fixed. As one works with models,
variables with fixed values can get changed or deleted, leading to constructs without the proper constraints needed
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to set a scale. Likewise, the researcher should check that multiple values are not constrained to 1, as the effect would
be to constrain the two to be equal in addition to setting a scale.
“Setting the scale” of a construct by fixing a loading to “1” does not imply perfect association. In earlier examples,
we had discussed that there were two estimated parameters for each item—the loading and the error term. If you
fix one of the factor loadings on a construct to 1, the error variance can still be estimated by setting it to free rather
than fixed. A non-zero estimate for the error variance suggests the relationship is not perfect. If you fix the variance
of a construct instead, then a loading and error variance is estimated for each item. So, in total, you still have free
parameters equal to two parameters per item.
The researcher may also wish to place additional constraints on a CFA model. For instance, it is sometimes useful
to set two or more parameters as equal or to set a specific parameter to a specific value. Information about imposing
additional constraints can be found in the documentation for the SEM program of choice. We will discuss some
procedures (e.g., testing for measurement invariance in Chapter 12) that employ these types of constraints on the
estimated parameters.

iSSUeS in iDentiFicAtion
Once the measurement model is specified, the researcher must revisit the issues relating to identification. Although
in the earlier discussion we were concerned about the identification of constructs, here we are concerned about the
overall model. As before, overidentification is the desired state for CFA and SEM models in general. Even though
comparing the degrees of freedom to the number of parameters to be estimated seems simple, in practice, establishing
the identification of a model can sometimes be frustrating. This complexity is partly due to the fact that a wide variety of problems and data idiosyncrasies can manifest themselves in a lack of convergence or a lack of identification.
During the estimation process, the most likely cause of a model not converging (or completing the estimation
process) or producing meaningless results is a problem with statistical identification. As SEM models become more
complex, however, ensuring that a model is identified can be problematic [9]. Once the problem is diagnosed, remedies must still be applied.
Avoiding Identification Problems Several guidelines help one determine the identification status of a SEM model
[26] and assist the researcher in avoiding identification problems. The order and rank conditions for identification
are the two most basic rules [8]. Mathematical identification problems can be avoided by following some basic rules
in construct specification.

The order and rank conditions are the required mathematical properties for
identification. The order condition refers to the requirement discussed earlier that the degrees of freedom for a model
be greater than zero. That is, the number of unique covariance and variance terms less the number of free parameter
estimates must be positive. The degrees of freedom for the overall model are always provided in the program output.
In contrast, the rank condition can be difficult to verify, and a detailed discussion would require a working knowledge
of linear algebra. In general terms, it is the requirement that each parameter be estimated by a unique relationship (equation). As such, diagnosing a violation of the rank condition can be quite difficult. This is a problem encountered more
often in the structural model relationships, particularly when non-recursive, or “feedback,” relationships are specified.
But in CFA models, it can still occur in the presence of cross-loading of items and/or in correlated error terms. Although
we discouraged the use of either cross-loadings or correlated errors on the basis of construct validity concerns, if they
are used the researcher should be aware that identification problems may result.

MeetinG tHe oRDeR AnD RAnK conDitionS

Given the difficulty in establishing the rank condition, researchers turn to more general
guidelines. These guidelines include the three-indicator rule. It is satisfied when all factors in a congeneric model
have at least three indicators. A two-indicator rule also states that a congeneric factor model with two items per
factor can be identified by adding constraints such as specifying both loadings to be equal. Single-item factors

Three-Indicator Rule
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also cause problems with identification. One-indicator constructs should be constrained rather than estimated to
minimize problems with a lack of identification. That means fixing the loading and the error-variance term. Any
under-identified factor can introduce statistical problems.
Recognizing Identification Problems Although identification issues underlie many estimation problems faced in
SEM modeling, there are few certain indicators of the existence and source of identification problems. At times, the
software programs provide an incomplete, and a potentially unreliable, solution even in the presence of identification issues. Therefore, researchers must consider a wide range of symptoms to assist in recognizing identification
problems. Error warnings or messages sometimes suggest that a single parameter is not identified. Although the
researcher can attempt to solve the problem by deleting the offending variable, many times this does not address the
underlying mathematical cause, and the problem persists. SEM programs provide minimal diagnostic measures for
identification problems. Thus, researchers must typically rely on other means of recognizing identification problems
by the symptoms described in the following list:
●
●

●

An inability of the program to invert the information matrix (no solution can be found).
Wildly unreasonable or impossible estimates, such as negative error variances or very large parameter estimates,
including standardized factor loadings and correlations among constructs outside the range of 11.0 to 21.0.
Models that result in unstable parameter estimates in the presence of small changes suggest problematic data,
potentially arising from identification issues. When questions about the identification of any single parameter
occur, a second test can be performed. You first estimate a CFA model and obtain the parameter estimate. Next,
fix the coefficient to its estimated value and rerun the model. If the overall fit results, including other parameter
estimates, vary substantially, identification problems could exist.

As you can see, identification problems can be manifested in SEM results in many different ways. The researcher
should never rely only on the software to recognize identification problems, but must also diligently examine the
results to ensure that no data problems exist.
Sources and Remedies of Identification Problems Does the presence of identification problems mean your model
is invalid? Although some models may need respecification, many times identification issues arise from common
mistakes in specifying the model and the input data. In the discussion that follows, we will not only discuss the typical
types of sources for identification problems, but also offer suggestions for dealing with the problems where possible.
Some of the most common issues leading to problems with identification include the following.

Common mistakes often occur in specifying the measurement model relationships that cause to problems in estimating a valid solution. For instance, the researcher can make mistakes such
as (1) not linking an item to any construct, (2) linking an indicator to two or more constructs, (3) assigning an
indicator twice in the same model, or (4) not creating and linking an error term for each indicator. Although these
mistakes seem obvious, as models get complicated, even experienced users may not avoid such problems on initial
runs. Something as simple as listing a variable twice in the SELECT command in LISREL syntax creates linear
dependence and makes a valid mathematical solution impossible. Even in programs such as AMOS, overlooking a
loading between indicator and construct or an error term is quite easy in a complicated model. We encourage the
researcher to carefully examine the model specification if identification problems are indicated and to be aware of
issues such as how many degrees of freedom a model should produce as signs that indicate a specification that is
true and free of setup errors.

incoRRect inDicAtoR SPeciFicAtion

A second common mistake that creates identification problems is not “setting
the scale” of each construct. As discussed earlier, each construct must have one value specified (either a loading of
an indicator or the construct variance). Failure to do this for any construct will create a problem, and the model will
not estimate. This type of problem occurs in initially specifying the model, but also in model respecification, when
indicators may be eliminated from the model. If an indicator with the fixed loading is deleted for some reason, then

“SettinG tHe ScALe” oF A conStRUct
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another indicator must be fixed. Even in AMOS, which will automatically fix one loading to 1.0 in the initial specification, it does not automatically fix another if that indicator is eliminated from the model at a later stage.
This problem is likely accompanied by a violation of the three-indicator rule. Small
sample size increases the likelihood of problems in this situation. The simplest solution is to avoid this situation by
including enough measures to avoid violating these rules. If this is not possible, the researcher can try to add some
constraints that will free up degrees of freedom [18]. One possible solution is imposing tau equivalence assumptions,
which require all factor loadings on a particular factor to be equal. Tau equivalence can be done for one or more
factors. A second solution is to fix the error variances to a known or specified value. Third, the correlations between
constructs can be fixed if some theoretical value can be assigned. The researcher should remember that each of these
solutions, however, has implications for the construct validity of the constructs involved and should be undertaken
with great care and an understanding of their impact on the constructs.
Identification problems must be solved before the results can be trusted. Although careful model specification
using the guidelines discussed earlier can help avoid many of these problems, researchers must always be vigilant in
scrutinizing the results to recognize identification problems wherever they occur.

too FeW DeGReeS oF FReeDoM

PRoBLeMS in eStiMAtion
Like other multivariate techniques, the SEM user needs to be wary of results that seem implausible. Just like in regression
analysis, for example, one might encounter a standardized coefficient suggesting greater than 100 percent explained
variance. We will discuss the two most common types of estimation problems as well as potential causes and solutions.
The most basic estimation problem with SEM results is when correlation estimates (i.e., standardized estimates) between constructs exceed 0 1.0 0 or standardized path coefficients exceed 0 1.0 0 .
These estimates are theoretically impossible, and many times identification problems are the cause. But they also
may occur from data issues (e.g., highly correlated constructs) or even poorly specified constructs (e.g., extremely
low reliability or other issues in construct validity).

Illogical Standardized Parameters

Heywood Cases A SEM solution that produces an error variance estimate of less than zero (a negative error variance)

is termed a Heywood case. Such a result is logically impossible because it implies a less than 0 percent error variance in
an item, and by inference it implies that more than 100 percent of the variance in an item or a construct is explained.
Heywood cases are particularly problematic in CFA models with small samples or when the at least three-indicator
rule is not followed [22]. Models with sample size of at least 100 that adhere to the three-indicator rule rarely produce
Heywood cases. Even when a Heywood case(s) is present, the SEM program may produce a solution; that solution
may be one in which the model did not fully converge. This is usually accompanied by a warning or error message
indicating that an error variance estimate is not identified and cautioning that the solution may not be reliable.
Several options are possible when Heywood cases arise. The first solution should be to ensure construct validity.
This may involve the elimination of an offending item, but the researcher may be limited if this creates a violation of
the three-indicator rule. An alternative is to try and add more items if possible or assume tau equivalence (all loadings in that construct are equal). Each of these is preferable to the “last resort” solution, which is to fix the offending
estimate to a very small value, such as .005 [13]. Although this value may identify the parameter, it can lead to lower
fit, because the value is not likely to be the true sample value. It also means that the underlying cause is not remedied
in the model specification, but must be addressed in an “ad hoc” fashion.

Stage 4: Assessing Measurement Model Validity
Once the measurement model is correctly specified, a corresponding SEM model is estimated to provide empirical
assessment of the accuracy of the measurement theory. The results enable us to compare the theory against reality
as represented by the sample data. In other words, we see how well the measurement theory fits the data.
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Rules of thumb 10-4
Designing a Study to Provide empirical Results
●

●

●

●

●

The scale of a latent construct can be set by either:
●

Fixing one loading and setting its value to 1, or

●

Fixing the construct variance and setting its value to 1.

Congeneric, reflective measurement models, in which all constructs have at least three item indicators, are statistically identified both within constructs and for the model overall.
The researcher should check for errors in the specification of the measurement model when identification problems
are indicated.
Models with sufficient sample size that adhere to the three indicator rule generally do not produce
Heywood cases.
When factors are included with less than three indicators, the values of loadings may need to be constrained to
produce a mathematically identified and stable solution.

ASSeSSinG Fit
Fit was discussed in detail in Chapter 9. Recall that reality is represented by a covariance matrix of measured items
(S), and the theory is represented by the proposed measurement model structure. Equations are implied by the
model, as discussed earlier in this chapter and in Chapter 9. The equations enable us to estimate reality by computing
an estimated covariance matrix based on our theory (Σk). Fit compares the two covariance matrices.
Guidelines for good fit provided in Chapter 9 apply. Here the researcher attempts to examine all aspects of
construct validity through various empirical measures. The result is that CFA enables us to test the validity of a theoretical measurement model. CFA is quite different from EFA, which explores data to identify potential constructs.
Many researchers conduct EFA on one or more separate samples before reaching the point of trying to confirm a
model. EFA is an appropriate tool for identifying factors among multiple variables. As such, EFA results can be useful
in helping to develop theory that will lead to a proposed measurement model. After a researcher builds confidence
in a measurement model, CFA enters the picture.
PAtH eStiMAteS
One of the most fundamental assessments of construct validity involves the measurement relationships between
items and constructs (i.e., the path estimates linking constructs to indicator variables). When testing a measurement
model, the researcher should expect to find relatively high loadings. After all, once CFA is used a good conceptual
understanding of the constructs and its items should exist. This knowledge, along with preliminary empirical results
from exploratory studies, should provide these expectations.
Size of Path Estimates and Statistical Significance In Chapter 9, we provided rules of thumb suggesting that
standardized indicator loadings should be at least .5 and ideally .7 or higher. Loadings of this size or larger confirm
that the indicators are strongly related to their associated constructs and are one indication of construct validity.
Note that these guidelines apply to the standardized loadings estimates, which remove effects due to the scale of the
measures, much like the differences between correlation and covariance. Thus, the researcher must be certain that
they are included in the output. The default output often displays the unstandardized maximum likelihood estimates,
which are more difficult to interpret with respect to these guidelines.
Researchers should also assess the statistical significance of each estimated (free) coefficient. Nonsignificant
estimates suggest that an item should be dropped. Conversely, a significant loading alone does not indicate an item
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is performing adequately. A loading can be significant at impressive levels (i.e., p , .01) but still be considerably
below 0 .5 0 . Low loadings suggest that a variable is a candidate for deletion from the model.
SEM output typically displays the squared multiple correlations for each measured variable. In a CFA model, this
value represents the extent to which a measured variable’s variance is explained by a latent factor. From a measurement perspective, it represents how well an item measures a construct. Squared multiple correlations are sometimes
referred to as item reliability, communality, or variance extracted (more discussion in following section on construct
validity). We do not provide specific rules for interpreting these values here, because in a congeneric measurement
model they are a function of the loading estimates. Recall that a congeneric model is one in which no measured
variable loads on more than one construct.
Loadings also should be examined for offending estimates as indications of overall problems. One often overlooked task is to make sure the loadings make sense. For instance, items with the same valence
(e.g., positive or negative wording) should produce the same sign. If an attitude scale consists of responses to four
items—good, likeable, unfavorable, bad—then two items should carry positive loadings and two should carry negative loadings (unless they have previously been recoded). If the signs of the loadings are not opposite, the researcher
should not have confidence in the results.
As discussed earlier, standardized loadings above 1.0 or below 21.0 are out of the feasible range and are an important indicator of a problem with the model. The reader can refer to the discussion of problems in parameter estimation
to examine what this situation may mean for the model overall. It is important to point out that the problem may not
reside solely in the variable with the out-of-range loading. So simply dropping this item may not provide the best
solution. To summarize, the loading estimates can suggest either dropping an individual item or that some offending
estimate indicates a larger overall problem.
Identifying Problems

conStRUct VALiDitY
Recall that in Chapter 3 validity was defined as the extent to which research is accurate, and the discussion centered
on validating summated scales. CFA eliminates the need to summate scales, because the SEM programs compute
latent construct scores for each respondent. This process enables relationships between constructs to be corrected
for the amount of error variance that exists in the construct measures.
One of the primary objectives of CFA/SEM is to assess the construct validity of a proposed measurement theory.
Construct validity is the extent to which a sets of measured items accurately reflect the theoretical latent constructs
they are designed to measure. Thus, construct validity deals with the accuracy of measurement. Evidence of construct
validity provides confidence that item measures taken from a sample represent the actual true score that exists in
the population. Poor fit to a measurement model with congeneric constraints would be prima facie evidence of a
lack of construct validity.
Once good fit is established (fit validity), four additional components of construct validity are evaluated. Each
component was introduced in Chapter 3. Here, we expand on those ideas and discuss them in terms more appropriate
for CFA. Note that the comments in the following sections are associated with reflective measurement models, and
that formatively measured constructs are evaluated using different criteria.
Convergent Validity The items that are indicators of a specific construct should converge or share a high proportion

of variance in common, known as convergent validity. Several ways are available to estimate the relative amount of
convergent validity among item measures.
The size of the factor loading is one important consideration. In the case of high convergent
validity, high loadings on a factor would indicate that they converge on a common point, the latent construct. At a
minimum, all factor loadings should be statistically significant [1]. Because a statistically significant loading could
still be very weak in strength, particularly with large samples, a good rule of thumb is that standardized loading

Factor Loadings
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estimates should be .5 or higher, and ideally .7 or higher. In most cases, researchers should interpret standardized
parameter estimates, because they are constrained to range between 21.0 and 11.0.
The rationale behind the rule of thumb for loading size can be understood in the context of an item’s communality
(see Chapter 3). The square of a standardized factor loading represents how much variation in an item is explained by the
latent factor and is termed the variance extracted of the item. Thus, a loading of .71 squared yields a communality of .5. In
short, the factor is explaining half the variation in the item with the other half being error variance. As loadings fall below
.7, they still are usually statistically significant, but more of the variance in the measure is error variance than explained
variance. Thus, factor loadings illustrate another case where statistical significance is not particularly meaningful.
With CFA, the average variance extracted (AVE) is calculated as the mean variance
extracted for the items loading on a construct and is a summary indicator of convergence [14]. This value can be
calculated using standardized loadings:

AVeRAGe VARiAnce extRActeD

n

AVE 5

2

a i51 Li
n

Li represents the completely standardized factor loading for the ith measured variable and n is the number of item
indicators for a construct. In words, AVE is computed as the total of all squared standardized factor loadings (squared
multiple correlations) divided by the number of items. (SEM programs offer several different types of standardization. Where we use the term standardized, we refer to completely standardized estimates unless otherwise noted.) In
other words, it is the average squared factor loading or average communality. Using this same logic, an AVE of .5 or
higher is a good rule of thumb suggesting adequate convergence. An AVE of less than .5 indicates that, on average,
more error remains in the items than variance held in common with the latent factor upon which they load. An AVE
measure should be computed for each latent construct in a measurement model. In Figure 10.1, an AVE estimate is
needed for both the Supervision and Work Environment constructs.
Reliability is also an indicator of convergent validity. Considerable debate centers around which of several
alternative reliability estimates is best [4]. Coefficient alpha remains a commonly applied estimate, although it may
understate reliability. Different reliability coefficients do not produce dramatically different reliability estimates, but a
slightly different construct reliability (CR) value is often used in conjunction with SEM models. It is computed from the
squared sum of factor loadings 1 Li 2 for each construct and the sum of the error variance terms for a construct 1 ei 2 as:

ReLiABiLitY
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High construct reliability indicates that internal consistency exists 1 $ 0 .7 0 2 , meaning that the measures all consistently represent the same latent construct.
Discriminant Validity Discriminant validity is the extent to which a construct or variable is truly distinct from other

constructs or variables. Thus, high discriminant validity provides evidence that a construct is unique and captures
some phenomena other measures do not. CFA provides two common ways of assessing discriminant validity.
First, the correlation between any two constructs can be specified (fixed) as equal to one. In essence, unity
correlation means the items making up two constructs could just as well make up only one construct. If the fit of
the two-construct model is significantly different from that of the one-construct model, then discriminant validity
is supported [1, 5]. The researcher could then test a model with the specification of all items for both constructs
on a single factor and compare its fit to the fit of the original two-factor model. If the model fits were significantly

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 10 SEM: Confirmatory Factor Analysis

677

different, this would suggest that the eight items better represent two separate constructs. In practice, however, this
test does not provide strict evidence of discriminant validity, because high correlations, sometimes as high as .9, can
still produce significant differences in fit between the two models.
A more rigorous test is to compare the average variance-extracted values for any two constructs with the square of
the correlation estimate between these two constructs [14]. The variance-extracted estimates should be greater than the
squared correlation estimate. The logic here is based on the idea that a latent construct should explain more of the variance in its item measures that it shares with another construct. Passing this test provides good evidence of discriminant
validity.
In addition to distinctiveness between constructs, discriminant validity also means that individual measured
items should represent only one latent construct. The presence of cross-loadings indicates a discriminant validity
problem. If high cross-loadings do indeed exist, and they are not represented by the measurement model, the CFA
fit should not be good.
Nomological Validity and Face Validity Constructs also should have face validity and nomological validity. The
processes for testing these properties are the same whether using CFA or EFA, so the reader is referred to Chapter
3 for more detailed clarification. Face validity must be established prior to any theoretical testing when using CFA.
Without an understanding of every item’s content or meaning, it is impossible to express and correctly specify a
measurement theory. Thus, in a very real way, face validity is the most important validity test. Nomological validity
is then tested by examining whether the correlations among the constructs in a measurement theory make sense.
The matrix of construct correlations can be useful in this assessment.
Researchers often test a measurement theory using constructs measured by multi-item scales developed in previous
research. For instance, if HBAT wished to measure customer satisfaction with their services, it could do so by evaluating and selecting one of several customer satisfaction scales in the marketing literature. Handbooks exist in many
social science disciplines that catalog multi-item scales [6, 28]. Similarly, if HBAT wanted to examine the relationship
between cognitive dissonance and customer satisfaction, a previously applied cognitive dissonance scale could be used.
Any time previously used scales are in the same model, even if they have been applied successfully with adequate
reliability and validity in other research, the psychometrician should pay careful attention that the item content of
the scales does not overlap. In other words, when using borrowed scales, the researcher should still check for face
validity. It is quite possible that when two borrowed scales are used together in a single measurement model, face
validity issues become apparent that were not seen when the scales were used individually.

MoDeL DiAGnoSticS
CFA’s goal is to obtain an answer as to whether a given theoretical measurement model is valid. But the process of
testing using CFA provides additional diagnostic information that may suggest modifications for either addressing
unresolved problems or improving the model’s validity.
When the researcher respecifies a model after the initial test, he/she is admitting to flaws in the original model.
If the modifications are minor, then the theoretical integrity of a measurement model may not be severely damaged,
and the research can proceed using the prescribed model and data after making suggested changes. If the modifications are more than minor, then the researcher must be willing to modify the measurement theory, which will result
in a new measurement model and potentially require a new sample. Given the strong theoretical basis for CFA, the
researcher should avoid making changes based solely on empirical criteria, such as the diagnostics provided by CFA.
Moreover, other concerns should be considered before making any change, including the theoretical integrity of the
individual constructs and overall measurement model and the assumptions and guidelines that go along with good
practice, much of which have already been discussed.
What diagnostic cues are provided when using CFA? They include fit indices such as those discussed and analyses
of residuals as well as some specific diagnostic information provided in most CFA output. Many diagnostic cues are
provided, and we focus here on those that are both useful and easy to apply. Some areas that can be used to identify
problems with measures are standardized residuals, modification indices, and specification search.
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Standardized Residuals The standard output produced by most SEM programs includes residuals. Residuals
are the individual differences between observed covariance terms and the fitted (estimated) covariance terms. The
better the fit, the smaller are the residuals. Thus, a residual term is associated with every unique value in the observed
covariance matrix. The standardized residuals are simply the raw residuals divided by the standard error of the
residual. They are not dependent on the actual measurement scale range, which makes them useful in diagnosing
problems with a measurement model.
Residuals can be either positive or negative, depending on whether the estimated covariance is under or over the
corresponding observed covariance. Researchers can use these values to identify item pairs for which the specified
measurement model does not accurately predict the observed covariance between those two items. Typically, standardized residuals less than 0 2.5 0 do not suggest a problem in a model of moderate or high complexity. Conversely,
residuals greater than 0 4.0 0 can raise a red flag and indicate a potentially unacceptable degree of error. We may
accept and even expect one or two large residuals in complex models (.30 indicators). More than any individual
residual though, what is of concern is a consistent pattern of large standardized residuals associated either with a
single variable and a number of other variables or residuals for several of the variables within a construct. Either
occurrence suggests problems. The most likely, but not automatic, response is dropping one of the items associated
with a residual greater than 0 4.0 0 . Standardized residuals between 0 2.5 0 and 0 4.0 0 deserve some attention, but may not
suggest any changes to the model if no other problems are associated with those two items.

Typical SEM output also provides modification indices. A modification index is calculated for every possible relationship that is not estimated in a model. For example, in Figure 10.1 variable X1
has a loading on the Supervision construct, but not on the Work Environment construct. That is, the loading of
X1 on the Work Environment construct is fixed at zero. There would then be a modification index value for the
possible loading of X1 on the other construct. The modification index value would show how much the overall
model x2 value would be reduced by also estimating a loading for X1 to the Work Environment construct. Likewise, there would be modification indices calculated for the remainder of the items that loaded on Supervision
and not Work Environment, as well as vice versa (those items that loaded on Work Environment and not on
Supervision).
Modification indices of approximately 4.0 or greater suggest that the fit could be improved significantly by freeing the corresponding path to be estimated. But making model changes based solely on modification indices is not
recommended. Doing so would be inconsistent with the theoretical basis of CFA and SEM in general. Modifications
do provide important diagnostic information about the potential cross-loadings that could exist if specified. As
such, they assist the researcher in assessing the extent of model misspecification without estimating a large number
of new models. This is an important tool for identifying problematic indicator variables if they exhibit the potential
for cross-loadings. Modification indices are estimated for all non-estimated parameters, so they are also generally
provided for diagnosing error term correlations and also correlational relationships between constructs that may not
be initially specified in the CFA model. Researchers should consult other residual diagnostics for a change suggested
by a modification index and then take appropriate action, if justified by theory.
Modification Indices

A specification search is an empirical trial-and-error approach that uses model diagnostics to suggest changes in the model. In fact, when we make changes based on any diagnostic indicator, we are
performing a type of specification search [27]. SEM programs such as AMOS and LISREL can perform specification
searches automatically. These searches identify the set of “new” relationships that best improve the overall model fit.
This process is based on freeing fixed (non-estimated) relationships with the largest modification index. Specification
searches are fairly easy to implement.
Although it may be tempting to rely largely on specification searches as a way of finding a model with a good fit,
this approach is not recommended [21]. The biggest problem is its inconsistency with the intended purpose and
use of procedures such as CFA. Namely, CFA tests theory and is generally applied in a confirmatory approach, not

Specification Searches
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as an exploratory tool. Second, the results for one parameter depend on the results of estimating other parameters,
which makes it difficult to be certain that the true problem with a model is isolated in the variables suggested by a
modification index. Third, empirical research using simulated data has shown that mechanical specification searches
are unreliable in identifying a true model and thus can provide misleading results. Therefore, CFA specification
searches should involve identifying only a small number of major problems. A researcher in exploratory mode can
use specification searches to identify a plausible measurement theory. But new construct structures suggested by
specification searches must be confirmed using a new dataset.
Caveats in Model Respecification What types of modifications are more than minor? The answer to this question

is not simple or clear-cut. If model diagnostics indicate the existence of some new factor not suggested by the original measurement theory, verifying such a change would require a new dataset. When more than 20 percent of the
measured variables are dropped or changed with respect to the factor they indicate, then a new dataset should be
used for further verification. In contrast, dropping one or two items from a large battery of items is less consequential,
and the confirmatory test may not be jeopardized.
Because CFA tests a measurement theory, changes to the model should be made only after careful consideration.
The most common change would be the deletion of an item that does not perform well with respect to model
integrity, model fit, or construct validity. At times, however, an item may be retained even if diagnostic information
suggests that it is problematic. For instance, consider an item with high content validity (e.g., “I was very satisfied,”
in a satisfaction scale) within an overall CFA model with good overall fit and strong evidence for construct validity.
Dropping may improve empirical performance at the expense of potentially changing the meaning of the scale. In
sum, a poorly performing item may be retained at times to satisfy statistical identification requirements, to meet the
minimal number of items per factor, or based on face validity considerations. In the end, however, theory should
always be prominently considered in making model modifications.

Rules of thumb 10-5
Assessing the Measurement Model Validity
●

●

●
●

●

●
●

●

●
●

Loading estimates can be statistically significant but still be too low to qualify as a good item (standardized loadings
below 0 .5 0 ); in CFA, items with low loadings become candidates for deletion.
Completely standardized loadings above 1.0 or below 21.0 are out of the possible range and can be an important
indicator of some problem with the data.
Typically, standardized residuals less than 0 2.5 0 do not suggest a problem.
Standardized residuals greater than 0 4.0 0 indicate a potentially unacceptable degree of error that may call for the
deletion of an offending item.
Standardized residuals between 0 2.5 0 and 0 4.0 0 deserve some attention, but may not suggest any changes to the
model if no other problems are associated with those two items.
Patterns of relatively high residuals suggest that something is missing from the model, such as another factor.
The researcher should use the modification indices as a guideline for model improvements of those relationships that
can theoretically be justified.
Specification searches based on purely empirical grounds are discouraged because they are inconsistent with the
theoretical basis of CFA and SEM.
CFA is not an exploratory tool.
CFA results suggesting more than minor modification should be re-evaluated with a new dataset (e.g., if more than
20 percent of the measured variables are deleted, then the modifications cannot be considered minor).
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table 10.1
Model Fit Measures, Loadings, Standardized Residuals, and Modification indices in cFA
overall Model Fit Measures
χ2 = 68.0 with 26 degrees of freedom (p = .000013)

Fit Indices

CFI = .99
RMSEA = .04
Standardized Loadings (AMOS = Regression Weights)
EMPOWERMENT

JOB SATISFACTION

0.78

X1

New Construct Job Satisfaction has five
indicator variables.

—

X2

0.89

—

X3

0.83

—

X4

0.87

—

X5

—

0.58

X6

—

0.71

X7

—

0.69

X8

—

0.52

X9

—

0.46

Largest Negative Standardized Residuals

Largest Positive Standardized Residuals

RESIDUAL

FOR

X3

AND

X1

23.12

RESIDUAL

FOR

X2

AND

X1

3.05

RESIDUAL

FOR

X4

AND

X2

23.04

RESIDUAL

FOR

X4

AND

X3

3.90

RESIDUAL

FOR

X6

AND

X4

22.70

RESIDUAL

FOR

X5

AND

X1

3.08

RESIDUAL

FOR

X9

AND

X5

23.76

RESIDUAL

FOR

X5

AND

X2

2.72

Modification Indices for Cross-Loading Estimates
EMPOWERMENT

JOB SATISFACTION

X1

—

0.00

X2

—

5.04

X3

—

0.01
5.29

X4

—

X5

4.09

—

X6

2.72

—

X7

0.04

—

X8

2.30

—

X9

2.06

—

Modification indices for each
cross-loading not estimated above.

Modification indices for each
possible error term correlation.

Modification Indices for Error Term Estimates
X1

X2

X3

X4

X5

X6

X1

—

X2

9.30

—

X3

9.72

0.90

—

X4

0.01

9.26

15.17

—

X5

10.04

2.40

2.62

1.86

—

X6

0.28

0.00

1.40

2.73

0.86

—

X7

2.04

0.09

0.17

0.28

0.16

0.07

X8

0.00

0.84

3.82

0.06

6.62

0.26

X9

0.78

0.08

2.14

0.00

14.15

4.98
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SUMMARY exAMPLe
We will now illustrate not only how to assess the overall model fit of a CFA model, but also the use of several diagnostic
measures. The measures will include standardized loadings, standardized residuals and modification indices. Table
10.1 shows selected output from testing a CFA model that extends the model shown in Figure 10.4. Another construct,
Job Satisfaction (JS), has been added to the model. The two constructs represent employee Empowerment and Job
Satisfaction. The model fit as indicated by the CFI (.99) and RMSEA (.04) appears good. The model x2 is 68 with 26 df,
which is significant as to be expected given the large sample 1 N 5 800 2 . The fit compares favorably to the guidelines
in the previous chapter.
All loadings estimates are statistically significant. Given the sample size of 800, we can expect that all factor loading
estimates are statistically significant. But, statistical significance does not make the case for convergent validity. Three
Job Satisfaction loading estimates fall below the .7 cut-off and one falls below the less conservative .5 cut-off 1 X9 2 .
Thus, X9 becomes a prime candidate for deletion. The loadings for X5 and X8 are lower than preferred, but unless some
other evidence suggests they are problematic, they will likely be retained to support content validity. For all practical
purposes, X7’s loading is adequate given it is only .01 below .70. Rounded to one significant digit, it meets the .7 cut-off.
The next step is to calculate the construct reliabilities of both constructs. The reliability for Empowerment is .91,
whereas the reliability of Job Satisfaction is .73. Both exceed the suggested threshold of .70. In terms of discriminant
validity, we need to compare the AVEs for each construct with the square of the estimated correlation between these
constructs. The AVEs are .71 and .36 for Empowerment and Job Satisfaction, respectively. Note that Job Satisfaction’s
AVE falls below the suggested level of .50, another indicator of perhaps improvement of the construct by eliminating
an item. The correlation between constructs is .48, and its squared value is .23 Thus, discriminant validity of the two
constructs is supported because the AVE of both constructs is greater than the squared correlation between them.
In terms of other diagnostic measures, we next examine the standardized residuals. In the table, all standardized
residuals greater than 0 2.5 0 are shown. Two residuals approach but do not exceed 4.0. The largest, between X3 and
X4 (3.90), suggests that the covariance estimate between these indicator variables could be more accurate. In this
case, no change will be made based on the residual between X3 and X4, because the fit remains good despite the high
residual. Deleting either variable would leave fewer than four indicator variables for this construct. Also, freeing the
parameter representing the error covariance between these two would be inconsistent with the congeneric properties
of the measurement model. Thus, it appears “we can live with” this somewhat high residual for now. The second
highest residual is between X5 and X9 1 23.76 2 . It provides further evidence (in addition to the low standardized
loading) that X9 may need to be dropped.
Finally, we examine the modification index associated with each of the loadings of the indicators. As we see,
the values represent the cross-loadings of items if they were estimated. Here the information is consistent with that
obtained from the residuals, leading to much the same conclusion. First, none of the values among loadings are high
enough to indicate that a cross-loading is required. In looking at the modification indices for the error terms, we see
that the value for the covariance between X3 and X4 error terms is 15.17. Although we do not recommend adding this
relationship to the model, it does indicate a high degree of covariance between these two items that is not captured
by the construct. But given the high loading estimates for each, no change is made. Looking further, X9 and X5 yields
a high value of 14.15, just one more indication of a poorly performing item.
Given that there a high standardized residual associated with X9 1 23.76 2 , there is a high modification index
between X9 and X5 (14.15), and its loading is below .5, X9 thus becomes a candidate for deletion. The final decision
should be made based not only on model fit improvement, but the extent to which deleting X9 would diminish the
content validity of the construct. Overall, the results are not supportive of the Job Satisfaction scale.

cFA illustration
We now illustrate CFA using HBAT as an example. In this section, we apply the first four stages of the six-stage
process to a problem faced by management. We begin by briefly introducing the context for this new HBAT study.
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HBAT employs thousands of workers in different operations around the world. Like many firms, one of its biggest
management problems is attracting and keeping productive employees. The cost to replace and retrain employees
is high. Yet the average new person hired works for HBAT less than three years. In most jobs, the first year is not
productive, meaning the employee is not contributing as much as the costs associated with employing him/her.
After the first year, most employees become productive. HBAT management would like to understand the factors
that contribute to employee retention. A better understanding can be gained by learning how to measure the key
constructs. Thus, HBAT is interested in developing and testing a measurement model made up of constructs that
affect employees’ attitudes and behaviors about remaining with HBAT.
StAGe 1: DeFininG inDiViDUAL conStRUctS
With the general research question defined, the researcher now selects the specific constructs that represent the
theoretical framework to be tested and will be included in the analysis. The indicators used to operationalize the
constructs may come from prior research or be developed specifically for this project.
HBAT initiated a research project to study the employee turnover problem. Preliminary research discovered that
a large number of employees are exploring job options with the intention of leaving HBAT should an acceptable
offer be obtained from another firm. To conduct the study, HBAT hired consultants with a working knowledge of the
organizational behavior theory dealing with employee retention. Based on published literature and some preliminary
interviews with employees, a study was designed focusing on five key constructs. The consulting team and HBAT
management also agreed on construct definitions based on how they have been used in the past. The five constructs
along with a working definition are as follows:
●
●
●

●
●

Job Satisfaction (JS). Reactions resulting from an appraisal of one’s job situation.
Organizational Commitment (OC). The extent to which an employee identifies and feels part of HBAT.
Staying Intentions (SI). The extent to which an employee intends to continue working for HBAT and is not
participating in activities that make quitting more likely.
Environmental Perceptions (EP). Beliefs an employee has about day-to-day, physical working conditions.
Attitudes Toward Coworkers (AC). Attitudes an employee has toward the coworkers he/she interacts with on
a regular basis.

The consultants proposed a set of multiple-item reflective scales to measure each construct. Face validity appears
evident, and the conceptual definitions match well with the item wordings. Additionally, a pretest was performed
in which three independent judges matched items with the construct names. No judge had difficulty matching
items to constructs, providing further confidence the scales contain face validity. Having established face validity,
HBAT proceeded to finalize the scales. Scale purification based on item-total correlations and EFA results (as in
Chapter 3) from a pretest involving 100 HBAT employees resulted in the measures shown in Table 10.2. The job
satisfaction scale contains multiple measures each assessing the degree of satisfaction felt by respondents with a
different type of scale. The complete questionnaire is available online.
StAGe 2: DeVeLoPinG tHe oVeRALL MeASUReMent MoDeL
With the constructs specified, the researcher next must specify the measurement model to be tested. In doing so, not
only are relationships among constructs defined, but also the nature of each construct (reflective versus formative)
is specified.
A visual diagram depicting the measurement model is shown in Figure 10.5. The model displays 21
measured indicator variables and five latent constructs. Without a reason to think the constructs are independent, all constructs can correlate with all other constructs. All measured items can load on only one
construct each. Moreover, the error variance terms are not shown in the illustration, but the reader needs to
be fully aware that they exist and are not allowed to relate to any other measured variable or error variance.
In this way, the proposed measurement model is congeneric. Four constructs are indicated by four measured
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table 10.2 observed indicators Used in HBAt cFA of employee Behavior
item

Scale type

Description

construct

JS1

0–10 Likert Disagree–Agree

All things considered, I feel very satisfied when I think about my job.

JS

OC1

0–10 Likert Disagree–Agree

My work at HBAT gives me a sense of accomplishment.

OC

OC2

0–10 Likert Disagree–Agree

I am willing to put in a great deal of effort beyond that normally expected

OC

EP1

0–10 Likert Disagree–Agree

I am comfortable with my physical work environment at HBAT.

OC3

0–10 Likert Disagree–Agree

I have a sense of loyalty to HBAT.

OC

OC4

0–10 Likert Disagree–Agree

I am proud to tell others that I work for HBAT.

OC

EP2

0–10 Likert Disagree–Agree

The place I work in is designed to help me do my job better.

EP

EP3

0–10 Likert Disagree–Agree

There are few obstacles to make me less productive in my workplace.

EP

AC1

5-point Likert

How happy are you with the work of your coworkers?

AC

to help HBAT be successful.
EP

___ Not happy ___Somewhat happy ___ Happy ___ Very happy ___ Extremely happy

EP4

7-point Semantic Differential

What term best describes your work environment at HBAT?

JS2

7-point Semantic Differential

When you think of your job, how satisfied do you feel?

EP

Too hectic _________ Very soothing

JS

Not at all satisfied ____________________ Very much satisfied

JS3

7-point Semantic Differential

How satisfied are you with your current job at HBAT?

JS

Very unsatisfied ____________________ Very satisfied

AC2

7-point Semantic Differential

How do you feel about your coworkers?

AC

Very unfavorable ____________ Very favorable

SI1

5-point Likert Disagree–Agree

I am not actively searching for another job.

SI

Strongly disagree ____________ Strongly agree

JS4

5-point Likert

How satisfied are you with HBAT as an employer?

SI2

5-point Likert Disagree–Agree

I seldom look at the job listings on monster.com.

JS

___ Not at all ___ Little ___ Average ___ A lot ___ Very much

SI

Strongly disagree ____________ Strongly agree

JS5

Percent Satisfaction

Indicate your satisfaction with your current job at HBAT by

JS

placing a percentage in the blank, with 0% 5 Not satisfied at all,
and 100% 5 Highly satisfied. ________
AC3

5-point Likert

How often do you do things with your coworkers on your days off?___

AC

Never ___ Rarely ___ Occasionally ___ Often ___ Very often

SI3

5-point Likert Disagree–Agree

AC4

6-point Semantic Differential

I have no interest in searching for a job in the next year. Strongly

SI

disagree ____________ Strongly agree
Generally, how similar are your coworkers to you?

AC

Very different ____________ Very similar

SI4

5-point Likert

How likely is it that you will be working at HBAT one year from today?

SI

___Very unlikely ___ Unlikely ___ Somewhat likely ___ Likely ___ Very likely

items, and one (JS) is indicated by five measured items. Every individual construct is identified. The overall
model has more degrees of freedom than paths to be estimated. Therefore, in a manner consistent with the
rule of thumb recommending a minimum of three indicators per construct but encouraging at least four, the
order condition is satisfied. In other words, the model is overidentified. Given the number of indicators and
a sufficient sample size, no problems with the rank condition are expected either. Any such problems should
emerge during the analysis.
In the proposed model, all of the measures are hypothesized as reflective. That is, the direction of causality is
from the latent construct to the measured items. For instance, an employee’s desire to quit would tend to cause low
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Figure 10.5
Measurement theory Model (cFA) for HBAt employees
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scores on each of four indicators loading on the Staying Intentions (SI) construct. Each construct also has a series of
indicators that share a similar conceptual basis, and empirically they would tend to move together. That is, we would
expect that when one changes, systematic change will occur in the other.
StAGe 3: DeSiGninG A StUDY to PRoDUce eMPiRicAL ReSULtS
The next step requires that the study be designed and executed to collect data for testing the measurement model.
The researcher must consider issues such as sample size and model specification, particularly in establishing the
identification of the model.
HBAT next designed a study to test the measurement model. HBAT’s interest was among its hourly employees
and not its management team. Therefore, the HBAT personnel department supplied a random sample of 500
employees. The 500 represent employees from each of HBAT’s divisions, including their operations in the United
States, Europe, Asia, and Australia. Employees could respond to the questionnaires while they were at work and
return them anonymously. Four hundred completed responses were obtained on the scale items described in
Table 10.2. Several classification variables also were collected with the questionnaire. Initial screening showed no
problems with missing data. Only two responses included any missing data. In one case, an out-of-range response
was given, which is treated as a missing response. Using our rule of thumb from the previous chapter, the effective
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sample size using pairwise deletion (otherwise known as the all-available treatment) is 399, because it is the minimum number of observations for any observed covariance.
Depending on the software you use, different approaches are required at this point. Two of
the most popular software packages will be discussed, although many other software packages can be used to obtain
like results.
If you choose to use AMOS, then you begin by using the graphical interface to draw the model depicted in
Figure 10.5. Once the model is drawn, you can drag the measured variables into the model and run the software. In
contrast, if you choose to use LISREL, you can either use the drop-down menus to generate the syntax that matches
the measurement model, draw the measurement model using a path diagram, or write the appropriate code into a
syntax window. If either of the first two alternatives is chosen, LISREL can generate the program syntax automatically.

Specifying the Model

Identification Once the measurement model is specified, the researcher is ready to estimate the model. The SEM

software will provide a solution for the specified model if everything is properly specified. The default estimation
procedure is maximum likelihood, which will be used in this case because preliminary analysis with the data leads
HBAT to believe that the distributional properties of the data are acceptable for this approach. The researcher must
now choose the remaining options that are needed to properly analyze the results. A more complete discussion of
options is included online.
Table 10.3 shows an initial portion of an output from the CFA results for this model. The output provides an easy
way to quickly identify the parameters to be estimated and understand the degrees of freedom for the model. In this
case, 52 parameters are to be estimated. Of the 52 free parameters, 16 are factor loadings (a single loading estimate
per construct is fixed to 1 to set the scale), 15 represent factor variance and covariance terms, and 21 represent error
variance terms. The total number of unique variance and covariance terms equals the initial (premodel) degrees of
freedom 1 dfinitial 2 :
dfinitial 5

p1p 1 12
21 1 21 1 1 2
5
5 231
2
2

Because 231 is greater than 52, the model is identified with respect to the order condition. It includes more degrees
of freedom than free parameters. Every free parameter costs one df, so the net df for the model are:
df 5 dfinitial 2 # free parameters 5 231 2 52 5 179
No problems emerge with the rank condition for identification, because we have at least four indicators for each
construct. Furthermore, our sample size is sufficient, so we believe the model will converge and produce reliable
results. SEM users need to understand these basic principles to help avoid or spot potential identification problems.

StAGe 4: ASSeSSinG MeASUReMent MoDeL VALiDitY
We now examine the results of testing this measurement theory by comparing the theoretical measurement model
against reality, as represented by the sample covariance matrix. Both the overall model fit and the criteria for construct
validity must be examined. Therefore, we will review key fit statistics and the parameter estimates.
Overall Fit CFA output includes many fit indices. We did not present all possible fit indices. Rather, we will focus
on the key GOF values using our rules of thumb to provide some assessment of fit. Each SEM program (AMOS,
LISREL, EQS, etc.) includes a slightly different set, but most contain all key values, particularly the x2 statistic, as
well as the CFI and RMSEA.
Table 10.4 includes selected fit statistics from the CFA output. The overall model x2 is 236.62 with 179 degrees
of freedom. The p-value associated with this result is .0061. This p-value is significant using a type I error rate of .05.
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table 10.3

Parameters to be estimated in the HBAt cFA Model

indicator Variable Loadings
jS

oc

Si

eP

JS1

0

0

0

0

Ac
0

JS2

1

0

0

0

0

JS3

2

0

0

0

0

JS4

3

0

0

0

0

JS5

4

0

0

0

0

OC1

0

0

0

0

0

OC2

0

5

0

0

0

OC3

0

6

0

0

0

OC4

0

7

0

0

0

SI1

0

0

0

0

0

SI2

0

0

8

0

0

SI3

0

0

9

0

0

SI4

0

0

10

0

0

EP1

0

0

0

0

0

EP2

0

0

0

11

0

EP3

0

0

0

12

0

EP4

0

0

0

13

0

AC1

0

0

0

0

0

AC2

0

0

0

0

14

AC3

0

0

0

0

15

AC4

0

0

0

0

16

SI

EP

AC

Note that one loading per construct is not
estimated as it will be set to a value of 1.0
to “set the scale.” Thus, 16 parameters are
estimated for loadings.

construct Variances and covariances
JS
JS

OC

17

OC

18

19

SI

20

21

22

EP

23

24

25

26

AC

27

28

29

30

Fifteen estimated parameters—one
variance for each construct plus the 10
unique covariances among constructs

31

error terms for indicators (one per indicator) 5 21
total number of estimated parameters: 16 1 15 1 21 5 52

Thus, the x2 goodness of fit statistic does not indicate that the observed covariance matrix matches the estimated
covariance matrix within sampling variance. However, given the problems associated with statistical power, and the
effective sample size of 399, we examine other fit statistics closely as well.
Next we look at several other fit indices. Our rule of thumb suggests that we rely on at least one absolute fit index
and one incremental fit index, in addition to the x2 results. The value for RMSEA, an absolute fit index, is 0.027.
This value appears quite low and is below the .08 guideline for a model with 21 measured variables and a sample size
of 400. Using the 90 percent confidence interval for this RMSEA, we conclude the true value of RMSEA is between
0.015 and 0.036. Thus, even the upper bound of RMSEA is low in this case. The RMSEA therefore provides additional support for model fit. Next we see the standardized root mean square residual (SRMR) with a value of .035,
below even the conservative cut-off value of .05. The third absolute fit statistic is the normed x2, which is 1.32. This
measure is the chi-square value divided by the degrees of freedom 1 236.62/179 5 1.32 2 . The normed x2 is a rather
crude statistic and should not be considered a replacement for the actual x2 value. However, some consider a value
of 2.0 or less to be good, and between 2.0 and as high as 5.0 acceptable in very complex models with large samples.
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table 10.4 the HBAt cFA Goodness-of-Fit Statistics
chi-square 1 x2 2

Chi-square 5 236.62 1 p 5 0.0061 2
Degrees of freedom 5 179

Goodness-of-fit index 1 GFI 2 5 0.95

Absolute Fit Measures

Root mean square error of approximation 1 RMSEA 2 5 0.027
90 percent confidence interval for RMSEA 5 1 0.015; 0.036 2
Root mean square residual 1 RMR 2 5 0.086

Standardized root mean residual 1 SRMR 2 5 0.035
Normed chi-square 5 1.32

Normed fit index 1 NFI 2 5 0.97

incremental Fit indices

Non-normed fit index 1 NNFI 2 5 0.99
Comparative fit index 1 CFI 2 5 0.99
Relative fit index 1 RFI 2 5 0.97

Adjusted goodness-of-fit index 1 AGFI 2 5 0.93

Parsimony Fit indices

Parsimony normed fit index 1 PNFI 2 5 0.83

Moving to the incremental fit indices, the CFI is the most widely used index. In our HBAT CFA model the CFI has
a value of 0.99, which, like the RMSEA, exceeds the CFI guidelines of greater than .94 for a model of this complexity
and sample size (see Table 9.4). The other incremental fit indices also exceed suggested cut-off values. Although this
model is not compared to other models, the parsimony normed fit index (PNFI) is 0.83, which may become useful
if the user considers alternative models.
The CFA results suggest the HBAT measurement model provides a reasonably good fit, and thus it is suitable to
proceed to further examination of the model results. Issues related to construct validity will be examined next and
then the focus shifts to model diagnostics aimed at improving the specified model.
To assess construct validity, we examine convergent, discriminant, and nomological validity.
Face validity, as noted earlier, was established based on the content of the corresponding items.

Construct Validity

CFA provides a range of information used in evaluating convergent validity. Even though maximum likelihood factor loading estimates are not associated with a specified range of acceptable or unacceptable
values, their magnitude, direction, and statistical significance should be evaluated.
We begin by examining the unstandardized factor loading estimates in Table 10.5. In LISREL, these are termed
lambda values, whereas in AMOS the loading estimates are not distinguished from regression weights and are shown
under the “Estimates” portion of the output. Loading estimates that are statistically significant provide a useful start
in assessing the convergent validity of the measurement model. The results confirm that all loadings in the HBAT
model are highly significant as required for convergent validity.
Maximum likelihood estimates are the typical default estimation option for SEM programs. The model provides
unstandardized loading estimates, but they offer little diagnostic information other than directionality and statistical
significance. Instead, we examine standardized loadings because they are needed to calculate discriminant validity and reliability estimates. For construct validity, our guidelines are that individual standardized factor loadings
(regression weights) should be at least .5, and preferably .7. Moreover, variance-extracted measures should equal or
exceed 50 percent, and .7 is considered the minimum threshold for construct reliability, except when conducting
exploratory research. Realize the loading estimates must average .7 or better to reach the AVE$.5 cutoff.
conVeRGent VALiDitY
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table 10.5 HBAt cFA Factor Loading estimates and t-values
indicator

construct

estimated Loading

JS1

JS

1.00

Standard error

JS2

JS

1.03

2
0.08

2a
13.65

JS3

JS

0.90

0.07

12.49

JS4

JS

0.91

0.07

12.93

JS5

JS

1.14

0.09

13.38

OC1

OC

1.00

OC2

OC

1.31

2
0.11

2a
12.17

a

a

t-value

OC3

OC

0.78

0.08

10.30

OC4

OC

1.17

0.10

11.94

SI1

SI

1.00

SI2

SI

1.07

2
0.07

2a
16.01

SI3

SI

1.06

0.07

16.01

SI4

SI

1.17

0.06

19.18

EP1

EP

1.00

EP2

EP

1.03

2a
0.07

2a
14.31

EP3

EP

0.80

0.06

13.68

EP4

EP

0.90

0.06

14.48

AC1

AC

1.00

AC2

AC

AC3

AC

AC4

AC

a

a

1.24

2
0.06

2a
18.36

1.04

0.06

18.82

1.15

0.06

18.23

a

Not estimated when loading set to fixed value (i.e., 1.0).

Table 10.6 displays standardized loadings (standardized regression weights using AMOS terminology). The lowest
loading obtained is .58, linking organizational commitment (OC) to item OC1. Two other loadings estimates fall just
below the .7 standard. The average variance extracted estimates and the construct reliabilities are shown at the bottom
of Table 10.6. The AVE estimates range from 51.9 percent for JS to 68.1 percent for AC. All exceed the 50 percent
rule of thumb. Construct reliabilities range from .83 for the OC construct to .89 for both SI and AC. Once again,
these exceed .7, suggesting adequate reliability. These values were computed using the formulas shown earlier in the
chapter when convergent validity was discussed. As of this date, SEM programs do not routinely provide these values.
Taken together, the evidence supports the convergent validity of the measurement model. Although three loading
estimates are below .7, two of these are just below the .7, and the other does not appear to be significantly harming
model fit or internal consistency. The average variance extracted estimates all exceed .5, and the reliability estimates
all exceed .7. In addition, the model fits relatively well. Therefore, all the items are retained at this point and adequate
evidence of convergent validity is provided.
We now turn to discriminant validity. First, we examine the interconstruct covariances.
After standardization, the covariances are expressed as correlations. All SEM programs provide the construct
correlations whenever standardized results are requested. Some (LISREL) will have a default text output that prints
them as an actual correlation matrix. Others (i.e., AMOS) may simply list them in text output. The information
is the same.
The conservative approach for establishing discriminant validity compares the AVE estimates for each factor with
the squared interconstruct correlations associated with that factor. All AVE estimates from Table 10.6 are greater than
the corresponding interconstruct squared correlation estimates in Table 10.7 (above the diagonal). Therefore, this test
indicates there are no problems with discriminant validity for the HBAT CFA model.

DiScRiMinAnt VALiDitY
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table 10.6 HBAt Standardized Factor Loadings, Average Variance extracted, and Reliability estimates
jS
jS1

0.74

jS2

0.75

jS3

0.68

jS4

0.70

jS5

0.73

oc

oc1

0.58

oc2

0.58

oc3

0.66

oc4

0.84

Si

Si1

0.81

Si2

0.86

Si3

0.74

Si4

0.85

eP

eP1

Computed using the
formula above as the
average squared factor
loading (squared multiple correlation).

Ac

0.70

eP2

0.81

eP3

0.77

eP4

0.82

Ac1

0.82

Ac2

0.82

Ac3

0.84

Ac4

0.82

Average

Computed using the
formula from above and
the squared sum of the
factor loadings.

Variance
extracted

51.9%

56.3%

66.7%

60.3%

68.1%

0.84

0.83

0.89

0.86

0.89

construct
Reliability

table 10.7 HBAt construct correlation Matrix (Standardized)
jS

oc

Si

eP

Ac

JS

1.00

.04

.05

.06

.00

OC

0.21***

1.00

.30

.25

.09

SI

0.23***

0.55***

1.00

.31

.10

EP

0.24***

0.50***

0.56***

1.00

AC

0.05

0.30***

0.31***

0.25***

.06
1.00

Significance Level: *5.05, **5.01, ****5.001
Note: Values below the diagonal are correlation estimates among constructs, diagonal elements are construct variances,
and values above the diagonal are squared correlations.

The congeneric measurement model also models discriminant validity, because it does not contain any cross-loadings among either the measured variables or the error terms. This congeneric measurement model provides a good
fit and shows little evidence of substantial cross-loadings. Taken together, these results support the discriminant
validity of the HBAT measurement model.
noMoLoGicAL VALiDitY Assessment of nomological validity is based on the approach outlined in Chapter 3 for EFA.
The correlation matrix provides a useful start in this effort to the extent that the constructs are expected to relate
to one another. Previous organizational behavior research suggests that more favorable evaluations of all constructs
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are generally expected to produce positive employee outcomes. For example, these constructs are expected to be
positively related to whether an employee wishes to stay at HBAT. Moreover, satisfied employees are more likely to
continue working for the same company. Most important, this relationship simply makes sense.
Correlations between the factor scores for each construct are shown in Table 10.7. The results support the prediction that these constructs are positively related to one another. Specifically, satisfaction, organizational commitment,
environmental perceptions, and attitudes toward coworkers all have significant positive correlations with staying
intentions. In fact, only one correlation is inconsistent with this prediction. The correlation estimate between AC
and JS is positive, but not significant 1 p .5 0.87 2 . Because the other correlations are consistent, this one exception
is not a major concern.
Nomological validity can also be supported by demonstrating that the constructs are related to other constructs
not included in the model in a manner that supports the theoretical framework. Here the researcher must select additional constructs that depict key relationships in the theoretical framework being studied. In addition to the measured
variables used as indicators for the constructs, several classification variables, such as employee age, gender, and years
of experience, were also collected. Moreover, the performance of each employee was evaluated by management on
a 5-point scale ranging from 1=“Ver Low Performance” to 5=“Ver High Performance.” Management provided this
information to the consultants who then entered it into the database.
These other measures are helpful in establishing nomological validity. Previous research suggests that job performance is determined by an employee’s working conditions [2, 25]. The job performance–job satisfaction relationship
is generally positive, but typically not a strong relationship. A positive organizational commitment–job performance
relationship also is expected. In contrast, the relationship between job performance and staying is not as clear.
Better-performing employees tend to have more job opportunities that can cancel out the effects of “employees who
perform better are more comfortable on the job.” A positive environmental perceptions–job performance relationship is expected, because one’s working conditions directly contribute to how one performs a job. We also expect
that experience will be associated with staying intentions. Thus, when intentions to stay are higher, an employee is
more likely to remain with an organization. Age and staying intentions are not likely to be highly related. Employees
approaching retirement are relatively older and could possibly report lower intentions to stay. This result would
interfere with a positive age–staying intentions relationship that might exist otherwise.
Correlations between these three items and the factor scores for each measurement model construct are shown
in Table 10.8. The predictions made in the previous paragraph can be compared with the results. This comparison
shows that the correlations are consistent with the theoretical expectations as described. Therefore, the analysis of
the correlations among the measurement model constructs and the analysis of correlations between these constructs
and other variables both support the nomological validity of the model.
Modifying the Measurement Model In addition to evaluating goodness-of-fit statistics, the researcher must also

check a number of model diagnostics. They may suggest some way to further improve the model or perhaps some
specific problem area not revealed to this point. The following diagnostic measures from CFA should be checked:
path estimates, standardized residuals, and modification indices.
Evaluation of the loadings of each indicator on a construct provides the researcher with evidence of
the indicators that may be candidates for elimination. Loadings below the suggested cut-off values should be evaluated for deletion, but the decision is not made based just on the loadings, but on the other diagnostic measures as well.
PAtH eStiMAteS

table 10.8 correlations Between constructs and Age, experience, and job Performance
Job Performance (JP)

jS

oc

Si

eP

Ac

.15 (.003)

.27 (.000)

.10 (.041)

.29 (.000)

.06 (.216)

Age

.14 (.005)

.12 (.021)

.06 (.233)

2.01 (.861)

.15 (.003)

Experience (EXP)

.08 (.110)

.07 (.159)

.15 (.004)

.01 (.843)

.12 (.018)

Note: p-values shown in parentheses.
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Results are positive to this point. Even with good fit statistics, however, HBAT should check the model diagnostics.
The path estimates were examined earlier. One loading estimate—the .58 associated with OC1—was noted because it
fell below the ideal loading cut-off of .7. It did not appear to be causing problems, however, because the fit remained
high. If other diagnostic information suggests a problem with this variable, action may be needed.
StAnDARDiZeD ReSiDUALS The next diagnostic measures are the standardized residuals. The LISREL output shows the
highest standardized residuals (e.g., greater than 0 2.5 0 ), which prevents the researcher from having to search through
all of the residuals. This can be a substantial task, because a residual term is computed for every covariance and
variance term in the observed covariance matrix.
The HBAT CFA model has 231 residuals (remember, this was the number of unique elements in the observed
covariance matrix). We will not display them all here. In Table 10.9, we show all standardized residuals greater
than 0 2.5 0 . No standardized residuals exceed 0 4.0 0 , the benchmark value that may indicate a problem with one of

table 10.9 Model Diagnostics for the HBAt cFA Model
Standardized Residuals (all residuals greater than |2.5|)
Negative Standardized Residuals
SI3

and

OC1

22.68

SI4

and

OC1

22.74

EP3

and

OC1

22.59

Positive Standardized Residuals
SI2

and

SI1

3.80

SI4

and

SI3

3.07

EP2

and

OC3

2.98

EP4

and

OC3

2.88

EP4

and

EP3

3.28

Modification indices for factor loadings
jS

oc

Si

eP

Ac

JS1

–

0.19

1.44

2.71

0.69

JS2

–

2.11

0.32

0.53

2.55

JS3

–

0.00

0.29

0.16

0.00

JS4

–

0.59

0.09

0.40

0.10

JS5

–

3.20

2.59

1.38

4.96

OC1

0.64

–

10.86

3.02

2.75

OC2

0.07

–

10.84

0.51

7.14

OC3

1.01

–

3.15

7.59

1.86

OC4

0.00

–

0.07

0.02

1.02

SI1

0.00

0.00

–

0.29

0.02

SI2

1.89

0.08

–

1.66

0.59

SI3

0.15

1.85

–

0.10

0.00

SI4

2.78

0.55

–

2.46

0.37

EP1

0.10

1.85

1.74

–

0.05

EP2

0.11

3.48

0.78

–

0.53

EP3

0.31

0.17

3.00

–

0.00

EP4

0.17

0.17

0.11

–

0.85

AC1

0.70

0.38

0.02

0.07

–

AC2

0.43

2.45

0.84

0.22

–

AC3

1.59

0.07

0.02

0.89

–

AC4

1.29

3.70

0.89

3.01

–
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the measures. Those between 0 2.5 0 and 0 4.0 0 also may deserve attention if the other diagnostics indicate a problem.
The largest residual is 3.80 for the covariance between SI2 and SI1. Both of these variables have a loading estimate
greater than .8 on the SI construct. This residual may be explained by the content of the items. In this case, SI2 and
SI1 may have slightly more in common with each other contentwise than they do with SI3 and SI4, the other two
items representing SI.
The HBAT analyst decides not to take action in this case given the high reliability and high variance extracted for
the construct. In addition, the model fit does not suggest a great need for improvement. Three of the highest negative
residuals are associated with variable OC1, which also is the variable with the lowest loading estimate (.58). Again, no
action is taken at this point given the overall positive results. If a residual associated with OC1 exceeded 0 4.0 0 , however,
or if the model fit was marginal, OC1 would be a prime candidate for being dropped from the model. In this case,
the congeneric representation, which meets the standards of good measurement practice, appears to hold quite well.
MoDiFicAtion inDiceS Modification indices (MI) are calculated for every fixed parameter (i.e., all of the possible parameters that were not estimated in the model). The two sets of MIs most useful in a CFA are for the factor loadings and
the error terms between items. Note that there are generally not any MIs for the relationships between constructs,
because each construct has an estimated path to every other construct. As you would expect, a full listing of all
modification indices is quite extensive and will not be provided here. Instead, we will identify the largest MI and
also examine the MIs for the factor loadings.
First, the largest modification index is 14.44 for the covariance of the error terms of SI1 and SI2 (the full output
can be found at the text’s online resources). Although the modification indices for the error term correlations are
somewhat useful in diagnosing problems with specific items, the researcher should avoid making model respecifications that involve correlated error terms.
The second type of MI that is quite useful in a CFA is for the factor loadings. As you can see in Table 10.9, each
item has a modification index for all the constructs except the one it is hypothesized to relate to. This provides the
researcher with an empirical estimate of how strongly each item is associated with other constructs (i.e., the potential
for cross-loadings). As you can see, most of the values above 4.0 are associated with the items in the OC construct,
which have fairly large values for the SI, EP and AC constructs. OC2 may be most problematic in that it has high
values for both SI and AC, although OC1 and OC3 also have high values with at least one other construct. This may
indicate some lack of unidimensionality for these two items, and this is reinforced by the fact that they have the two
lowest standardized loadings across all items. But elimination of both items would violate the three-indicator rule,
so they will be retained at this time.
A further specification search is not needed because the model has a solid theoretical foundation and because
the CFA is testing rather than developing a model. If the fit were poor, however, a specification search could take
place as described earlier in the chapter. Such an effort would rely heavily on the combined diagnostics provided
by the factor loading estimates, the standardized residuals, and the modification indices. At this point, HBAT can
proceed with confidence that the questionnaire measures these key constructs well.

HBAt cFA SUMMARY
Four SEM stages are complete. The CFA results generally support the measurement model. The x2 statistic is significant above the .01 level, which is not unusual given a total sample size of 400 (with an effective sample size of 399
using the all-available [PD] approach). Both the CFI and RMSEA appear quite good. Overall, the fit statistics suggest
that the estimated model reproduces the sample covariance matrix reasonably well. Further, evidence of construct
validity is present in terms of convergent, discriminant, and nomological validity. Thus, HBAT can be fairly confident
at this point that the measures behave as they should in terms of the unidimensionality of the five measures and in
the way the constructs relate to other measures. Remember, however, that even a good fit is no guarantee that some
other combination of the 21 measured variables would not provide an equal or better fit. The fact that the results are
conceptually consistent is of even greater importance than are fit results alone.
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cFA ReSULtS Detect PRoBLeMS
Textbook examples serve first to illustrate how tools like CFA work. When students use real data, however, things
don’t always go as smoothly as they do in the textbook example. Here, we illustrate a situation typical to researchers
as they go about trying to confirm a proposed measurement model. In this case, we consider a hypothetical situation
where the HBAT researchers wish to incorporate a construct to represent Supervisor Support as an additional hygiene
factor (in addition to the attitude toward coworkers and environmental perceptions constructs). For this data, we
use the HBATSEM6CON data. The data includes the 400 observations from the previous analysis with the addition
of indicators for a sixth construct as described below.
A Sixth Construct The HBAT researcher goes to a scales book and quickly finds a six-item Supervisor Support
scale. The scale consists of the following items:

1 SP1. A 100-point slider scale anchored by “I have no problems with my supervisor” (scored 0) on the left and
“My supervisor and I constantly have problems” (scored 100).
2 SP2. A 9-point semantic differential scale anchored by 1=“I personally like my supervisor” to 9=“I personally
dislike my supervisor.”
3 SP3. A 5-point Likert scale expressing agreement with the statement “My company often leaves me without all
the resources I need to do my job.”
4 SP4. An 11-point scale asking agreement wit “My supervisor helps me resolve all my problems at work.”
5 SP5. A 9-point scale asking how often “My supervisor gives me a pat on the back” ranging from 1 5 never to
9 5 whenever I deserve one.
6 SP6. A 5-point Likert scale asking agreement with the statement “Management supports me when I have a
problem.”
The researcher is anxious to know if the Supervisor Support construct will work out and so checks the Cronbach
alpha as an indicator of reliability and examines loadings from a single-component Principal Components Analysis.
The coefficient alpha for the six items (with all items scored in the same direction) is 0.68. Plus, the SPSS scale
reliability analysis does not suggest that dropping any item would result in more than a trivial improvement in the
scale (.01). The loadings from Principal Components Analysis range from .45 to .81. Further, the scale correlates
with the Job Performance variable at r 5 .46, suggesting nomological validity 1 p , .001 2 . None of these findings
are particularly out of line with the rules of thumb for scales. Thus, the researcher is encouraged and moves forward
with the CFA.
The researcher estimates the 6-construct, congeneric, measurement model using
CFA. The overall model x is 623.6 with 309 degrees of freedom. As expected with a sample size of 400 and a
relatively large number of variables (27), the x2 is statistically significant 1 p , 0.001 2 . Further, the researcher
confirms that the model df are correct, using the formula discussed earlier in the chapter, as an indicator that
the model is correctly specified. The model CFI is 0.94 and the RMSEA is 0.051. Using the guidelines from the
previous chapter (see Table 9.4), the CFI is borderline, although the RMSEA falls within the range of good fit.
Thus, the fit results leave some questions about the model but the researcher moves on to check other elements
of construct validity.
Table 10.10 displays the standardized factor loadings, AVEs, construct reliabilities, inter-construct correlations
and their squared values. As before, all are helpful in assessing the construct validity further, particularly given the
questionable fit. First, we look at the loading estimates. Like before, all loading estimates are statistically significant,
but statistical significance is of little value in determining measurement model validity. The loading estimates for the
original five constructs are almost identical to those seen earlier (see Table 10.6), which provides evidence that the
five-construct data are free of characteristics (i.e., distributional issues) that lead to interpretational confounding.
However, four of the six Supervisor Support loading estimates fall below the ROT of 0 0.7 0 , raising some questions
6 Construct CFA Results

2
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table 10.10 HBAt 6 construct cFA Results
jS
JS1

0.74

JS2

0.75

JS3

0.68

JS4

0.71

JS5

0.73

oc

OC1

0.58

OC2

0.88

OC3

0.66

OC4

0.84

Si

SI1

0.81

SI2

0.86

SI3

0.74

SI4

0.85

eP

EP1

0.69

EP2

0.81

EP3

0.74

EP4

0.85

Ac

AC1

0.82

AC2

0.82

AC3

0.84

AC4

0.82

SUP

SP1

20.83

SP2

20.75

SP3

20.41

SP4

0.33

SP5

0.49

SP6

0.29

Variance Extracted

52.0%

56.3%

67.0%

60.0%

68.2%

30.9%

Construct Reliability

0.84

0.83

0.89

0.86

0.90

0.70

interconstruct correlations (f matrix):
JS

1.00

OC

0.21

1.00

SI

0.23

0.55

1.00

EP

0.24

0.50

0.54

1.00

AC

0.05

0.30

0.31

0.25

1.00

SUP

0.01

0.17

0.03

0.16

0.00

1

Squared interconstruct correlations:
JS

1.00

OC

0.04

1.00

SI

0.05

0.30

1.00

EP

0.06

0.25

0.29

1.00

AC

0.00

0.09

0.10

0.06

1.00

SUP

0.00

0.03

0.00

0.02

0.00

1
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about the measurement model. Second, examining convergent validity further, the construct reliabilities for the first
five constructs remain nearly unchanged. The construct reliability for Supervisor Support is 0.70, meeting our ROT of
0.7. (Alpha is 0.68 and CR is 0.70. Thus, the values are consistent and the small difference illustrates how coefficient
alpha’s formula tends to understate reliability.) The AVE for the new construct, however, falls below the .5 ROT at
.309, providing another sign of problems. Third, we examine discriminant validity. Once again, the interconstruct
correlation estimates exceed all their squared values, providing evidence of discriminant validity.
Taken together, the results cast doubt on the validity of the HBAT six-construct theoretical measurement model.
Both the fit validity and convergent validity raise questions. Although the low loading estimates provide some indication of where the problems originate and what, if any, items might be dropped, the residuals provide the most useful
diagnostics. In this case, several high standardized residuals result. In particular, they indicate that the model does
a poor job of fitting the covariances between (Residual values obtained using AMOS.):
●
●
●
●
●
●

SP5–SP6 5 8.03
SP3–JS3 5 7.18
SP3–JS5 5 7.14
SP3–JS2 5 6.96
SP3–JS1 5 6.71
SP3–JS4 5 6.47

The largest single residual is for SP5 and SP6, SP3 provides several high residuals. Both SP3 and SP6 demonstrate a pattern of relatively high standardized residuals with many variables. The largest modification index is for
the covariance between the error variances for SP5 and SP6, consistent with the highest residual. Interestingly, the
second highest modification index is for the loading between Job Satisfaction and SP3, suggesting a cross-loading.
Removing the constraints indicating no relationship for either the error-variance covariance or the cross-loading
would create a model proposing that the psychometric properties needed to establish valid measurement do not
hold. Thus, neither is an acceptable solution.
After some consideration of how to proceed, the HBAT research team decides to drop both SP3 and SP6.
The model with 25 indicators yields a x2 of 328.8 with 260 degrees of freedom 1 p 5 0.002 2 , a CFI of 0.985 and a
RMSEA of 0.026. Thus, the model displays substantially more validity in terms of fit. The x2 difference between
the two models is 197.8 with 49 degrees of freedom 1 p , 0.001 2 , indicating that the revised model fits significantly
better than the original six-construct CFA. The loading estimates for the remaining four Supervisor Support items
remain practically the same. As a consequence, the resulting construct reliability is 0.71 and the AVE is 0.40. The
AVE, while improved, remains well below the .5 ROT. Thus, although the model now fits well, the convergent
validity of Supervisor Support remains a question.
Several possibilities exist. One or two more Supervisor Support items could be dropped. Clearly, with only items
SP1 and SP2, the convergent validity ROT would be met. However, dropping half or more of the proposed scale
items would question whether the scale was really being confirmed versus refined. Further, potential identification
issues with the employment of a two-item scale could surface. Another possibility is that the scale is not unidimensional, as theoretically proposed. Sometimes, a scale that contains both negatively and positively valanced items, as
is the case with Supervisor Support’s six items, will tend to produce separate positive and negative dimensions. In
conclusion though, the researchers decide to move forward without the Supervisor Support construct. After looking
at the content of the items, the researchers believe that perhaps only the first two items truly capture perceptions of
a supportive supervisor. The other items seem to indicate something to do with the company or factors beyond the
supervisor’s control. Therefore, any theory involving implications of perceptions of a supportive supervisor will have
to wait for another data collection to gather a new sample. In that effort, the researchers plan to take more time to
identify a Supervisor Support scale with better face validity.
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Summary
The widespread use of confirmatory factor analysis (CFA) has greatly improved psychometric measurement across
all social sciences. Researchers now have a tool that provides a strong test of one’s measurement theory. The key
advantage is that the researcher can analytically test a conceptually grounded theory explaining how several different
measured items represent important psychological, sociological, or business measures. CFA results and the corresponding additional construct validity indicators provide a thorough test and allow users a good understanding of
the quality of their measures. Therefore, as we move from exploratory multivariate procedures toward more specific
empirical testing of conceptual ideas, CFA becomes an essential multivariate tool.
It is difficult to highlight in a paragraph or two the key points about CFA. However, some important points that
will help in understanding and using CFA include those corresponding to the objectives of the chapter:
Distinguish between exploratory factor analysis and confirmatory factor analysis. CFA cannot be conducted
appropriately unless the researcher can specify both the number of constructs that exist within data to be analyzed
and which specific measures should be assigned to each of these constructs. In contrast, EFA is conducted without
knowledge of either of these things. EFA does not provide an assessment of fit. CFA provides an assessment of fit.
Understand the basic principles of statistical identification and know some of the primary causes of SEM
identification problems. Statistical identification is extremely important in understanding CFA and obtaining useful
CFA results. Underidentified models cannot produce statistical results. Any preliminary results from an underidentified model are likely not correct. Overidentified models with an excess number of degrees of freedom are required
for statistical identification. In addition, each estimated parameter should be statistically identified. Many naïve users’
frustrations with using SEM arise from not understanding identification deficits within constructs or within their
overall model. Identification issues can be minimized by using construct scales that include at least three indicators
at a minimum, and preferably at least four indicators.
Know how to represent a measurement model using a path diagram. Visual diagrams, or path diagrams, are
useful tools in helping to translate a measurement theory into something that can be tested using standard CFA
procedures. SEM programs make use of these path diagrams to show how constructs are related to measured variables. Good measurement practice suggests that a measurement model should be congeneric, meaning that each
measured variable loads on only one construct and no relationships among any error variance terms exist. Unless
some strong theoretical reason indicates doing otherwise, all constructs should be linked with a two-headed, curved
arrow in the path diagram indicating that the correlation between constructs will be estimated.
Understand the concept of fit as it applies to measurement models and be able to assess the fit of a confirmatory
factor analysis model. CFA is a multivariate tool that computes a theory-consistent estimated covariance matrix using
equations corresponding to the theoretical structure. The estimated covariance matrix is then compared to the actual,
data-derived, or observed, covariance matrix. Models fit relatively well as these two matrices become more similar.
Multiple fit statistics should be reported to help understand how well a model truly fits. They include the x2 goodnessof-fit statistic and degrees of freedom, one absolute fit index (such as the GFI or RMSEA), and one incremental fit index
(such as the TLI or CFI). One of these indices should also be a badness-of-fit indicator, such as the SRMR or RMSEA.
No absolute value for the various fit indices suggests a good fit (with the exception of the x2 goodness-of-fit statistic),
only suggested guidelines are available for this task. The values associated with acceptable models vary from situation
to situation and depend considerably on the sample size, number of measured variables, and the communalities of the
factors.
Assess the construct validity of a measurement model. Construct validity is essential in confirming a measurement model. Multiple components of construct validity include convergent validity, discriminant validity, face
validity, and nomological validity. Construct reliabilities and variance-extracted estimates are useful in establishing convergent validity. Discriminant validity is supported when the average variance extracted for a construct is
greater than the shared variance between constructs. Good fit for a congeneric model representation also provides
evidence of construct validity. Face validity is established when the measured items are conceptually consistent with
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a construct definition. Nomological validity is supported to the extent that a construct relates to other constructs
in a theoretically consistent way.
Use CFA diagnostics to identify model revisions. CFA provides excellent diagnostics to help identify potential
weaknesses in a proposed measurement model. Both the standardized residuals and modification indices prove
particularly useful in identifying weaknesses. The standardized residuals are the direct result of the difference
between the estimated and observed covariance matrices. As a result, a relatively high residual indicates a covariance for which the proposed model underperforms. SEM users always should check to identify the greatest, by
absolute value, residuals and consider whether they are causing problems with the model’s validity. In particular,
pay attention to standardized residuals exceeding four. Moreover, any variable(s) with a pattern of relatively high
residuals becomes a candidate for deletion. Modification indices also can be useful. However, they often suggest
freeing a parameter estimate that would be severely detrimental to some proposed theory. For example, freeing a
modification index allowing cross-loadings may create a good fit, but would do so at the price of disconfirming the
congeneric measurement representation.

Questions
1 How does CFA differ from EFA?
2 List and define the components of construct validity.

8 Describe the role of theory and how fit demonstrates
validity or a lack of validity for a measurement model.

4 Define psychometrics. What are the properties of a
congeneric measurement model? Why do they represent the properties of good measurement?

9 Using the HBATSEM6 (six-construct dataset), test a
CFA model proposing two dimensions of supervisor
support. In other words, test a seven-factor solution
where the items with positive valence make up one
factor of Supervisor Support and the negativelyworded items make up another. Interpret the results.

5 What are the considerations in determining whether
indicators should be modeled as formative or reflective?

10 Are there other theoretically plausible CFA models that
could be proposed using the Supervisor Support items?

6 What is a Heywood case, and how is it treated
using SEM?

11 Looking back at some of the basic data issues
described in Chapter 2, do any of the variables
SP1-SP6 display properties that suggest it (they)
should not be included in the CFA to begin with?

3 What are the steps in developing a new scale to assess
a latent construct?

7 Is it possible to establish precise cut-offs for CFA fit
indices? Explain.

Suggested Readings and online Resources
A list of suggested readings and other materials relating to the techniques in this chapter are available in the online resources at
the text’s websites (Cengage Brain or www.mvstats.com).
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Testing Structural
Equation Models

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Distinguish a theoretical measurement model from a theoretical structural model.

●

Describe the similarities between SEM and other multivariate techniques.

●

Depict a model with dependence relationships using a path diagram.

●

Test a structural model using SEM.

●

Diagnose problems with the SEM results.

chapter Preview
The process of testing structural equations models (SEM) was introduced in Chapter 9 as involving both theoretical
measurement and theoretical structural models. Chapter 10 provides an overview of developing a measurement
model based on theory and then testing it with confirmatory factor analysis (CFA). CFA tests measurement theory
based on the covariance between all measured items. As such, the CFA model provides the foundation for all further
theory testing.
This chapter focuses on the second model—testing the theoretical structural model, where the primary focus
shifts to a network of relationships among latent constructs. With SEM, we focus on how well the proposed structure
fits, or reproduces, the observed covariance matrix. After assessing fit, we examine piecemeal relationships among
constructs much as we examined relationships between independent and dependent variables in multiple regression
analysis (Chapter 4). Even though we saw that summated factors representing theoretical constructs could be entered
as variables in OLS regression models, those regression models treated variables and constructs identically. That is,
multiple regression did not consider any of the measurement properties that go along with forming a multiple-item
construct when estimating the relationship. SEM provides a better way of empirically examining a theoretical model
by involving both the measurement model and the structural model in one analysis. In other words, it takes information about measurement into account in testing the structural model.
The chapter begins by describing some terminology associated with the testing of the structural model with SEM.
In addition, we discuss the similarities and differences between SEM and other multivariate techniques. We then
describe the last two stages (Stages 5 and 6) in the six-stage process for testing theoretical models and provide an
illustration using the HBAT_SEM dataset.
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Key terms
Before beginning this chapter, review the key terms to develop an understanding of the concepts and terminology
used. Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key
term cross-references are italicized.
causal model Structural model that infers that relationships have a sequential ordering in which a change in one brings about

a change in another.
Feedback loop Relationship when a construct serves as both a predictor and an outcome of another single construct. Feedback

loops can involve either direct or indirect relationships. Also called a non-recursive relationship.
interpretational confounding Measurement estimates for one construct are significantly affected by relationships other than those

among the specific measures. It is indicated when loading estimates vary substantially from one model to another model that
is the same except for the change in specification of one or more relationships.
non-recursive model Structural model containing feedback loops.
Path estimate See structural parameter estimate.
Post hoc analysis After-the-fact tests of relationships for which no hypothesis was theorized. In other words, a path is tested
where the original theory did not indicate a path.
Recursive models Structural models in which paths between constructs all proceed only from the antecedent construct to the
consequences (outcome construct). No construct is both a cause and an effect of any other single construct.
Saturated structural model Recursive SEM model specifying the same number of direct structural relationships as the number
of possible construct correlations in the CFA. The fit statistics for a saturated theoretical model should be the same as those
obtained for the CFA model.
Structural model A process model specifying how constructs affect each other (i.e., the structural theory).
Structural relationship Dependence relationship (regression type) specified between any two latent constructs. Structural relationships are represented with a single-headed arrow and suggest that one construct is dependent on another. Exogenous
constructs cannot be dependent on another construct. Endogenous constructs can be dependent on either exogenous or
endogenous constructs.
Structural parameter estimate SEM equivalent of a regression coefficient that measures the linear relationship between a
predictor construct and an outcome construct. Also called a path estimate.
Structural theory Conceptual representation of the relationships between constructs.
two-step SeM process Approach to SEM in which the measurement model fit and construct validity are first assessed using
CFA and then the structural model is tested, including an assessment of the significance of relationships. The structural model
is tested only after adequate measurement and construct validity are established.
Unit of analysis Unit or level to which results apply. In business research, it often deals with the question of testing relationships
between individuals’ (people) perceptions versus between organizations. Analyses that involve both are known as multi-level.

What is a Structural Model?
In the previous chapter, we learned that the goal of psychometric measurement theory is to produce ways of measuring
concepts in a reliable and valid manner. Measurement theory tests place the focus on patterns of potential relationships between measured variables and latent constructs. CFA tests a measurement theory by providing evidence of
the validity of individual measures based on the model’s overall fit (model’s ability to reproduce observed covariance
matrix) and other evidence of construct validity. CFA typically presumes all constructs are related to one another.
The consequence is that the model is theoretically saturated at the construct level. A CFA has no over-identifying
assumptions at the construct level. The results is that construct relationships are simple correlations, which are error
disattenuated, meaning corrected for measurement error.
A structural theory is a conceptual representation of the structural relationships among constructs.
The structural model component represents proposed theory with a set of structural equations specifying what
things are related or not related to each other. A researcher can depict the equations with a visual diagram displaying
the pattern of connections depicting proposed relationships and the non-connections depicting construct independence. Thus, in the CFA, every possible relationship is allowed, creating a saturated model, and the research can add
the structure by taking away relationships not proposed to exist and replacing correlational relationships with implied
causal links (single-headed arrows) for those relationships that theoretically should exist. The structural relationship
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between any two constructs is represented empirically by the structural parameter estimate, also known as a path
estimate. Structural models are referred to by several terms, including a theoretical model or causal model. A causal
model infers that the relationships meet the conditions necessary for causation. The conditions for causality were
discussed in Chapter 9 and the researcher should be careful not to depict the model as having causal inferences unless
a theoretically sound explanation can be offered.

A Simple example of a Structural Model
The transition from a measurement model to a structural model is strictly the application of the structural theory in
terms of relationships among constructs. Recall from Chapter 10 that a measurement model typically represents all
construct relationships with proposed covariance/correlation links. We will revisit our simple measurement model
example from Chapter 10 to illustrate the process of constraining a CFA model into a recursive structural model.
Figure 11.1 shows a two-construct structural model. The assumption now is that the first construct—Supervisor
Support—is related to Job Satisfaction in a way that the relationship can be expressed as a regression coefficient. In
the figure this relationship is shown as a structural relationship and labeled with a P 5 path estimate. In a causal
theory, the model would imply that Supervisor Support causes or helps bring about Job Satisfaction.
The diagram in Figure 11.1 is similar to the CFA model. But when we move from the measurement model (CFA)
to the structural model (SEM), there are some changes in abbreviations, terminology, and notation. No changes are
made to the left side of the diagram representing the Supervisor Support construct. But there are changes in other
areas, including the following:
●

●

The relationship between the Supervisor Support and Job Satisfaction constructs in a CFA would be represented by a two-headed curved arrow (correlational relationship). This relationship changes to a dependence
relationship and is now represented in Figure 11.1 by a single-headed arrow (P 5 path estimate). This arrow
can be thought of as a relationship that is represented in a multiple regression model and estimated by a regression coefficient. This path shows the direction of the relationship in a structural model and represents the
structural relationship that will be estimated to depict the strength of relationship between the two constructs.
The constructs are now identified differently. In CFA exogenous and endogenous constructs are not distinguished, but with a structural model we must distinguish between exogenous and endogenous constructs.
The traditional independent variables are now labeled exogenous and are still connected by correlations
(double-headed curved arrows) unless a rationale exists for their independence. Traditional dependent variables are now labeled endogenous. Theory is tested by examining the effect of exogenous constructs (predictors) on endogenous constructs (outcomes). Also, with most SEM models there is more than one endogenous
construct, so you have one endogenous construct predicting another. In such cases, one or more of the endogenous constructs operates as both a predictor and an outcome variable. This situation is not represented in
Figure 11.1, but it will be shown in later examples.

Figure 11.1
Visual Representation (Path Diagram) of a Simple Structural
theory
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The measured indicator variables (items) are no longer all represented by the letter X. Only the indicator variables for the exogenous construct are still represented by X. In contrast, the indicator variables for the endogenous construct are now represented by the letter Y. This is a typical distinction in structural models and is
consistent with the approach used in other multivariate procedures (X associated with predictors, and Y associated with outcomes).
The error variance terms now also have a notation that matches the exogenous–endogenous distinction. Error
terms for all the variables are now labeled by the appropriate item (i.e., X variables or Y variables and the item
number). Although not shown in the exhibit, each endogneous construct also includes an error variance term.
The loading estimates are also changed to indicate exogenous or endogenous constructs. Variable loading estimates for exogenous constructs are represented by X and the item number, whereas variable loading estimates
for endogenous constructs are represented by Y and the number.

Structural models differ from measurement models in that the emphasis moves from the relationship between
latent constructs and measured variables to the nature and magnitude of the relationships between constructs.
Measurement models are tested using CFA. The CFA model is then altered based on the nature of relationships
among constructs. The result is a structural model specification that is used to test the hypothesized theoretical
model.
With these theoretical distinctions between CFA and SEM represented in the path diagram, we now move on
to estimate the structural model using SEM procedures. We should note that in this type of situation, the observed
covariance model does not change between models. Differences in model fit are based solely on the different relationships represented in the structural model.

An overview of theory testing with SeM
Given that the measurement model has already been examined and validated in a CFA analysis, the focus in a SEM
analysis is testing the proposed structural theory by examining two issues: (1) overall and relative model fit as a
measure of acceptance of the proposed theory and (2) structural parameter estimates representing direct and indirect
relationships with one-headed arrows within a path diagram.
The validity of the theoretical model shown in Figure 11.2 is evaluated based on how well it reproduces the
observed covariance matrix and on the size and direction of the hypothesized paths. If a relationship truly exist where
the theoretical model proposed that none exists, or vice-versa, the fit will suffer. Note that in this figure we identify
each hypothesized direct relationship in the path diagram 1 Hnumber 2 . If the model shows good fit, then the model is
supported. The proposed relationships are further examined by considering the parameter estimate magnitudes and
direction. But good fit does not mean that some alternative model might not fit better or be more accurate. Thus, the

Figure 11.2
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model diagnostics should be examined to see if some alternative and theoretically sensical model may exist. Most
typically, the diagnostics may suggest that some constraints may be removed (additional paths freed) to improve fit.
However, like with CFA, any significant change to the model would need to be reconfirmed with new data.
The estimation of the structural parameter estimates is the same process used in CFA models. The primary
distinction is the structural model does not have all the constructs related to each other, as in CFA. Thus, the structural model replaces the correlational relationships with dependence relationships. In doing so, we introduce the
concept of direct and indirect effects. The derivation of the path estimates and the identification of direct and indirect
effects are described in the Basic Stats appendix and materials available online. The reader may find this information
helpful in understanding the full impact of any dependence relationship.

Stages in testing Structural theory
Theory testing with SEM closely follows the way measurement theory is tested using CFA. The process is similar
conceptually in that a theory is proposed and then tested based on how well it fits the data. As we deal with the
theoretical relationships between constructs, greater attention is focused on the different types of processes that
may exist.
one-SteP VeRSUS tWo-SteP APPRoAcHeS
Even though SEM has the advantage of simultaneously estimating the measurement model and the structural model,
our six-stage overall process is consistent within a two-step SEM process [1]. By two steps, we mean that in the
first step we test the measurement model fit and other elements of construct validity with CFA. Once a satisfactory
measurement model is obtained, the second step is to test the structural theory. Thus, two key tests—one measurement and one structural—totally assess fit and validity. Thus, the measurement model fit provides a relative basis
for assessing the validity of the structural theory; the ATFI introduced in Chapter 9 is useful for describing the fit of
the structural model relative to the CFA [4].
Early SEM models practiced a one-step approach, in which the overall fit of a model is tested without regard to
separate measurement and structural models [3]. Yet a one-step model provides only one key test of fit and validity that combines measurement and structural aspects. With experience, researchers came to adopt the two-step
approach for most conventional SEM applications.
The authors recommend separate testing of the measurement model via a two-step approach as essential because
valid structural theory tests cannot be conducted with bad measures. A valid measurement model is essential because
with poor measures we would not know what the constructs truly mean. Therefore, if a measurement model cannot
be validated, researchers should first refine their measures and collect new data. If the revised measurement model
can be validated, then and only then do we advise proceeding with a test of the full structural model. A more detailed
discussion of this issue is presented later in the chapter in the section on interpretational confounding.
The six SEM stages now continue. Stages 1–4 covered the CFA process from identifying model constructs to
assessing the measurement model validity (see Chapter 10). If the measurement is deemed sufficiently valid, then
the researcher can test a structural model composed of these measures, bringing us to Stages 5 and 6 of the SEM
process. Stage 5 involves specifying the structural model and Stage 6 involves assessing its validity.

Stage 5: Specifying the Structural Model
We turn now to the task of specifying the structural model. This process involves determining the appropriate unit
of analysis, representing the theory visually using a path diagram, clarifying which constructs are exogenous and
endogenous, and several related issues, such as sample size and identification.
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Unit oF AnALYSiS
One issue not visible in a model is the unit of analysis. The researcher must ensure that the model’s measures capture
the appropriate unit of analysis. For instance, organizational researchers often face the choice of testing relationships representing individual perceptions versus the organization or business unit. Marketing researchers also study
organizations, but they sometimes look at an exchange dyad (buyer and seller), retail store, or advertisement as the
unit of analysis. Individual perceptions represent each person’s opinions or feelings. Organizational factors represent
characteristics that describe an individual organization. A construct such as employee esprit de corps may well exist at
both the individual and organizational levels. Esprit de corps can be thought of as how much enthusiasm an employee
has for the work and the firm. In this way, one employee can be compared to another. But it also can be thought of
as a characteristic of the firm overall. In this way, one firm can be compared to another and the sample size is now
determined by how many firms are measured rather than by the number of individual respondents. The choice of
unit of analysis determines how a scale is treated.
For example, a multiple-item scale could be used to assess the esprit de corps construct. If the desired unit of analysis is at the individual level and we want to understand relationships that exist among individuals, the research can
proceed with individual responses. However, if the unit of analysis is the organization, or any other group, responses
must be aggregated over all individuals responding for that group. Thus, organizational-level studies require considerably more data because multiple responses must be aggregated into one group. Organizations also possess many
nonlatent characteristics such as size, location and organizational structure.
Once the unit of analysis is decided and data are collected, the researcher must aggregate the data if group-level
responses are used to set up the appropriate SEM. If the unit of analysis is the individual, the researcher can proceed as
before. Sometimes, multiple units of analysis are included in the same model. For instance, organizational culture may
cause an individual’s job satisfaction. The term multilevel model refers to these analyses as discussed in a previous chapter.

MoDeL SPeciFicAtion USinG A PAtH DiAGRAM
We now consider how a theory is represented by visual diagrams. Paths indicate relationships and a lack of a connection indicates an independence constraint. Constraints provide over-identification and are represented by fixed
parameters, meaning relationships not estimated by the SEM routine. These typically are assumed to be (set at) zero
and are typically not shown on a visual diagram. Free parameters refer to a relationship that will be estimated. These
parameters are generally depicted by an arrow in a visual diagram.
Figure 11.2 included both fixed and free parameters. For instance, there is no relationship specified between
Supervisor Support and Job Search. Therefore, no arrow is shown here, and the theory assumes this direct path is
equal to zero (fixed at zero). But there is a path between Job Satisfaction and Job Search that represents an implied
causal relationship between the two constructs and for which a parameter will be estimated. When the Job Satisfaction to Job Search path is combined with the Supervisor Support to Job Satisfaction path, the result is a theoretically
proposed indirect relationship between Supervisor Support and Job Search. Thus in this case, the constraint between
supervisor support and job search (no direct path) does not imply that the two are unrelated.
The parameters representing structural relationships between constructs are now our focus. These are in many
ways the equivalent of regression coefficients and can be interpreted in a similar way. With SEM these parameters
are divided into two types: (1) relationships between exogenous and endogenous constructs and (2) relationships
between two endogenous constructs. Some software programs make a distinction between these two types (e.g.,
LISREL), whereas others (e.g., AMOS) consider all structural relationships similarly. For more detail on LISREL
notation, refer to materials on the text’s online resources.
Starting with a Measurement Model Figure 11.3 shows a CFA model that is converted into a subsequent structural
model. The constructs are based on the previous employee Job Satisfaction example. Figure 11.3a shows a CFA that
tests the measurement model. Each construct is measured by four indicator items. Thus, four latent constructs are
measured by 16 measured indicator variables 1 X1–X16 2 . The error variance terms are not shown in the exhibit, but
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Figure 11.3 changing a cFA Model to a Structural Model
(a) CFA Model
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each of the 16 indicator items also has a corresponding, free, error variance term. Relationships between constructs
are estimated by correlational relationships (Cov). In this case, there are six covariance/correlation terms between
constructs.
Transforming to a Structural Model The primary objective is to specify the structural model relationships as
replacements for the correlational relationships found in the CFA model. This process, however, also involves a series
of other changes, some just in terms of notation and others of more substantive issues (e.g., changing from exogenous
to endogenous constructs). The following section describes the theoretical and notational changes involved in this
process.

Specifying the structural model based on the measurement model necessitates the use of structural relationships (single-headed arrows for the hypothesized causal relationships) in place of the correlational
relationships among constructs used in CFA. The structural theory is specified by using free parameters (ones
to be estimated) and fixed parameters (ones fixed/constrained at a value, usually zero) to represent the proposed
process. But in specifying the structural relationships, two other significant changes occur. First, there must now be
the distinction between endogenous and exogenous constructs. Recall that in the CFA model this distinction is not
made. But now those constructs that act as outcomes (i.e., structural relationships predict them) must be specified
as endogenous. Endogenous constructs are easily recognized in the path diagram because they have one or more
arrows depicting structural relationships pointing toward them. A second change is that endogenous constructs are

tHeoReticAL cHAnGeS
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not fully explained and so each is associated with an error variance term (E). The user should be careful to insert an
error variance term for endogenous constructs when using AMOS. LISREL includes the error term for endogenous
constructs automatically.
Note that although it may seem that changing a relationship from a correlational to a dependence relationship
only involves changing a double-headed arrow to a single-headed arrow, the implications for the estimation of
parameters in the model may be substantial. As described in the Basic Stats appendix on the text’s online resources,
effects between constructs include estimates of both the direct and indirect effect presumed by a model. Specifying
a relationship as a dependence relationship specifies constraints on which effects are used in estimating the path
estimate.
The second type of change is one that is primarily notational to reflect either the change in the
type of relationship (correlational to structural) or the type of construct (exogenous versus endogenous). As we have
discussed, the underlying indicators do not change, but their notation may change. In a CFA model, all indicators
used the designation of X. But indicators of endogenous constructs are distinguished by using the designation of Y.
This impacts not only the item labeling but also the notation used for factor loadings and error terms. Remember,
the underlying observed measures do not change, just their notation in the model.
We will now demonstrate the changes that occur in translating the CFA model described in Chapter 10 into a
SEM model with hypothesized structural relationships. Let us assume the employee job satisfaction theory hypothesized that Supervisor Support and Coworkers are related to Job Satisfaction. This implies a single structural relationship with Job Satisfaction as a function of Supervisor Support and Coworkers. When Job Search is included in
the theoretical model, it is viewed as an outcome of Job Satisfaction. Supervisor Support and Coworkers are not
hypothesized as being directly related to Job Search.
Figure 11.3b corresponds to this structural theory. Several changes can be seen in transforming the CFA measurement model into the SEM structural model.

notAtionAL cHAnGeS

Theoretical Changes.
1 Based on the proposed theory, there are two exogenous constructs and two endogenous constructs. Supervisor
Support and Coworkers are exogenous based on our theory, and the model therefore has no arrows pointing at
them. Job Satisfaction is a function of Supervisor Support and Coworkers, and is therefore endogenous (arrows
pointing at it). Job Search is a function of Job Satisfaction, and therefore is also endogenous. Thus, the representation of Supervisor Support and Coworkers is not changed.
2 The hypothesized relationships between Supervisor Support and Job Satisfaction and Coworkers and Job
Satisfaction, as well as the relationship between Job Satisfaction and Job Search, are all represented by a P (path
coefficient).
3 No direct relationships are shown between Supervisor Support and Job Search or Coworkers and Job Search
because they are fixed at zero based on our theory. That is, the theory does not hypothesize a direct relationship
between either Supervisor Support and Job Search or Coworkers and Job Search.
4 The hypothesized relationship between Supervisor Support and Coworkers remains a correlational relationship
and is still a two-headed arrow and represented by Cov.
Notational Changes.
1 The measured indicator variables for the exogenous constructs are still identified as X1 to X8. But the measured
indicator variables for the endogenous constructs are now identified as Y1 to Y8.
2 The parameter coefficients representing the loading paths for exogenous constructs are still identified as LX1 to
LX8. In contrast, the parameter coefficients representing the loading paths for endogenous constructs are now
identified as LY1 to LY8.
3 Two other new terms appear—E1 and E2. They represent the error variance of prediction for the two endogenous constructs. After these error variances are standardized, they can be thought of as the opposite of an R2.
That is, they are similar to the residual in regression analysis.
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DeGReeS oF FReeDoM Computation of the degrees of freedom in a structural model proceeds in the same fashion as
the CFA model, except that the number of estimated parameters is generally smaller. First, because the number of
indicators does not change, neither does the initial number of degrees of freedom available. What primarily changes
in most situations is a reduction in the number of structural relationships between constructs relative to the CFA
model, in which all possible relationships between constructs are estimated.
In our example, there are 16 indicators resulting in a total of 136 unique values in the covariance matrix:

3 p 3 1 p 1 1 2 4 /2 5 1 16 3 17 2 /2 5 136

In Chapter 10 we saw that the CFA for this model requires 38 estimated parameters, leaving 98 degrees of freedom
for the CFA model.
For the structural model, we still have the same 136 unique values in the covariance matrix, but the degrees
of freedom now differ in the relationships between constructs. We still have 32 estimated parameters for the
indicators (a loading and error term for each of the 16 indicators – presuming the variance for). Now, instead
of the six correlational relationships between the four constructs, we have one correlational relationship
1 Supervisor Support 4 Coworkers 2 and three structural relationships: Supervisor Support S Job Satisfaction,
Coworkers S Job Satisfaction, Job Satisfaction S Job Search. This gives a total of 36 free parameters or a total of
100 degrees of freedom 1 136 2 36 5 100 2 . The two additional degrees of freedom come from not specifying (i.e.,
constraining to 0) the direct relationships from Supervisor Support and Coworkers to Job Search. Rather, they both
are directly related to Job Satisfaction, which in turn directly predicts Job Search.
Recursive Versus non-recursive Models One final distinction that must be made when specifying the
structural model is if it is to be a recursive or non-recursive model. A model is considered recursive if the paths
between constructs all proceed only from the predictor (antecedent) construct to the dependent or outcome
construct (consequences). In other words, a recursive model does not contain any constructs that are both determined by some antecedent and help determine that antecedent (i.e., no pair of constructs has arrows going both
ways between them). Recursive structural models will never have fewer degrees of freedom than a CFA model
involving the same constructs and variables because they contain more constraints (i.e., proposed connections
have been removed).
In contrast, a non-recursive model contains feedback loops. A feedback loop exists when a construct is seen
as both a predictor and an outcome of another single construct. The feedback loop can involve direct or indirect
relationships. In the indirect relationship the feedback occurs through a series of paths or even through correlated
error terms.
Figure 11.4 illustrates a structural model that is non-recursive. Notice that the construct Job Search is both determined by and determines Job Satisfaction. The parameters for the model include the path coefficients corresponding
to both of these paths (P). If the model included a path from Job Search back to Coworkers, the model would also be
non-recursive. This is because Job Search would be determined indirectly by Coworkers through Job Satisfaction,
and Coworkers would be directly determined by Job Search with the new path.
A theoretical interpretation of a non-recursive relationship between two constructs is that one construct is
both a cause and effect of the other. Although this situation is unlikely with cross-sectional data, it becomes more
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plausible with longitudinal data. It is difficult to produce a set of conditions that support a reciprocal relationship
with cross-sectional data.
For instance, both intelligence and success in school can be thought of as latent constructs measured by multiple
items. Does intelligence cause success in school or does success in school cause intelligence? Could it be that both
are causal influences on each other? Longitudinal data may help sort out this issue because the time sequence of
events can be taken into account.
Non-recursive models many times have problems with statistical identification. By including additional
constructs and/or measured variables, we can help ensure that the order condition is met. The rank condition
for identification could remain problematic, however, because a unique estimate for a single parameter may
no longer exist (see Chapter 10). Therefore, we recommend avoiding non-recursive models, particularly with
cross-sectional data.

DeSiGninG tHe StUDY
Chapter 10 covered conditions for mathematical identification. If a CFA model is identified, then recursive
structural models derived from it are likely identified too. A recursive structural model is nested within a CFA
model and is more parsimonious because it contains more constraints, meaning fewer coefficients to estimate.
Therefore, if the CFA model is identified, the structural model also should be identified—as long as the model is
recursive, no interaction terms are included, the sample size is adequate, and a minimum of three measured items
per construct is used. We now turn to some other issues that may occur in transitioning from a measurement
model to a structural model.
Single-Item Measures Occasionally a structural model will involve single-item measures. A structural model does
not require multi-item measurement. Single-items can be incorporated into a structural model in different ways:

1 The single items can be entered in the model directly as measured variables. In this case, the variables do not
represent latent constructs but rather are directly observed variables.
2 The single items represent a latent construct or composite and is entered in the model as a construct represented by a single measured variable, which also includes an error variance term.
In the first case, the research may involve only non-psychological constructs, all of which lend themselves to
direct measurement. For example, a structural model may contain statistics for demographic and economic variables
taken from the census bureau. The US Census Bureau’s website (www.census.gov) provides nearly countless facts
about the people and commerce within states, urban areas, zip codes, etc. More and more, the internet provides
access to an abundance of similar archival (i.e., secondary) data with facts and figures on industries, employees,
companies, and consumers. In addition, a researcher may wish to incorporate control variables into a larger SEM
model or use psychological constructs to explain outcome variables like sales, stock-values, or firm performance.
The result would be a structural model with a blend of multi-item constructs (ovals) and individual single-item
variables (rectangles)—for example, see [5, 6]. In this way, the model proposes structural relationships among single
variables and latent constructs. When variables are added directly to the model, they are assumed to be measured
without error.
In the second approach, the single-item structurally plays the same role as a multi-item latent construct. The problem is that single-item measures, beyond the lack of statistical identification, do not lend themselves to psychometric
validation through the computation of reliability and convergent validity. The question then becomes how can a
single-item measure be represented within a SEM framework? How is it specified? Because its measurement characteristics are unknown, it requires the researcher’s best judgment to fix the measurement parameters associated
with the single item.
The difference between the variable representing a single-item construct and all other variables forming a covariance matrix is that it will be the only item associated with its construct. Thus, one measurement path links them
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together with a factor loading. The measured variable, to be fully represented, also contains error variance. Clearly
then, as noted earlier, a single-item construct would not be identified if a research tried to estimate its parameters
(loading and error-variance). So, the researcher must specify both values. Factor loadings and error-variance terms
for single-item constructs should be set based on the best knowledge available. The construct can be thought of as
the “true” value and the variable as the observed value. If the researcher feels there is very little measurement error
(i.e., the “true” score is very close to the observed score), then a high loading value and corresponding low error term
will be specified. For example, if the researcher felt that there was no error in the observed value, then the loading
would be set to 1.0 and the error term to zero. The end result would be the same as including links directly from a
measured variable as in the case above.
But the assumption of no error for psychological measurement is questionable. Instead, the researcher may
use past research providing an estimate of similar multi-item measures’ reliability or expert judgment to make
an educated guess. The factor loading is then set (fixed) to the square root of the best-guess reliability. The corresponding error variance term is set to 1.0 minus the best-guess reliability. Thus, both parameters for the single-item
construct are constrained to non-zero values. The illustration below depicts the process visually using a construct
with a best-guess reliability of 0.81:
EV11 = 0.19

e11

X1

L11 = 0.9

K1

Modeling the Construct Loadings When Testing Structural Theory The CFA model in Figure 11.3a is modified
to test the structural model shown in the bottom portion. The measurement portion of the structural model consists
of the loading estimates and the corresponding error-variances (not shown in the figure) for the measured items
and each of the covariance estimates between pairs of latent constructs. A good way to think about the proposed
structural model is that the proposed theoretical structure replaces all the between-construct covariance estimates.
Visually, one can think of first deleting all the two-headed arrows depicting construct covariation (correlation if
standardized) and inserting single-headed arrows only in those places where causality is implied by theory. Having
completed the deletion of two-headed arrows and insertion of single-headed arrows, the graphical diagram conversion from CFA to structural model is complete.
However, it’s worth thinking about what happens with the factor loading estimates in the process. One argument
suggests that, with the CFA model already estimated at this point, the factor loading estimates are known. Therefore,
their values should be fixed and specified to the loading estimates obtained from the CFA model. In other words,
they should no longer be free parameter estimates. Similarly, because the error variance terms are provided from the
CFA, their values can also be fixed rather than estimated.
The rationale for fixing these values is that they are “known” and should not be subject to change because of
relationships specified in the structural model. If they would change, this would be evidence of interpretational
confounding, which means the measurement estimates for one construct are being significantly affected by the
pattern of relationships between constructs. In other words, the loading estimates for any construct should not
change noticeably just because a change is made to the structural model. An advantage to this approach is that
the structural model is easier to estimate because so many more parameters are constrained. A complication of
the process is that the CFA fit, unless re-estimated with all fixed parameters, is lost as a basis of assessing the
structural model fit.
Another approach is to use the CFA factor pattern and allow the coefficients for the loadings and the error
variance terms to be estimated along with the structural model coefficients, simplifying the transition from CFA to
structural testing and eliminating the need to go through the process of fixing values for all the construct loading
estimates and error variance terms. The process also can reveal any interpretational confounding by comparing the
CFA loading estimates with those obtained from the structural model. If the standardized loading estimates vary
substantially, then evidence of interpretational confounding exists. Small fluctuations are expected (.05 or less).
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Rules of thumb 11-1
Specifying the Structural Model
●

A structural model should be tested after CFA has validated the measurement model.
●

●

●
●

●

The structural relationships between constructs can be created by replacing the two-headed
arrows from CFA with single-headed arrows representing implied cause-and-effect relationships and
processes.
Recursive SEM models cannot produce fewer degrees of freedom than a CFA model involving the same
constructs and variables.
Non-recursive models involving cross-sectional data should be avoided in most instances.
When a structural model is being specified, it should use the CFA factor pattern corresponding to the
measurement theory and allow the coefficients for the loadings and the error variance terms to be estimated along with the structural model coefficients.
Measurement paths and error variance terms for constructs measured by only a single item (single
measured variables or summated construct scores) should be based on the best knowledge available.
When measurement error for a single item is modeled:
●

●
●

The loading estimate between the variable and the latent construct is set (fixed) to the square root of
the best estimate of its reliability.
The corresponding error term is set (fixed) to 1.0 minus the reliability estimate.
Given the issues with estimation and validation of single-item measures, they are typically not
included in CFA.
●

The exception may be to specifically examine discriminant validity of the single-item with other
variables or factors.

As inconsistencies increase in size and number, however, the researcher should examine the measures more closely.
Evidence of interpretational confounding could suggest problems like endogeneity (see Chapter 9), model misspecification, or multicollinearity due to highly related constructs. Another advantage of this approach is that the original
CFA model fit becomes a convenient basis of comparison in assessing the fit for the structural model (as illustrated
in Chapter 9). This approach is used most often in practice, and it is the one recommended here.

Stage 6: Assessing the Structural Model Validity
The final stage of the decision process evaluates the validity of the structural model based on the a comparison of the
structural model fit compared to the CFA model as well as an examination of model diagnostics. The comparison
of structural model fit to the CFA model assesses the degree to which the structural model decreases model fit due
to its specified relationships. Here the researcher also determines the degree to which each specified relationship is
supported by the estimated model (i.e., the statistical significance of each hypothesized path). Finally, model diagnostics are used to determine if any model respecification is indicated.
UnDeRStAnDinG StRUctURAL MoDeL Fit FRoM cFA Fit
This stage assesses the structural model’s validity. The observed data are still represented by the observed sample
covariance matrix, which will be compared to the estimated covariance matrix. In CFA, the estimated covariance
matrix is computed-based on the restrictions (pattern of free and fixed parameter estimates) corresponding to
the measurement theory. If the structural theory is recursive, then it cannot include more free relationships between
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constructs than does the CFA model from which it is developed. Consequently, a recursive structural model cannot
have a lower x2 value than that obtained in the CFA. Researchers are mistaken if they hope problems with a poorly
performing CFA model will disappear in the structural model. If adequate fit is not found in the CFA model, the
focus should be on finding a better theoretical measurement model or identifying better construct measures.
Saturated Theoretical Models If the SEM model specifies the same number of structural relationships as are possible construct correlations in the CFA, the model is considered a saturated structural model. Saturated theoretical
models are not generally interesting because they usually cannot reveal any more insight than the CFA model. The
fit statistics for a saturated theoretical model should be the same as those obtained for the CFA model, which is a
useful point to know, and provides the basis for the Theoretical Fit Index (TFI), introduced in Chapter 9. One way
researchers can check to see whether the transition from a CFA model setup to a structural model setup is correct is
to test a saturated structural model. If its fit does not equal the CFA model fit, a mistake has been made.
Assessing Overall Structural Model Fit The structural model fit is assessed as was the CFA model fit. Therefore,
good practice dictates that more than one fit statistic should be used. Recall from Chapter 12 that we recommended
one absolute index, one incremental index, and the model x2 be used at a minimum. Once again, no magic set of
numbers suggests good fit in all situations. Even a CFI equal to 1.0 and an insignificant x2 may not have a great deal
of practical meaning in a simple model. Therefore, only general guidelines are given for different situations. Those
guidelines remain the same for evaluating the fit of a structural model.
Comparing the CFA Fit and Structural Model Fit The CFA fit provides a useful baseline to assess the structural or

theoretical fit. A recursive structural model cannot fit any better (have a lower x2) than the overall CFA. Therefore,
one can conclude that the structural theory lacks validity if the structural model fit is substantially worse than the
CFA model fit [2, 4]. A structural theory seeks to explain all of the relationships between constructs as simply as
possible. The standard CFA model assumes a relationship exists between each pair of constructs. Only a saturated
structural model would make this assumption. So, SEM models attempt to explain interconstruct relationships more
simply and precisely than does CFA. When they fail to do so, the failure is reflected with relatively poor fit statistics.
Conversely, a structural model demonstrating an insignificant Dx2 value with its CFA model is strongly suggestive
of adequate structural fit.
Recall that assessment of CFA model validity was based
not only on fit, but also on construct validity. Likewise, the interpretation of SEM results may begin with, but does
not end with, the assessment of fit. The researcher also examines the structural parameter estimates against the
corresponding hypotheses.
Theoretical validity increases to the extent that the parameter estimates are statistically and practically significant
in the predicted direction. That is, the estimated effect size is non-trivial and greater than 0 if hypothesized as positive
and less than 0 if hypothesized as negative. The same standard applies to direct or indirect effects. Realize that with
large sample sizes, even very small path estimates will be statistically significant. Only in rare instances would a
standardized effect size less than 0 .1 0 be practically meaningful, even if statistically significant.
The researcher also can examine the squared multiple correlations for the endogenous constructs, which
essentially provides an analysis of the R2. The same general guidelines apply for these values as applied with
multiple regression.
Also, we must remember, particularly in structural models, that good fit does not guarantee that the SEM model
is the single best representation of the data. Like CFA models, alternative models can often produce the equally
good or better empirical results. The concept of equivalent models takes on much more meaning when examining
a structural model in the sense that an equivalent model is an “alternative theory” that has identical fit to the model
being tested. Once again, theory becomes essential in assessing the validity of a structural model.
Examining Hypothesized Dependence Relationships

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

712

Section V Moving Beyond The Basics

exAMine tHe MoDeL DiAGnoSticS
The same model diagnostics are provided for SEM as for the CFA model. For example, the pattern and size of
standardized residuals can be used to identify problems in fit. We can assume the CFA model has sufficient validity
if we have reached this stage, so the focus is on the diagnostic information about relationships between constructs.
Particular attention is paid to path estimates, standardized residuals, and modification indices associated with the
possible relationships between constructs in any of three possible forms (exogenous S endogenous constructs,
endogenous S endogenous constructs, and error covariance among endogenous constructs). For instance, if a
problem with model fit is due to a currently fixed relationship between an exogenous construct and an endogenous
construct, it likely will be revealed through a standardized residual or a high modification index.
Consider the structural model in Figure 11.5. The model does not include a path linking Supervisor Support and
Job Search. If the model were tested and a non-trivial relationship between these two really exists, a high standardized
residuals would likely be found between indicator variables that make up these two constructs (X1–X4 and Y5–Y8 in
this case). The residuals would be telling us that the covariance between these sets of items has not been accurately
reproduced by our initial theory. In addition, a high modification index might exist for the path that would be labeled
PJob Search, Supervisor Support (the causal relationship from Supervisor Support to Job Search). Modification indices,
one for each constrained parameter, are shown in the standard SEM output. The indices can also be requested to be
shown on a path diagram by using the appropriate drop-down menus. Model diagnostics are examined in the same
manner as they are for CFA models.
Figure 11.5
cFA Loading estimates in a Structural Model
(a) CFA Model
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Should a model be respecified based on this diagnostic information? Researchers commonly conduct post
hoc analyses following the theory test. Post hoc analyses are after-the-fact explorations of relationships not
estimated in the structural theory test. In other words, a path is freed where the original theory constrained it
to zero, meaning the original model did not contain that path. Recall that SEM provides an excellent tool for
testing theory. Therefore, any relationship revealed in a post hoc analysis provides only empirical evidence, not
theoretical support. For this reason, relationships identified post hoc should not be relied upon in the same way
as the original theoretical relationships. Only when all the caveats of a model respecification strategy are noted
should these changes be considered. Post hoc structural analyses are useful only in specifying potential model
improvements that must make both theoretical sense and be cross-validated by testing the model with new
data drawn from the same population. Thus, post hoc analyses are not useful in theory testing, and attempts by
a researcher to represent posthoc findings as deductively derived theory are unprofessional and scientifically
misleading.

SeM illustration
The CFA illustrations in the previous chapter began by testing a measurement theory. The result was validation
of a set of construct indicators that enable HBAT to study relationships among five important constructs. HBAT
would like to understand why some employees stay on the job longer than others. They know they can improve
service quality and profitability when employees stay with the company longer. The six-stage SEM process
begins with this goal in mind. For this illustration, we use the HBAT_SEM dataset, available on the text’s online
resources.
The full measurement model was tested in the CFA chapter and was shown to have adequate fit and construct
validity. Recall that the CFA fit statistics for this model were:
●
●
●

●
●
●

●
●

x2 is 236.6 with 179 degrees of freedom 1 p , .05 2
CFI 5 .99
RMSEA 5 0.027
To refresh your memory, the five constructs are defined here:
Job Satisfaction (JS). Reactions resulting from an appraisal of one’s job situation.
Organizational Commitment (OC). The extent to which an employee identifies and feels part of HBAT.
Staying Intentions (SI). The extent to which an employee intends to continue working for HBAT and is not
participating in activities that make quitting more likely.
Environmental Perceptions (EP). Beliefs an employee has about day-to-day, physical working conditions.
Attitudes Toward Coworkers (AC). Attitudes an employee has toward the coworkers he/she interacts with on a
regular basis.

The analysis will be conducted at the individual level. HBAT is now ready to test the structural model using SEM.
StAGe 5: SPeciFYinG tHe StRUctURAL MoDeL
With the construct measures in place, researchers now must establish the structural relationships among the
constructs and translate them into a form suitable for SEM analysis. The following sections detail the structural
theory underlying the analysis and the path diagram used for estimation of the relationships.
Defining a Structural Theory The HBAT research team proposes a theory based on the organizational literature

and the collective experience of key HBAT management employees. They agree it is impossible to include all the
constructs that might possibly relate to employee retention (staying intentions). It would be too costly and too
demanding on the respondents based on the large number of survey items to be completed. Thus, the study is
conducted with the five constructs listed previously.
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The theory leads HBAT to expect that EP, AC, JS, and OC are all related to SI, but in different ways. For example, a
high EP score means that employees believe their work environment is comfortable and allows them to freely conduct
their work. This environment is likely to create high job satisfaction, which in turn will facilitate indirect links between
EP and SI and between AC and SI. Thus, the theory suggests a process of effects. Because it would require an extensive
presentation of key organizational concepts and findings, we will not develop the theory in detail here.
The theory developed by HBAT implies the following piecemeal hypotheses:
H1: Environmental perceptions are positively related to job satisfaction.
H2: Environmental perceptions are positively related to organizational commitment.
H3: Attitudes toward coworkers are positively related to job satisfaction.
H4: Attitudes toward coworkers are positively related to organizational commitment.
H5: Job satisfaction is related positively to organizational commitment.
H6: Job satisfaction is related positively to staying intentions.
H7: Organizational commitment is related positively to staying intentions.
Visual Diagram The theory can be expressed visually. Figure 11.6 shows the diagram corresponding to this theory.
For simplicity, the measured indicator variables and their corresponding paths and errors have been left off the
diagram. If a graphical interface is used with a SEM program, then all measured variables and error variance terms
are shown on the path diagram.

EP and AC are exogenous constructs in this model. The exogenous constructs are considered
to be determined by things outside of this model. In practical terms, this means that no hypothesis predicts either of
these constructs. Like independent variables in regression, they are used only to predict other constructs.
The two exogenous constructs—EP and AC—are drawn at the far left. No single-headed arrows enter the exogenous
constructs. A curved two-headed arrow is included to capture any covariance between these two constructs 1 CovAC,EP 2 .
We maintain the CFA convention of assuming exogenous constructs are related unless we have a reason not to think so.
exoGenoUS conStRUctS

enDoGenoUS conStRUctS JS, OC, and SI are endogenous constructs in this model. Each is determined by constructs
included in the model. Notice that both JS and OC serve both as outcomes and as predictors. This is perfectly

Figure 11.6
the HBAt employee
Retention Model
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POC,EP

JS

E3
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POC,JS

CovAC,EP
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Hypothesis
Parameter
H1: EP + JS
PJS,EP
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H7: OC + SI
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acceptable in SEM, and all hypothesized effects are produced with one structural model test. This would not be
possible with a single OLS regression model because we would be limited to a single dependent variable.
The structural path model begins to develop from the exogenous constructs. A path should connect any two
constructs linked theoretically by a hypothesis. Therefore, after drawing the three endogenous constructs (JS, OC,
and SI), single-headed arrows are placed connecting the predictor (exogenous) constructs with their respective
outcomes based on the hypotheses. The legend in the bottom right of Figure 11.6 lists each individual hypothesized
relationship and the path to which it belongs. Each single-headed arrow represents a direct path and is labeled with
the appropriate parameter estimate. For example, H2 proposes a positive EP–OC relationship. A parameter estimate
linking an exogenous construct to an endogenous construct is designated by the symbol P. The convention is that
the subscript first lists the number (or abbreviation) of the construct to which the path points and then the subscript
for the construct from which the path begins. So, H1 is represented by PJS,EP. Similarly then, H7, linking SI with OC,
is represented by PSI,OC.
As discussed earlier, the CFA model must be transformed into a structural model within the software programs.
Although issues are specific to each program, the user must essentially redefine construct types (exogenous to
endogenous), replace the correlational paths with the structural relationships, and change the notation associated
with these changes. Materials on the text’s online resources describe this process in more detail.
StAGe 6: ASSeSSinG tHe StRUctURAL MoDeL VALiDitY
The structural model shown in the path diagram in Figure 11.6 can now be estimated and assessed. To do so, the emphasis
first will be on SEM model fit and then whether the structural relationships are consistent with theoretical expectations.
The information in Table 11.1 shows the overall fit statistics from testing the Employee Retention model. The x2
is 283.4 with 181 degrees of freedom 1 p , .05 2 , which means the normed chi-square is 1.57. The model CFI is .99
with a RMSEA of .036, which corresponds to a 90 percent confidence interval of .027 to .045. Although 0 is not in the
confidence interval, the RMSEA value is relatively low. All measures are within a range that would be associated with
table 11.1 comparison of Goodness-of-Fit Measures Between HBAt employee Retention and cFA Models
GoF index

employee Retention Model

cFA Model

Absolute Measures
x2 (chi-square)

283.43

236.62

Degrees of freedom

181

179

Probability
GFI
RMSEA

0.00

0.00

.94

.95

.036

.027

.027–.045

.015–.036

RMR

.110

.085

SRMR

.060

.035

Confidence interval of RMSEA

Normed chi-square

1.57

1.32

NFI

.96

.97

NNFI

.98

.99

CFI

.99

.99

RFI

.96

.97

AGFI

.92

.93

PNFI

.83

.83

incremental Fit Measures

Parsimony Measures
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good fit (see Chapter 9 for a review of fit guidelines). We can also see that overall model fit changed a little from the
CFA model (Table 11.1). The only mark on an otherwise good fit is a chi-square increase of 46.8 and a difference of
two degrees of freedom 1 p , .05 2 in moving from the CFA to the structural model. While the researchers conclude
the model has validity, the difference in chi-squares are kept in mind as they move forward. The standardized path
coefficients are shown in Figure 11.7.1
We next examine the loading estimates to make sure they have not changed substantially from the CFA model (see
Table 11.2). The loading estimates are virtually unchanged from the CFA results. Only three estimated standardized
loadings change and the maximum change is .01. Thus, if parameter stability had not already been tested in the CFA
stage, there is now evidence of stability among the measured indicator variables. In technical terms, this indicates
no problem is evident due to interpretational confounding and further supports the measurement model’s validity.
As we would expect with so little change in loadings, the construct reliabilities are identical as well.
Validation of the model is not complete without examining the individual parameter estimates. Are they statistically significant and practically meaningful? These questions are addressed along with assessing model fit.
Table 11.3 shows the estimated unstandardized and standardized structural path estimates. All but two structural path
estimates are significant and in the expected direction. The exceptions are the estimates between AC and JS and between
JS and OC. Both estimates have significance below the critical t-value for a Type I error of .05. Therefore, although the estimate is in the hypothesized direction, it is not supported. Overall, however, given that five of seven estimates are consistent
with individual hypotheses, these results support the theoretical model, with a caveat for the two insignificant paths.
One final comparison between the employee retention model and the CFA model is in terms of the structural
model estimates. Table 11.4 contains the standardized parameter estimates for all seven of the structural relationships
as well as the correlational relationship among EP and AC. As noted earlier, five of these seven relationships were
supported with significant path estimates. But what about the relationships not in the hypothesized model? We will
Figure 11.7
Standardized Path estimates for the HBAt Structural Model
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Recently, the American Psychological Association helped develop a set of standards for presenting quantitative research
results, including results from techniques like multiple regression and SEM. See: Appelbaum, M, R.B. Kline, A. Nezu,
H. Cooper, E. Mayo-Wilson, and S.M. Rao (2018), “Journal Article Reporting Standards for Quantitative Research in
Psychology: he APA Publications and Communications Board Task Force Report,” American Psychologist, 73, 3–25.
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table 11.2 comparison of Standardized Factor Loadings and construct Reliabilities
for HBAt employee Retention and cFA Models
indicator

construct

employee Retention Model

cFA MoDeL

JS1

JS

0.74

0.74

JS2

JS

0.75

0.75

JS3

JS

0.68

0.68

JS4

JS

0.70

0.70

JS5

JS

0.73

0.73

OC1

OC

0.58

0.58

OC2

OC

0.88

0.88

OC3

OC

0.66

0.66

OC4

OC

0.83

0.84

SI1

SI

0.81

0.81

SI2

SI

0.87

0.86

SI3

SI

0.74

0.74

SI4

SI

0.85

0.85

EP1

EP

0.69

0.70

EP2

EP

0.81

0.81

EP3

EP

0.77

0.77

EP4

EP

0.82

0.82

AC1

AC

0.82

0.82

AC2

AC

0.82

0.82

AC3

AC

0.84

0.84

AC4

AC

0.82

0.82

JS

0.84

OC

0.83

0.83

SI

0.89

0.89

EP

0.86

0.86

AC

0.89

0.89

Standardized Factor Loading

Construct Reliabilities
0.84

table 11.3 Structural Parameter estimates for HBAt employee Retention Model
Unstandardized
Structural Relationship
H1: EP S JS

Standardized

Parameter estimate

Standard error

t-value

Parameter estimate

0.20

0.05

4.02

0.25

H2: EP S OC

0.52

0.08

6.65

0.45

H3: AC S JS

20.01

0.05

20.17

20.01

H4: AC S OC

0.26

0.07

3.76

0.20

H5: JS S OC

0.13

0.08

1.60

0.09

H6: JS S SI

0.09

0.04

2.38

0.12

H7: OC S SI

0.27

0.03

8.26

0.55

EP correlated AC

0.37

0.09

4.19

0.25
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table 11.4 comparison of Structural Relationships with cFA correlational Relationships
HBAT Employee Retention Model

Structural Relationship

HBAT CFA Model

Standardized

comparable

Standardized

Parameter estimate

correlational Relationship

correlation estimate
0.24

H1: EP S JS

0.25

EP correlated JS

H2: EP S OC

0.45

EP correlated OC

0.50

H3: AC S JS

20.01

AC correlated JS

0.05

H4: AC S OC

0.20

AC correlated OC

0.30

H5: JS S OC

0.09

JS correlated OC

0.21

H6: JS S SI

0.12

JS correlated SI

0.23

H7: OC S SI

0.55

OC correlated SI

0.55

EP correlated AC

0.25

EP correlated AC

0.25

Not estimated

—

EP correlated SI

0.56

Not estimated

—

AC correlated SI

0.31

examine model diagnostics in the next section, but we can also compare the correlational relationships from the
CFA model with the structural relationships. As we see in Table 11.4, the estimated parameters are quite comparable
between the two models. But we also see that the two excluded structural relationships (EP S SI and AC S SI)
correspond to significant relationships in the CFA model. This might suggest that model performance would improve
with the addition of one or more of these relationships.
Examining Model Diagnostics As discussed earlier, several diagnostic measures are available for researchers to evaluate SEM models. They range from fit indices to standardized residuals and modification indices.
Each of these will be examined in the following discussion to determine if model respecification should be
considered.
The first comparison in fit statistics is the chi-square difference between the hypothesized model and the measurement model where we see a Dx2 of 46.8 with two degrees of freedom 1 p , .001 2 . The difference in degrees of
freedom is two, which is due to the fact that the model includes all but two of the possible structural relationships.
The possibility of another meaningful structural path should be explored, particularly if other diagnostic information
points in that direction. All the other fit statistics are also supportive of the model, and there were no substantive
changes in the other fit indices between the CFA and structural model.
The next step is to examine the standardized residuals and modification indices for the structural model. As
before, patterns of large standardized residuals and/or large modification indices indicate changes in the structural
model that may lead to model improvement. Table 11.5 contains the standardized residuals greater than 0 2.5 0 . In
looking for patterns of residuals for a variable or set of variables, one pattern is obvious: each item of the EP construct
(EP1 to EP4) has significant standardized residual with at least three of the four items in the SI construct. This
indicates that there may be a substantial relationship omitted between these two constructs. At the moment,
there is no direct relationship between these two constructs, only indirect relationships (EP S JS S SI and
EP S JS S OC S SI).
Examination of the two modification indices for the direct paths of EP S SI and AC S SI shows that both have
values over 4.0, although the EP S SI value is much higher (40.12 versus 8.98). This strongly supports the addition
of the EP S SI relationship if it can be supported theoretically. This also corresponds to the pattern of residuals
described between the indicators of these two constructs. It also casts doubt on the premise that JS mediates the
relationship between EP and SI.
Note that modification indices can be estimated for the “second half ” of the recursive relationships between
S
SI
JS and SI S OC. As we can see, both indicate substantial improvement in model fit. But more important,
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table 11.5 Model Diagnostics for HBAt employee
Retention Model
Standardized Residuals (All Residuals Greater than 0 2.5 0 )
Largest negative Standardized Residuals
SI2

and

OC1

22.90

SI3

and

OC1

22.88

SI4

and

OC1

22.99

EP3

and

OC1

22.90

Largest Positive Standardized Residuals
SI2

and

SI1

3.45

SI4

and

SI3

3.47

EP1

and

SI1

3.78

EP1

and

SI2

4.27

EP1

and

SI3

3.78

EP1

and

SI4

4.50

EP2

and

OC3

2.63

EP2

and

SI1

3.41

EP2

and

SI2

4.20

EP2

and

SI3

3.70

EP2

and

SI4

5.84

EP3

and

SI2

2.69

EP3

and

SI3

2.73

EP3

and

SI4

3.76

EP4

and

SI1

4.52

EP4

and

SI2

3.60

EP4

and

SI3

3.97

EP4

and

SI4

4.27

EP4

and

EP3

3.01

AC3

and

SI4

2.73

AC4

and

SI4

2.95

Modification indices for Structural Relationships
Structural Relationship
(not estimated)
EP S SI

Modification index
40.12

AC S SI

8.98

SI S JS

38.66

SI S OC

45.12

because they have no theoretical basis for inclusion in the model, they highlight the potential dangers of making
model respecifications based solely on improvement of model fit without regard to a theoretical basis.
The researcher must evaluate not only the information provided by the model fit measures and other diagnostics
but determine (a) the level of theoretical support provided by the results and (2) any potential model respecifications
that would provide improvement in the model while also having theoretical support.
Model Respecification Many times the diagnostic measures in SEM indicate model respecification should be
considered. Any respecification must have strong theoretical as well as empirical support of the nature that would
allow an a priori alternative model. Model respecification should not be the result of searching for relationships,
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but rather for improving model fit that is theoretically justified. Based on the residuals and modification indices
information from the initial SEM model, we examine a respecification of our HBAT example.
To further assess the SEM model, the HBAT research team conducts a post hoc analysis adding a direct relationship between EP and SI. The SEM program is instructed to free this path, and the model is re-estimated.
Figure 11.8 shows the model including a free path corresponding to EP S SI 1 PSI,EP 2 . Table 11.6 compares the
Figure 11.8
Standardized Path
estimates for the Revised
HBAt Structural Model

EP
PSI,EP = .37

PJS,EP = .24

EJS = 0.94
POC,EP = .42

JS

CovAC,EP = 0.26

ESI = 0.65

PSI,JS = .06

SI

POC,JS = .10
PJS,AC = – .01

PSI,OC = .36

OC
POC,AC = . 2 0
EOC = 0.68

AC

tABLe 11.6 comparison of Goodness-of-Fit Measures Between HBAt employee Retention
and Revised employee Retention Models
Revised employee

employee

Retention Model

Retention Model

x2 (chi-square)

242.23

283.43

Degrees of freedom

180

181

GoF index
Absolute Measures

Probability

0.00

0.00

GFI

.95

.94

RMSEA

.029

.036

.018–.038

.027–.045

.090

.110

Confidence interval of RMSEA
RMR
SRMR
Normed chi-square

.040

.060

1.346

1.57

NFI

.97

.96

NNFI

.99

.98

CFI

.99

.99

RFI

.96

.96

AGFI

.93

.92

PNFI

.83

.83

incremental Fit Measures

Parsimony Measures
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tABLe 11.7 comparison of Structural Relationships for the original and Revised
HBAt employee Retention Models
HBAT Employee Retention Model

Revised HBAT Employee Retention Model

Standardized
Structural

Standardized

Parameter

Structural

Parameter

estimate

Relationship

estimate

H1: EP S JS

0.25*

H1: EP S JS

0.24*

H2: EP S OC

0.45*

H2: EP S OC

0.42*

Relationship

H3: AC S JS

20.01

H3: AC S JS

20.01

H4: AC S OC

0.20*

H4: AC S OC

0.20*

H5: JS S OC

0.09

H5: JS S OC

0.10

H6: JS S SI

0.12*

H6: JS S SI

0.06

H7: OC S SI

0.55*

H7: OC S SI

0.36*

EP correlated AC

0.25*

EP correlated AC

0.26*

EP S SI

0.37*

*Statistically significant at .05 level.

GOF measures for the “original” and revised models. The resulting standardized parameter estimate for PSI,EP is
0.37 1 p , .001 2 . In addition, the overall fit reveals a x2 value of 242.2 with 180 degrees of freedom and a normed
x2 value of 1.346. The CFI remains .99, and the RMSEA is .029, which is practically the same as the value for
the CFA model. This is a better fit than the original structural model because the Dx2 is 41.2 with one degree of
freedom, which is significant 1 p , .001 2 . In this case, the respecification casts doubt on the role of JS and OC in
mediating the effects of EP.
Several of the path estimates from the original model have changed slightly, as would be expected (see Table 11.7).
Most notably, the JS–SI relationship 1 PSI,JS 5 .06 2 is no longer significant, and the SI–OC relationship 1 PSI,OC 5 .36 2
remains significant but is substantially smaller than before.
The Dx2 value between the revised SEM and CFA models is 5.61 with one degree of freedom, which is significant
at a type I error rate of .05. The squared multiple correlation (i.e., R2) for SI also improves from .35 to .45 with the
addition of this relationship. These findings suggest that the structural model does a good, but not perfect, job in
explaining the observed covariance matrix. Thus, we can proceed to interpret the precise nature of the relationships
with a fair degree of confidence.
At this point, HBAT has tested its original structural model. The results showed reasonably good overall model
fit and the hypothesized relationships were generally supported. However, the large difference in fit between the
structural model and CFA model and several key diagnostics, including the standardized residuals, suggested one
improvement to the model. This change improved the model fit. Now, HBAT must consider testing this model with
new data to examine its generalizability.
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Summary
A complete SEM analysis involves both the test of a measurement theory and the structural theory that links
constructs together in a logically meaningful way. In this chapter, we learned how to complete the analysis by
extending our CFA model in a way that enabled a test of the overall structural model, which includes the set of
relationships showing how constructs are related to one another. SEM is not just another multivariate statistical procedure. It is a way of testing theory. Much easier and more appropriate statistical tools are available for
exploring relationships. However, when a researcher becomes knowledgeable enough about a subject matter
to specify a set of relationships between constructs, in addition to the way these constructs are measured, SEM
is an appropriate and powerful tool. This chapter highlights several key points associated with SEM, including
the following:
Distinguish a measurement model from a structural model. The key difference between a measurement
model and a structural model is the way the relationships between constructs are treated. In CFA, a measurement model is tested that usually assumes each construct is related to each other construct. No distinction is made
between exogenous and endogenous constructs, and the relationships are represented as simple correlations with
a two-headed curved arrow. In the structural model, endogenous constructs are distinguished from exogenous
constructs. Exogenous constructs have no arrows entering them. Endogenous constructs are determined by other
constructs in the model as indicated visually by the pattern of single-headed arrows that point to endogenous
constructs.
Describe the similarities between SEM and other multivariate techniques. Although CFA has much in common
with EFA, the structural portion of SEM is similar to multiple regression. The key differences lie in the fact that the
focus is generally on how constructs relate to one another instead of how variables relate to one another. Also, it is
quite possible for one endogenous construct to be used as a predictor of another endogenous construct within the
SEM model.
Depict a theoretical model with dependence relationships using a path diagram. The chapter described procedures for converting a CFA path diagram into a structural path diagram. In a path diagram, the relationships between
constructs are represented with single-headed arrows. Also, the common abbreviations change. Measured indicator
items for endogenous constructs are generally referred to with a Y, whereas the exogenous construct indicators are
referred to with an X.
Test a structural model using SEM. The CFA setup can be modified and the structural model tested using the
same SEM program. Models are supported to a greater extent as the fit statistics suggest that the observed covariances are reproduced adequately by the model. The same guidelines that apply to CFA models apply to the structural
model fit. Also, the closer the structural model fit is to the CFA model fit, then the more confidence the researcher
can have in the model. Finally, the researcher also must examine the statistical significance and direction of the
relationships. The model is supported to the extent that the parameter estimates are consistent with the hypotheses
that represented them prior to testing.
Diagnose problems with the SEM results. The same diagnostic information can be used for structural model
fit as for CFA model fit. The statistical significance, or lack thereof, of key relationships, the standardized residuals,
and modification indices all can be used to identify problems with a SEM model.
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Questions
1 In what ways is a measurement theory different from
a structural theory? What implications do these
differences have for the way a SEM model is tested?
How does the visual diagram for a measurement
model differ from that of a SEM model?
2 How can a measured variable represented with a
single item be incorporated into a SEM model?
3 What is the distinguishing characteristic of a nonrecursive SEM model?
4 How is the validity of a SEM model estimated?

5 Why is it important to examine the results of a measurement model before proceeding to test a structural model?
6 Comment on the difference in orientation between
testing “a theory” versus testing “hypotheses.”
7 Can single items be used in SEM? Explain your answer.
8 Using the HBAT6SEM data set, test a structural
model that adds the single item SP1 as an additional
work environment variable to represent supervisor
characteristics (in addition to AC and EP) in trying to
explain why employees continue to work at HBAT.

Suggested Readings and online Resources
A list of suggested readings and other materials relating to the techniques in this chapter are available in the online resources at
the text’s websites (Cengage Brain or www.mvstats.com).
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Appendix 11A

Chapter 11 introduced the possibility of single item measures within a SEM. Although clearly most SEM applications in behavioral sciences involve multiple-item assessments of latent constructs, the user may benefit from an
illustration involving a mixture of both single item and multiple item constructs. The illustration provided here uses
the HBATSEM6CON.sav data.
In this case, researchers are interested in explaining the job performance of HBAT sales personnel as a function of job experience. In this case, a single job performance variable is included in the data and represents the
employee’s previous annual performance rating on a 1 to 5 scale. The data include both the age of the employee
and the number of years of experience, as well as the employee’s gender (dummy coded as 0=male and 1=female).
All of those variables are taken from HR records and are presumed to have no error. The researcher is impressed
by a management theory suggesting that job satisfaction facilitates the relationship between experience and job
performance. The theory also suggests that older employees tend to be more satisfied. Thus, the hypothesized
model can be depicted as:

Experience
Satisfaction

Performance

Age

In addition, the researcher includes employee gender as a control variable. Typically, control variables are not
shown in formal diagrams of the theory but they must be accounted for in the actual structural equation model.
The researcher decides to use an SEM program’s graphical interface to test the model. In addition to the
structural paths, age and experience should logically be correlated, and thus a two-headed arrow is included
between them. In contrast, the researcher has no reason to suspect that the control variable, gender, is related
to either age or experience. Appendix Figure A11.1 depicts the way the model looks in the SEM program (in
this case, AMOS).
The researcher estimates the model. The model yields a x2 of 25.9 with 25 degrees of freedom 1 p 5 0.411 2 . Thus,
the model reproduces the sample covariance matrix within sampling error. Not surprisingly then, the CFI is very high
at 0.999 and the RMSEA is very low .010. The 90 percent confidence interval for RMSEA includes 0, which suggests
the possibility of 0 error cannot be rejected. All indicators clearly suggest good fit for the model.
Gender, the control variable, does not produce a significant path coefficient with either job satisfaction or job
performance. The two significant structural path estimates are for age S job satisfaction (0.14) and job satisfaction
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to job performance (0.16). Interestingly, or perhaps not so interestingly, experience has no significant effect on job
satisfaction (0.05) and thus does not indirectly influence job performance. No residuals suggest any improvement
in the model, thus the research concludes the results are valid. After talking it over with colleagues, the researcher
learns that sometimes, experience does not affect performance or satisfaction because employees sometimes become
stuck in a job, not performing well enough to advance and not having a lot of alternatives. Thus, HBAT researchers
are back to work theorizing a new model that includes the notion of being stuck in a job.
The simple example illustrates that including single-item variables, and in partiuclar incuding control variables, is
a straightforward process. If the control variables turn out not to influence any of the other relationships in a model,
they can be deleted from the final theoretical model.
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Advanced SEM Topics

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Understand the differences between reflective and formative measurement.

●

Know how to specify formative scales in SEM models.

●

Identify when higher-order factor analysis models may be appropriate.

●

Use multigroup methods to perform an invariance measurement analysis.

●

Understand the concepts of statistical mediation and moderation.

●

Be aware of current developments in SEM.

chapter Preview
Chapters 9, 10, and 11 introduced the basic fundamentals of covariance-based structural equation modeling and
its two most basic applications—confirmatory factor analysis and estimation of a structural model. This chapter extends the discussion to several more advanced topics faced by many researchers today. We first examine
the use of formative rather than reflective measurement theory. As will be discussed, not only are estimation
issues involved in the use of formative scales, but there are also questions involving their appropriateness in
structural equation modeling. We then discuss the applicability and use of higher-order factor models. In these
instances, the latent constructs we estimate with measured variables now act as “indicators” of a higher-order
latent construct. In a sense, we represent a latent construct with other latent constructs. We identify the situations in which this approach is most applicable and discuss the issues of estimation and interpretation. We
then focus on multigroup models, a form of SEM analysis comparing the same model across multiple samples
of respondents. A specific type of multigroup analysis, measurement invariance testing, is discussed in detail
to clarify its objective of assessing the measurement model’s equivalence across groups. This is the foundation
for making between-group comparisons, which are particularly relevant in cross-cultural research.
We then shift focus to the structural model, presenting two common types of relationships—mediation and
moderation. Each is discussed in terms of how it is estimated in a SEM model. We also present the underlying logic
of each type of relationship so the researcher can select the appropriate type. The final section discusses alternative
methods of estimating structural models including Bayesian SEM.

726
Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 12 Advanced SEM Topics

727

Key terms
Before beginning this chapter, review the key terms to develop an understanding of the concepts and terminology
used. Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key
term cross-references are italicized.
Bayesian statistics An alternative to traditional frequentist statistical approach built around the idea of conditional probabilities

such that parameters are not sample dependent.
Between-group constraints Fixing a relationship to be equivalent across two or more group models. A single estimate is made

for all groups rather than a unique estimate in each group.
Bootstrapping Produces t values for parameter estimates through a non-parametric process involving reestimation of the model

hundreds or thousands of times by sampling with replacement from the original sample to produce each iteration’s input.
chi-square difference (Dx2) Measure for assessing the statistical significance of the difference in overall model fit between two

models based on the relative chi-square values of each model. A nonsignificant value indicates that the two models provide the
same level of model fit and can be considered equivalent in terms of explanation. The degrees of freedom for the chi-square
represent the difference in the number of estimated parameters in the two models.
complete mediation See full mediation.
configural invariance Exists when an acceptable fit is obtained from a multisample CFA model that simultaneously estimates a
factor solution for all groups with each group configured with the same structure (same pattern of free and fixed parameters).
Also see totally free multiple group model.
common methods bias (cMB) Relationships among variables and/or constructs are influenced by the data collection method
(e.g., same collection method, questionnaire format, or even scale type)—a result of common methods variance (CMV) and
sometimes referred to as constant methods bias or monomethods bias.
competence interval The Bayesian cousin to confidence intervals that reveal, typically with 95 percent probability, the lower
and upper bounds for a mean parameter estimate value given a sample. In other words, the expected value distribution for a
parameter given the data.
cross-validation Attempt to reproduce the results found in one sample using data from a different sample, usually drawn from
the same population.
Direct effect Relationship linking two constructs with a single arrow between the two.
error term invariance Occurs when the error variance terms for each measured variable are equal across the groups being studied. Achieving error term invariance denotes equal reliabilities for the constructs across groups.
Factor covariance invariance An advanced stage of the measurement invariance process where the covariances between
constructs are the same across groups.
First-order factor model Covariances between measured variables explained with a single latent factor layer. See also second-order
factor model, which has two layers of latent factors.
Formative measurement theory Theory presenting formative scales as operational factors (see Chapter 9).
Full invariance Achieved when the chi-square difference test is nonsignificant for the complete set of constraints when testing
for measurement invariance in MCFA.
Full mediation A sequence relationship proposing that an independent variable causes an intermediate variable, which in turn
causes an outcome variable 1 X S M S Y 2 . In other words, the relationship between a predictor an outcome depends on an
intermediate variable.
indirect effect Sequence of relationships with at least one intervening construct involved. That is, a sequence of two or more
sequential (implied causal) direct effects.
Measurement equivalence See measurement invariance.
Measurement invariance Measurement theory condition in which the measures forming a measurement model have the same
meaning and are used in the same way by different groups of respondents. Tested through a series of increasingly rigorous
MCFA models where between-group constraints restrict different elements of the measurement model (e.g., metric invariance
tests for equivalence of the factor loading estimates).
Measurement theory Series of relationships that suggest how measured variables represent a construct not measured directly
(latent). A measurement theory can be represented by a series of regression-like equations mathematically relating a factor
(construct) to the measured variables.
Mediating effect Effect of a third variable/construct intervening between two other related constructs.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

728

Section V Moving Beyond The Basics

Metric invariance An important stage in the measurement invariance process that assesses the extent to which factor loading

estimates are equivalent across groups. Metric invariance provides support that respondents use the numeric rating scales
similarly across groups so the differences in relationships between groups can be compared.
Moderating effect Effect of a third variable or construct changing the relationship between two related variables/constructs. That
is, the relationship between two variables changes based on the level/amount of a moderator. For example, if a relationship
changes significantly when measured for males versus females, then sex moderates the relationship.
Multiple group analysis A form of SEM analysis where two or more samples of respondents are compared using similar models.
Between-group constraints are used to assess the similarities between groups on any model parameter(s).
Multisample confirmatory factor analysis (McFA) A form of multiple group analysis where multiple CFA models, one for each
group of respondents, are estimated and then measures of fit calculated for all the models collectively.
nuisance factor An external effect to the SEM model that may impact the results in some fashion and thus needs to be accounted
for. Examples can be types of questions used in the questionnaire or differing conditions at various times of data collection.
For an example, see common methods bias.
Partial invariance When the chi-square difference indicates that only a subset of possible between-groups constraints (at least two
per construct) are nonsignificant when testing measurement invariance in MCFA.
Partial mediation Effect when a direct relationship between a predictor and an outcome is reduced but remains significant when
a mediator is also entered as an additional predictor.
Reflective measurement theory Theory presenting reflecting scales as factors (see Chapter 10). It is the typical psychometric
representation for a psychological latent construct.
Scalar invariance A stage in the measurement invariance process following metric invariance, which assesses the extent to which
intercept terms for the equations explaining measured variables are equivalent across groups in a MCFA. Scalar invariance
supports valid comparison of the latent construct means between groups.
Second-order factor model Measurement theory involving two “layers” of latent constructs. These models introduce a secondorder latent factor(s) that causes multiple first-order latent factors, which, in turn, cause the measured variables (x).
tF See totally free multiple group model.
totally free multiple group model (tF) Model that uses the same structure (pattern of fixed and free parameters) on all
groups but allows parameters to take on different values (no equality constraints between groups) in a multiple group
analysis.

Reflective Versus Formative Scales
The issue of causality (i.e., correlational versus dependence relationships) has played a key role in our specification
of the structural model. Traditional psychometric theory relies on reflective measurement where the measurement
theory presumes latent factors (constructs) cause measured variables. Can the direction of causality be reversed? Can
a measured variable cause a factor? This contrasting direction of causality leads to a different measurement approach
known as formative measurement models.
ReFLectiVe VeRSUS FoRMAtiVe MeASUReMent tHeoRY
A reflective measurement theory is based on the idea that latent constructs cause the measured variables and that
the error in measurement results in an inability of the construct to fully explain individual measured variables. Thus,
the direction of the arrows is from latent constructs to measured variables, and error terms are associated with each
measured variable. As such, reflective measures are consistent with psychometrics and classical test theory [45].
Construct validity of a reflective latent construct ensures that the “meaning” of the factor will remain consistent
given the measures used and it should not vary when associated with other constructs.
Because a reflective measure presumes that all indicator items are caused by the same latent construct, items
within a construct should be highly correlated with each other. Individual items should be interchangeable and any
single item can be left out without changing the construct’s meaning. The scale measurement must demonstrate
sufficient construct validity and at least three items must be specified to avoid identification problems [9]. Reflective
indicators can be viewed as a sample of all the possible items available within the conceptual domain of the construct
[18]. As a consequence, reflective indicators of a given construct are expected to move together, meaning that changes
in one indicator are associated with proportional changes in the other indicators.
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Reflective measurement models are the predominant measurement theory used in the social sciences [8]. Typical
social science constructs such as personality, other individual traits, work-related traits, and behavioral intentions,
to name a few, represent reflective measurement [7, 9]. Likewise, a study of symptoms typically would be reflective.
For example, symptoms such as shortness of breath, tiring easily, wheezing, and reduced lung functioning would
be considered indicators that would reflect the latent factor of emphysema. The symptoms do not cause the disease.
Rather, the disease causes the symptoms.
In contrast, formative measurement implies that measured variables can cause the factor. A typical example
would be a social class index [21]. Social class often is viewed as a composite of one’s educational level, occupational
prestige, and income (or sometimes wealth). Social class does not cause these indicators as in the reflective case.
Rather, each formative indicator is considered a partial cause of the index. In a business setting, investors often
compute a bankruptcy index indicating how close an individual or company is to financial bankruptcy. Key financial
measures (e.g., retained earnings, working capital, equity, and sales to assets, among others) could be thought of
as causing bankruptcy, and thus they would be appropriate as formative indicators. Finally, using a health-related
example, a formative emphysema index might specify indicators such as cigarette consumption, exposure to toxins,
chronic bronchitis, and others. These indicators would form, rather than reflect, the probability of an individual
having emphysema. The fact that one smokes cigarettes has little connection to the other indicators. Under formative
measurement theory, the measures can not share commonality.
Although a formative scale may seem quite simple—just reverse the arrows—it also reverses the way we think
about scales. A key assumption is that formative factors are not considered latent, and thus the indicators need not
have a consistent inherent meaning [32]. Formative factors are better viewed as indices or composites where each
indicator is a potential contributing cause. One issue with formative measurement is that factor loading estimates
are determined by other relationships in the model. This is because when a formative measure requires at least two
separate reflective items or other endogenous constructs to act as “outcome” measures to be identified and estimated
(see later discussion) [28]. The result is that a formative factor changes meanings depending on the other variables or
factors used as outcomes. In some sense selecting the outcome measures is as important to a formative scale as the
construct indicators themselves [19]. The problem epitomizes the concept of interpretational confounding discussed
in Chapter 11 [13].
oPeRAtionALiZinG A FoRMAtiVe ScALe
Figure 12.1 illustrates a formative measurement model. Each indicator (X) is an index item that causes the composite
construct. A correlation is shown among the index items 1 X12X3 2 , and E is a parameter (error term) indicating the
amount of error variance in the construct. Notice that the error is now associated with the construct, and not with
the measured items. Similarly, because the causality is from the items to the factor, and not the reverse, the construct
does not explain the item intercorrelations. These differences lead to some changes in scale assessment and usage as
discussed in the next sections.
The implications of collinearity and dropping indicator items are different in reflective and formative models.
Reflective items are presumed to each be representative of the same conceptual domain. Therefore, dropping reflective items does not change the meaning of the latent construct. Items with low factor loadings can be dropped from
X1

X2

X3

LX1

E

Figure 12.1
example of Formative Measurement theory

FC

LX2
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reflective models without serious consequences, if a construct retains a sufficient number of indicators. Moreover,
collinearity is expected in reflective measures as an indication of convergent validity. But in formative models, the
items define the factor, so dropping or adding an item can have profound changes in its meaning. Conceptually, a
formative factor should be represented by the entire population of indicators that form it [32]. Also, because there is
no “common cause” for the items comprising a formative scale, there is no requirement that the items be correlated.
As a matter of fact, collinearity among formative indicators presents significant problems because the loadings of the
formative indicators to the construct can become unreliable in estimation (similar to the impact of multicollinearity
in multiple regression as discussed in Chapter 5). If these parameters are unreliable, then it becomes impossible to
validate scale items. Thus, the researcher faces a dilemma: Dropping an item may make the index incomplete, but
keeping it may make an estimate(s) invalid. These issues associated with formative measurement models have yet
to be resolved [20, 21].
Formative measurement models require a different validation process. Because formative indicators need not
be correlated, internal consistency, reliability (e.g., Cronbach Alpha), and average variance extracted (AVE) are not
appropriate validation criteria. Indeed, formative items ideally are mutually exclusive [32]. Because the error is in the
factor, the most important validation criteria relate to criterion or predictive validity. As noted earlier, the “validity”
of a formative scale is contingent on the other model constructs or variables. Psychometric guidelines applied by
researchers using reflective measurement theory (see Chapter 9) do not apply in to formative measurement theory
[21, 52].
As previously noted, the mathematical identification of a formative scale is problematic (various approaches exist
to cope with under-identification, one of which we will see in the next chapter). Figure 12.2 depicts three methods
that allow mathematical identification, which is made particularly salient in CB-SEM. In Figure 12.2a we see that two
reflective measured indicators (rectangles) have been added to the formative measure similar to the MIMIC model
[33, 35]. In Figure 12.2b, the formative measure is related to two other multiple item reflective constructs. Finally,
in Figure 12.2c a combination of one reflective construct and one reflective measured indicator (rectangle) provides
identification for the formative scale. Each of these approaches has advantages and disadvantages that are the topic
of continued discussion and research [19].
DiFFeRenceS BetWeen ReFLectiVe AnD FoRMAtiVe ScALeS
Meaningful differences separate reflective and formative measurement models, but conceptually differentiating
between the two is not always easy. Reflective models are generally easier to work with, have traditionally been more
commonly employed in the social sciences, and are thought to best represent many individual difference characteristics and perceptual measures. Formative measurement models may have a place when representing less psychological
types of concepts [9, 32]. Additionally, the type of measurement does not affect the true nature of a concept. In fact,
many scales, like perceived coercion in a B2B context, could be considered either reflective or formative depending
on the context of the survey [30, 52]. One of the distinctions between reflective and formative measures also lies

Figure 12.2
three Approaches to identification of
Formative Scales

a. Inclusion of Two Reflective Indicators
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c. Inclusion of One Reflective Construct and One Reflective Indicator
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around scientific objectivity. Changing the items for a formative scale or changing the constructs it predicts changes
the meaning of the concept. Thus, the researcher determines the meaning through the choice of measured variables.
Table 12.1 presents a series of characteristics that may assist in selecting the appropriate measurement model form.
As discussed earlier, the reflective and formative measurement theories are directly opposite approaches. A reflective
theory presumes the construct causes the scale item indicators and are modeled as “outcomes” of the latent construct.
All the items should have some conceptual linkage and should covary together. The items in a reflective scale need
only to be a representative sample, and items can be added or dropped if the set of items provides coverage of the
domain and the construct is identified. Reflective scales are required to exhibit internal consistency as a requirement
for validity, whereas validity must be established internally (convergent validity) as well as externally (discriminant
and predictive/criterion validity).
Formative scales are best characterized as indices rather than latent constructs because there is nothing “unobservable” when items define the construct. Specification of the complete domain of the concept through an exhaustive
set of possible items is required, thus raising the possibility of compromising content validity if essential items are
omitted or dropped. Because items are not required to be conceptually linked, except in their relationship to other
constructs, there is also no requirement for collinearity among the items, and thus no level of internal consistency.
In terms of construct validity, the lack of any internal validity measures requires that validity only be established
through criterion or predictive validity and is contingent on the constructs used in the validation process.
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WHicH to USe—ReFLectiVe oR FoRMAtiVe?
Formative scales have received considerable attention in recent years [19], particularly given a few published articles
that claim previous research often presents reflective measurement that should be formative in the marketing,
management, and strategic management literatures [32, 47]. However, the findings of these studies are questionable since the researchers often did not have access to the original questions or instructions used in the studies.
Research that misspecifies measurement runs the risk of presenting inaccurate structural parameter relationships
[37]. CB-SEM procedures can be used to model formative scales as long as the models are statistically identified,
such as the models shown in Figure 12.2.
The trend toward more widespread use of formative scales has not been without concerns. Perhaps the most
widespread concern has been the inherent lack of internal validity in formative measures and their potential for interpretational confounding based on the constructs and/or approach selected for identification and
estimation purposes (see [52] for a comprehensive review). Additional issues of both a conceptual and empirical nature have been raised to the extent that some researchers call into question any use of formative measures
[10, 11, 46, 52].
At this point, the question—“Which one do I use?”—does not have a definite answer. Research is continuing to
address the questions raised by both proponents and opponents. As mentioned earlier, one could think of ways to
measure many concepts either way [10], and in the end concepts exist without any concern over being formative or
reflective. Table 12.1 provides guidance for the researcher in trying to decide.

Higher-order Factor Models
The CFA model described in Chapter 10 is a first-order factor model. A first-order factor model means the covariances between measured items are explained with a single latent factor layer. For now, think of a layer as one level
of latent constructs.
Researchers increasingly are employing higher-order factor analyses although this aspect of measurement theory
is not new. Higher-order CFAs most often test a second-order factor structure that contains two layers of latent

table 12.1 Distinguishing Between Reflective and Formative Measures
Indicative of:
characteristic

Reflective

Formative

Causality of construct

Measured indicators assumed caused

Assumed causally formed from item

by factor.

indicators.

Conceptual relationship among items
Domain of items

All items are conceptually related because

No requirement of conceptual

they have a common cause.

linkage to other items.

Representative sample of potential items.

Exhaustive inventory of all possible

All items have the same meaning.

items. Items each have different
meanings.

Covariance among items

Collinearity among items expected.

No expectation of collinearity. High
collinearity among formative items
questions the approach.

Internal consistency
Forms of construct validity
Interpretational Confounding

Required.

Not required and in fact problematic.

Standard psychometric assessment

Only external construct validity.

(as in Chapter 10).

Does the index predict other things?

Rare if factor is identified and meets ROT

Inherent as formative loadings

for convergence.

depend on outcomes.
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Rules of thumb 12-1
Formative Measurement
●

●

●
●

●

●

Formative scales do not represent latent factors and are not validated using the same methods as with
conventional reflective factors.
The variables that make up a formative scale should explain the largest portion of variation and should
highly correlated with other outcomes that are conceptually related (minimum correlation of .5).
Formative factors present greater difficulties with statistical identification.
At least two additional reflective variables or constructs with reflective variables must be included in the
theoretical model along with a formative measure to achieve an overidentified model.
A formative scale should be represented by the entire population of items that form it. Therefore, items
should never be dropped.
CB-SEM is appropriate for analyzing theoretical models with formative factors so long as statistical identification is possible.

constructs. One type of second-order latent factor(s), referred to as formative–formative, is specified so the second
order factor causes multiple first-order latent factors, which in turn cause the measured variables (x). But there are
other approaches to model higher order factors (see Chapter 13). Theoretically this process can be extended to any
number of multiple layers. Thus, the term higher-order factor analysis. Researchers seldom examine theories beyond
a second-order model. Figure 12.3 contrasts path diagrams between a conventional first-order factor model with
one layer in part (a) and a second-order factor model (b) with two layers in part (b).
eMPiRicAL conceRnS
Both theoretical and empirical considerations are associated with higher-order CFA. All CFA models must account for
the relationships among constructs. In a first-order CFA model, these covariance terms are typically free (estimated)
unless the researcher has a strong theoretical reason to hypothesize independent dimensions. Recall from Chapter 9
that double-headed covariance terms could suggest the existence of an unmeasured latent factor. Higher-order
factors can be thought of as explicitly representing the correlations among first-order factors. Thus, another way to
view a higher-order factor is that it accounts for covariance between constructs just as first-order factors account
for covariation between observed variables [2]. In other words, the first-order factors now act as indicators of the
second-order factor. All the considerations and rules of thumb (items per factor, identification, scale, etc.) apply to
second-order factors just as they do to first-order factors. The difference is the researcher must consider the firstorder constructs as indicators of the second-order construct.
Figure 12.3a shows a conventional factor model with six unique covariances between four latent factors.
Figure 12-3b depicts a CFA model where a second-order factor (Ethical Climate, EC) is introduced as the cause of
the four first-order factors (R&T, PB, EN, and SP), each measured by four reflective items. Note that the introduction
of a second-order factor changes the designation of the constructs. First, the first-order factors from the CFA model
(which were originally exogenous constructs) now become endogenous constructs (note the arrows point from the
higher-order construct toward the first-order constructs). The second-order factor is now the specified cause of the
four first-order constructs versus using the correlational relationships among constructs to represent an unspecified
common cause as was done in the CFA. Second, the higher-order construct is now the exogenous construct and
it has no measured variables as indicators. Because it represents a relationship among constructs, the first-order
factors act as its “indicators” through the structural model relationships. Finally, just as was required in specifying
each first-order construct, the scale must be set for the second-order construct as well. The same two approaches are
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Figure 12.3
contrasting Path Diagrams for a First- and Second-order Measurement theory
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(b) Second-Order Model
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Legend:
First-Order Factors (treated as endogenous):
h1 = R&T (Responsibility and Trust Perceptions)
h2 = PB (Peer Behavior Perceptions)
h3 = EN (Ethical Norm Perceptions)
h4 = SP (Sales Practices Perceptions)
Second-Order Factor (treated as exogenous):
j1 = EC (Ethical Climate)

available that we discussed when using measured variables. First, one structural path from the second-order factor
to a first-order factor can be fixed at 1.0 to set the scale. Alternatively, all four loading estimates can be estimated if
the variance of the second-order factor is fixed at 1.0.
tHeoReticAL conceRnS
Theoretically, constructs sometimes can be operationalized at different levels of abstraction. Each layer in
Figure 12-3b refers to a different level of abstraction. We will discuss two examples that illustrate the role of
second-order factors.
Psychological constructs are often defined at different levels of abstraction. Personality can be represented
by numerous related first-order factors. Each can be measured using dozens of multiple-item scales tapping a
specific personality dimension. Psychological constructs representing first-order factors include scales for anxiety, pessimism, creativity, imaginativeness, and self-esteem, among many others. Alternatively, the first-order
factors can be viewed as indicators of a smaller set of more abstract higher-order factors that reflect broader,
more abstract personality orientations such as extraversion, neuroticism, conscientiousness, agreeableness,
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and intellect [7, 48]. These more abstract personality constructs sometimes are referred to as the “Big Five”
personality factors.
Similarly, one can imagine that many different factors might indicate how well one would do in graduate school.
Multiple indicators from a standardized test could be used to represent verbal performance and quantitative performance, among other exam characteristics. Multiple items also could be used to assess how well a candidate performs
in school, including GPAs in college, GPAs in high school, and perhaps several other grade-related scores. We also
could use multiple-item scales to assess how motivated one is to succeed in graduate school. Once we have identified all the factors related to performance in graduate school, we may end up with a few dozen indicator variables
for several factors, such as reading comprehension, quantitative ability, problem solving, school performance, and
motivation. Each of these aspects is in itself a factor. However, they may all be driven by a higher-order factor that
we could label “Likelihood of Success.” It may be difficult to look at one’s credentials and directly assess likelihood of
success. However, it may be indicated quite well by more tangible factors such as problem-solving ability. In the end,
key decisions may be made based on the more abstract success factor, and hopefully these decisions are better than
relying on the individual more specific factors. Thus, the individual factors are first-order factors and Likelihood
of Success could be thought of as a second-order factor. This type of situation calls for the testing of a second-order
CFA model.
It cannot be emphasized enough that the ultimate criterion in deciding to form a second-order measurement
model is theory. Does it make theoretical sense? What logical reason leads us to expect layers of constructs? The
well-known Big Five Personality theory represents the notion of higher order factors well. Personality is a higher
order factor to the big five, extraversion, agreeableness, openness to experience, conscientiousness, and neuroticism.
Each of the five factors has numerous measured indicator items. The increasing number of second-order factor
models seen in the literature is partially the result of more researchers learning how to use SEM to represent and test
a higher-order factor structure. The ability to conduct a second-order test does not justify doing so. The need for
theory is particularly true when trying to decide between a first- and second-order factor configuration for a given
measurement theory.

USinG SeconD-oRDeR MeASUReMent tHeoRieS
The specification of a second-order CFA model is actually quite similar to a first-order model if we view the firstorder constructs as indicators. Considering Figure 12.3a, the first-order model estimates a relationship (two-headed
path in this case) for each potential covariance. The higher-order model in Figure 12.3b accounts for these six
relationships with four factor loadings. Although the comparison between a first- and second-order measurement
model is generally nested, the empirical comparison using a Dx2 statistic is not as useful as it is when comparing
competing measurement models of the same order [38]. The first-order model should fit better in absolute terms
because it uses more paths to capture the same amount of covariance.
In contrast, the higher-order model is more parsimonious (it consumes fewer degrees of freedom). Thus, it
should perform better on indices that reflect parsimony (PNFI, RMSEA, etc.). Note, however, that even though
a higher-order model is more parsimonious from the standpoint of degrees of freedom, one may not view it as
“simpler” because it involves multiple levels of abstraction. This complicates empirical comparisons, thus placing
more weight on theoretical and pragmatic concerns.
Higher-order measurement models are also still subject to construct validity standards. In particular, secondorder factors should be rigorously examined for nomological validity, because it is possible that various confounding
explanations may exist for a higher-order factor. For example, if all item measures use the same type of rating scale,
there could be a common methods factor influencing all first-order constructs. The second-order factor could be
interpreted as common measurement in this case. When a second-order factor reacts to other theoretical constructs
as expected, the chance of it being an artifact of the research design is lower. More specifically, if the higher-order
factor explains theoretically related outcomes such as organizational commitment and job satisfaction as well as
or better than the combined set of first-order factors, then evidence in favor of the higher-order representation is
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provided [38]. Thus, a primary validation criterion becomes how well a higher-order factor explains theoretically
related constructs. When comparing measurement models of different orders, a second-order model is supported
to the extent that it shows greater nomological validity than a first-order model.
WHen to USe HiGHeR-oRDeR FActoR AnALYSiS
Although higher-order measurement models might seem to have many advantages, we must also consider the disadvantages. In general, they are conceptually more complicated. A construct can become so abstract that it is difficult
to adequately describe its meaning. The added complexity also can diminish the diagnostic value of a construct as it
becomes further removed from the tangible measured items. Higher-order CFA models also create more potential
for unidentified or improper CFA solutions. For instance, researchers may have one or more higher-order factors
with fewer than three indicators. Just as we saw in Chapter 9 with first order factors, a two-item higher order factor
can exist in an identified CFA but the factor itself is mathematically under-identified without added constraints.
With a reflective second-order or higher factor model, all first-order factors, which are now indicators of the
second-order factor, are expected to move together (covary), just as with the measured items indicating first-order
factors. When multiple first-order factors are used as indicators of a second-order factor, the researcher gives up the
ability to test for relationships between these first-order factors and other key constructs. Thus, a drawback of the
measurement model shown in Figure 12.3b is that we cannot investigate, for example, direct relationships between
peer behavior (PB) and other key job outcomes such as turnover. Thus, the presumption is that all four first-order
indicators would influence any other construct (e.g., turnover) the same way. If a conceptual case can be made
that anyone of these first-order factors would affect another key construct differently, then perhaps a second-order
measurement theory should not be used. This case is typified when one of a set of related first-order constructs would
be expected to affect some other construct positively whereas other first-order constructs would affect it negatively.
Some questions that can help determine whether a higher-order measurement model is appropriate are listed here:
1 Is there a theoretical reason to expect that multiple conceptual layers of a construct exist?
2 Are all the first-order factors expected to influence other nomologically related constructs in the same way?
3 Are the higher-order factors going to be used to predict other constructs of the same general level of abstraction (i.e., global personality–global attitudes)?
4 Are the minimum conditions for identification and good measurement practice present in both the first-order
and higher-order layers of the measurement theory?
If the answer to each of these questions is yes, then a higher-order measurement model becomes applicable. After
empirically testing higher-order models, the following questions should be addressed:
1 Does the higher-order factor model exhibit adequate fit?
2 Do the higher-order factors predict other conceptually related constructs adequately and as expected?
3 When comparing to a lower-order factor model, does the higher-order model exhibit equal or better predictive
validity (higher order factor does not mask findings from individual lower order factors)?
Once again, if the answer to these questions is yes, then a higher-order measurement theory would be supported.

Multiple Groups Analysis
Numerous SEM applications involve analyzing groups of respondents. Groups sometimes represent dividing a sample
by a meaningful characteristic such as a respondent’s gender or home country. For example, we may expect that
men and women do not respond similarly across a wide range of social psychological issues. Many times, different
populations are sampled with the ultimate aim of testing for similarities and differences between those populations.
For example, the populations may involve people from different cultures. Alternatively, a large sample may be broken
randomly into two subsamples so that model cross-validation can take place.
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Rules of thumb 12-2
Higher-order Factor Models
●

Higher-order factors must have a theoretical justification and should be used to predict other constructs of
the same general level of abstraction

●

All first-order factors should influence other related constructs in the same way

●

All rules that apply for identification at the first order apply at higher orders

Multiple group analysis is a SEM framework for testing any number or type of differences between models estimated for different groups. The general objective is to test for potential differences between individual group models.
Although very specific tests of differences can be performed for unique research questions, a general framework has
emerged for comparing the measurement models and then structural models across groups. We will first discuss
measurement model invariance, because it often is a prerequisite for making comparisons at the structural model
level, particularly in cross-cultural applications.
MeASUReMent MoDeL coMPARiSonS
A key benefit of achieving construct validity is that a construct will meet all of the requirements of reliability and
validity, not only in one situation, but hopefully across all potential situations in which it can be applied. Although
rigorous testing in the development stage may support construct validity, researchers have long been aware of the
need to reassess a construct when scales are applied in different contexts [22, 29, 30, 31, 43]. Increased applications of SEM to cross-cultural studies, longitudinal studies, assessment of differences based on personal differences
(e.g., gender), and even environments (e.g., type of workplace setting), have brought to our attention the need for a
formalized process of making group comparisons [2, 15, 16, 49, 51].
We discuss measurement model comparisons in two related areas. The first is broadly known as measurement
invariance (or measurement equivalence). The primary objective is to ensure that measurement models conducted
among different populations yield equivalent representations of the same construct. As we have discussed, the types
of situations using this approach have become quite extensive. Yet even with the increased awareness and availability
of SEM programs, in many areas of research that require measurement invariance (e.g., cross-cultural research), it
is still not always used [53]. A more specific instance of measurement model comparisons is cross-validation, the
attempt to reproduce the results found in one sample using data from a different sample. Generally, cross-validation
uses two samples drawn from the same population. In other words, the sampling units in each group would have
the same characteristics. Perhaps the most basic application is providing a second confirmation of a measurement
theory that survived initial testing. One way of accomplishing this task is to split a large sample randomly into two
groups so that each sample meets the minimum size requirements discussed earlier.
A Six-Step Process of Group Comparisons What both of these areas have in common is their joint use
of what has become known as multisample confirmatory factors analysis (MCFA). CFA, as discussed in
Chapter 9, provides the basis for establishing construct validity through the measurement model. MCFA
now extends CFA into a multigroup situation where separate samples are collected for each group and then
comparisons made to determine their invariance (or equivalence). As might be expected, numerous aspects
of a CFA model are available for comparison. A systematic framework has been proposed for evaluating these
aspects in a progressively more rigorous set of comparisons that addresses the most elemental aspects in the
earlier stages [40, 41].
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The foundation of the process is a series of empirical comparisons of models with increasingly restrictive
constraints. The fundamental measure of difference used is the chi-square difference 1 Dx2 2 . This measure allows
for an overall comparison between two model specifications (e.g., one with fewer constraints than the other). The
basic logic remains that if a more constrained model fits (as measured by chi-square) as well as a less constrained
model, then results support the more constrained model [6, 26, 36, 41].
General practice is to start with a relatively unconstrained model. For example, the initial multi-group CFA
would allow separate and unique loadings for each group. Then between-group constraints are added to reflect
specific measurement model comparisons. A typical between-group constraint restricts parameter estimates
to be equal in each group. Rather than freeing a factor loading in each group, in essence the constraint frees
the loading in one group and forces the corresponding loading to the same value in the other group. In this
way, one can test a hypothesis that a relationship is invariant (equal) across the groups. If the model with additional constraints does not fit significantly worse than the lesser constrained model, then the results support
invariance.
One feature of the MCFA approach is that although basic measures of fit exist for each group model, model fit
measures are provided for the collective set of group models. In simple terms the chi-square for each group model
added together equals the overall chi-square. Measures such as CFI, RMSEA, and other fit indices, are calculated for
the entire model set. In this way, comparisons can be made on model fit measures (e.g., Dx2) across MCFA models
with differing sets of constraints.
Although all model fit indices are available for the set of group models, the primary measure used for comparison
remains the chi-square difference 1 Dx2 2 , which can be assessed with a statistical significance level. The degrees
of freedom for any Dx2 model comparison equals the number of additional constraints introduced from one stage
to the more restrictive stage. For example, assume that we have three groups. We could model separate models for
each group, creating three unique x2 values and separate loading estimates for each variable in each group. Next, we
assume that the loading estimates are equal. Instead of three estimates for a given loading, we would have only one
estimate that is the best single loading estimate for the three groups combined. Now, we estimate one value instead
of three, saving two degrees of freedom. So, in general the number of degrees of freedom for the Dx2 test is equal to
the number of added equality constraints multiplied by one less than the number of groups.
We will first describe the six stages in terms of both the measurement model issues they address as well as
the nature of the constraints used. Each stage introduces a new set of constraints to those in the previous, lesserconstrained, model. For example, the model at Stage 3 will have all constraints imposed in Stage 2 plus those
added in Stage 3. So, the Dx2 test can be made between models at each stage rather than only with the initial or
baseline model.
StAGe 1: conFiGURAL inVARiAnce The first stage confirms configural invariance—that the same basic factor structure
exists in all groups. Researchers should confirm that each group CFA model has the same number of constructs
and items associated with each construct. Moreover, it must be shown that each group model meets appropriate
levels of model fit and construct validity. In measurement theory terms, we are now ensuring that the constructs
are congeneric across groups. This model is sometimes referred to as the totally free multiple group model (TF)
because it estimates all free parameters separately meaning each parameter takes on its own value in each group. The
TF (configural invariance) model becomes the baseline model for comparison.
StAGe 2: MetRic inVARiAnce The second stage provides the first empirical comparison between MCFA models groups
and involves the equivalence of factor loadings. Metric invariance represents equivalence in the relationships
between measured variables and constructs and is a critical test of invariance. The degree to which metric invariance exists determines cross-group equivalence beyond the basic factor structure. Constraints are set so that the
factor loadings are equal across groups (e.g., LX1,Group1 5 LX1,Group2, LX2,Group1 5 LX2,Group2, c). The Dx2 is
computed between this model and the TF (configural invariance) model with degrees of freedom equaling the
number of loading estimates constrained equal across the groups.
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StAGe 3: ScALAR inVARiAnce The third stage is scalar invariance, which tests for the equality of the intercept terms
in the equations explaining the measured variables. Support for scalar invariance is required if any comparisons
of relative construct level (e.g., mean scores) are made across groups. That is, scalar invariance allows the relative
amounts of latent constructs to be compared between groups.
StAGe 4: FActoR coVARiAnce inVARiAnce In a fourth stage, the covariances between constructs can be constrained.
Factor covariance invariance tests if constructs are related to each other in a similar fashion across groups. The
difference in degrees of freedom represents the number of equality constraints for factor covariances. If the Dx2 is
not significant, the researcher concludes that the covariances among factors are the same in each group.

Now the test is for factor variance invariance, which assesses the equality of the
variances of the constructs across the groups. If factor variances and covariances are equivalent across groups, then
the latent construct correlations also are equal.

StAGe 5: FActoR VARiAnce inVARiAnce

StAGe 6: eRRoR VARiAnce inVARiAnce The final stage tests for the error term invariance for each measured variable
across the groups. This test is whether the measurement error variance in the indicators is equivalent among groups.
Generally, the most important comparisons are through Stage 3.

The Dx2 test for metric invariance or scalar invariance tests full invariance, meaning that constraining all the parameters relative to that type of invariance to be the same in each group does not
significantly worsen fit. In the case of metric invariance, this would mean constraining each of the corresponding
loadings to be the same in each group. Yet, full invariance becomes more difficult to achieve as models become
complex and the tests progress to later stages [29]. Partial invariance is a less conservative standard involving more
than one estimate per construct to be equivalent across groups [14]. Although a weaker test of invariance, if two
parameters per construct (e.g., loadings in metric invariance, intercepts in scalar invariance, or even error terms in
error variance invariance) are found to be invariant, then partial invariance is found, and the process can extend to
the next stage.
If full invariance is not supported, the researcher can systematically “free” the individual equality constraints
for variables showing the greatest differences in unstandardized loadings in the hope that the Dx2 will become
nonsignificant with at least two constraints per construct. One approach to choosing the constraints that should be
eliminated first is to examine the modification indices for the fully constrained model. Remember that modification
indices suggest the change in x2 associated with estimating a relationship. Thus, equality constraints with the largest
modification indices should be freed first. An approach using the specification search feature of SEM programs to
identify and free the most restrictive constraints has also been proposed [54]. No matter what approach is taken, the
objective is to free as few constraints as possible to achieve invariance.
Full Versus Partial Invariance

Alternative to Partial Invariance The concept of partial invariance can be tedious to test and theoretically unsatis-

fying. Why are two equal indicators sufficient in a scale that may contain many more items? An alternative approach
to establishing invariance mirrors that of validating a CFA whose diagnostics suggest problems. Perhaps the problems
with invariance reside in only a single variable. If so, a much simpler solution to partial metric invariance is to delete
the offending item, particularly if the deletion does not cause problems with measurement model overall [3]. An item
can be dropped and the test of metric invariance (or scalar invariance as the case may be) can be examined. If the
Dx2 is insignificant after dropping the item, full invariance is established on the reduced model and the researcher
can move forward with the relevant comparisons [3]. Following the same guidelines as for establishing a valid CFA
model (see Chapter 10), the researcher may be able to drop a small number of items and establish invariance. If the
number of items dropped is fewer than the number of constructs, and the deletions do not cause problems with
identification of the model, then the approach is preferable to trying to establish partial invariance. The analysis
moves forward with full invariance.
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With six stages of invariance now defined, one might ask: What level
of invariance is needed? Is it necessary to achieve invariance for all six stages? The answer to that question
depends on the type of research question being addressed. A research question that involves comparing construct
means across groups requires scalar invariance. A research question that involves comparing relationships across
groups, such as the case with a moderation hypothesis, requires metric invariance. Moreover, error variance
invariance is rarely examined and demonstrates equal construct reliability across the groups. Error variance
invariance also would mean that both unstandardized and standardized relationships can be compared across
groups. Typically though, the examination of unstandardized relationships is sufficient to establish differences
between groups.
Table 12.2 provides guidelines for the minimum level of invariance needed for different types of research questions
[16, 49, 51]. Focusing on the measurement model issues, we can see that the most common issue, equivalence of the
basic structure of the construct, requires configural invariance only. Comparisons of relationships between groups
requires full or partial metric invariance. When comparisons of the latent construct means are made, scalar invariance is
required [43]. Again though, the deletion of an offending item offers an often preferable alternative to partial invariance.

What Level of Invariance is Needed?

HBAT Invariance Analysis During the course of interviews between HBAT management and the consultants,
numerous issues arose suggesting a need to compare full-time versus part-time employees. The concern was that
just taking an overall perspective on employees might overlook noticeable differences between these two groups.
It was felt that the first step should be to make sure that these two groups had common perceptions about the
workplace attitudes that HBAT considered important in their employee retention efforts based on the assumption that part-time and full-time employees represent two distinct populations, similar to that of comparing
employees from two different countries. This led to a call for an empirical comparison of the two groups on the
five constructs in the Employee Retention model (see Chapters 10 and 11 for a more complete description of the
constructs and model).
Groups were formed from the respondents to the HBAT employee survey based on work status—full-time or
part-time. In this case, the groups were of almost equal size (191 part-time employees, 209 full-time employees).
With the groups and their responses defined, the invariance testing process can begin.

Group models were specified based on the six-stage process and then estimated.
Table 12.3 contains the model fit statistics for each model and the chi-square difference test for each model comparison. In the first stage of configural invariance, the separate models for full-time and part-time employees both exhibit
acceptable levels of model fit, as does the combined MCFA model (x2 5 438.1, df 5 358, p 5 .002, RMSEA 5 .024,
and CFI 5 .98). Note that the MCFA x2 is equal to the sum of the two employee group models and the other fit
Six-StAGe inVARiAnce teStinG PRoceSS

table 12.2 Suggested Minimum Levels of invariance by type of Research Question
Measurement Model Comparisonsa

Structural Model Comparisonsa
theoretical Relationship

theoretical Relationship

Basic Structure:

Mean Levels: Do the

equivalence: is the

equivalence: Are

is the construct

groups have equal

relationship between

correlations or

Level of

perceived and used

amounts of latent

constructs the same

standardized loadings

invariance

in a similar manner?

constructs?

across groups?

the same across groups?

Configural

Full

Full

Full

Full

Metric

Partial

Partial

Partial

Partial

Scalar
Factor covariance

Partial

Partial
Partial

Factor variance
Error term
a

Minimum levels of invariance required.
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table 12.3 Measurement invariance tests for Full-time Versus Part-time employees
Model Fit Measures
Model tested

Model Differences

x2

df

p

RMSeA

cFi

Part-time employees

259.8

179

.000

.049

.96

Full-time employees

178.3

179

.500

.000

1.00

Configural invariance

438.1

358

.002

.024

.98

Metric invariance

450.8

374

.004

.023

.98

Scalar invariance

521.8

395

.000

.028

.97

Factor covariance invariance

535.6

405

.000

.028

.97

Factor variance invariance

536.2

410

.000

.028

.97

Error variance invariance

587.7

431

.000

.030

.96

Partial scalar invariance

457.4

384

.006

.022

.98

6.6

Ddf

p

12.7

16

.69

71.0

21

.00

13.8

10

.19

.6

5

.98

51.5

21

.00

10

.77

Dx2

Separate groups

measures signify acceptable fit across the two groups—indicating configural invariance. The next test is for metric
invariance and involves constraining each matching loading to be equal across the groups. We can see that the Dx2
is only 12.7 with 16 degrees of freedom, which indicates a nonsignificant difference. The 16 degrees of freedom
represent the 16 free factor loadings that were constrained to be equal to the other group (remember that one
parameter was already constrained to 1.0 to set the scale on each construct, thus leaving 16 free parameters across
the measured variables). Thus, the two models exhibit full metric invariance.
The next stage is to test for scalar invariance. Here the Dx2 is 71.0 with 21 degrees of freedom. This difference is
statistically significant, indicating that full scalar variance is not supported. For illustrative purposes we will continue
to the next stage of the process and then return to assess if at least partial scalar invariance can be achieved. The
next stage tests for factor covariance invariance, and the Dx2 of 13.8 with 10 degrees of freedom is nonsignificant.
From this result we can support invariance in the covariances among matching constructs. The next test for factor
variance invariance shows very little difference for this constraint 1 Dx2 5 .6, df 5 5 2 , indicating that factor variances are almost identical between the two models. The final invariance test is for equivalence of the error terms of
the indicators. As expected this test had a significant chi-square difference 1 Dx2 5 51.5, df 5 21 2 . If equivalence
of the error terms of the indicators would have been supported, then equal reliabilities would have been found for
constructs in each group.
We now return to see if we can achieve at least partial scalar invariance. Modification indices for the scalar
invariance model were examined to identify the constraints of item intercepts that could be freed to most reduce the
chi-square difference. As a result, 10 items (two per construct) were identified to retain their constraints in a test of
partial scalar invariance. The items were JS2, JS4, OC3, OC4, SI1, SI3, AC1, AC4, EP2, and EP4. A model constraining
each of these parameters to be equal to one another in each group produced a Dx2 of only 6.6 1 df 5 10 2 from the
metric invariance model, which was nonsignificant. Thus, partial scalar invariance can be supported as well. Thus,
comparisons between construct means are possible.
The measurement invariance testing process demonstrated that the five
constructs used in the Employee Retention model met the criteria for configural invariance, full metric invariance
and partial scalar invariance. As a result, almost any form of group comparison can be made without concern that
the differences are due to differing measurement properties between the two groups.

MeASUReMent inVARiAnce concLUSionS

StRUctURAL MoDeL coMPARiSonS
The process of group comparisons for structural model parameters first builds upon the measurement model process
and then performs similar types of comparisons to assess the differences in the structural model. Any type of structural model comparison first requires at metric invariance (partial if full cannot be established) of the measurement
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model to ensure that the constructs are comparable. If metric invariance is not achieved, then the researcher cannot
be sure whether the differences seen in a structural model parameter are due to a group idiosyncrasy, or if they truly
represent a differing structural relationship.
Structural model comparisons provide a specific test for addressing any number of research hypotheses, but
the most common use is the test of moderation. Discussed in more detail in a following section of this chapter,
moderation assesses the differences in structural relationships between groups formed on a third variable. Group
model comparisons can identify the extent of the differences either for an entire model or a specific relationship.
We provide a complete discussion of moderation and an example using the HBAT Employee Retention model in
a later section.
The other research question concerning the structural model is to compare the means of latent constructs. In
making these comparisons, SEM programs compare means only in a relative sense. In other words, they can tell you
whether the mean is higher or lower relative to another group [43]. The interpretation of the difference in means
assumes the mean is zero in a reference group, and the mean values estimated for other groups shows how much
more or less the means are than in the reference group. Positive estimates indicate a higher mean than in the reference
group and negative means indicate a lower average.

Measurement type Bias
Researchers sometimes become concerned that survey responses are biased based on how questions are asked. For
instance, it could be argued that the order in which questions are asked could be responsible for the covariance
among items that are grouped close together. Similarly, researchers often are faced with resolving the question of
potential common methods bias. Common (sometimes called constant) methods bias (CMB) would imply that
the covariance among measured items is influenced by the fact that some or all of the responses are collected with
the same type of scale. Thus, the covariance could be explained by the way respondents use a certain scale type in
addition to or instead of the content of the scale items.
CMB is an example of what is known as a nuisance factor. A nuisance factor is something that may affect the
responses but is not of primary interest to the research question. For many effects of this type it is assumed that
they are just represented in the error terms. But if the impact of a nuisance factor is substantial or systematic
enough to impact the results, then it should be included in the model. We first discuss the model specification
issues involved in assessing the impact of a nuisance factor and then examine model estimates to assess the extent
of the effect.

MoDeL SPeciFicAtion
The concept of a nuisance factor is widely used in experimental designs, where factors in administration of the
experiment (time of day, room conditions or even administrator characteristics) may be thought to have some impact
and thus need to be “controlled for” in the design. The most common approach is to introduce blocking factors or
covariates to try to control for potential confounding effects. In structural equations modeling, we follow a similar
approach. To do so, we create a latent construct to represent the nuisance factor and then account for it in the model.
With CMB, the focus is on effects related to the questionnaire design and administration, but the approach could be
extended to any type of nuisance effect.
In survey research, CMB may arise because a common type of scale causes a response style that is independent of
the content of the item. In SEM terms, this means that an external effect (e.g., the scale type) impacts the measured
variables. We can represent this external effect in SEM by creating an additional latent construct for each scale type
and relate it to the measured variables collected by that type of scale. Because the “cause” impacts the measured
variables, the construct is reflective (i.e., arrows go from construct to measured variables) and operates as any
other construct of this type. Note that a construct of this type violates the principles of good measurement theory
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Rules of thumb 12-3
Multiple Group Models and Measurement invariance testing
●

●

●

●

●

●

●

Multigroup models provide a comprehensive framework for comparing any model parameter between two
or more samples of respondents.
Multisample confirmatory factor analysis (MCFA), a form of multigroup analysis, is the framework for
assessing measurement invariance.
The chi-square difference test is the empirical means of assessing if a between-group constraint is statistically significant.
If a between-group constraint is nonsignificant, this means that the parameter being evaluated does not
vary between groups.
Metric invariance, involving the equivalence of factor loadings, is needed for making model comparisons of
relationships between constructs.
Scalar invariance, the equality of indicator intercepts, allows for comparing latent construct means across
groups.
If full invariance cannot be achieved, partial invariance is acceptable if two indicators per construct are
found to be invariant. However, a preferable approach would be to drop offending items so long as they
are only a very small number of variables responsible for the invariance, and move forward with full
invariance.

because it creates cross-loadings for the measured variables involved and thus impacts the unidimensionality of
the construct. In addition, because the scale type should exert a constant effect on variables, the loadings from the
method (nuisance) factor can be constrained to be equal to each other.
Let’s use the HBAT employee questionnaire as an example. In gathering responses, several different types of rating
scales were used. Although it could be argued that respondents prefer a single format on any questionnaire, several
advantages come with using a small number of different formats. One advantage is that the researcher can assess
the extent to which any particular scale type may be biasing the results. Also, by including different scale types, the
researcher attempts to address concerns about CMB in the design.
In this case, HBAT is concerned that the semantic differential items are accounting for some common
variance. The analyst suggests that respondents may have consistent patterns of responses to semantic differential scales no matter what the subject of the item is. Therefore, a semantic differential factor may help
explain results. A CFA model can be used to test this proposition. To do so, an additional construct is created
to represent the effect causing the semantic differential items. In this case, items EP4, JS2, JS3, AC2, and SI4
are all measured with semantic differential scales. Thus, the model needs to estimate paths between this new
construct and these measured items. Remember that factors of this type that are added will not have congeneric
measurement properties.
We will modify the original HBAT CFA model (see Figure 11.5 in Chapter 11) by adding a sixth construct to represent the constant methods bias with dependence paths (loadings) to the five measured variables (EP4, JS2, JS3, AC2,
and SI4). These five variables will now have two factor loadings, one to their original latent construct (e.g., EP4
loading on the EP construct) as well as a loading to the constant methods bias construct. Thus, the measurement
model no longer exhibits simple structure because each of the five measured variables is now determined both by its
conceptual factor and by the new construct. We provide instructions on the text’s online resources on how to do this
using either LISREL or AMOS. When all items are measured with the same scale, the equivalent addition would be
a single factor causing all measured items.
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MoDeL inteRPRetAtion
Assessing the potential impact of the common methods (or any other nuisance factor) follows procedures for
comparing any other set of competing models. First, overall model fits are compared to see if the additional factor
has a significant impact. This is done through a chi-square difference 1 Dx2 2 test and examination of the model fit
indices. If the model fit significantly improves with the addition of the nuisance factor construct, then the researcher
would know that the effect was substantial and should proceed to understanding the nature of the effect. Examination
of the factor loadings provides a more precise estimate of the extent and magnitude of the effects on the individual
items. Substantial loadings indicate the presence of another cause for the measured variables in addition to the
original latent construct it represents.
Researchers should always be cautious in interpreting these effects because they are based on the assumption that
the nuisance factor actually represents that effect (e.g., common methods) and does not, in actuality, represent some
other factor. Because the nuisance factor is many times not directly observed, the researcher must be careful to not
allow spurious or other non-specified effects to confound the nuisance factor.
To test for a constant methods effect due to the semantic differential scale, the CFA model is estimated with the
addition of the sixth construct. The following fit statistics are obtained: x2 5 232.6 with 174 degrees of freedom
and the RMSEA, PNFI, and CFI are .028, .80, and .99, respectively. The Dx2 of 4.0 1 236.6 2 232.6 5 4.0 2 with
5 1 179 2 174 5 5 2 degrees of freedom is insignificant. In addition, the estimates associated with the nuisance
construct are nonsignificant. Also, the values for the original parameter estimates remain virtually unchanged as
well. Although not the case here, the researcher would be justified to force an equality constraint on all the method
“scale” factor loadings based on the assumption that common scaling should affect all item responses equally.
Based on the model fit comparisons, the insignificant parameter estimates, and the parameter stability, no
evidence supports the proposition that responses to semantic differential items are biasing results, and in this case
the responses are not subject to measurement bias. Another factor could be added to act as a potential nuisance cause
for the items representing another scale type, such as all Likert items. The test would proceed in much the same way.
Another approach for examining for the possibility of CMB involves using the first eigenvalue obtained from
principal components analysis of the set of measured items used in the model. The test is sometimes referred to
as the Harmon’s one factor test. The idea is that if a single component (or factor) accounts for less than half the
common variance among the items, then CMB is not likely present. Although the test is criticized as not being
conservative, a recent simulation study suggests that common methods variance has to be quite high before CMB
becomes problematic [24]. The results suggest that as long as scale AVEs and reliabilities meet the established guidelines, Harmon’s one factor test actually performs quite well in detecting problematic levels of common methods
variance. To be even more conservative, one could drop the percent of variance accounted for by the first factor
down to 40 percent. If the first component (factor) accounts for 40 percent of the total variance or less, CMB is not
likely to be problematic.
Some have previously emphasized that CMB is a major problem in empirical survey research [47]. Recent research
indicates, however, that CMB is less of a problem than previously thought if the proper design is applied in developing
the questionnaire. Moreover, the so-called Harmon Single Factor test was previously criticized as a weak test of CMV,
but it can be viewed as a simple and useful method of identifying the likelihood of CMB [4, 24].

Relationship types: Mediation and Moderation
In Chapter 12 we introduced two basic types of relationships: correlational and dependence. As we have seen
in the models using these relationship types, they are “building blocks” of our structural models. We now
discuss two variations of these basic relationships: mediation and moderation. For each new relationship
type the discussion will first focus on the theoretical nature of the relationship and how it can be incorporated into our SEM models. Then we discuss the process whereby we incorporate these relationships into
our existing models.
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MeDiAtion
In simple terms, a mediating effect is created when a third variable/construct intervenes between two other related
constructs [5]. Mediating effects highlight the distinction between direct and indirect effects. Direct effects are the
relationship linking two constructs with a single arrow (connection). Indirect effects are those relationships that
involve a sequence of relationships with at least one intervening construct involved. Thus, an indirect effect is a
sequence of two or more direct effects (compound path) and is represented visually by multiple arrows. The following
diagram shows both a direct effect 1 K S E 2 and an indirect effect of K on E in the form of a K S M S E sequence:
A

M

K

B
E

C

The indirect effect 1 K S M S E 2 represents the mediating effect of construct M on the relationship between K and E.
Conceptual Basis for Mediation From a theoretical perspective, the most common application of mediation is to

“explain” why a relationship between two constructs exists. We may observe a relationship between constructs (e.g., K and
E), but not know “why” it exists. We can then posit some explanation in terms of an intervening or facilitating variable,
which operates to takes the “inputs” from K and translate them into the “output,” E. As such, the mediator (M) facilitates
and explains why the relationship between the two original constructs exists. A simple example illustrates these points.
The construct K could be a student’s intelligence and E could be classroom performance. What is interesting is not
just that the relationship exists between intelligence and classroom performances, but how it works. Can we explain
how students translate their intelligence into performance? We may find that sometimes a student exhibits high intelligence, but does not always perform well. Moreover, some students with lower intelligence scores perform extremely
well. So, is there some other process going on that translates student intelligence into actual classroom performance?
The intervening process is the mediating effect. In this case, we could propose a construct termed “study effectiveness.” Here we refer to such characteristics as the ability of students to focus their efforts on their class work,
organize their class-related and other activities to provide them with sufficient time to complete their homework,
and other “good” study habits. If a student is intelligent, this quality may encourage the student to study longer
and better, which could result in higher classroom performance. In such a case, the significant correlation between
K and E would be explained by the K S M S E sequence of relationships. We could then say that study effectiveness
mediates the relationship between student’s intelligence and classroom performance.
Indirect relationships, and thus mediation, commonly appear in structural models. If we view exogenous
constructs as the “inputs” to our model explaining some final “outcome” represented by an endogenous construct,
then any constructs going between these correspond to a definition of mediation in some way. A model proposing
mediation that exhibits good fit provides evidence that the mediation exists.
Testing for Mediation Mediation requires significant correlations among all three constructs. Theoretically, a mediating construct facilitates the relationship between the other two constructs involved. If the mediating construct
completely explains the relationship between the two original constructs (e.g., K and E), then we term this complete
mediation. But if we find that there is still some of the relationship between K and E that is not explained away by
the mediator, then we denote this as partial mediation.
A researcher can determine if mediation exists, and whether it is complete or partial, in several ways. First, if
the path labeled C is expected to be zero due to mediation (representing complete mediation), a SEM model can
represent mediation by including only the paths A and B in the model. It would not include a path directly from K
to E. If the estimated model suggests the sequence K S M S E provides a good fit, it would support a mediating
role for M. In addition, the fit of this model could be compared with the SEM results of a model including the K S E
path (C). If the addition of path C improves fit significantly, as indicated by the Dx2, then complete mediation is not
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supported. If the two models produce similar x2, and the Dx2 is relatively small and perhaps even not significant,
then mediation is supported. The researcher also can compare the relative fit indices such as the CFI and RMSEA in
determining which of the alternative models provides the best fit.
Because the conclusion is not always clear, a series of steps can be followed to evaluate mediation. These steps
apply whether using SEM or any other general linear model (GLM) approach, including multiple regression analysis.
Using the previous mediation diagram, the steps are [17]:
1 Establish that the individual relationships have statistically significant relationships:
a K is related to E: Here we are establishing whether a relationship exists. The test of mediation proceeds
whether this relationship is significant or not [55].
b K is related to M: Here we establish that the mediator is related to the “input” construct.
c M is related to E: Here we establish that the mediator does have a relationship with the outcome construct.
2 Estimate an initial model with only the direct effect (C) between K and E. Then estimate a second model
adding in the mediating variable (M) and the two additional path estimates (A and B). Then assess the extent of
mediation as follows:
a If the relationship between K and E (C) remains significant and largely unchanged once M is included in the
model as an additional predictor (K and M are both modeled as predicting E), then mediation is not supported.
b If C is reduced but remains significant when M is included as an additional predictor, then partial mediation
is supported.
c If C is reduced to a point where it is not statistically significantly after M is included as a mediating construct,
then full mediation is supported.
However, keep in mind that the test of fit based on model chi-square for the mediation model, along with a significant
and non-trivial indirect relationship 1 indirect relationship 5 A 3 B 2 , provides the strongest evidence for mediation
or the lack thereof.
Recall the issue of endogeneity introduced in Chapter 9. The mediation process places attention
on the fact that if a model is underspecified in a way that some unmeasured variable or construct exists that affects
the constructs involved in the mediation sequence, then the parameter estimates’ corresponding standard errors
and t values may be biased [12]. One check for such bias is to examine the residuals from a model. If the residuals
are random, meaning no pattern is evidence, then one need not be concerned about bias. However, if evidence
suggests under-specification through non-random residuals, then bootstrapping provides an alternative to conventional t-tests for the significance of parameter estimates. Bootstrapping produces t values through a non-parametric
process involving re-estimation of the model hundreds or thousands of times by sampling with replacement from the
original sample to produce each iteration’s input. Presuming the bootstrapping process involves 500 re-estimations
of the model, each parameter coefficient is estimated 500 times. Bootstrapping uses a t-test to examine whether the
average of those estimates is significantly different from 0 to draw conclusions about the strength of a relationship.
Most SEM software provides an option for bootstrapped t values. In addition, the PROCESS macro facilitates
bootstrapping and computes indirect effects across a wide range of multiple regression mediation models for standard
GLM applications in SPSS or SAS, but does not apply to SEM [27]. When the researcher can identify the potential
for endogeneity through the residuals, the effect of unmeasured causes can be modeled in SEM software by freeing covariances among the corresponding construct error-variance (or variance for exogenous constructs) terms.
In effect, the free covariance terms serve the role of a control function and address the concern of bias due to an
unmeasured cause, providing an alternative to bootstrapping. Also, if the addition of the covariance term(s) fails to
improve model fit, then the concern for problematic endogeneity is reduced.

Other Causes

HBAT Illustration of Mediation The HBAT model shown in Figure 12.4 hypothesizes several mediating effects. The
relationships of both exogenous constructs (Environmental Perceptions [EP] and Attitudes Toward Coworkers [AC])
with Staying Intentions (SI) are hypothesized to be fully mediated by two endogenous constructs—Job Satisfaction
(JS) and Organizational Commitment (OC). The model hypothesizes that the effects of EP and AC can be fully
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Figure 12.4
Adding Direct effects For
testing Mediation in the HBAt
employee Retention Model

EP
P SI,EP = .00/.37*

PJS,EP =
.25*/.24*

POC,EP = .45*/.42*
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JS
PSI,JS = .12*/.06

CovAC,EP = 0.25*/0.26*

SI

PJS,OC = .09/.10
OC

PJS,AC = –.01/ –.01

PSI,OC = .55*/.36*

POC,AC = .20*/.20*
AC
Values represent parameter estimates for initial/respecified (direct effect added) models.
*Statistically significant at .05 level.

explained through these two mediating constructs. In Chapter 11, we examined model fit as an explanation of the
overall set of relationships and confirmed that model. But we can also explicitly test for mediation, as described above.
Let us examine the possibility that the relationship between EP and SI is mediated by the two constructs of JS
and OC. To do so, we’ll follow the two-step process just described.
In this situation, we can refer back to Table 10.7,
which provided the correlations between constructs in the CFA model. From that analysis, we can first see that EP is
significantly related to SI (.56), ensuring that the direct, unmediated relationship was significant. We also find that
EP was significantly related to both JS (.24) and OC (.50), establishing a relationship with both potential mediators.
Finally, SI is significantly related to both JS (.23) and OC (.55), thus supporting relationships between the mediators
and the outcome variable.
SteP 1: eStABLiSH SiGniFicAnt ReLAtionSHiPS BetWeen tHe conStRUctS

In this analysis, we will first
use the original Employee Retention model, which did not estimate the direct effect from EP to SI. To assess if adding
the direct effect would substantially change the model fit, we can estimate a revised HBAT model (dotted path in
Figure 12.4), which adds the direct path between EP and SI.
The revised model with the direct relationship yields a significant decrease in chi-square
1 Dx2 5 41.2, df 5 1, p 5 .00 2 , a substantive improvement in model fit, and a significant path estimate for the
EP S SI relationship (see Table 12.4). These results suggest that there is not complete mediation. But is there partial
mediation? To establish partial mediation, we will need to identify a significant indirect effect leading from EP to SI
through the mediating variables. A number of potential compound paths are possible, but only three reflect indirect
causal mediated effects: (1) EP S OC S SI; (2) EP S JS S OC S SI; and (3) EP S JS S SI. If one or more of these
indirect effects contains paths that are significant, then the model supports partial mediation. By this we mean that there
is a significant direct relationship between EP S SI, but there is also a significant indirect effect through the mediator.
In the revised model the path estimates between EP and both mediators (JS and OC) are still significant
(Table 12.4). Although one mediator still has a significant relationship with SI (OC S SI is significant), the other
relationship from a mediator to SI 1 JS S SI 2 becomes nonsignificant. Does this mean that there is not partial mediation? No, it just means that while JS does not act as a mediator, OC can still have a mediating effect. Note that in the
three indirect mediated effects, the nonsignificant relationship 1 JS S SI 2 is only a part of the third effect. The other
two indirect mediating effects still have all of the individual paths statistically significant. Thus, the model supports
the finding that OC provides partial mediation of the relationship between EP and SI.
SteP 2: eStiMAte tHe MeDiAteD MoDeL AnD ASSeSS LeVeL oF MeDiAtion AnD inDiRect eFFectS
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table 12.4 testing for Mediation in the HBAt employee Retention Model
Model element

HBAt employee Retention Model

Revised Model with Direct effect

Model fit
x2 (chi-square)

283.4

242.2

Degrees of freedom

181

180

Probability

0.00

0.00

RMSEA

.036

.029

CFI

.99

.99

EP S JS

0.25*

0.24*

EP S OC

0.45*

0.42*

JS S SI

0.12*

0.06

JS S OC

0.09

0.10

OC S SI

0.55*

0.36*

Standardized parameter estimates

EP S SI

Not estimated

0.26*

*Statistically significant at .05 level.

The magnitude of the mediating effects is demonstrated by breaking down the total effects into direct and
indirect effects. Most software programs provide this decomposition of effects. However, the researcher can also
calculate the effects. The interested reader is referred to the Basic Stats appendix on the text’s online resources
where this process is described in more detail. Table 12.5 provides a breakdown of the effects of EP S SI both in
the original HBAT model (no direct effects from EP S SI) and the revised HBAT model (direct effect added for
EP S SI). As we can see in the original model, there are non-trivial indirect effects, thus supporting the presence
of mediating effects of JS and OC. The remaining question is: Do those effects remain when the direct path is
added in the revised model? As we can see, although the indirect effects do decrease, they are still significant and
represent a substantial portion of the total effects. Also note that the direct effect is significant, adds considerably to
the total effects, and constitutes the majority of the total effects, making this a partial mediation situation. Further,
in this case, the bootstrapped t values are consistent with the conventional values and would lead to no differences
in interpretation.
The magnitude of any individual mediating effect can be calculated using the process for calculating indirect
effects. If this is done, you will find that most of the mediating effect comes from the EP S OC S SI mediating
relationship. Given this post hoc theoretical analysis, HBAT needs to cross-validate this result with new data before
considering it reliable. However, managerial implications for each of the supported hypotheses can be developed
based on the overall positive results.
MoDeRAtion
A moderating effect occurs when a third variable or construct changes the relationship between two related variables/constructs [2]. For example, we would say that a relationship is moderated by gender if we found that the
relationship between two variables differed significantly between males and females. For example, the relationship

table 12.5 Assessing Direct and indirect effects in a Mediated Model
effectsa of eP → Si

a

original HBAt Model (only indirect effects)

Revised HBAt Model (indirect and Direct effects)

Total effects

.29

.55

Direct effects

.00

.37

Indirect effects

.29

.18

Values in the table represent standardized effects.
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between two variables may be negative for males and positive for females or significant in one group and not the
other. In this type of situation, we would need to know whether the respondents were males or females before we
could accurately estimate and interpret the relationship.
We have discussed moderators in the other multivariate techniques. In multiple regression, for example, there
were interaction terms where the regression coefficient changed based on the value of a second variable. In ANOVA/
MANOVA, interaction effects were used to assess whether the differences between groups were constant across the
values of another variable. In both examples, the interaction effects play the role of a moderator.
Moderating variables must be chosen with strong theoretical support. Problems in examining moderation occur
as the moderator becomes correlated with either of the variables in the relationship. Therefore, analysis of moderators is easiest when the moderator has no significant linear relationship with either exogenous or endogenous
constructs [2, 17, 25]. The lack of a relationship between the moderator and the other constructs helps distinguish
moderators from mediators (remember that the mediator must be related to both constructs in the relationship
being mediated). In non-experimental relationship, multicollinearity problems present themselves in moderated
regression analysis as the interaction term is a mathematical function of two independent variables. Thus, they are
related by mathematical definition. As a consequence, in multiple regression moderation analysis relies on hierarchical regression analysis using standardized variables where the interpretation depends on the change in model
F and R2 with the addition of the moderating variable rather than on the parameter coefficients, which may well be
biased due to multicollinearity.
Nonmetric Moderators A moderator variable can be metric or nonmetric. Nonmetric, categorical variables often

are hypothesized to be moderators. These moderators typically are classification variables of some type. One common
type of moderator is respondent characteristics, such as gender, age, or other characteristic. Differing situations
or contexts are another type of categorical moderator. A common example would be cross-cultural studies where
country-of-origin becomes a moderating variable. Similarly, dividing respondents into current customers versus
non-customers would be using customer status as a moderating variable.
As noted earlier, theory is important in evaluating a moderator because a researcher should find some reason to
expect that the moderator changes a relationship. Researchers have any number of ways for dividing the sample into
groups, but the selection of a moderator should not be based on whether it demonstrates significant moderating
effects, but rather on its theoretical foundation.
Once the moderating variable is selected, groups of respondents can be defined and multigroup analysis applied.
The basic procedure described earlier in the discussion of invariance testing provides results, with the primary difference being that now the focus is on structural model fits and structural path estimates rather than on measurement
model fits.
A moderator can also be a continuous/metric variable but treated as categorical if it can be
divided into several sub-groups. If the continuous variable can be categorized in a way that makes sense (i.e., is based
on theory or logic), then groups can be created and the same procedures used for nonmetric moderators can be
applied. For instance, if the continuous variable shows bimodality (i.e., the frequency distribution shows two clear
peaks rather than one), then logical groups could be created around each mode. As an example, job satisfaction
could be measured metrically, but if there is a highly satisfied group versus a not satisfied group, then the two groups
defined by their feelings about satisfaction would be used as a moderating variable. Cluster analysis also might be
useful to form groups. However, if the moderator variable displays a clear unimodal distribution (one peak), then
grouping is not justified. It is possible that some fraction (i.e., one-fourth to one-third) of the observations around
the median value could be deleted and the remaining observations (which are likely now bimodal) put into groups.
Treating normally distributed variables as categorical can be criticized for loss of information. Another drawback
is the need for a relatively large sample given some is thrown out. The advantage is that multigroup analysis can be
used as an intuitive way of testing and demonstrating moderation.

Metric Moderators
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Researchers also can model a metric moderator by creating interaction terms similar to what is required with a regression approach. Using regression terminology, the independent variable can be multiplied by the moderator to create
an interaction term. In standard SEM, the measured item indicators of the exogenous construct(s) and the moderator
would be multiplied to each other. These product terms can be used to indicate the interaction. However, taking this
approach with multiple-item constructs is complicated by numerous factors, not the least of which is the violation of
the assumption that the indicators of the interaction and the exogenous construct and the moderator are unrelated.
Standardization sometimes helps reduce, but often does not eliminate, multicollinearity. Although many approaches
exist to implement continuous interactions in regression models, we advise use of the nonmetric multigroup approach
unless it simply cannot be justified. Multigroup moderation allows an easily understood presentation of results.
If the nature of the data simply does not allow for grouping, then some alternative approaches exist for
operationalizing a moderator within a single SEM model. One approach involves using a method that forces
the construct representing the moderator to be independent of the exogenous construct [34]. The orthogonal
moderator approach involves these steps, presuming one exogenous construct, one moderator construct, and
one endogenous construct [50]:
1 Create intermediate interaction indicators by multiplying each measured variable indicator for the exogenous
construct by each measured variable indicator of the moderator. If each construct has three indicators,
nine products result.
2 Run a multiple regression model using each product above as a dependent variable and each exogenous
construct and moderator construct indicator as independent variables.
3 Save the residuals from each regression as new variables in the dataset along with the other construct indicators. The residuals retain the variation of the product term.
4 Include the residuals for each regression equation in the covariance matrix to be analyzed in the SEM model.
The result will be a set of indicators that will represent the moderating effect.
5 Set up the structural model as before with both the exogenous construct and the moderator construct
predicting the endogenous construct. This part is just like setting up a structural model as described in the
previous chapter.
6 Use the residual variables as indicators of a new construct that represents the moderating effect. Given that the
moderator effect construct is representing by residual terms, it is orthogonal (independent) to the exogenous
construct and moderator construct. Thus, there is no need to correlate this moderator effect with the
exogenous or moderator construct.
7 Given that the nature of the computations involved, the residual indicators themselves correlate with each
other and thus the error-variance terms among the indicators of the moderator effect construct should be
freed to correlate with each other. However, there is no need to remove the constraints of independence on the
indicators of the exogenous construct of moderator construct.
8 Estimate the model and interpret as described in the previous chapter. Figure 12.5 depicts the process.
Although the approach can be useful when needed, as a model becomes more complex, properly depicting the
model becomes more tedious. Thus, we suggest using the approach only when the multi-group method is not feasible.
We describe that process here.
Using Multigroup SEM to Test Moderation Multigroup SEM is used to test moderating effects when the moder-

ating variable is either nonmetric or a metric moderator has been transformed into a nonmetric variable (see previous description above). Moderation typically involves the testing of structural model estimates. Thus, the process
becomes an extension of the multigroup analysis for testing measurement invariance. When the moderating variable
is culture or some other variable representing populations that may respond to scales differently, metric invariance
must be first established. On the other hand, if the different groups are from the same population, such as when they
speak the same language, share characteristics in common etc., metric invariance is not needed because there is no
reason to suspect different reactions to the scale items [2].
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Figure 12.5
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The multigroup structural model proceeds much like invariance testing in CFA. The first group model is
estimated with path estimates calculated separately for each group. This is identical to the TF (totally free) model
described earlier. Then a second group model is estimated where the path estimate of interest is constrained to
be equal between the groups. Comparison of the differences between models with a chi-square difference test
1 Dx2 2 indicates if the model fit decreased significantly (i.e., an increase in chi-square) when the estimates were
constrained to be equal. A statistically significant difference between models indicates that the path estimates
were different (i.e., model fit was significantly better when separate path estimates were made) and that moderation does exist. If the models are not significantly different, then there is no support for moderation (because
the path estimates were not different between groups). When testing for moderation, the researcher is looking
for significant differences in the two models to support the hypothesis of differences in the path estimates. The
researcher should also examine the path estimates in question to assess if the differences in both group models
are theoretically consistent.
HBAT Illustration of Moderation The HBAT management team suspects that men and women may not exhibit the

same relationships in Attitudes toward Coworkers to job satisfaction relationship. Theory suggests a gender difference in this relationship, whereby the effect would be greater among women relative to men. This was reinforced
when the Employee Retention model discussed in Chapter 10 found a nonsignificant relationship between AC S JS.
Questions arose that perhaps the “common” path estimate from combining both groups was not reflecting the actual
differences between groups. As a result, the HBAT research team decided to conduct a multigroup analysis using
the gender classification variable.
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table 12.6 testing for Gender as a Moderator in the HBAt employee Retention Model
Model characteristic

Unconstrained Group Model

constrained Group Model

Model

(tF for each Group)

(Ac B jS equal Across Groups)

Differences

Model fit
Chi-square

401.1

412.2

df

360

361

CFI
Path estimate 1 PJS,AC 2
RMSEA

0.99
0.024
.24 (female)*

11.1
1

0.99

—

0.027

—

2.01 (combined)

2.17 (male)*
*Significant at .05 level.

The multigroup CFA established metric invariance, as described earlier in this chapter. This was sufficient to now
test for moderation in the relationships between constructs, specifically the AC S JS relationship.
Following the same steps used to specify the two-group CFA model testing for differences based on gender,
a two-group structural model was set up. The TF structural model estimates an identical structural model in
both groups simultaneously. The model fit statistics and path estimates for the AC S JS relationship are shown
in Table 12.6. Then a second group model is estimated, the only difference being that the AC S JS path estimate is constrained to be equal in both groups. The fit results and path estimates are also shown in Table 12.6.
Both models show acceptable fit indices (CFI and RMSEA) indicating their overall acceptability. The chi-square
difference between models 1 Dx2 2 is 11.1 with one degree of freedom. This is significant 1 p , .001 2 , indicating that
constraining the AC S JS path estimate to be equal between groups produces worse fit. Therefore, the unconstrained
(TF) model in which the AC S JS relationship is freely estimated provides better fit. This result suggests that gender
does moderate the relationship between AC and JS.
Looking at the standardized parameter estimates for the TF results, HBAT researchers find that the AC S JS
relationship is significant in both groups. As predicted, the relationship is greater for women, with a completely
standardized estimate of 0.24, as compared to a completely standardized estimate of 20.17 for men. Thus, it
seems that attitudes toward coworkers is positively related to job satisfaction among women, but negatively
related to job satisfaction among men. Moreover, the nonsignificant path estimate from the combined model
(males and females together) may lead to the incorrect conclusion that AC is not related to JS. The moderated
relationship “cancels” out the different effects of males and females when estimated together. The result is a
clear case of moderation where the nature of a relationship (AC S JS in this case) changes based on a third
variable (gender).

Developments in Advanced SeM Approaches
LonGitUDinAL DAtA
SEM is increasingly applied to longitudinal data. Given the added insight from tracking changes in constructs and
relationships over time, the increasing use of longitudinal data may be beneficial in many fields. Because many
different types of longitudinal study designs lead to many different SEM applications, this section provides only a
brief introduction to some of the key differences in dealing with longitudinal data. The interested reader is referred
to other sources for a more detailed discussion and review [23].
LAtent GRoWtH MoDeLS
One of the key issues in modeling longitudinal data with SEM involves added sources of covariance associated with
taking measures on the same units over time. For instance, consider a model hypothesizing that study habits relate
to academic performance. If one has data for the same students over same years, the study habits and academic
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Rules of thumb 12-4
Mediation and Moderation
●

●
●

●

Mediation involves the comparison of a direct effect between two constructs while also including an indirect
effect through a third construct
Good fit for a model implying mediation provides support for mediation
Full mediation is found when the direct effect is nonsignificant in the presence of the indirect effect,
whereas partial mediation occurs when the direct effect is reduced, but still significant
Although individual indirect effects that are small (less than .1) are not of interest because they are likely
trivial, the combined total of all indirect effects may be substantial

●

Moderation by a classification variable can be tested with multigroup SEM:

●

A multigroup SEM first allows all free (unconstrained) structural parameters to be estimated freely
●

●

●

Then, a second model is estimated in which the relationships that are thought to be moderated are
constrained to be equal in all groups
If the second model fits as well as the first, moderation is not supported. If its fit is significantly worse,
then moderation is evident

The multigroup model is convenient for testing moderation:
●

If a continuous moderating variable can be collapsed into groups in a way that makes sense, then
groups can be created and the procedures described previously can be used to test for moderation

●

Cluster analysis may be used to identify groups for multigroup comparisons

●

Unimodal data should not be split into groups based on a simple median split

●

When a continuous variable moderator must be used, consider the orthogonal moderator effect
approach.

performance from one year are almost assuredly related to the study habits and academic performance of the previous
year. The extra source of covariance complicates manners and creates a situation much like that of the panel data
models discussed in an earlier chapter.
Although multiple approaches exist to handle longitudinal data in SEM models, perhaps the most applied is something referred to as a latent growth model. The latent growth model specifically focuses on “growth” in concepts
over time. More generally, how do levels of constructs change over time and why? A detailed discussion of latent
growth models is beyond the scope of the text. Be aware however that major SEM software (LISREL, AMOS, Mplus,
lavaan, etc.) incorporates applications facilitating latent growth models.
BAYeSiAn SeM
Researchers increasingly recognize that statistical meaningfulness need not always be defined by statistical significance and p values [4]. Although the bulk of this text takes what some refer to as frequentist statistics approach,
with a focus on p-values that represent the probability of a given finding based on sample characteristics, an alternative approach lies in Bayesian statistics. Bayesian statistics rely on conditional probabilities and treat samples
as constant and parameter estimates as variable. Thus, Bayesian results are not defined by traditional statistical
significance tests and are not impacted by sample size. One can think of Bayesian results as information learned
to adjust prior beliefs. The new information often is referred to as posterior, which comes after the analysis.
Bayesian SEM represents an alternative SEM approach in the Bayesian tradition. Should the research have
concerns about small sample sizes, problematic measured variable distributions, Bayesian SEM is an alternative.
Bayesian SEM also allows the user to incorporate prior information into the analysis. SEM software packages including Mplus, LISREL, AMOS, and a partner program to the R-package lavaan (namely, blavaan) provide a mechanism
for conducting Bayesian SEM. A detailed treatment of Bayesian SEM requires a background in Bayesian statistics,
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Markov chains, and Markov chain simulation. Thus, the reader is referred to other sources for a detailed description [42]. More advanced applications may also require specialized software such as Winbugs [44]. The process of
Bayesian SEM is computationally intense and even with fast microprocessor speeds, model estimation takes much
longer than the other statistical models discussed in the book.
However, the Bayesian software applications provide for a familiar mechanism compared to conventional SEM in
conducting a model test. The key statistics in interpretation shift however. The Bayes factor, Deviance Information
Criterion, and the Posterior predictive p-values help interpret model fit, facilitate alternative model fit comparisons,
and assist in examining parameter estimates [1]. Parameter estimates are not interpreted in terms of statistical significance but in terms of how likely each would be to occur given the data. Parameter estimates can be interpreted with an
alternative to confidence intervals known as a competence interval. The competence interval provides a 95 percent
probability (the typical default) that a parameter values lies between an upper and lower value in a given population
(represented by the sample). Often time, these competence intervals are depicted as posterior density graphs. Thus,
although a Bayesian approach may seem quite different philosophically, the interpretation is not entirely different
than traditional SEM analysis.
Figure 12.6 displays a structural model examining HBAT employees intention to continue working for the
company as a function of job performance, serving in a mediating role, facilitating the relationship between
experience and continuing on the job. The theory is that experience leads people to stay on the job, but only if
the employees perform well. Because the researcher is concerned that job performance measures can be very
skewed, a Bayesian analysis is included. Gender and age are included as control variables. First, consistent with
good practice, the researcher conducts a conventional CB-SEM analysis. An initial model that did not include
the gender-staying relationship provided poor fit and the residuals suggested adding a direct relationship from
gender to stay.
The model fit results of this solution are: x2 5 31.6, with 18 df 1 p 5 0.025 2 , which yields a CFI 5 0.986, with a
RMSEA 5 0.043. Thus, the fit appears good based on the guidelines from Chapter 9, but with such a simple model,
one might expect an insignificant x2 test. Three structural relationships yield significant parameter estimates. The
Performance-Stay standardized parameter estimate is 0.110, the Experience-Performance parameter estimate is

Figure 12.6
Bayesian SeM illustration
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0.104, and among the control relationships, the Gender-Stay relationship is 20.241. Thus, the results present modest
support for the mediation theory because the relationships making up mediation are statistically significant, although
weak. These results can be compared to the Bayesian results.
Bayesian fit is indicated by the Posterior Predictive P (PPP). Values closer to 0.5 suggest better fit than values
further from 0.5. In this case, the PPP 5 0.13 and the DIC 5 83.9. While both of these become more obviously
useful in comparing model fit, the PPP in particular may not be as supportive of the fit as was the conventional fit
results. In this particular case, the standardized Bayesian parameter estimates are the same as the ML estimates to
three decimal places. Figure 12.6 shows the posterior distributions for the Experience–Performance and Gender–
Performance relationships. The corresponding competence intervals are [0.070:0.138] and 3 2.275: 2.208 4 ,
respectively. Thus, in neither case is 0 in the competence interval. The results support these two relationships. One
interesting substantive finding depends on the coding of the gender variable. Men are coded with a value of 0 and
women with a value of 1 in this particular data. Thus, the results suggest that women express lower intentions to
continue working for HBAT. The illustration points also to the comparison of the conventional SEM and Bayesian
SEM results. In this case, the results are very similar, which is comforting to the researcher. When the two produce
drastically different results, the researcher must be certain to know why the results differ before drawing strong
conclusions. Baysian SEM becomes relatively preferable when the study execution departs substantially from the
assumptions for conventional SEM analysis.

Summary
The widespread use of SEM models in almost every discipline has also heightened interest in using SEM methods
for more advanced issues. Whether using higher-order factor models, testing mediation or moderation, or assessing
construct invariance across groups, SEM researchers can utilize the flexibility of SEM models to address all these
questions and more. Yet as these new applications arise, the researcher must be cautious and fully understand the theoretical foundations for the approach and the issues of estimation and interpretation that are involved. As SEM models
become more accepted their use for these more specific research questions will become more widespread as well.
It is difficult to highlight in a paragraph or two all of the issues concerning these advanced topics. However, some
important points that will help in understanding the issues and modeling benefits include those corresponding to
the objectives of the chapter:
Understand the differences between reflective and formative measurement approaches. Reflective measurement
remains consistent with psychometric theory and practice and assessments of measurement model validity include
fit, convergent validity, discriminant validity, and nomological/predictive validity. Reflective scales represent latent
constructs. Formative scales do not depend on the same validation processes and in particular, evidence of convergent
validity does not support a formative scale. Formative scales do not have to represent a latent construct and are often
referred to as indices. Formative scales present issues with statistical identification and interpretational confounding.
Specify formative scales in SEM models. A formative scale becomes statistically identified when (by) either
including two reflective indicators or by including path coefficients to two reflectively scaled latent constructs,
which serve as “outcomes” or dependent variables and parameterized the formative index. Thus, the loadings of
the formative scale are determined based on the “outcome” measures used. As such, loadings can vary markedly if
different outcomes are used.
Identify when higher-order factor analysis models are appropriate. The most common higher-order model
is the second-order model. A second-order latent factor(s) causes multiple first-order latent factors, which in turn
cause the measured variables (x). In a simple sense, the first-order latent constructs become the “indicators” of the
second-order latent construct. As one would expect, the higher-order construct is more abstract because it has only
latent constructs as its indicators. When theoretical support can be found for a higher-order model, then any SEM
program can estimate the higher-order model.
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Know how SEM can be used to compare results between groups. Multigroup comparisons can be useful for
examining both the measurement and structural models. They require that the researchers test their hypotheses of
group differences with between-group constraints representing the various degrees of measurement model invariance
or equality of structural relationships between the groups. The Dx2 is a primary statistic for testing invariance and for
drawing conclusions about the differences between groups.
Use multigroup methods to perform an invariance measurement analysis. Invariance testing is performed through
a six-stage process. At each stage, similar models are estimated for each group, and measures of model fit are calculated
for the collective set of models. For each stage, a specific type of between-group constraint is specified, adding a new type
of constraint to the previous model. So each model becomes more constrained. The configural invariance model only
imposes the same structure on each group with each individual loading estimate totally free to take on its own value.
The metric invariance model involves more constraints, with the added constraints fixing the corresponding loading
parameters to be equal between groups. So, in the case of metric invariance, if the chi-square difference from the configural invaraiance model is not statistically significant, the results support full metric invariance indicating that the factor
loadings are the same across the groups. This chi-square difference test is tested at each stage where a more restrictive
model is specified. If the chi-square difference test is significant (meaning that full invariance is not supported), then the
researcher can try and achieve partial invariance. A simpler alternative to searching for partial invariance is to drop an
offending item. Scalar invariance can be tested by adding constraints that the intercept terms for the measured variable
equations are equal between groups to the metric invariance model and compared in the same way.
Understand the concepts of statistical mediation and moderation. Several different types of relationships were
discussed. In particular, the concepts of mediation and moderation were explained. Mediation involves a sequencing
of relationships so that some construct intervenes in a sequence between two other constructs. Moderation involves
changes in relationships based on the influence of some third variable or construct. Moderation was discussed in the
context of multigroup SEM models and continuous variable interactions. Whenever possible, the multigroup approach
is recommended but the orthogonal moderator approach may be an alternative when continuous variables must be used.
Developments in SEM. The chapter briefly introduced two SEM applications seeing increased usage. Latent growth
analysis provides a way of analyzing longitudinal data using SEM. The latent growth analysis follows the procedures
for analyzing panel data and allows one to model changes in construct values over time. Bayesian SEM provides an
alternative to the frequentists statistical approach to conventional SEM. The Bayesian approach turns things around
and asks how likely is the model given the data? Bayesian SEM also can be useful when the researcher is confronted
with severely skewed or kurtotic data distributions or when the researcher has concerns that the sample size is too
small. Parameter estimates are interpreted using posterior distributions and competence intervals rather than p values.

Questions
1 What conditions make a second-order factor model
appropriate?
2 What conditions must be satisfied to draw valid
conclusions about differences in relationships and
differences in means between three different groups
of respondents—one from Canada, one from Italy,
and one from Japan? Explain.
3 An interviewer collects data on automobile satisfaction. Ten questions are collected via personal
interview. Then, the respondent responds to another
20 items by marking the items using a pencil. How
can CFA be used to test whether the question format
has biased the results?

4 What is meant by a formative scale? Can programs
like LISREL, AMOS, and Mplus accommodate formative scales?
5 How does formative theory differ from reflective
measurement theory? Discuss both in specification/
estimation and interpretation?
6 What conditions make a second-order factor model
appropriate?
7 What conclusions can be drawn from measurement
invariance testing?
8 What are the most common uses of multigroup
testing?
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9 Describe the process of multigroup testing in general
terms.
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mediating construct, M, which in turns determines two
other outcomes, P and R. What is an indirect effect?

10 What is a major concern when using SEM techniques
with longitudinal data?

12 How can SEM test for a moderating effect? Name at
least two ways.

11 Draw a structural model hypothesizing that three
exogenous constructs—X, Y, and Z—each affects a

13 Describe differences between conventional SEM and
Bayesian SEM.

Suggested Readings and online Resources
A list of suggested readings and other materials relating to the techniques in this chapter are available in the online
resources at the text’s websites (Cengage Brain or www.mvstats.com).
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13

Partial Least Squares Structural
Equation Modeling (PLS-SEM)

Learning objectives
Upon completing this chapter, you should be able to do the following:
●

Understand the distinguishing characteristics of PLS-SEM.

●

Explain how the PLS-SEM algorithm is estimated.

●

Describe the stages of the PLS-SEM decision process.

●

Distinguish between common factor modeling and composite modeling.

●

Explain how to assess reflective and formative measurement models.

●

Interpret the results of the HBAT data used with PLS-SEM.

●

Describe when PLS-SEM and CB-SEM are the appropriate structural modeling method.

chapter Preview
Use of the multivariate statistical technique of partial least squares structural equation modeling (PLS-SEM) has
increased substantially during the past decade in all fields of social sciences research, particularly business. As the
number of structural relationships and constructs to be considered in multivariate modeling increases, so does
the need for increased knowledge of the structure and interrelationships of the variables. This chapter focuses on
PLS-SEM, a very useful technique for analyzing complex structural models increasingly encountered by researchers
in this era of Big Data, particularly from secondary data sources. It defines and explains in broad, conceptual terms
the fundamental aspects of PLS-SEM, and when it is the appropriate SEM method to use. The method can be utilized
to examine the measurement models and structural relationships for complex models and obtain solutions that are
not possible when applying CB-SEM. To further clarify the methodological concepts, basic guidelines for presenting
and interpreting the results of applying PLS-SEM are also included.

Key terms
Before starting the chapter, review the key terms to develop an understanding of the concepts and terminology used.
Throughout the chapter the key terms appear in boldface. Other points of emphasis in the chapter and key term
cross-references are italicized.
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Adjusted coefficient of determination (R2) A modified measure of the coefficient of determination that is adjusted based on the

number of predictor constructs. It is used to compare models with different numbers of predictor constructs and/or different
sample sizes, or both.
AVe See Average variance extracted.
Average variance extracted A measure of convergent validity. It is the degree to which a latent construct explains the variance
of its indicators; see Communality (construct).
Bias-corrected and accelerated (Bca) bootstrap confidence intervals It improves the percentile method by adjusting for biases
and skewness in the bootstrap distribution. The method yields very low Type I errors but is limited in terms of statistical power.
Blindfolding A sample reuse technique for PLS-SEM that omits part of the data matrix and uses the SEM model estimates to
predict the omitted part.
Bootstrap cases The number of observations drawn in the bootstrap samples. The number is set equal to the number of valid
observations in the original dataset.
Bootstrap confidence interval An estimated range of values that is likely to include an unknown population parameter. It is based
on the upper and lower bounds, which depend on a predefined probability of error and the standard error of the estimation
for a given set of sample data. When zero does not fall in the confidence interval, an estimated parameter is considered to be
significantly different from zero for the prespecified probability of error (e.g., 5%).
Bootstrap samples The number of samples drawn when the bootstrapping method is applied. Generally, a minimum of 1,000
samples is recommended, but some authors recommend 5,000.
Bootstrapping A resampling technique that randomly withdraws a large number of sub samples from the original data (with
replacement) and estimates models for each subsample. It is used to determine the standard errors of coefficients to determine
their statistical significance without applying distributional assumptions.
cB-SeM See covariance-based structural equation modeling.
common variance Variance shared with other variables in the statistical analysis.
coefficient of determination (R2) A measure of the proportion of the variance in the endogenous construct(s) that is explained
by the predictor constructs.
collinearity Is present when two variables are highly correlated.
common factor model Assumes that each indicator in a set of observed measures is a linear function of one or more common
factors. Confirmatory factor analysis (CFA) and CB-SEM are the two types of analyses based on common factor models, but
exploratory factor analysis (EFA) also has an option that can be run with only common variance.
communality (construct) See average variance extracted.
communality (item) See indicator reliability.
composite indicators A type of indicator used in formative measurement models. A linear combination is used to combine the
composite indicators into the latent construct (or composite). As a result, composite indicators are not necessarily conceptually united.
composite reliability A measure of internal consistency reliability, which, in contrast to Cronbach’s alpha, does not assume
equally weighted indicator loadings. Composite reliability should be above 0.60 in exploratory research, and above 0.70 as a
general guideline, but not above 0.95.
composite variable A latent variable that is a linear combination of several variables (indicators).
construct scores A linear combination of the data from all indicators used to measure a particular construct.
constructs Indirectly measured concepts that are complex, abstract and can not be directly observed. Constructs are shown in
path models as circles or ovals, to which directly measured indicators are attached, and are also referred to as latent variables.
continuous moderator variable A variable that is measured continuously (not categorically) and may affect the direction and/
or strength of the relationship between two latent variables in a structural model.
convergence Reached when the results of the PLS-SEM algorithm change very little. Convergence occurs when the PLS-SEM
algorithm stops based on a pre-specified stop criterion (i.e., a very small number such as 0.00001) that indicates only very small
changes in PLS-SEM computations are possible. Thus, convergence is reached when the PLS-SEM algorithm stops because the
prespecified stop criterion has been met but not necessarily the maximum number of iterations specified.
convergent validity For formatively measured constructs, it is the extent to which the formative construct correlates positively
with an alternative measure (reflective, single- or multi-item) of the same construct; see redundancy analysis. For reflectively
measured constructs, it is the extent to which a latent construct explains the variance of its indicators; see communality
(construct).
covariance-based structural equation modeling (cB-SeM) is based on common variance only, as measured by the variable
covariances, and is used to confirm (or reject) theories. It does this by determining how well a theoretical model can estimate
a second covariance matrix that is not significantly different from the original observed for a sample dataset.
critical t value The criterion applied to determine the significance of a coefficient. If the empirical t value is larger than the critical
t value, the null hypothesis of no effect is rejected. Typical critical t values are 2.57, 1.96, and 1.65 for a two-tailed significance
level of 1%, 5%, and 10%, respectively.
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critical value See significance testing.
cronbach’s alpha A measure of internal consistency reliability that ranges from 0 to 1, and assumes equal (unweighted) indicator

loadings. When SEM is used with reflectively measured constructs, composite reliability is considered a more suitable criterion
of reliability. But Cronbach’s alpha is still considered a conservative measure of internal consistency reliability.
Degrees of freedom (df ) The number of values in the final calculation of the test statistic that are free to vary.
Discriminant validity The extent to which a construct is distinct from other constructs in a theoretical structural model. It is
measured based on how much it correlates with other constructs in the theoretical model, compared to how much indicators
represent only a single construct.
endogenous constructs See endogenous latent variables.
endogenous latent variables Serve as only dependent variables, or as both independent and dependent variables in a structural
model.
error terms Represent the unexplained variance in constructs and indicators when structural models are estimated.
evaluation criteria Are recommended to use in evaluating the quality of the results for measurement models and the structural
model in statistical analysis, particularly SEM. Examples for PLS-SEM include criteria for f 2 effect size, bootstrapping and
blindfolding.
exogenous constructs See exogenous latent variables.
exogenous latent variables Latent multi-item variables that serve only as independent variables in a structural model.
explained variance See coefficient of determination.
exploratory Describes research situations that focus on exploring data patterns and identifying relationships.
f 2 effect size A measure used to assess the relative impact of a predictor construct on an endogenous construct.
Factor (score) indeterminacy Means the statistical analysis can compute an infinite number of factor scores that match the
specific requirements of a specified common factor model. In contrast to estimation of scores in PLS-SEM, which are determinate, the scores of common factors are indeterminate.
Formative measurement A type of measurement model in which the indicators completely form (see Composite indicators) or
cause (see Causal indicators) the construct. In the path model the arrows point from the indicators to the construct.
Formative measurement model A measurement model in which the direction of the arrows is from the indicator variables to the
construct, that assumes the indicator variables cause (or form) the measurement of the construct. See formative measurement.
Formative measures See measurement models.
Fornell–Larcker criterion A measure of discriminant validity that compares the shared variance within the constructs to the
shared variance between the constructs. The shared variance within should be larger than the shared variance between.
HcM See hierarchical component model.
Heterogeneity When the responses for two or more groups are significantly different, and therefore produce different model
parameters. Heterogeneity can be either observed, such as firm size or gender, or unobserved in which it is not known before
a post hoc analysis.
Heterotrait–heteromethod correlations A procedure for assessing discriminant validity that estimates the true correlation
between two constructs if they were perfectly measured (i.e., if they were perfectly reliable). The HTMT correlations are the
average of correlations of the indicators within a construct measured across different constructs.
Heterotrait–monotrait ratio (HtMt) An alternative procedure for assessing discriminant validity, it estimates the true correlation
between two constructs if they were perfectly measured (i.e., if they were perfectly reliable).
Hierarchical component model (HcM) A higher-order structure (HOC) of the relationships between constructs, most often
second-order. The structure contains several layers of constructs and involves a higher level of abstraction.
Higher-order component (Hoc) A general construct that represents all underlying LOCs in an HCM.
Higher-order model See hierarchical component model (HCM).
Hoc See higher-order component.
HtMt See heterotrait–monotrait ratio.
Hypothesized relationships Proposed relationships between constructs that define the paths in the structural model. PLS-SEM
enables researchers to statistically test these hypotheses and thereby empirically evaluate whether the proposed path relationships are significant and meaningful.
in-sample predictive power See coefficient of determination.
indicator reliability The square of a standardized indicator’s outer loading. It represents the variation in an item explained by the
construct, and is referred to as the variance extracted from the item; see communality (item).
indicators Directly measured observations (raw data), generally referred to as either items or manifest variables. In path models
they are shown as rectangles.
indirect effect Represents a relationship between two latent variables in which a third variable/construct (e.g., mediator)
intervenes.
inner model See structural model.
Latent variables The unobserved (not directly measured) concepts in the structural model, shown as circles or ovals.
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Loc See lower-order component.
Lower-order component (Loc) A first-order construct related to the HOC in an HCM.
Manifest variables See indicators.
Maximum number of iterations The number of iterations needed to ensure that the algorithm converges. If convergence cannot

be reached with the specified number of iterations, the number of iterations can be increased so convergence can be achieved.
Measurement The process of assigning numbers to a variable based on a set of rules.
Measurement error The difference between the true value of a variable and the value obtained by a measurement. Also consid-

ered inaccuracies in measuring the “true” variable values due to the fallibility of the measurement instrument (i.e., inappropriate response scales), data entry errors, or respondent errors.
Measurement model A component of a theoretical path model that contains the indicators and their relationships with the
constructs; also called the outer model in PLS-SEM.
Measurement model misspecification Specifying a reflective measurement model as formative when it actually is reflective, or
vice versa.
Measurement scale A method to obtain responses to a question that has a predetermined number of responses.
Measurement theory Specifies how constructs should be measured with several indicators. The theory specifies which indicators
to use for construct measurement as well as the directional relationship between the construct and its indicators.
Mediating effect See mediation.
Mediation A situation in which one or more mediator variable(s) facilitate the explanation of the relationship(s) between two
other variables/constructs.
Mediation model See mediation.
Mediator variable See mediation.
Minimum sample size The number of observations needed to represent the underlying population and to meet the requirements
to obtain an acceptable solution. See ten (10) times rule.
Mode A An algorithm setting for determining measurement model estimates, typically used to estimate reflective measurement
models.
Mode B An algorithm setting for determining measurement model estimates, typically used to estimate formative measurement
models.
Model complexity A complex model is one that has many latent variables/constructs, numerous structural model relationships,
and perhaps both reflective and/or formative measurement models. PLS-SEM has virtually no limits on model complexity.
Moderating effect See moderation.
Moderation Occurs when the effect of one latent variable on another latent variable depends on the value of a third variable,
referred to as a moderator variable.
Moderator effect See moderation.
Moderator variable See moderation.
Multicollinearity Extent to which a variable in the measurement model for a construct is explained by the other variables in the
same measurement model. Also refers to the extent to which two or more constructs in a structural model are correlated with
each other.
Multi-group analysis A type of analysis where a categorical variable (e.g., two categories) potentially affects all relationships in the
structural model. The method examines whether parameters differ significantly between the groups. The focus is primarily
on comparison of path coefficients.
out-of-sample predictive power See Q2 value.
outer loadings Are the bivariate correlations between each variable and their associated constructs. They represent the absolute
contribution of an indicator to its construct.
outer models See measurement model.
outer weights The indicators’ partial correlations with their associated construct. They indicate each indicator’s relative importance to formative measurement models.
p value The probability of incorrectly rejecting a true null hypothesis in a given statistical test. That is, concluding a path coefficient is not significantly different from zero when in fact it is actually not zero (i.e., significantly different).
Parsimonious models Models with as few parameters as possible to represent theoretical relationships.
Partial least squares structural equation modeling (PLS-SeM) A variance-based method to estimate structural equation models
that uses total variance and focuses on maximizing the explained variance of the endogenous latent variable(s).
Path coefficients Estimates of the path relationships in the structural model (i.e., between the constructs in the model), which
correspond to standardized betas in regression analysis.
Path models Diagrams that visually display the hypotheses and variable relationships that are examined with SEM.
PLS path modeling See partial least squares structural equation modeling.
PLS regression Explores the linear relationships between several multi-item independent variables and one dependent variable
that may be a single item or a single multi-item construct. The procedure constructs composites from both the several multiitem independent variables and the dependent variable(s) by means of principal component analysis.
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PLS-SeM algorithm The basic building block for the method. The algorithm uses the PLS path model and the available indicator

data to estimate the scores of all latent variables in the model, which in turn are used to estimate all path model relationships.
PLS-SeM bias An issue regarding solutions obtained when comparing PLS-SEM and CB-SEM results. The different statistical

objectives of the estimation of PLS-SEM and CB-SEM methods produce different results in the model estimates. PLS-SEM
results are biased only if one considers CB-SEM results to be a more accurate estimation method. PLS-SEM scholars do not
consider it a bias, but rather the differences between the statistical objectives of two different methods.
Prediction The primary objective of the PLS-SEM method. The higher the coefficient of determination (R2 values) of endogenous
constructs (latent variables), the better their prediction by the PLS-SEM model.
Prediction error The difference between the prediction of the data points and their original value in the sample.
Predictive relevance (Q2) A measure of a model’s predictive power (i.e., predictive relevance). It assesses whether a model accurately predicts data not used in the estimation of model parameters.
Principal components analysis An approach to exploratory factor analysis (EFA) that is based on total variance, and not the
common factor model.
Q2 value A measure of a PLS-SEM model’s predictive power. The computation of Q2 is based on the blindfolding technique, which
uses a subset of the available data to estimate model parameters and then predicts the omitted data.
R2 value See coefficient of determination.
R2 values The amount of explained variance of endogenous latent variables in the structural model. The higher the R2 values, the
better the construct is explained by the latent variables in the structural model. See coefficient of determination.
Redundancy analysis Measures a formative construct’s convergent validity by determining whether a formatively measured
construct is highly correlated with a reflective or single-item measure of the same construct.
Reflective measure See reflective measurement.
Reflective measurement A type of measurement model setup in which indicators represent the effects (or manifestations) of an
underlying construct. Causality is from the construct to its indicators (items).
Reflective measurement model See reflective measurement
Reliability The consistency of a multi-item scale or construct. A scale is reliable when it produces consistent outcomes under
similar or the same conditions. The most commonly used measure of reliability is the internal consistency reliability. Examples
are Cronbach’s Alpha and composite reliability.
SeM See structural equation modeling.
Single-item construct A construct that has only a single item/indicator measuring it.
Specific variance Variance of each variable unique to that variable and not explained or associated with other variables in the analysis.
Standardized data Have a mean value of 0 and a standard deviation of 1 (z-standardization). PLS-SEM results are based on
standardized raw data.
Statistical power The probability of concluding that an effect as significant when in fact the effect is significant.
Stop criterion See convergence.
Structural equation modeling (SeM) Method to estimate a structural model containing a series of interrelated dependence relationships (equations) where the dependent construct in one relationship may be a predictor construct in another relationship.
Also includes a measurement model where multiple indicators are used to define each construct/variable (known as a latent
construct) used in the structural model.
Structural model The theoretical or conceptual components of the path model. The structural model (also called inner model
in PLS-SEM) includes the latent variables/constructs and their path relationships.
Structural theory Specifies how the latent variables are related to each other. That is, it shows the constructs and the paths/
relationships between them.
ten (10) times rule A method of determining the minimum sample size specific to the PLS path model (i.e., 10 times the number
of independent variables of the most complex OLS regression in the structural or formative measurement model). The 10
times rule should be viewed as a rough guideline for the minimum sample size.
theory A set of systematically related hypotheses developed following the scientific method that can be used to explain and
predict outcomes and can be tested empirically.
total effect The sum of the direct effect and the indirect effect between an exogenous and an endogenous latent variable in the
path model. It also could be the sum of the direct effect and the indirect effect between two or more endogenous constructs.
total indirect effect The sum of all indirect effects in a multiple mediation model.
Validity The extent to which a construct’s indicators jointly measure what they are supposed to measure.
Variance-based SeM See partial least squares structural equation modeling.
Variance inflation factor (ViF) A statistic used to evaluate the severity of collinearity among the indicators in a formative
measurement model, or between the constructs in a structural model. The VIF is directly related to the tolerance value.
Variate Linear combination of variables formed by deriving empirical weights applied to a set of variables specified by the
researcher. See also composite variable.
ViF See variance inflation factor.
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What is PLS-SeM?
Partial least squares structural equation modeling, often referred to as PLS-SEM, is a combination of interdependence
and dependence techniques, as defined in Chapter 1. The method belongs to the family of statistical models that
seek to explain the relationships among multiple variables simultaneously. As with covariance-based SEM (CB-SEM)
discussed in Chapters 9 through 12, PLS-SEM consists of two models, the measurement model (representing how
measured variables represent the constructs) and the structural model (showing how constructs are associated with
each other). In PLS-SEM the measurement model is often referred to as the outer model and the structural model is
termed the inner model. But these two models operate in fundamentally the same exact manner in both approaches.
Let’s first examine these two models briefly as to their basic purpose.
StRUctURAL MoDeL
The structural model examines the structure of interrelationships expressed in a series of equations, similar to a
series of multiple regression equations. These equations estimate a series of separate, but interdependent, multiple
regression equations simultaneously. Just as with CB-SEM, the researcher draws upon theory, prior experience,
and the research objectives to distinguish which independent variables predict each dependent variable. Dependent variables in one relationship can become independent variables in subsequent relationships, giving rise to the
interdependent nature of the structural model. Moreover, many of the same variables affect each of the dependent
variables, but with differing effects. The structural model expresses these dependence relationships among independent and dependent variables/constructs, even when a dependent variable becomes an independent variable in
other relationships.
MeASUReMent MoDeL
The second basic model is the measurement model, which defines the latent constructs. Also termed a latent
variable, a latent construct is a hypothesized and unobserved concept that can be represented by observable or
measurable variables. In the past, researchers have sometimes attempted to distinguish between latent variables/
constructs that are factor-based and those that are composite-based [85]. But in most instances latent constructs
are specified as representing conceptual variables in statistical models, and the latent constructs are proxies that
facilitate empirical testing of hypotheses that represent relationships between conceptual variables in a structural
equation model [107]. Thus, all measures of conceptual variables are approximations of or proxies for conceptual
variables, irrespective of the construct definition or the theoretical foundation [145]. Any measurement model in
a SEM, therefore, whether common factor- or composite-based, develops linear combinations that are proxies for
latent variables [107, 124].
Latent constructs are measured indirectly by examining the relationships between multiple measured variables,
sometimes referred to as manifest variables, or indicators, which are gathered through various data collection methods (e.g., surveys, tests, observational methods) as well as from secondary sources (e.g., social media websites, mobile
phone call records, GPS signals, government sources, information from company data warehouses). As with covariance-based structural modeling, PLS-SEM provides metrics to evaluate the reliability, validity and measurement error
associated with the constructs. As noted earlier, practical and theoretical perspectives indicate we cannot perfectly
measure a concept. While we may be able to reduce error when measuring physical concepts such as time (e.g.,
measurement with atomic clocks), most theoretical or abstract concepts are necessarily always subject to some degree
of measurement error. For example, when asking about something as straightforward as age, income or weight,
we know from experience that some people will answer incorrectly, either overstating age and income or understating weight, or not knowing it precisely. The answers provided to these rather simple questions, as well as to more
abstract questions such as level of commitment or trust, have some measurement error, and thus affect the estimate
of the true measurement and structural coefficients. Similar to CB-SEM, PLS-SEM automatically applies a correction
procedure that accounts for the measurement error.

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

Chapter 13 Partial Least Squares Structural Equation Modeling (PLS-SEM)

765

tHeoRY AnD PAtH MoDeLS in PLS-SeM
Theory can be thought of as a systematic set of relationships providing a consistent and comprehensive explanation
of phenomena. From this definition, we see that theory is not the exclusive domain of academia, but is often based
on experience and practice obtained by observation of real-world behavior. It provides the foundation upon which
both the structural and measurement models are specified.
A path model is a visual representation of a theory. SEM models consisting of both measurement and structural
models can be quite complex. While all of the relationships can be expressed in mathematical path analysis notation, many researchers find it more convenient to portray a model in a visual form, known as a path diagram. This
path diagram displays the hypotheses and variable relationships to be estimated in a structural equation modeling
analysis [8]. Common convention is to represent constructs as circles or ovals and the manifest variables or indicators
of the constructs as rectangles. Directional arrows represent the types of relationships in both the outer/measurement
models as well as the inner/structural models. For more details on developing and portraying path models, see the
discussion of this topic in Chapter 9.

tHe eMeRGence oF SeM
Structural equation modeling (SEM) is a relatively new analytical tool, but its roots extend back to the first half of
the twentieth century when the concepts underlying the structural model were developed [150]. It was not until the
late 1960s and early 1970s that the work of Jöreskog [77, 78] led to the emergence of the measurement model and the
development of common factor-based SEM (also called covariance-based SEM and CB-SEM). CB-SEM extended prior
models by the simultaneous maximum likelihood estimation of the relationships between constructs and measured
indicator variables (i.e., the measurement model), as well as the relationships among latent constructs (i.e., the structural model). In the late 1970s, another scholar [146, 147, 148, 149] began working on an alternative approach to
structural modeling that emerged directly from ordinary least squares multiple regression and principal components
factor analysis [90] and also involved simultaneous estimation of relationships (paths) among constructs (structural
model) as well as between constructs and measured variables (measurement model). This alternative was partial
least squares structural equation modeling (PLS-SEM) [55]. The CB-SEM method was referred to by Wold as “hard
modeling” because of the more restrictive assumptions of the method, such as normally distributed data and larger
sample sizes. In contrast, he referred to PLS-SEM as “soft modeling” because it does not require normally distributed data and performs well even when the data are highly skewed [54] as is typical of much social sciences data. As
Lohmöller [84, p. 64] notes, “it is not the concepts nor the models nor the estimation techniques which are ‘soft’, only
the distributional assumptions.”
CB-SEM became the dominant multivariate analysis technique in the 1990’s and remained so well after 2000.
This was in large part due to the early availability of user-friendly software as well as the substantial benefits of SEM
in general, which provides a conceptually appealing way to develop as well as test theory. The first user-friendly
PLS-SEM software was PLSGraph [15], and a limited number of PLS applications began appearing in journals.
Another user-friendly PLS-SEM software became available in 2005 (SmartPLS 2) [118], and was then updated
and extended in 2015 [119]. The later version of SmartPLS automated many analytical functions and the applications of PLS-SEM in journals expanded substantially. Increasingly, PLS-SEM is being applied in a broad range
of disciplines including marketing [59], strategic management [57], group and organization management [135],
international management [106], operations management [101], management information systems [48, 117], supply
chain management [80], accounting [82], and tourism [31]. Contributions in terms of books, edited volumes, and
journal articles applying PLS-SEM or proposing methodological extensions are also appearing (see for example,
[49, 58, 92, 129, 130]).
PLS-SEM is similar to many other multivariate techniques in that it is a variance analysis technique rather than
a covariance structure analysis technique, as is CB-SEM. As a result, PLS-SEM focuses on explaining the variance
in the dependent (endogeneous) construct(s), and does not include the concept of “fit” based on a covariance
matrix.
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RoLe oF PLS-SeM VeRSUS cB-SeM
While we have seen that CB-SEM and PLS-SEM are comparable in their basic elements, there are some distinct
differences we will detail in this chapter. We introduce partial least squares structural equation modeling as our
second approach to structural modeling because the primary statistical objective is fundamentally different than
covariance-based structural modeling, and can obtain solutions that are not possible with CB-SEM. The basic
distinction between these two approaches is:
●

●

CB-SEM: While prediction is possible with covariance-based structural modeling, the primary statistical objective of CB-SEM is confirming theory by estimating a new covariance matrix that is not significantly different
from the original observed covariance matrix.
PLS-SEM: In contrast, the primary statistical objective of PLS-SEM is prediction that maximizes the explained
variance in the dependent variable(s).

This chapter will review the foundational elements of PLS-SEM and provide a comparative perspective with
CB-SEM. Readers are encouraged to also review Chapters 9 through 12, which discuss many of the common topics
between these approaches in more detail. We will use the more generic term SEM to refer to concepts common to
both CB-SEM and PLS-SEM.

estimation of Path Models with PLS-SeM
In contrast to CB-SEM, which uses a common-factor approach to developing proxies for constructs, PLS-SEM calculates composites for the latent variables. The composites are estimated as exact linear combinations of their empirical
indicators [38] that maximize the variance in the exogenous construct indicators that is useful for predicting the
endogenous construct(s) indicators [93]. PLS-SEM treats these composites as proxies for the conceptual variables
under investigation [67, 107], similar to the way CB-SEM treats factor-based constructs as proxies [124].
While PLS-SEM’s composite modeling method has traditionally been considered more consistent with formative
measurement models than reflective ones [43], the method easily accommodates both measurement model types
without encountering identification problems [55]. PLS path model identification only requires that each of the
constructs be linked to the nomological net of constructs [67]. This requirement also applies to structural models
where endogenous constructs are specified as formative, since PLS-SEM involves a multistage estimation process
that separates measurement model estimation from structural model estimation [110].

MeASUReMent MoDeL eStiMAtion
Whether the measurement models are specified as reflective or formative, PLS-SEM always uses linear combinations of sets of indicators to represent the latent constructs when estimating model parameters. PLS-SEM has been
criticized previously for underestimating structural model parameters and overestimating measurement model
parameters, many times referred to as PLS-SEM bias [17]. But research has shown that the size of PLS-SEM
bias is small in absolute terms [105] and decreases when the number of indicators per construct and sample size
increase [76]. Furthermore, recent research has shown that the composite model approach of PLS-SEM produces
more consistent parameter estimates [124] and higher power with smaller sample sizes [41, 105]. Moreover, the
differences previously attributed to the PLS-SEM bias are a result of comparing PLS results to those from common
factor modeling (CB-SEM), and thus assumes the CB-SEM results are more accurate. Recent research indicates,
however, that this assumption is not true, and that both approaches are proxy measures (estimates) of construct
scores [65, 121].
The confirmation of theoretical measurement models in PLS-SEM tests the hypothesis that theoretical relationships actually exist between the observed indicator variables and their underlying latent constructs. To do so, a variate
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of the indicators is derived to represent the constructs, similar to the variate that is the building block in all other
multivariate methods. With PLS-SEM, to confirm reflective measurement model hypotheses the metrics applied are
the size and significance of the loadings and/or coefficients, reliability, convergent validity, and discriminant validity
[49, 58]. Note that when confirming measurement models with PLS-SEM the process is referred to as confirmatory
composite analysis (CCA) [65], while with CB-SEM it is called confirmatory factor analysis (CFA). When examining
the structural model relationships, for both methods the size and significance of the path coefficients are assessed. In
addition, when using CB-SEM researchers also assess goodness of fit, while with PLS-SEM researchers assess R2, f 2
effect size, and Q2.
StRUctURAL MoDeL eStiMAtion
The use of linear composites with PLS-SEM has implications not only for the method’s measurement philosophy, but
also for its application in the estimation of the structural model. Once the algorithm derives the weights, PLS-SEM
always produces a single specific (i.e., determinant) score for each observation on all composites. These scores are
proxies of the concepts being measured, just as common factors are proxies of the conceptual variables in CB-SEM [5].
Using these proxies as input, PLS-SEM applies ordinary least squares regression based on the statistical objective
of minimizing the unexplained variance in the dependent variables (i.e., the residual variance), which achieves
the prediction objective. In short, the PLS-SEM algorithm estimates path coefficients that maximize the explained
variance 1 R2 2 in the endogenous constructs. Indeed, simulation studies [3, 36] support the superior predictive
capabilities of PLS-SEM compared to CB-SEM.
eStiMAtinG tHe PAtH MoDeL USinG tHe PLS-SeM ALGoRitHM
PLS-SEM derives solutions for the path model, including both the measurement and structural models, using a
three-stage approach: initial estimates of the measurement model, initial estimates of the structural model and final
estimates of both models. Each stage will be discussed below.
Stage 1: Initial Measurement Model Estimates In the first stage the PLS-SEM algorithm iteratively determines

the inner weights for the structural relationships and the construct scores using a four-step procedure. In Step 1
preliminary latent variable scores are calculated typically by using unit weights (i.e., 1) for all indicators of each
construct [49]. These construct scores are used to determine the inner weights between the adjacent constructs in
the structural model. Then proxies for all latent variable constructs are computed. Finally, new outer weights are
computed for all the indicators indicating the strength of the relationships between each latent construct and its
corresponding indicators.
The PLS-SEM algorithm uses two different estimation modes to compute the outer weights. Mode A uses the bivariate correlation between each indicator and the construct to determine the outer weights. In contrast, Mode B uses the
OLS regression results to obtain the outer weights. In this regression model, the construct is the dependent variable and
the indicators the independent variables. As a result, the regression weights consider not only the correlations between
the construct and each indicator, but also the correlations between the indicators. Mode A is used in PLS-SEM to obtain
solutions for reflectively specified constructs and Mode B for formatively specified constructs.
Stages 2 and 3: Initial Structural Model and Final Model Estimates The second and third stages use the final
latent variable scores from Stage 1 as input for a series of ordinary least squares regressions. These OLS regressions
compute the final outer loadings for reflective measurement models, the final outer weights for formative measurement models, and the final path coefficients as well as related elements. The related elements include the indirect
and total effects, R2 values of the endogenous latent constructs, and the indicator and latent variable correlations [84]
as well as the f 2 effect size for each predictor construct, and an additional measure of the model’s predictive power
termed Q2. All of these elements will be discussed in more detail in a later section.
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PLS-SeM Decision Process
We focus the discussion of the PLS-SEM decision process on the model-building paradigm introduced in Chapter 1.
This process varies slightly from that introduced in previous chapters to reflect the unique terminology and procedures of PLS-SEM. The six stages are as follows:
Stage 1: Defining research objectives and selecting constructs
Stage 2: Designing a study to produce empirical results
Stage 3: Specifying the measurement and structural models
Stage 4: Assessing measurement model validity
Stage 5: Assessing the structural model
Stage 6: Advanced analyses with PLS-SEM

The remainder of this chapter provides an overview and introduction of these six stages. We also include an
application of PLS-SEM to the HBAT example data previously introduced in the CB-SEM chapters (9 through 12).
This application will facilitate a direct comparison of the results of PLS-SEM to those of CB-SEM.

Stage 1: Defining Research objectives and Selecting constructs
A critical element in common to both PLS-SEM and CB-SEM is the importance of the measurement model. Testing
hypotheses involving structural relationships between constructs is only as reliable and valid as the measurement
models are in justifying the constructs as proxy measures of multi-item latent variables. Researchers typically rely on
established scales to specify the measurement models, or at minimum they begin their search there. But sometimes
they must develop a new scale or substantially modify an existing scale to the new context. Selecting the indicators to
measure each construct sets the foundation for the remainder of the analysis, whether applying PLS-SEM or CB-SEM.
Significant time and effort must be devoted early in the research process to make sure the quality of the measurement
will support valid conclusions. Finally, when measures are either taken from various sources or developed for a study,
some type of pretest should always be performed.
In terms of the structural model, CB-SEM and PLS-SEM are both used to confirm theoretical measurement
models and structural model relationships. In evaluating the results to confirm theoretical measurement and structural models, the essential differences between the two methods are CB-SEM uses only common variance derived
from a covariance matrix, and the results are assessed first on the basis of goodness of fit (GOF), and then on reliability, convergent validity, and discriminant validity. In contrast, PLS-SEM derives solutions from total variance, not
covariances, and thus does not have a similar fit measure. In addition, with PLS-SEM, the results are first assessed on
the reliability, convergent validity, and discriminant validity of the measurement models, and then on the predictive
ability of the structural model as measured by R2, f 2, and Q2.
But while CB-SEM is exclusively used to test well-developed theory, PLS-SEM has the additional capability
to perform exploratory as well as confirmatory research [49, 58]. Exploratory or descriptive modeling involves
no underlying causal theory, except perhaps to a limited extent in a few situations [134]. In exploratory research
researchers are exploring possible relationships not based on well-developed theoretical or causal justification, but
instead potential associations that may lead to further theory development. CB-SEM is not appropriate for exploratory/descriptive modeling because the exploratory nature of the modeling process is not based on well-developed
theory, and specific hypotheses are not necessarily prespecified. In contrast, PLS-SEM is appropriate for exploratory
modeling, measurement and structural models can be changed based on the data, and hypotheses do not have to be
prespecified to be tested. The distinction of exploratory research is important and involves at least three situations:
●

Less well-defined research problems. As noted earlier, when research problems have not been clearly defined
exploratory research is the appropriate method. While sufficient information may not be available to make
conceptual distinctions or to propose explanatory relationships, researchers can let the method and the data
define the nature of the relationships.
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Generating hypotheses. Exploratory research can be used to generate hypotheses from data obtained from
qualitative methods, and also to test hypotheses using quantitative research. For example, if hypotheses are
developed from research in one context, such as in the US, the focus might be on testing the same or similar
hypotheses in another country.
Types of research questions. Exploratory research can examine all types of research questions, including what,
when, why and how [134]. In contrast, confirmatory research examines previously specified hypotheses that
predict specific outcomes based on underlying theory, and the hypotheses usually are derived from established
theories or previous studies conducted within the same context.

Another difference between the two approaches is that PLS-SEM focuses on predictive modeling, which
is the process of applying a statistical model to examine data representing both independent and dependent
variables, with the objective of predicting existing or new observations [134]. This type of statistical modeling provides an opportunity to develop conclusions based on statistical significance of relationships, relative
influence of antecedents, explained variance, effect sizes, and prediction as they relate to proposed hypotheses.
In social sciences research, particularly business, the statistical models used for testing hypotheses are often
based on correlations derived from observational or survey data, and increasingly secondary data. Thus,
predictive modeling is more than just statistical modeling. It is also explanatory modeling, or the application
of statistical modeling to test and explain relationships between variables, accept/reject hypotheses, and predict
outcome variables.
PLS-SEM and CB-SEM share some fundamental objectives common to all SEM applications. But as we have
briefly discussed and will illustrate in the following sections, the two approaches take quite different paths to their
final results. Each approach has both advantages and limitations and the researcher, rather than selecting just one
method for all situations, should evaluate each research problem for its unique characteristics and then select the
approach that is most applicable.

Stage 2: Designing a Study to Produce empirical Results
With the basic theoretical models specified, the researcher must consider issues involved with research design and
estimation. Our discussion will focus on issues related to both research design and model estimation, especially as
they relate to PLS-SEM. In the area of research design, we will discuss (1) the type of data to be analyzed; (2) the
impact and remedies for missing data; (3) statistical power; and (4) the impact of sample size.
MetRic VeRSUS nonMetRic DAtA AnD MULtiVARiAte noRMALitY
The observed or measured variables in many multivariate analyses have traditionally been restricted to metric data
(ratio or interval), since this type of data is more intuitive to interpret and allows for greater flexibility in the analysis
(e.g., in terms of measures of centrality and dispersion). PLS-SEM, however, is a non-parametric method, allowing
for the use of nonmetric data types (nominal or ordinal) in addition to metric data. Therefore, PLS-SEM is more
flexible regarding the type of data that can be used.
With previous multivariate methods, researchers had to be concerned about the assumption of multivariate
normality, which is required for parameter estimation and statistical inference (i.e., statistical significance levels)
of the estimated parameters. But PLS-SEM is a non-parametric statistical method and obtains good solutions with
non-normal data, which is typical of the data used in most social sciences studies. Many previous studies cited a lack
of assumptions about the normality of data distributions as their main reason for choosing PLS-SEM [94, 95, 31]. But
scholars have noted that this justification for PLS-SEM use is insufficient by itself since maximum likelihood estimation in CB-SEM is fairly robust against violations of normality [18, 99], and procedures are available for parameter
estimation with non-normal distributions [83]. Thus, it is not sufficient to justify the use of PLS-SEM solely on the
grounds of the data distribution.
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MiSSinG DAtA
As with other multivariate procedures, researchers must be concerned about missing data. To deal with this issue, two
questions must be addressed (1) Is the missing data sufficiently large and non-random, to the extent that it causes
problems in estimation or interpretation?, and (2) If missing data must be remedied, what is the best approach?
In general, missing data complicate the testing of all SEM models using either PLS-SEM or CB-SEM since the
remedies for missing data in most cases reduce the sample size to some extent from the original number of cases
or require extensive modeling for the imputation of the missing data. Depending on the missing data approach
taken and the extent of missing data anticipated, where possible the researcher should plan to obtain a larger sample
size than required to offset any problems of missing data. The reader is referred back to Chapters 2 and 9, where a
more complete discussion is provided on the methods of assessing the extent and pattern of missing data and the
approaches to remedy missing data, if needed.
StAtiSticAL PoWeR
Statistical power is the probability of making the correct decision if the alternative hypothesis is true and the null
hypothesis should be rejected. That is, power is the probability of concluding there is a significant difference when
in fact there actually is a difference. PLS-SEM has greater statistical power compared to CB-SEM [105, 41] and
researchers benefit from this higher statistical power. The higher statistical power of PLS-SEM means that a specific
relationship is more likely to be found significant when it is present in the population. The higher statistical power
of PLS-SEM makes the method particularly suitable for exploratory research where theory is less developed and
sample sizes are relatively smaller. As Wold [146] notes, model development is an evolutionary process and the
structural relationships are often tentative. Thus, as the empirical content of the PLS-SEM model is extracted from
the data, the model is improved through the estimation procedure by interactions between the model, the data and
the researcher’s responses.
MoDeL coMPLexitY AnD SAMPLe SiZe
PLS-SEM provides a unique capacity in SEM applications to be applied with both large and small sample sizes, and
many times it is the small sample capability that distinguishes it from other methods [38, 143]. The critical question
in discussing sample sizes for SEM applications involves how large a sample is needed to produce trustworthy results,
and this decision involves three aspects of model complexity.
1 Number of constructs. Prior reviews indicate the average number of constructs per model is higher in
PLS-SEM (approximately eight constructs [80, 117]) compared to factor-based CB-SEM (approximately five
constructs [2, 135]).
2 Number of indicators per construct. At the same time, the number of indicators per construct is typically higher
in PLS-SEM compared to CB-SEM. In contrast to CB-SEM, the PLS-SEM algorithm does not simultaneously
compute all the model relationships, but instead uses separate ordinary least squares regressions to estimate the
partial regression relationships.
3 Number of observations per estimated parameter. Finally, the number of model parameters can be very high
relative to the sample size, as long as each partial regression relationship has a sufficient number of observations (more than the number of indicators/estimated parameters). There is a basic rule of thumb for sample
size, however, and it is 10 times the number of arrows pointing at a construct, whether as a formative indicator
to a construct or a structural path to an endogenous construct. Reinartz et al. [105], Henseler et al. [65], and
Sarstedt et al. [124] show that the PLS-SEM algorithm obtains solutions when other methods do not converge
or develop inadmissible solutions.
As Hair et al. ([56], p. 2) note, “some researchers abuse this advantage by relying on extremely small samples
relative to the underlying population” and PLS-SEM scholars have been criticized for this [87]. The general guideline
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is when it is possible to obtain more observations, such as with most consumer research projects, then researchers should do so. But in some situations, such as business-to-business research, the population size is quite small
(e.g., , 100) and PLS-SEM is the only structural modeling approach that can obtain meaningful solutions with such
small sample sizes.
While PLS-SEM can be applied with smaller samples that would be unacceptable with other methods, the acceptability of this practice depends on several considerations. The first involves population heterogeneity, which is a
consideration for all statistical techniques. A more heterogeneous population requires a larger sample to arrive at an
acceptable level of sampling error, all other considerations being equal [19]. When these fundamentals of sampling
theory are ignored, the estimation results are highly questionnable, no matter which SEM method is used. Also to
be considered are expected effect sizes and desired levels of statistical significance [86], which impact the expected
statistical power for a range of path model designs. Hair et al. [49] include a power table that provides guidelines on
the minimum sample size when applying PLS-SEM.
To this point considerable attention has been devoted to PLS-SEM’s small sample size capabilities [41]. These
discussions often overlook, however, the suitability of PLS-SEM for analyzing much larger samples, such as those
produced in social media research. Social media analyses typically focus on prediction, often lack a comprehensive
substantiation on the grounds of measurement theory [108], and rely on complex models with limited theoretical foundation [138]. The non-parametric nature of PLS-SEM, the ability to handle complex models with many
constructs (e.g., 10 or more) as well as a large number of indicators (e.g., 70 or more), and the characteristic of higher
statistical power, make the method a valuable tool for social media and digital analytics, as well as the analysis of
other large-scale datasets.

Stage 3: Specifying the Measurement and Structural Models
After the constructs and their respective indicators are identified, the researcher specifies the measurement and
structural models. In this stage, each latent construct in the model is identified as either exogenous or endogenous,
and the measured variables (manifest variables or indicators) are assigned to latent constructs. When specifying
a path model in PLS-SEM, you do not start by first specifying and testing the measurement model (CFA), as you

Rules of thumb 13-1
General Guidelines on Using PLS-SeM
●

PLS-SEM is the preferred method when prediction is the statistical objective of your research.

●

Missing data and outliers must be dealt with before running a PLS model.

●

PLS-SEM produces good results with non-normal data and when heteroscedasticity is present.

●

PLS-SEM works well with both metric and non metric data.

●

PLS-SEM is suitable for survey data and for secondary (archival) data.

●

●

●
●

PLS-SEM has higher statistical power than CB-SEM, which means it is particularly suitable for exploratory research
where theory is less developed, and sample sizes are relatively smaller.
The recommended sample size should be based on statistical power considerations and the context of the research.
In general larger sample sizes 1 . 100 2 are preferable, but smaller sample sizes 1 , 100 2 are acceptable depending
on the context of the research; e.g., B-to-B research that is restricted to smaller populations will necessarily involve
smaller sample sizes.
PLS-SEM works well with both reflective and formative measurement models.
Goodness of fit measures like χ2, GFI, CFI, RMSEA, and similar heuristics that are used with CB-SEM do not apply
with PLS-SEM.
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do in CB-SEM. Instead, the structural model is specified at the same time as the measurement models. Moreover,
with PLS-SEM correlational relationships are not specified in the path model between the exogenous constructs.
Thus, to specify the PLS path model researchers must rely on their knowledge of both measurement theory and
structural theory.
Recall that with CB-SEM different terminology is used to refer to the independent and dependent variables than
with previous dependence techniques, such as multiple regression and MANOVA. This same terminology applies
to PLS-SEM applications. The independent variables/constructs are referred to as exogenous constructs, and are
measured by the latent, multi-item equivalent of independent variables. The exogenous constructs are determined
by factors outside of the model (i.e., they are not explained by any other construct or variable in the model), and are
thus identified as independent. Since PLS-SEM path models are also depicted by a visual diagram, it is useful to know
how to identify the exogenous constructs. Given that exogenous variables are independent of any other construct
in the model, an exogenous construct does not have any paths (single-headed arrows) going into it from any other
construct or variable.
PLS-SEM also refers to the dependent constructs as endogenous. The endogenous constructs are the latent,
multi-item equivalent to dependent variables (i.e., a variate of individual indicator variables). These constructs are
theoretically determined by other constructs within the model. Thus, they are dependent on other constructs/variables, and this dependence is represented visually by a path to an endogenous construct from an exogenous construct
(or from another endogenous construct). The measurement and path models can be represented by equations, but
it is simpler to represent this process with a diagram.
Figure 13.1 shows a path model with four constructs—three of the constructs have three indicators and
one has two indicators. In addition, there are two exogenous constructs (Y1 and Y2) and two endogenous
constructs (Y3 and Y4), and one of the endogenous constructs 1 Y4 2 is a mediator. Note that while a minimum
of three indicators per construct is required for construct identification in CB-SEM, with PLS-SEM this is not
a requirement. But, while possible it does raise the question of whether a concept can be adequately measured
with only two indicators.
Constructs in PLS path models are the same as conceptual variables. The constructs are drawn as ovals or circles
(Y1 to Y4) in path models. The indicators attached to the constructs are the measured variables, and they are represented by rectangles (X1 to X11). The relationships between constructs, and the relationships between the indicators
and their respective constructs, are shown as arrows. In PLS-SEM, the arrows are always single-headed (there are no
double-headed arrows between constructs). The single-headed arrows are directional and considered to be predictive
relationships.

X1

Figure 13.1
An example of a PLS-SeM path model
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MeASUReMent tHeoRY AnD MoDeLS
Researchers rely on measurement theory to help them specify how to measure latent constructs. To do so, they
typically choose between two types of measurement models [21]: reflective measurement models and formative
measurement models. Reflective measurement models have direct relationships (arrows) from the construct to the
indicators and treat the indicators as error-prone representations of the underlying construct [7]. The following
equation illustrates the relationship between a latent variable and its observed indicators:
X5l#Y1e
where X is the observed (measured) indicator variable, Y is the latent construct, the loading (l) is a standardized
regression coefficient representing the strength of the relationship between X and Y, and e is the random measurement error. The latent variables Y2, Y3, and Y4 in the path model have reflective measurement models, two with three
indicators each and one with only two indicators. When developing reflective measurement models, the indicators
should be a representative sample of all items of the construct’s conceptual domain [98]. If the items are specified
from the same domain, together they will represent the same concept and are expected to be highly correlated [34].
Endogenous latent variables always have error terms associated with them. In Figure 13.1, the endogenous latent
variables Y3 and Y4 have one error term each (Z3 and Z4), which reflect the sources of variance not predicted by the
antecedent construct(s) in the structural model.
Formative measurement models differ from reflective measurement models. They are a linear combination of a set
of indicators that form the construct (i.e., the relationship/arrow is from the indicators to the construct). As a result,
variation in the indicators occurs before variation in the latent construct [13]. For example, when the respondent’s
evaluation of a formative indicator changes so does the construct value. Indicators of reflectively measured constructs
are typically highly correlated, but formatively measured indicators are often not very correlated. High correlations
can occur, however, among indicators with formative measurement models, but this does not necessarily imply the
measurement model is reflective [95].
Formative measurement models can be modeled with two types of indicators: causal indicators and composite
indicators [9, 10]. Constructs measured with causal indicators have an error term that implies the construct has not
been perfectly measured by its indicators [10]. Causal indicators also exhibit conceptual unity since they are selected
based on the definition of the concept [11]. A limitation, however, is that researchers are almost never able to identify
all relevant indicators constituting the construct’s domain [12]. Thus, the error term captures all the other “causes”
or explanations of the construct not represented by the set of causal indicators [22]. As Grace and Bollen [43] note,
the error term in causal indicator measurement models implies that the construct is equivalent to the conceptual
variable, and the error term accounts for the other “causes.”
Composite indicators are the second type of formative measurement model indicators. Composite indicators
are similar to causal indicators, except the error term of a construct measured with composite indicators is set to
zero [23]. The indicators, therefore, completely form the composite representing the construct based on a linear
combination, and the composite indicators in combination are assumed to form a new entity. That is, composite
indicators are a way to model conceptual variables that define the empirical meaning of the construct. For example,
Aaker’s [1] conceptualization of brand equity, as defined by Henseler [63], is a typical conceptual variable with
composite indicators (artifacts). Thus, when combined the indicators represent the elements of brand awareness,
brand associations, brand quality, brand loyalty, as well as other proprietary assets.
PLS-SEM only computes measurement models with composite indicators and not causal indicators. The exogenous construct Y1 in Figure 13.1 is modeled as a composite formative construct, so the error term Z1 (not shown in
this path model) is set (fixed) as zero (0). Thus, the composite representing the construct is formed in full by a linear
combination of the indicators. Note that for both formative and reflectively measured constructs, the error term is
typically not shown on PLS path models.
The concept of artifacts is especially relevant when examining theoretical models based on secondary/archival
data, which are often not based on established measurement theory [74, 109]. For example, secondary data could be
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collected from the internet or a company data warehouse to form an index of information search activities. The index
would represent the sum of the activities customers engage in when seeking information from vendors, promotional
materials, and other sources [126]. But it is also more likely that measurements based on secondary data will include
more artifacts than survey data.
Measurement models with composite indicators can also be used for dimension reduction. When dimension
reduction is the focus, the objective it to condense (combine) the measures so they adequately cover the salient
features of a conceptual variable [27]. For example, a researcher may be interested in representing the salient aspects
of customer loyalty by including three (composite) indicators that measure relevant elements (e.g., satisfaction,
recommend to others, and future purchase likelihood). Sarstedt et al. [124] note that composite indicators can be
used to measure any concept including attitudes, perceptions, and behavioral intentions, as long as researchers specify
an appropriate construct definition and include items that closely match the construct definition. In sum, construct
measurement based on composite indicator models is a method to develop proxies for conceptual variables that
acknowledges the practical problems of measuring unobservable conceptual variables.
StRUctURAL tHeoRY AnD PAtH MoDeLS
Structural theory specifies the latent constructs in the theoretical SEM model and their relationships. The sequence
and position of the latent constructs are based on theory and the accumulated knowledge and experience of the
researcher [37]. Structural path models are specified with the latent variables/constructs on the left side of the path
model as independent variables (antecedents), and the latent variables on the right side are dependent variables
(outcome variables). In addition, latent constructs in SEM can also serve as both independent and dependent variables in the structural model [46].
The relationships (structural paths) between the constructs (inner model) connect the exogenous and endogenous
constructs. As with multiple regression and CB-SEM, the strength of the relationships between the latent variables/
constructs is represented by path coefficients, and the coefficients are the result of regressions of each endogenous
latent variable on their direct predecessor exogenous constructs. In Figure 13.1, these path coefficients are labeled
as b1, b2, b3 and b4. Finally, recall that directly measured variables are typically represented in visual diagrams by
rectangles, and the indirectly measured latent variables are represented as circles or ovals.

Stage 4: Assessing Measurement Model Validity
Evaluation of PLS-SEM results is a two-step process, similar to that with CB-SEM. The focus of Step 1 (discussed
in this section as Stage 4) is on evaluating the measurement models. Evaluation of the measurement models differs
depending on whether the measurement is reflective or formative. For example, if the measurement theory is reflective, then Step 1 examines the size and significance of the loadings, reliability, and convergent and discriminant
validity. But if the measurement theory is formative, then Step 1 examines convergent validity, multicollinearity, and
the size and the significance of the indicator weights.
If the evaluation in Step 1 supports measurement quality, the researcher continues with the structural model
evaluation in Step 2 [49]. Discussed in the next section as Stage 5, the second step evaluates the structural theory that
tests the proposed hypotheses. Step 2 involves determining if the structural relationships are statistically significant
and meaningful, and if the predictive ability of the theoretical model is acceptable, as measured by the R2, f 2 effect
size, and Q2.
As with CB-SEM and other multivariate methods, rules of thumb are used in evaluating the results of the measurement and structural model estimations [15, 16, 42, 49, 58, 71, 120, 141]. Since rules of thumb are broadly applied
guidelines for decision-making, they should not be interpreted the same for all aspects of a model or research
contexts. For example, the rules of thumb differ for reflective or formative measurement models based on the
assumption of each type of model. Moreover, the threshold for a rule of thumb may differ depending on the research
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context. For example, most social science research applies , 0.05 as the level for statistical significance. But since
statistical significance is sensitive to sample size, and PLS-SEM can be used with smaller sample sizes in the appropriate context, some scholars apply , 0.10 as the level for statistical significance with this method. The researcher
is encouraged to apply rules of thumb whenever possible, but also remember that they must be conditioned on the
research context.
ASSeSSinG ReFLectiVe MeASUReMent MoDeLS
Reflective measurement model assessment, whether with PLS-SEM or CB-SEM, involves four aspects of each model
construct: size and significance of indicator loadings, construct reliability, convergent validity and discriminant
validity. These issues were discussed in Chapters 9 and 10 for CB-SEM. But there are some differences between
PLS-SEM and CB-SEM even in these basic aspects, so the following discussion will address each aspect briefly and
focus on any differences between PLS-SEM and CB-SEM.
Indicator Loadings The assessment process begins by examining the indicator loadings. Loadings above 0.708
indicate the construct explains more than 50 percent of the indicator’s variance. This confirms the indicator exhibits
acceptable item reliability. While indicator loadings have the same interpretation in both PLS-SEM and CB-SEM, we
should note that PLS-SEM typically has somewhat higher indicator loadings than CB-SEM [50] and this should be
considered when interpreting loadings, especially when comparing models estimated with the two approaches. Moreover, while the general guidelines for the measurement properties discussed below are the same for both approaches,
depending on the research context, the researcher may chose to evaluate PLS-SEM indicator loadings more conservatively given the tendency for somewhat higher loadings. At the same time, however, the higher loadings obtained
with PLS-SEM enable the researcher to retain more items on the constructs, which generally results in higher content
validity for the reflective measurement models.

The next step is determining each construct’s internal consistency reliability. While Cronbach’s alpha is a widely used method of assessing reliability, it does not weight the individual indicators in the calculations. Jöreskog’s [77] composite reliability overcomes this limitation since it weights the individual indicators based
on their loadings and is therefore the preferred reliability approach.
Higher values indicate higher levels of reliability when interpreting internal consistency reliability results. For
example, values between 0.60 and 0.70 are “acceptable in exploratory research,” whereas results between 0.70 and
0.95 represent “satisfactory to good” reliability levels [49]. But reliability can also be so high (e.g., 0.95 or above) as
to be unrealistic. When this situation arises, it most likely indicates the items are redundant (e.g., survey items are
too similar or items are a slight variation of the same underlying data) or there is some systematic pattern in the
responses (e.g., straight lining) [24]. When reliability is too high, particularly when it is examined in a pilot test, the
scale should be redesigned to reduce redundancy before data is collected for the final study.
Construct Reliability

Convergent validity is an overall metric of a reflective measurement model that measures
the extent to which the indicators of a construct converge, thereby explaining the variance of the items. Many times
referred to as communality, it is assessed by evaluating the average variance extracted (AVE) across all indicators
associated with a particular construct. The AVE is the average (mean) of the squared loadings of all indicators associated with a particular construct. The rule of thumb for an acceptable AVE is 0.50 or higher. This level or higher
indicates that on average the construct explains 50 percent or more of the variance of its indicators.

Convergent Validity

The final step in evaluating reflective measurement models is to assess their discriminant validity. This metric evaluates the extent to which a construct is distinct from other constructs. The
underlying principle of discriminant validity is to assess how uniquely the indicators of a construct represent
that construct (the shared variance within that construct) versus how much that construct is correlated with
Discriminant Validity
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all other constructs in the model (shared variance between constructs). Tests of discriminant validity are made
for all pairs of reflective constructs within a model. Using the concept of AVE discussed above, discriminant
validity is present when the shared variance within a construct (AVE) always exceeds the shared variance with
all other constructs.
CB-SEM typically relies on the Fornell–Larcker [39] criterion, although an alternative method has been proposed
[142]. The Fornell–Larcker method is a direct comparison of the AVEs of two constructs to the shared variance
between the two constructs. In contrast, with PLS-SEM the recommended discriminant validity method is the
Henseler et al. [69] heterotrait-monotrait ratio (HTMT) of correlations. The HTMT criterion is defined as the
mean value of the indicator correlations across constructs (i.e., the heterotrait-heteromethod correlations) relative to the (geometric) mean of the average correlations of indicators measuring the same construct. The HTMT
criterion is an estimate of the true correlation between two constructs if they were perfectly measured (i.e., if they
were perfectly reliable). High HTMT values indicate a problem with discriminant validity. Based on simulation and
previous research, Henseler et al. [69] recommend a value of 0.90 if the path model includes constructs that are
conceptually similar (e.g., loyalty, cognitive satisfaction, and affective satisfaction). In other words, an HTMT value
above 0.90 suggests a lack of discriminant validity. When the constructs are conceptually more distinct, a lower, more
conservative threshold value of 0.85 is suggested [69]. Finally, in addition to examining the size of the HTMT value,
researchers should use a bootstrapping procedure to determine whether the HTMT value is statistically significantly
lower than one (1.0).
ASSeSSinG FoRMAtiVe MeASUReMent MoDeLS
As discussed in an earlier section, measurement models specified as formative are quite different in purpose and
estimation than reflective models. As a result, they must also be evaluated differently from reflective measurement
models. Evaluation of formative measurement models focuses on four aspects: (1) convergent validity, (2) indicator
multicollinearity, (3) size and statistical significance of the indicator weights, and in some instances (4) relevance
and statistical significance of the indicator loadings [49].
It should be noted that there is a difference in terminology in formative models relating to the magnitude of
an indicator’s relationship with the construct. In reflective measurement models we referred to loadings and they
represented the correlation of each indicator with the construct. In formative models we obtain weights, similar to
a regression weight for independent variables. This differs from a loading due to the different types of relationships
between indicators and construct in reflective versus formative models. Reflective measurement models produce
loadings because the relationship between the indicator and the construct is a bivariate correlation/regression, with

Rules of thumb 13-2
Assessing Reflective Measurement Models
●

●

●
●

Indicator loadings should be a minimum of 0.708. Squared loadings (also referred to as item reliabilities) should be a
minimum of 0.50.
Internal consistency reliability should be evaluated. Composite reliability is preferred but Cronbach’s alpha is
acceptable. The minimum recommended reliability is .70, except for exploratory studies, where .60 is considered
the minimum. The maximum recommended reliability is .95, and preferably .90.
Convergent validity, as measured by average variance extracted (AVE), should be at least .50.
Discriminant validity should be evaluated using the HTMT method. For the HTMT method, the guideline is .90 for
conceptually similar constructs, and .85 for conceptually distinct constructs. In addition, the HTMT value should be
examined based on confidence intervals to determine if it is significantly different from one (1.0).
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the indicator being the single dependent variable and the construct being the single independent variable. But
formative measurement models have weights to represent the relationship between the construct and the indicators,
because the construct is the dependent variable and the indicators are multiple independent variables in a regression
equation.
Convergent Validity Convergent validity of reflectively measured constructs is based on communality, the degree
to which the multiple indicators share variance with one another. For formatively measured constructs, however, this
same method is not applicable since formative indicators are not assumed to exhibit multicollinearity (be correlated).
Instead, redundancy analysis [15] assesses the degree to which the indicators relate to an additional reflectively
measured construct (single or multi-item) that represents the same concept. As a general principle, a reflective indicator/construct representing the same concept is not likely to be included in a typical questionnaire. Researchers must,
therefore, understand and plan for the assessment of convergent validity in the research design stage by including this
reflectively measured construct or indicator in the final questionnaire. The construct, including its indicator(s), is
separate from and in addition to the items in the formative construct. When possible researchers should avoid using
single items for this additional construct, since compared to multi-item scales, single item measures have substantially lower levels of predictive validity [123], and they also have lower levels of variance that can create problems
with a variance-based technique like PLS-SEM. Hair et al. [49] recommend that formatively measured constructs
explain a minimum of 50 percent of the variance of the reflectively measured item(s), which corresponds to a path
coefficient of approximately 0.708.
Note that when using secondary data with PLS-SEM, it is not possible to include a reflectively measured item
as is possible in survey research. Therefore, to assess convergent validity with theoretical models that are based on
secondary data, researchers should identify another indicator in the nomological net of the formative construct that
is available and similar, and use it to complete the redundancy analysis.
Indicator Multicollinearity Formative constructs also need to be examined for high multicollinearity among the
formative indicators. Assessing collinearity involves computing the variance inflation factor (VIF) for each indicator
included in the formatively measured construct. As a guideline, the higher the VIF, the greater the level of collinearity,
and VIF values above three are likely to indicate a problem, and above five are a definite indicator of high collinearity
among the indicators, and thus a problem.
The VIF method is widely applied to assess collinearity, but is not a very rigorous test. In fact, collinearity can be
a problem if VIF values are below three. An alternative approach to examining collinearity is to execute bivariate
correlations that include all the indicators on each construct separately. If the results identify any bivariate correlation
0.50 or higher between any pair of construct indicators, this indicates collinearity is likely to be a problem. Whichever
approach is chosen, researchers should interpret the results cautiously if collinearity appears to be present.
When collinearity is high among formative indicators, the weights will not be correct. The recommended solution
in such situations is to retain all indicators, but to create two or more first order constructs that are connected with
a higher order construct, which is the exogenous construct in the structural model [58].
Statistical Significance of Indicator Weights The third aspect in assessing formative measurement models is evaluating the size and statistical significance of the indicator weights. PLS-SEM is non-parametric and unlike CB-SEM
and most other multivariate methods, it does not make any assumptions about the distribution of the error terms. To
test statistical significance, therefore, researchers must apply bootstrapping. Bootstrapping is a resampling technique
that creates subsamples (typically 1,000 or more) of the original sample, randomly with replacement, and re-estimates
the model for each new subsample [49].
The result is a large number of subsamples that are used to construct a distribution of the parameters under
consideration. The subsample distributions can be used to calculate standard errors, and ultimately to determine
the statistical significance of the indicator weights, including t values and p values. Since bootstrapping is a random
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process, the results will be different each time it is run. But when a large number of bootstrap samples are run,
typically 1,000 or more, you can use the results to accurately define the distribution of the parameter estimates in
calculating confidence intervals, and ultimately statistical significance. Note that the minimum number of bootstrap
samples must be at least the size (number of observations) of the dataset, but preferably much larger since it is questionable how accurate the parameter estimates are when using a smaller number of bootstrap samples.
Bootstrapping can also be used to construct several different types of confidence intervals. We recommend
bias-corrected and accelerated bootstrap confidence intervals [35] that adjust for skewness and other potential biases
in the bootstrap distribution. If the confidence interval of an indicator weight includes zero, this means the weight
is not statistically significant and the indicator should be considered for removal from the measurement model. But
not until after the contribution of the indicator is assessed, as is described in the next section.
The lack of significance for an indicator weight in a formative measurement model
does not automatically lead to its removal. If an indicator weight is not significant the absolute contribution of the
formative indicator to its construct should be evaluated. The absolute contribution of an indicator is the variance it
shares with its construct, without considering any other indicators. The absolute contribution is based on the bivariate correlation of each indicator with the construct [14]. The absolute contribution to the construct is calculated
through bivariate regressions of each indicator on its corresponding construct. The bivariate regression weight is also
a standard output of most PLS software, and is generally referred to as an indicator loading.
To evaluate the absolute contribution in PLS-SEM, the following rules of thumb apply [49].

Contribution of Indicator

●
●

●

Do not automatically remove an indicator if the weight (coefficient) is not statistically significant.
When an indicator weight is not significant, the indicator is retained if the bivariate correlation (loading) is
0.50 or higher. But in general empirical support is not sufficient and keeping the indicator should also be based
on theory and expert judgment.
If the indicator weight is not significant and the bivariate correlation (loading) is below 0.50, the indicator has
no empirical support to keep it and should be removed from the measurement model.

The absolute contribution of an indicator becomes even more useful as the number of indicators increases.
Since a formative indicator weight is calculated in combination with all other indicators of the construct, the
larger the number of indicators, the lower the expected average weight of the indicators [14]. This makes the
use of only the significance and size of the indicator weights less relevant for establishing the contribution of
an indicator. In addition, the absolute contribution measure should always be considered since it is unaffected
by the number of formative indicators for a construct. Finally, an important consideration is if indicators are
removed from a formative measurement model, the remaining indicators may not fully capture the entire domain
of the construct. Recall that in contrast to reflective measurement models, formative indicators typically are
not interchangeable. Thus, removing an indicator can change the meaning of the construct and reduce content
validity [25]. As noted earlier, instead of removing weak formative indicators it may also be possible to create two
or more first order constructs that are connected to a higher order construct, which is the exogenous construct
in the structural model [58].
Relevance of Indicators The final step in evaluating formative measurement models is examining the relevance

of each indicator in defining the construct. The indicator weights are standardized values that range from 11
to 21, with weights closer to 11 or 21 indicating either strong positive or strong negative relationships. At the same
time, weights closer to zero (0) indicate weak relationships. Smaller weights are an indication of low relevance while
larger weights are an indication of high relevance, at least for the context of the research being conducted. In the
final analysis, researcher judgment is required to decide if removal of an item due to lack of relevance compromises
the content validity of the formative construct. As a final note, it is possible to obtain values above 11 or below 21
if collinearity is high. When this situation arises, the researcher should revisit collinearity and reassess a previous
decision to retain item(s) exhibiting high collinearity.
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Rules of thumb 13-3
Assessing Formative Measurement Models
●

Convergent validity is measured based on a measure of redundancy.

●

Multicollinearity between indicators should be minimal.

●

Indicator coefficients should be statistically significant and meaningful in size.

●

If indicator coefficients are not significant, then the size and significance of the indicator loadings is an alternative
approach to evaluating whether formative indicators can be retained.

SUMMARY
Reflective and formative measurement model approaches involve very different considerations when being evaluated.
Measurement model assumptions for reflectively measured constructs assume the indicators are highly correlated
and can therefore be evaluated based on internal consistency metrics. These metrics include internal consistency
reliability, average variance extracted, and discriminant validity criteria all based on the correlations among the indicators. In contrast, measurement model assumptions for formatively measured constructs assume the indicators are
seldom correlated so the same metrics cannot be used to evaluate this type of measurement model. The appropriate
metrics for formative measurement models are redundancy to measure convergent validity, evaluation of indicator
collinearity, and assessment of the significance and relevance of individual indicator weights, and if necessary the
significance and relevance of individual indicator loadings.

Stage 5: Assessing the Structural Model
Assuming the assessment of the measurement models is satisfactory, assessment of the structural model is next,
which is Stage 5 of the PLS-SEM evaluation process. If the predictor constructs in the structural model exhibit
collinearity, this can create problems in interpreting the results of PLS-SEM. Therefore, the first step in assessing the
structural model is to examine the predictor constructs for collinearity. If collinearity is not a problem, the assessment of the structural model results is based primarily on its ability to predict the endogenous construct(s) and/or
the indicators. The assessment of prediction is based on: the coefficient of determination 1 R2 2 , the effect size 1 f 2 2 ,
cross-validated redundancy 1 Q2 2 , and the sizes and significance of the path coefficients.
coLLineARitY AMonG PReDictoR conStRUctS
Just as in ordinary least squares regression, the path coefficients are affected by the presence of collinearity
among the predictor constructs. This step is similar to the process followed with formative measurement model
assessment, except in this analysis the latent variable scores of the exogenous constructs are used as input for the
predictor constructs in a multiple regression to obtain VIF values. Recall that the higher the VIF, the greater the
level of collinearity, and VIF values above 5 are a definite indication of collinearity among the predictor constructs.
But just as with formative construct indicators, collinearity can be a problem sometimes even when VIF values
are below 3.
In addition to examining the VIF values, the alternative approach of executing the bivariate correlations of
the predictor construct scores is recommended. Again, if the results identify any bivariate correlations 0.50 or
higher between any pair of constructs, this is an indication of the possibility of a problem with collinearity. After
examining collinearity with both approaches, researchers should interpret the results cautiously when collinearity
appears to be present. Note that if collinearity is a problem either in the measurement models or the structural
model, in some situations this can be resolved by creating a higher order construct. For example, a predictor

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

780

Section V Moving Beyond The Basics

construct exhibiting high collinearity among its indicators can be divided into two lower order constructs, or
two constructs exhibiting high collinearity can be combined into a single higher order construct. This topic will
be discussed in a later section.
exAMininG tHe coeFFicient oF DeteRMinAtion
The primary statistical objective of PLS-SEM is prediction. If collinearity is not a problem, the initial criterion
to examine is the coefficient of determination 1 R2 2 . The coefficient of determination is a measure of in-sample
predictive power [106, 126]. The R2 value ranges from 0 to 1, with 0 indicating no relationship and 1 indicating a
perfect relationship. The higher the value of R2 the greater the explanatory power of the PLS structural model, and
therefore the better the prediction of the endogenous constructs. As a guideline, R2 values of 0.75, 0.50, and 0.25
can be considered substantial, moderate, and weak, respectively [55, 71]. It should be noted, however, that in some
research contexts R2 values of 0.10, and even lower, are considered satisfactory. Thus, R2 values should always be
interpreted in the context of the study being conducted.
eFFect SiZe
The second criterion to examine is the effect size 1 f 2 2 . The effect size represents the change in the R2 value when
a specified exogenous construct is omitted from the model. This metric is calculated to determine if removing a
predictor construct from the structural model has a substantive impact on the endogenous constructs. To obtain
this metric, the R2 value of the endogenous latent construct(s) is calculated when a selected predictor construct is
included in the structural model, then when the predictor is not in the model, and the difference in the explanatory
power is determined. Based on guidelines by Cohen [20], f 2 values of 0.02, 0.15, and 0.35, respectively, represent
small, medium, and large effects of an exogenous construct, and effect sizes of less than 0.02 indicate that there is
no effect.
BLinDFoLDinG
The third criterion to examine is blindfolding 1 Q2 2 . Blindfolding assesses the model’s predictive power, also
referred to as predictive relevance [48]. The Q2 value [40, 138] is obtained from the blindfolding procedure. To
obtain the Q2 value, first the raw data values are omitted sequentially, the values are then imputed, and the model
parameters are estimated. The parameter estimates are then used to predict the omitted raw data values. The
process is repeated until every data point has been omitted and the model re-estimated. This is similar to other
cross-validation measures such as the PRESS measure in multiple regression or the jack knife estimation approach
in discriminant analysis.
When the difference between the original and predicted values is small, the result is a larger Q2, which indicates
the predictive accuracy is higher. As a guideline, Q2 values larger than zero for a particular endogenous construct
indicate the path model’s predictive accuracy is acceptable for that construct. At the same time, values less than
zero indicate a lack of predictive relevance. There are two different approaches to calculating Q2 values. The crossvalidated redundancy approach is considered a better criterion than the cross-validated communality approach.
SiZe AnD SiGniFicAnce oF PAtH coeFFicientS
The final criterion involves assessing the sizes and significance of the path coefficients. Recall that the bootstrapping procedure is executed to obtain significance. As with the assessment of formative indicator weights, the
bootstrapping process uses standard errors to calculate t and p values for the path coefficients. The bias-corrected
and accelerated confidence intervals [49] are also examined, and a path coefficient is significant at the 0.05 level
if zero does not fall within the 95 percent (bias-corrected and accelerated) confidence interval. For example, if
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the lower bound is 20.10 and the upper bound is 10.27, the coefficient would not be significant, because the
confidence interval includes zero. At the same time, if a path coefficient is 0.18 with 0.12 as the lower bound and
0.21 as the upper bound (95% confidence interval), it would be considered significant since zero does not fall into
this confidence interval.
Examining relevance for the structural relationships involves evaluating the sizes of the path coefficients to see
if they are large enough to be interpreted as meaningful. Recall that path coefficients are standardized and range
from 11 to 21, with 11 indicating a perfect positive relationship, 0 indicating no relationship, and 21 indicating a
perfect negative relationship. We remind you again that values below 21 and above 11 may occur when collinearity
is high, or some other error in the calculations has occurred. These “out of range” estimates should be resolved before
accepting the final results.
Finally, when evaluating the size of a path coefficient, a value of 0.50 indicates when the independent construct
score increases by one standard deviation unit, the dependent construct score will increase by 0.50 standard deviation
units, assuming all other independent constructs remain constant. As with R2, the context of the research should be
considered in deciding if the coefficient is meaningful.
SUMMARY
If measurement model metrics are satisfactory, assessment of the structural model follows. The predictor constructs
in the path model are first examined for collinearity, since this can create problems in interpreting the results of
PLS-SEM. If collinearity is not a problem, the structural model results are evaluated based primarily on the extent
to which the exogenous constructs predict the endogenous construct(s). The assessment of prediction is based on:
the coefficient of determination 1 R2 2 , the effect size 1 f 2 2 , cross-validated redundancy 1 Q2 2 , and the sizes and significance of the path coefficients.

Rules of thumb 13-4
Assessing Structural Models
●

●

The first step in assessing the structural model is to examine multicollinearity among the predictor constructs. VIF is
one alternative, but bivariate correlations between the latent variable (construct) scores should also be assessed. VIF
values above three (3) suggest multicollinearity may be present, and bivariate correlations .50 or higher may indicate
problems with multicollinearity. Evaluation of multicollinearity is important because if present it can influence the size
of the beta coefficients, and possibly change the sign.
The primary metric for assessing the structural model is the coefficient of determination 1 R2 2 . The acceptable

size for the R2 depends on the context of the research, and typically varies from one social science discipline to
another.
●

●

●

The f 2 effect size should be evaluated for in-sample predictive power. f 2 values of 0.02, 0.15, and 0.35, respectively,
represent small, medium, and large effects of an exogenous construct, and effect sizes of less than 0.02 indicate
that there is no effect.
for blindfolding 1 Q2 2 . As a general guideline, Q2 values larger than zero for a particular endogenous construct indicate the path model’s predictive accuracy is acceptable.

The predictive relevance of the structural model should be evaluated using the cross-validated redundancy method

To interpret the structural model paths, the coefficients should be meaningful in size and statistically significant. The
acceptable size depends on the complexity of the path model and the context of the research. The statistical significance is obtained using the bootstrapping method.
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Stage 6: Advanced Analyses Using PLS-SeM
Obtaining a basic solution using PLS-SEM is often just the first step in the analysis. There are many advanced types
of analysis that provide useful insights about the results. We will comment only on the major advanced analyses, and
note that many methodological developments in PLS-SEM are rapidly emerging.
MULti-GRoUP AnALYSiS oF oBSeRVeD HeteRoGeneitY
Among the most useful types of analysis is multi-group analysis (PLS-MGA). Multi-group analysis is a process for
examining separate groups of respondents to determine if there are differences in the model parameters between
the groups [92]. This type of analysis is most often applied in situations where scholars include assessments of
observed heterogeneity in their research design. A common example is the use of demographic characteristics
to enable determining whether there are differences between groups based on age, gender, income, and so forth.
Similarly, B-to-B researchers often collect data on firm size, market share, industry type, and so forth to be able
to make group comparisons, or to include this type of data as a control variable when analyzing data. This type of
information is observable and researchers plan ahead of time to collect it so they can make post hoc comparisons
of the pre-defined groups.
The path coefficients of structural models are almost always different, but the important question is “Are the coefficients statistically significantly different?” PLS-MGA is an automated process available in the SmartPLS software
that simultaneously tests all path relationships in the structural model to determine if they are significantly different.
DetectinG UnoBSeRVeD HeteRoGeneitY
PLS-MGA can also be applied to examine potential differences based on groups identified using methods to
detect unobserved heterogeneity. Unobserved heterogeneity is a situation in which there are unobservable
characteristics that cause differences in subgroups and thus the theoretical model should not be examined
as a single homogeneous population. A similar approach has been applied in the past to identify subgroups
in a single variable or multi-item construct using the traditional approach of cluster analysis, discussed in
Chapter 4. The SmartPLS software includes several approaches to identify subgroups across the entire theoretical model simultaneously, if they exist. These techniques fall into the general class of models known as latent
class techniques. We suggest you refer to the most recent discussions of this topic that summarize the benefits of
these approaches [130, 131]. The software also easily examines construct measurement invariance by executing
the MICOM procedure [69]. Multi-group analysis, invariance and latent class techniques can also be examined
with CB-SEM models.
conFiRMAtoRY tetRAD AnALYSiS
Another type of analysis that may be useful for researchers applying PLS-SEM is confirmatory tetrad analysis
(CTA-PLS) [45]. CTA-PLS is a method of empirically testing and evaluating the cause-effect relationships for latent
variables as well as the specification of indicators in measurement models [49]. When applied, this test provides
empirical evidence that can be used to minimize the likelihood of misspecification of formative and reflective
indicators.
MeDiAtion eFFectS
Scholars have assessed mediation for years, but recent developments in the concept are likely to result in a
re-examination of the topic. Recent PLS-SEM software development facilitates application of procedures for examining mediation that overcome previous shortcomings noted by Zhao, Lynch and Chen [151] Moreover, PLS-SEM and
CB-SEM are both superior approaches to examining mediation compared to the Preacher and Hayes [102] PROCESS
approach that is limited to examining mediation with multiple regression applications.
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Assessment of SEM relationships should not be limited to only direct effects. Instead, where applicable total
effects, which are the sum of the direct effect and the indirect effects in the structural model, should be examined.
Examination of total effects between constructs, including all their indirect effects, provides a more complete
assessment of SEM relationships [94] and can easily be examined with most PLS-SEM software [49].
MoDeRAtion
Moderation is frequently examined with SEM. Moderation is a situation where the relationship between two
variables/constructs is influenced by a third variable. Relationships that are potentially moderated by a third variable
are often hypothesized a priori and subsequently tested. But moderation can also be tested on a post hoc basis when
differences in relationships are identified from examining unobserved heterogeneity or applying multi-group analysis
procedures. Moderated relationships are most often proposed for nominal/categorical variables, and can easily be
examined using both PLS-SEM and CB-SEM. It is also possible, however, to have continuous moderating variables.
Continuous moderators can easily be examined with the SmartPLS software, but are rather difficult to evaluate with
CB-SEM, where the most often applied approach is to convert continuous variables to categorical variables before
examining moderation.
HiGHeR-oRDeR MeASUReMent MoDeLS
Higher-order measurement models are relationships between constructs that simultaneously measure a concept at
different levels of abstraction. Higher-order models are comprised of a single higher-order construct (HOCs) that
represents the overall concept, and two or more lower-order constructs (LOCs) that measure more concrete facets
of the HOC. Higher-order component models are increasingly appearing in scholarly journals. The application of
higher order models most often involves second-order models, but HOCs are also possible with even higher levels of
abstraction, such as third-order models [100]. The important caveat is that theory should support the use of higher
order models in SEM. Application of higher-order measurement models when using PLS-SEM is very flexible and
can be executed with two or more layers of LOCs. For more information on how to develop and apply higher-order
models with PLS-SEM, see Hair et al. [58]. In contrast, CB-SEM HOCs require a minimum of three lower-order
constructs to achieve identification [50].
SUMMARY
There are other advanced applications that can be executed with PLS-SEM. Examples include important-performance
analysis (IPMA) [73, 58] and cross-validation based on developing training and holdout samples to evaluate PLS-SEM
predictions [136]. In the near future you can expect to see developments in PLS-SEM that evaluate endogeneity [JIM
2019], hierarchical linear modeling, and Bayesian approaches.

PLS-SeM illustration
As with CB-SEM, executing PLS-SEM is a two-stage process. The first stage is to examine and confirm the
measurement model by executing a confirmatory composite analysis (CCA), and if confirmed, then the second
stage is to assess the structural model. As with the CB-SEM illustration in previous chapters, HBAT would like to
understand why some employees continue working for them longer than others. They know service quality and profitability can be improved when employees remain with the company longer. The six-stage SEM process begins with
this goal in mind. For this illustration, we use the HBAT_SEM 2018 dataset, available on the text’s online resources.
To refresh your memory, the five constructs are defined here:
●
●

Job satisfaction (JS). Reactions resulting from an appraisal of one’s job situation.
Organizational commitment (OC). The extent to which an employee identifies and feels part of HBAT.
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Staying intentions (SI). The extent to which an employee intends to continue working for HBAT and is not
participating in activities that make quitting more likely.
Environmental perceptions (EP). Beliefs an employee has about day-to-day, physical working conditions.
Attitudes toward coworkers (AC). Attitudes an employee has toward the coworkers he/she interacts with on a
regular basis.

HBAT is now ready to test the hypotheses using PLS-SEM. As part of the process, the results of PLS-SEM will be
compared to the previous results using CB-SEM. The first three stages were examined in the CB-SEM chapters and
do not need further discussion here. We first describe the path model and follow that with the illustration of Stage
4 of PLS-SEM.
tHeoReticAL PLS-SeM PAtH MoDeL
The application of PLS-SEM is conducted with the five latent variables (composites) used in the CB-SEM HBAT
example. Recall the relevant theory leads HBAT to expect that the latent constructs EP, AC, JS, and OC are all related
to SI, but in different ways. For example, a high EP score means that employees believe their work environment is
comfortable and allows them to freely conduct their work. This environment is likely to create high job satisfaction,
which in turn will facilitate a link between EP and SI.
HBAT management will test the following hypotheses:
H1: Environmental perceptions are positively related to job satisfaction.
H2: Environmental perceptions are positively related to organizational commitment.
H3: Attitudes toward coworkers are positively related to job satisfaction.
H4: Attitudes toward coworkers are positively related to organizational commitment.
H5: Job satisfaction is positively related to organizational commitment.
H6: Job satisfaction is positively related to staying intentions.
H7: Organizational commitment is positively related to staying intentions.
The theory can be expressed using a theoretical path model. The path model in Figure 13.2 depicts this theory. For
simplicity, the measured indicator variables and their corresponding paths are not shown in the model. If a graphical
interface is used with a PLS-SEM software program, then all measured variables would be shown on the path model.
Note that different from CB-SEM, the analysis starts by drawing the theoretical path (structural) model that includes
measurement models, not the measurement models connected by correlations as with CB-SEM. But when the analysis is run the first step is to examine the measurement models based on a process called confirmatory composite
analysis (CCA). If the reliability and validity of the measurement models are confirmed, then the researcher moves
on to the second step, which is analyzing the structural path model. Recall that reflective measurement models are
assumed for all five HBAT constructs. See Hair et al. [54] for an in-depth illustration of formative measurement
model assessment.
EP and AC are exogenous constructs in this model. These two constructs are considered
to be determined by factors outside of this model. In practical terms, this means that no hypothesis predicts either of
these constructs. Like independent variables in regression, they are used only to predict other variables/constructs.
The two exogenous constructs—EP and AC—are drawn at the far left. No single-headed arrows are pointed to the
exogenous constructs. Also, there is not a curved two-headed arrow between these two constructs, as was included
in the CB-SEM model.

Exogenous Constructs.

JS, OC, and SI are all endogenous constructs in the path model. Each is predicted by
antecedent constructs in the model, and so each is also seen as an outcome based on the proposed hypotheses.
Notice that both JS and OC are used as outcomes in some hypotheses and as predictors in others. This is acceptable

Endogenous Constructs.
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Figure 13.2
theoretical employee retention path model

JS

SI

AC

OC

Structural Model Paths and Hypotheses
Structural Relationships Direction

Hypotheses

EP → JS

+

H1

EP → OC

+

H2

AC → JS

+

H3

AC → OC

+

H4

JS → OC

+

H5

JS → SI

+

H6

OC → SI

+

H7

in PLS-SEM, as well as CB-SEM, and a test for all hypotheses can be provided with one structural model test. This
would not be possible with a single regression model because we would be limited to one dependent variable.
The structural path model begins to develop from the exogenous constructs. A path should connect any
two constructs linked theoretically by a hypothesis. Therefore, after drawing the three endogenous constructs
(JS, OC, and SI), single-headed arrows are placed connecting the predictor (exogenous) constructs with
their respective outcomes based on the hypotheses. Each single-headed arrow represents a direct path and
the legend in Figure 13.2 lists the seven hypotheses. For example, H2 hypothesizes a positive EP S OC
relationship, and so on.

Stage 4: Assessing Measurement Model Reliability and Validity
Once the SEM model is specified, a solution is estimated to provide an empirical measure of the relationships among
measured variables and constructs represented by the theory. The results enable us to compare the theory against
reality, so we see how well the theory can be confirmed by the data.
PAtH coeFFicientS
As noted earlier, the relationships between indicators and constructs (i.e., the path estimates linking constructs to
indicator variables) are one of the most fundamental aspects in assessing measurement models. When testing a reflective measurement model, you expect to find relatively high loadings. After all, once the CCA is completed a good

Copyright 2019 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.

786

Section V Moving Beyond The Basics

conceptual understanding of the constructs and its items should exist. This knowledge, along with the preliminary
empirical results, should enable the researcher to either accept or reject the validity of the measurement model and
it indicators. We will focus on reflective measurement models in this discussion since that is the approach for all five
constructs in the HBAT data.
Size of Path Coefficients and Statistical Significance Recall that rules of thumb suggest loadings should be at least
.50 and ideally .708 or higher. For reflective measurement models, loadings of this size or larger confirm the indicators
are strongly related to their associated constructs and are an indication of construct validity. These guidelines apply
to the standardized loadings estimates that are a standard output in PLS-SEM software. If the measurement model is
formative, then the researcher will examine the size and significance of the path coefficients. For more information
on evaluating formative measurement model results, see Hair et al. [49].
In general, researchers should assess the statistical significance of all indicator loadings. Estimates that are not
significant indicate an item should be removed. But a significant loading alone does not indicate an item is performing adequately. A loading can be significant (i.e., p , .05 but still considerably below 0 .5 0 . Low loadings, even when
significant, suggest that a variable is a candidate for deletion from reflective measurement models.

Loadings also should be examined for confusing estimates (coefficients) as indications of
problems. An issue often overlooked is whether the loadings are logical. For example, items with the same valence
(e.g., positive or negative wording) should produce the same sign. If an attitude scale consists of responses to four
items—good, likeable, unfavorable, bad—then two items should carry positive loadings and two should carry negative loadings (unless they have previously been recoded). If the signs of the loadings are not opposite, the researcher
should determine why and fix the problem or remove the offending items.
Potential Problems

The loadings for the HBAT PLS-SEM are shown in Table 13.1. All indicator loadings are above
the recommended 0.708 level. Moreover, when compared to the loadings from CB-SEM shown in Chapter 11,
the loadings are consistently higher. Some scholars have noted that the higher loadings of PLS-SEM are upwardly
biased (i.e., consistency at large), but the basis of their comments is unfounded [124]. The loadings for CB-SEM
and PLS-SEM are both proxies of the concepts being estimated. The statistical objective of the two approaches
is different as is the algorithm, and that is the fundamental reason for the differences. Specifically, the CB-SEM
loadings are based on the common factor model approach and the PLS-SEM loadings are based on the composite
model (total variance) approach.

Size of Loadings

conStRUct ReLiABiLitY
As noted earlier, we know from both practical and theoretical perspectives that a concept cannot be measured
perfectly and that measurement error is always present to some extent. Like CB-SEM, PLS-SEM is designed
to assess and remove measurement error. Reliability is a measure of the degree to which a set of measured
variables is internally consistent based on how highly interrelated the indicators are with each other. In other
words, it represents the extent to which the indicators all measure the same thing. Reliability does not guarantee,
however, that the measures indicate only one thing. In general, reliability is inversely related to measurement
error. That is, as reliability increases the relationships between a construct and the indicators are larger, meaning
that the construct explains more of the variance in each indicator. Thus, high reliability is associated with lower
measurement error.
Reliability is assessed in PLS-SEM using two approaches. The traditional approach of Cronbach’s alpha is used
as well as composite reliability. Composite reliabilities for the five HBAT constructs range from a high of 0.93 for
the AC construct to a low of 0.89 for both JS and OC, as shown in Table 13.2. All reliabilities exceed 0.70 indicating
adequate reliability. Note that as anticipated, the composite reliability of the constructs is consistently higher than
the Cronbach’s alpha reliabilities. Moreover, the reliabilities are consistently higher than obtained with the CB-SEM
approach.
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table 13.1 HBAt PLS-SeM Loadings
jS
jS1
jS2
jS3
jS4
jS5
oc1
oc2
oc3
oc4
Si1
Si2
Si3
Si4
eP1
eP2
eP3
eP4
Ac1
Ac2
Ac3
Ac4

oc

Si

eP

Ac

0.78
0.80
0.76
0.76
0.82
0.68
0.90
0.78
0.88
0.86
0.90
0.81
0.89
0.77
0.87
0.83
0.87
0.86
0.85
0.88
0.89

table 13.2 Reliability and Average Variance extracted
cronbach’s Alpha

composite Reliability

Job Satisfaction (JS)

0.84

0.89

Average Variance extracted (AVe)
0.61 (0.52)

Organizational Commitment (OC)

0.83

0.89

0.66 (0.56)

Staying Intentions (SI)

0.89

0.92

0.75 (0.67)

Environmental Perceptions (EP)

0.86

0.90

0.70 (0.60)

Attitude Toward Coworkers (AC)

0.89

0.93

0.76 (0.68)

Note: numbers in parentheses for AVEs are results from HBAT CB-SEM model.

conStRUct VALiDitY
Recall that in Chapter 3 validity was defined as the extent to which research is accurate, and the discussion
centered on validating summated scales. Confirmatory Composite Analysis (CCA) eliminates the need to calculate
summated scales because PLS-SEM programs compute latent construct scores for each respondent. This process
allows relationships between constructs to be automatically corrected for the amount of error variance that exists
in the construct measures.
One of the primary objectives of CCA/SEM is to assess the construct validity of a proposed measurement theory.
Construct validity is the extent to which a set of measured items actually reflects the theoretical latent construct
the items are designed to measure. Thus, it deals with the accuracy of measurement. Evidence of construct validity
provides confidence that item measures taken from a sample are a good proxy of the population concept you are
attempting to measure.
To assess construct validity, we examine convergent, discriminant, and nomological validity. Face validity was
established in the CB-SEM chapters based on a qualitative review of the items.
Convergent Validity CCA evaluates convergent validity based on the average variance extracted (AVE), in a manner

similar to CB-SEM. The AVE estimates range from 61 percent for JS to 76 percent for AC. All exceed the 50 percent
rule of thumb, and all are higher than the AVEs obtained with the CB-SEM method. Overall, the AVE and reliability
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evidence support convergent validity of the composite measurement models. Therefore, all the items are retained at
this point and adequate evidence of convergent validity is provided.
Discriminant Validity Discriminant validity is the extent to which a construct is truly distinct from other constructs.
Thus, high discriminant validity provides evidence that a construct is unique and captures some phenomena other
measures do not. CCA provides two common ways of assessing discriminant validity when using PLS-SEM. Results
for both methods are provided by the SmartPLS software.
In the past, the most commonly used criteria for discriminant validity with PLS-SEM was the Fornell–Larcker
[39]. This test compares the average variance-extracted values for any two constructs with the square of the correlation estimate between these two constructs [14]. The variance-extracted estimates (AVEs) (shared variance within)
should be greater than the squared interconstruct correlation estimate (shared variance between). This logic is based
on the idea that a latent construct should explain more of the variance in its item measures than it shares with another
construct. Passing this test provides some evidence of discriminant validity. The results of the Fornell–Larcker test
are shown in Table 13.3 and indicate discriminant validity for the HBAT path model constructs.
The Fornell–Larcker test provides initial evidence of discriminant validity. The recommended method for assessing discriminant validity with PLS-SEM is the HTMT test [69]. The HTMT (heterotrait–monotrait ratio of the
correlations) is the ratio of the between trait correlations to the within trait correlations. HTMT is the mean of all
correlations of indicators between different constructs (i.e., the heterotrait-heteromethod correlations) relative to the
(geometric) mean of the average correlations of indicators for the same construct (i.e., the monotrait-heteromethod
correlations). The HTMT approach is thus an estimate of the true correlation between two constructs if they were
perfectly measured (i.e., perfectly reliable).
The rule of thumb threshold for the HTMT is a value of 0.90 if the path model constructs are conceptually similar
(e.g., affective satisfaction, cognitive satisfaction, and loyalty). That is, an HTMT value above 0.90 suggests a lack
of discriminant validity. When the constructs in the path model are conceptually different, a lower threshold value
of 0.85 is suggested [70]. The results for the HTMT test are shown in Table 13.4. All ratios are below the 0.85 level
providing strong evidence of discriminant validity for the HBAT path model constructs.
Recall that PLS-SEM does not rely on any distributional assumptions and standard parametric significance
tests cannot be applied to test whether the HTMT statistic is significantly different from 1. Instead, researchers
use bootstrapping to derive a distribution of the HTMT statistic. Bootstrapping is applied with the HTMT statistic to
derive standard errors for the estimates that are then used to develop bootstrap confidence intervals. The confidence
table 13.3 Fornell–Larcker Discriminant Validity Results
constructs
Attitudes toward coworkers (Ac)

Ac

eP

jS

oc

Si

0.76

environmental Perceptions (eP)

0.05

0.70

job Satisfaction (jS)

0.00

0.04

0.61

organizational commitment (oc)

0.07

0.19

0.03

0.66

Staying intentions (Si)

0.08

0.25

0.04

0.21

0.75

Note: Bold numbers on the diagonal are AVEs and off diagonal numbers are squared interconstruct correlations

table 13.4 Results for HtMt Discriminant Validity
constructs

Ac

eP

jS

oc

Si

Attitudes toward coworkers (Ac)
environmental Perceptions (eP)

0.257

job Satisfaction (jS)

0.066

0.244

organizational commitment (oc)

0.275

0.495

0.209

Staying intentions (Si)

0.310

0.569

0.232

0.501
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interval is the range into which the true HTMT population value will fall, assuming a certain level of confidence
(e.g., 95%). A confidence interval containing the value 1 indicates a lack of discriminant validity. But if the value 1
falls outside the range of the confidence interval, this indicates the two constructs are distinct.
The confidence intervals of the HTMT values derived from bootstrapping are shown in Table 13.5. None of the
estimated confidence intervals contains a value of 1. Moreover, the bias associated with the bootstrapping estimates
is very low. Thus, the confidence intervals for the HTMT values provide additional evidence of discriminant validity.
Nomological Validity Assessment of nomological validity is similar to the approach used with CB-SEM. Previous orga-

nizational behavior research suggests that more favorable evaluations of all constructs are generally expected to produce
positive employee outcomes. For example, we expect these constructs to be positively related to whether an employee
wishes to stay at HBAT. Moreover, satisfied employees are more likely to continue working for the same company.
Correlations between the latent variable scores produced by the PLS-SEM software for each construct are shown
in Table 13.6. The results support the prediction that these constructs are positively related to one another. Specifically, satisfaction, organizational commitment, environmental perceptions, and attitudes toward coworkers all have
significant positive correlations with staying intentions. In fact, only one correlation is inconsistent with this prediction. The correlation estimate between AC and JS is positive, but not significant. Because all other correlations are
consistent, we are not concerned with this one exception.
Nomological validity can also be supported by demonstrating that the constructs are related to other constructs
not included in the model in a manner that supports the theoretical framework. To do this, we can examine other
constructs in the HBAT data that depict key relationships in the theoretical framework. In addition to the measured
variables used as indicators for the constructs, several classification variables such as employee age, years of experience, and performance were also collected.
These other measures are helpful in further establishing nomological validity. Correlations between these
three items and the factor scores for each measurement model construct provide additional validity information.
table 13.5 Bias corrected confidence intervals Derived for HtMt test
Path

original Sample

Sample Mean

Bias

2.5%

97.5%

EP S AC

0.257

0.253

20.004

0.138

0.366

JS S AC

0.066

0.095

0.029

0.042

0.080

JS S EP

0.244

0.242

20.003

0.154

0.345

OC S AC

0.275

0.274

20.001

0.178

0.373

OC S EP

0.495

0.497

0.002

0.398

0.609

OC S JS

0.209

0.213

0.004

0.111

0.316

SI S AC

0.310

0.308

20.002

0.216

0.411

SI S EP

0.569

0.567

20.002

0.459

0.670

SI S JS

0.232

0.230

20.001

0.143

0.322

SI S OC

0.501

0.496

20.005

0.400

0.603

table 13.6 HBAt construct Latent Variable Scores correlation Matrix
jS
JS

oc

Si

eP

Ac

1.00

OC

0.184**

1.00

SI

0.206**

0.462**

EP

0.211**

0.437**

0.497**

1.00

AC

0.053

0.259**

0.279**

0.228**

1.00
1.00

Significance level: * 5 .05, ** 5 .01
Note: Values below the diagonal are correlations among latent variable scores; diagonal elements are construct variances.
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Specifically, performance is positively correlated with four of the five constructs, age is positively correlated with
three constructs, and experience is positively correlated with two of the constructs (all of these positive correlations
are statistically significant). These results show the correlations are consistent with the theoretical expectations. Thus,
the analysis of the correlations among the measurement model construct scores and the analysis of correlations
between these constructs and other variables both support the nomological validity of the model.
HBAt ccA SUMMARY
The HBAT CCA results provide strong support for the measurement models. Evidence of reliability is excellent, and
construct validity is present based on convergent, discriminant, and nomological validity. Thus, HBAT can be fairly
confident at this point that the five reflectively measured composite constructs are reliable and valid.

Stage 5: Assessing the Structural Model
The structural model shown in the path diagram in Figure 13.2 can now be assessed. To do so, the emphasis will be
on the predictive ability of the SEM model and then whether the structural relationships are consistent with theoretical expectations.
According to Hair et al. [49], the steps for assessing the structural model are: (1) examine collinearity, (2) evaluate
the size and significance of the structural path relationships, (3) assess the R2, (4) examine the f 2 effect size, and (5)
evaluate the predictive relevance based on Q2.
The first step is to examine the exogenous constructs for collinearity. This is necessary since the path coefficients
are based on OLS regressions and may be biased if multicollinearity is present [49]. All of the VIF values were well
below the guideline of 3, with the highest VIF value being 1.1. Thus, collinearity is not a problem for the HBAT
structural model.
Step two is evaluating the significance and size of the structural path coefficients. To obtain the significance levels,
the bootstrapping option was run using 5,000 subsamples [49]. Table 13.7 shows the coefficients, t values, significance levels (p values), and 95 percent confidence intervals. All of the path coefficients except one (H3: AC S JS)
are statistically significant.
The path coefficients in the structural model may be significant even if their size is very small, typically due to
large sample sizes. Therefore, it is important to determine if the size of the path coefficients is meaningful, which
may vary depending on the research context. Examination of the sizes of the path coefficients for the significant
HBAT relationships indicates they are all meaningful. When the sizes of the path coefficients are compared to the
CB-SEM coefficients, two of the PLS-SEM path coefficients were considerably lower, two were slightly lower, one
was the same, and two were slightly higher.
The third step is to examine the predictive ability of the structural model. This process begins by examining the
R2 values. Using the PLS-SEM approach the explained variance is 4.0 percent for job satisfaction (JS), 22.6 percent
for organizational commitment (OC), and 22.9 percent for staying intentions (SI). Using the CB-SEM approach
the explained variance is 6.2 percent for job satisfaction, 31.9 percent for commitment, and 34.8 percent for staying
table 13.7 Structural Model Path coefficients and Significance testing
Structural Relationships

Path coefficients

t Statistics

P Values

H1

Hypotheses

EP S JS

0.21 (.25)

4.66

0.00

95% confidence intervals
[0.125; 0.289]

H2

EP S OC

0.38 (.45)

7.27

0.00

[0.279; 0.473]
[20.102; 0.097]

H3

AC S JS

0.01 (.01)

0.11

0.92

H4

AC S OC

0.17 (.20)

4.09

0.00

[0.085; 0.241]

H5

JS S OC

0.10 (.09)

2.12

0.04

[20.007; 0.174]

H6

JS S SI

0.13 (.12)

3.176

0.00

[0.047; 0.199]

H7

OC S SI

0.44 (.55)

0.00

[0.355; 0.419]

10.01

Note: Numbers in parentheses for path coefficients are results from HBAT CB-SEM model.
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intentions. At first glance, the implication is that the CB-SEM approach explained variance results are relatively
higher. But in reality that is not true. Recall that the CB-SEM method is predicting the percentage of common
variance in the indicators of the dependent constructs that are retained after GOF is achieved, while the PLS-SEM
method is predicting the percentage of the total variance in the indicators of the dependent constructs. The only
way to make a direct comparison is to know what percentage of the total variance is used in calculating the common
variance used in the CB-SEM predictions of the endogenous constructs. Since this number is not provided as an
output by the software a direct comparison of the predictive ability of the two methods is not possible. For a more
detailed analysis and comparison of the predictive ability of PLS-SEM and CB-SEM, see [50].
If the focus of your research is on prediction of the variance in the dependent variable construct(s), in general
PLS-SEM is the recommended method. In addition, simulation studies reported by Becker et al. [3] and Evermann and Tate [36] indicate PLS-SEM outperforms factor-based SEM in terms of prediction. Based on their results,
PLS-SEM enables researchers to specify explanatory, theory-based models to aid in theory development, evaluation,
prediction and confirmation.
Step four is examining the f 2 effect sizes, which are shown in Table 13.8. The columns are results for the three
dependent variables—JS, OC and SI (endogenous constructs). The predictor constructs are shown on the left, and
the path coefficient for each predictor is shown first under its respective dependent variables, and then beside are
the f 2 effect sizes. Recall that the effect size represents the change in the R2 value as a result of predictive impact of a
specific predictor variable. Guidelines by Cohen [20] indicate f 2 values of 0.02, 0.15, and 0.35, respectively, represent
small, medium, and large effects of an exogenous construct. In addition, effect sizes of less than 0.02 indicate that
there is no effect. Four of the f 2 effect sizes indicate a small effect (.044; .035; .042; .020), two are medium effects
(.178; .242), and one is no effect (.000). Thus, the path model shows moderate in-sample predictive ability based on
the sizes of the R2, the path coefficients, and the f 2 effect sizes.
The Q2 blindfolding, another estimate of path model prediction, was examined as the fifth step in evaluating the
structural model. The construct cross-validated redundancy method was executed to obtain the Q2 blindfolding
results. Q2 values larger than 0.0 suggest the path model has predictive relevance for the endogenous constructs;
values below 0.0 indicate no predictive relevance. The Q2 values of 0.024, 0.136, and 0.158 for JS, OC, and SI, respectively, indicate meaningful predictive relevance for the HBAT path model using PLS-SEM [49].
table 13.8 Path coefficients and f 2 effect Sizes
endogenous constructs
jS

oc

Si

Predictor
construct

Path coefficient

f 2 effect Size

Path coefficient

f 2 effect Size

EP

0.210

0.044

0.380

0.178

AC

0.010

0.000

0.170

0.035

0.100

0.042

JS
OC

Path coefficient

f 2 effect Size

0.130

0.020

0.440

0.242

HBAt PLS-SeM Summary
SEM analysis involves assessment of both measurement theory and structural theory. In this chapter, we learned how
to apply and interpret the findings of an alternative approach to examining structural equation models. PLS-SEM is not
just another multivariate statistical procedure. It is a way of empirically exploring and testing theoretical relationships
between multiple variables and constructs. Other statistical tools are available for examining relationships between
variables. But when a researcher becomes knowledgeable enough about a subject matter to specify a set of theoretical
relationships between constructs, in addition to the way these constructs are measured, PLS-SEM is an appropriate and
very powerful tool. This chapter highlights numerous key points associated with PLS-SEM, including the following:
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Summary
This chapter helps you to do the following:
Understand the distinguishing characteristics of PLS-SEM. PLS-SEM is suitable for analyzing complex structural models increasingly encountered by researchers in this era of Big Data, particularly from secondary data
sources. PLS-SEM is an alternative approach to SEM whose primary statistical objective is different than covariance-based structural modeling, and can obtain solutions that are not possible with CB-SEM. While prediction is
possible with CB-SEM, its primary statistical objective is confirming theory whereas the primary statistical objective of PLS-SEM is prediction that maximizes the variance explained in the dependent variable(s). Moreover, the
assumptions of CB-SEM are quite rigorous, such as a normal distribution, while the assumptions of PLS-SEM are
quite flexible since it is a non-parametric statistical method.
Explain how the PLS-SEM algorithm is estimated. PLS-SEM derives solutions using a three-stage approach.
In the first stage the PLS-SEM algorithm iteratively determines the inner weights for the structural path relationships and the construct scores. The PLS-SEM algorithm uses two different estimation modes to compute the outer
weights/loadings. Mode A uses the bivariate correlation between each indicator and the construct to determine
the outer weights/loadings, typically associated with reflectively measured constructs. In contrast, Mode B uses the
OLS regression results to obtain the outer weights, typically associated with formatively measured constructs. The
second and third stages use the final latent variable scores as input for a series of ordinary least squares regressions.
These OLS regressions compute the final outer loadings for reflective measurement models, the final outer weights
for formative measurement models, and the final path coefficients as well as related elements.
Describe the stages of the PLS-SEM decision process. The PLS-SEM stages of the decision process are:
(1) Defining research objectives and selecting constructs; (2) Designing a study to produce empirical results;
(3) Specifying the measurement and structural models; (4) Assessing measurement model validity; and (5) Assessing
the structural model. If advanced analyses are performed then an additional sixth stage of decisions, which varies
by the type of analysis, is necessary.
Distinguish between common factor modeling and composite modeling. PLS-SEM is a composite modeling
method that uses total variance in calculating solutions. The method easily accommodates both reflective and formative measurement model types without encountering identification problems. Whether the measurement models are
specified as reflective or formative, PLS-SEM always uses linear combinations of indicators to represent the latent
constructs when estimating model parameters. In contrast, CB-SEM, also referred to as common factor-based SEM
(i.e., covariance-based SEM), uses only common variance and involves simultaneous maximum likelihood estimation of the relationships between constructs and measured indicator variables, as well as among latent constructs.
CB-SEM is primarily designed for reflective measurement models.
Explain how to assess reflective and formative measurement models. Reflective measurement models assume
the indicators are highly correlated, and are assessed based on internal consistency reliability, most often composite
reliability, convergent validity by calculating the average variance extracted (AVE), and discriminant validity, with
the HTMT method the recommended approach. In contrast, formative measurement models assume the construct
indicators are not correlated and internal consistency metrics cannot be used to evaluate them. Formative measurement is assessed using a three-step approach: (1) redundancy to measure convergent validity; (2) collinearity to
determine if there is a problem; and (3) and bootstrapping to assess the significance of indicators as well as the size
of the weights, and possibly loadings, to determine if they are meaningful.
Interpret the results of the HBAT data used with PLS-SEM. As with CB-SEM, executing PLS-SEM is a two-stage
process. The first stage is to examine and confirm the measurement model by executing a confirmatory composite
analysis (CCA), and if confirmed, then the second stage is to assess the structural model. All PLS-SEM indicator
loadings are above the recommended 0.708 when executed with the HBAT data, and when compared to the CB-SEM
results, the loadings are consistently higher. Composite reliabilities for the PLS-SEM solution all exceed 0.70 and AVEs
are substantially above the recommended 0.50. Both PLS-SEM metrics are consistently higher than those obtained with
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the CB-SEM approach. Discriminant validity is acceptable for the HBAT constructs for both PLS-SEM and CB-SEM.
All of the PLS-SEM path coefficients except one (H3: AC S JS) are statistically significant. In addition, the sizes of
the path coefficients for the significant relationships were all considered meaningful. When the sizes of the path coefficients are compared to the CB-SEM coefficients, two of the PLS-SEM path coefficients were considerably lower, two
were slightly lower, one was the same, and two were slightly higher. Solutions for both methods are considered good.
Describe when PLS-SEM and CB-SEM are the appropriate structural modeling method. PLS-SEM and
CB-SEM are two different approaches to structural equation modeling. Both SEM methods evaluate two models,
the measurement model (representing how measured variables represent the constructs) and the structural model
(showing how constructs are associated with each other), and theory provides the foundation upon which both
the structural and measurement models are specified. While CB-SEM and PLS-SEM are comparable in their basic
elements, there are some distinct differences. Prediction is possible with covariance-based structural modeling, but
the primary statistical objective of CB-SEM is confirming theory by estimating a new covariance matrix that is not
significantly different from the original observed covariance matrix. In contrast, the primary statistical objective of
PLS-SEM is prediction that maximizes the explained variance in the dependent variable(s). The CB-SEM method
is parametric and therefore requires a normal distribution in your data and other restrictive assumptions. But
PLS-SEM is non-parametric and much more flexible in meeting the required assumptions. This flexibility means
non normal data distributions and skewness are not a problem for PLS-SEM applications, nonmetric scales are
more easily accommodated, and thus good solutions to a wide variety of research applications are possible much
more often.

Questions
1 What are the fundamental differences between
the PLS-SEM and CB-SEM methods of structural
equation modeling?

5 How does evaluation of construct validity differ
between reflective and formative measurement
models?

2 Why does PLS-SEM not require a Goodness of Fit
measure?

6 What advantages in specifying and executing higher
order models does PLS-SEM have over CB-SEM?

3 What are the similarities and differences in executing
PLS-SEM and CB-SEM?

7 Why can PLS-SEM explore both continuous and
categorical moderator variables, while CB-SEM can
only examine a categorical moderator variable?

4 What is the difference between the common factor
model and the composite model?

Suggested Readings and online Resources
A list of suggested readings and all of the other materials (i.e., datasets, etc.) relating to the techniques in this chapter are
available in the online resources at the text’s websites (Cengage Brain or www.mvstats.com)
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(adjusted R2), 260, 300, 760
adjusted goodness of it index (AGFI), 639
agglomerative methods, 190, 191, 196t, 212–215
aggregated data, 556
algorithmic models, 2, 7–8, 8f
all-available approach, 46, 67, 604, 630
all-possible-subsets regression, 260, 295, 352, 353t
alpha (α), 372, 404
decreasing, 404–405
increasing, 404
see also Type I error
analysis plan development, 33
analysis sample, 472, 579
analysis of variance (ANOVA), 333, 377
assumptions, 398–401
deinition, 372
other designs, counterparts of, 397
analyst, impact of Big Data, 6
analytical sample, 549
analytics, impact of Big Data, 6
ANCOVA, 394–396
anomalies see outliers
ANOVA see analysis of variance
anti-image correlation matrix, 122, 136
association, new measures of, 55
assumption of the strongly ignorable treatment
assignment, 372, 423–424
ATE, 372, 427
atomistic fallacy, 260, 325
ATT, 372, 428
attitudes toward coworkers (AC), 682, 713, 784
AUC (area under the curve), 549, 568–569
auxiliary variables, 70
average error variance indicators, 632
average linkage, 190, 216
average variance extracted (AVE), 659, 676, 760
see also communality

B
backward elimination, 260, 297
badness-of-it, 604, 638
balance, 372, 424
balanced design, 372, 391
Bartlett test of sphericity, 122, 136, 168
basic residual plot, 288
Bayesian SEM, 753–754, 754f

Bayesian statistics, 727
beta (β) see Type II error
beta coeicient, 260, 310–311, 310f
beta (standardized) weights, 318
beta weights, 351–352
between-construct error covariance, 659, 738
between-group constraints, 727
bias-corrected and accelerated (BCa) bootstrap
conidence intervals, 760, 789t
Big Data, 2
challenge of research eforts, 49–50
cluster analysis, 230
deinition, 4–5
impacts on analytics and the analyst, 6
impacts on organization decisions and
academic research, 5–6
moving forward, 7
multiple regression in era of, 265–266
problems in using, 6–7
rise, 4–7
summary, 51
variability and value, 5
variety, 5
velocity, 5
veracity, 5
volume, 4–5
binary dependent variable, representation of,
553–554, 554f
assigning values, 553–554
unique nature of, 554
binning, 46, 103–104
bivariate correlations, 316–318, 350–351
bivariate detection, 88–89, 91, 92t, 93
bivariate partial correlation, 2, 26
bivariate proiling
group diferences, 53–54, 54f
relationship between variables, 52–53
scatterplot matrix of selected metric
variables, 53f
blindfolding, 760, 780
blocking factor, 372, 390, 392, 425
Bonferroni inequality, 372, 415–416
bootstrap cases, 760
bootstrap conidence interval, 760, 788–789
bootstrap samples, 760
bootstrapping, 2, 727, 746, 760, 788
boundary point, 190, 225
boxplot, 46, 53, 435f, 441f, 447f
Box’s M test, 372, 399–400, 472, 489

C
C/CBAR, 550, 572
canonical correlation, 28
cardinality, 46, 103
case substitution, 68
casewise diagnostics, 501–502, 519–520, 534
analyzing misclassiied cases, 501–502
empirical measures, 502
graphical portrayal, 502
proiling on independent variables, 501
case-speciic classiication information,
534–535
in logistic regression, 571–572
inluential measures, 572

residuals, 571–572
in logistic regression illustrative example,
590–592t, 592
misclassiication of individual cases, 501
categorical data, factor analysis of, 144–145
categorical variable, 474, 551
see also nonmetric variable
causal efects, 383, 421–422
causal inference, 2, 9, 383, 421–422, 428–429,
604, 615
causal model, 700
causation, 604
establishing, 615–618
covariation, 616
nonspurious covariance, 616–618
sequence, 616
theoretical support, 618
CB-SEM see covariance-based structural equation
modeling
cell means, 420f
censored data, 46, 60
in ignorable missing data, 46
centering, 47, 102, 190, 233t
centroid, 472, 475
centroid method, 190, 216
chi-square diference, 550, 572, 727, 738
chi-square test, 584
chi-square (x2), 604
chi-square (x2) diference statistic (∆x2), 604,
635, 645
chi-square-based measure, 570
city-block distance, 190
classiication
assessing accuracy, 515–518, 532–534
discriminant analysis assumptions, 489
evaluating accuracy, 518
two-group discriminant analysis, 516t
classiication accuracy
in overall model it, 586–590
concordance, 590
cut-of value, determining appropriate,
586–587, 588t
Hosmer and Lemeshow test, 589–590
PPV and NPV, 587
predictive accuracy, overall, 587
ROC curve, 589
sensitivity and speciicity, 587
summary, 590
classiication function, 472, 495
classiication function coeicients, 515
classiication matrix, 472, 498t, 550
constructing, 497–498, 516
individual observations, 495
predictive accuracy, 565–566
reasons for development, 494–495
classiication probability, 534–535
cluster analysis, 122, 129
assumptions, 211–212, 235
multicollinearity, impact of, 211, 235
rules of thumb, 212
sample representativeness, 211, 235
structure exists, 211
between-and within-cluster variation, 214f
chapter preview, 189
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conceptual development, 192–193
data reduction, 192–193
hypothesis generation, 193
conceptual support in, necessity of, 193

D
DAG (directed acyclic graphs), 373, 426
data aggregation, 556
data collection, ignorable missing data, 60
data examination
challenge of Big Data research eforts, 49–51
chapter preview, 45–46
data transformations, 100–105
guidelines, 104–105
related to interpretation, 101–102
related to simpliication, 103–104
related to speciic relationship types, 102–103
related to statistical properties, 101
illustration of testing assumptions underlying
multivariate analysis, 105–112
homoscedasticity, 108
linearity, 108, 112
normality, 105, 108
summary, 112
incorporating nonmetric data with dummy
variables, 112–113
introduction, 49
key terms, 46–48
missing data, 56–85
four-step process for identifying and applying
remedies, 58–72
illustration of diagnosis with four-step
process, 72–85
impact, 56–57
recent development, 57
simple example, 57–58
outliers, 85–93
classifying, 87–88
detecting and handling, 88–93
impacts, 86
two diferent contexts for deining, 85–86
preliminary, 51
bivariate proiling, 52–54
multivariate proiles, 54–55
new measures of association, 55
summary, 55
univariate proiling, 51–52
summary, 114–115
testing assumptions of multivariate analysis,
93–100
assessing individual variables vs. the variate,
93–94
four important statistical assumptions, 94–100
data management, 47, 50
data mining models, 2, 7–8, 8f
distinguishing between models, 8–9
vs. statistical models, 7–9
data models, 7, 8f
see also statistical models
data in multivariate analysis and interpretation,
30–31
data quality, 47, 50–51
data reduction, 130–131
additional uses of exploratory factor analysis
results, 159–164
computing factor scores, 163
creating summated scales, 160–163
selecting among the three methods, 164
selecting surrogate variables for subsequent
analysis, 160
cluster analysis, 192–193
selecting between methods, 180–181
selecting in common factor analysis, 139
data summarization, 129–130
with interpretation, 130
without interpretation, 130
data transformations, 47, 100–105
data derived, 101
general guidelines, 104–105

interpretation, 101
centering, 102
standardization, 101–102
in multiple regression, 281
related to simpliication, 103
binning, 103–104
smoothing, 104
rules of thumb, 105
speciic relationship types, 102–103
statistical properties, 101
achieving linearity, 101, 102f
achieving normality and homoscedasticity,
101
summary, 115
theoretical, 100–101
data values, 194f
databases, 34
data warehouse classiication variables, 36
other, 37
perceptions of, 36–37
primary, 35–37
purchase of outcomes, 37
dCor, 47
decision lowchart, 34
degrees of freedom (df), 261, 280, 604–605, 673,
707, 761
as measure of generalizability, 280
deleted residual, 261
dendrogram, 190, 191, 197, 238, 239f
hierarchical clustering, 214f
using, 238–239
density, 190
density-based approach, 190, 225
noise point, 191
density-reachable point see boundary point
dependence models
general linear model vs. generalized linear
model, 17–18
managing, 17–18, 17f, 21
single vs. multiple equation, 17
dependence relationship, 605, 607, 764
examining hypothesized, 711
dependence technique, 2, 21, 24, 613, 615f
dependent measures, selecting, 386–387
dependent variable, 2, 21, 261, 265
assumptions in MANOVA, 434
diferences among combination of, 385
efects of multicollinearity on power, 406–407
linearity and multicollinearity among, 401
in logistic regression, 581
transforming, 558–559
sample size, 555–556
selection, 275–278
measurement error, 276
speciication error, 276–278
strong theory, 276
dependent variate, efects of MANOVA on,
412–414
example of interpreting interactions, 413
disordinal interaction, 413
no interaction, 413
ordinal interaction, 413
interaction terms, signiicance of, 412
main efects, 411–412
signiicant interactions, types of, 412–413
disordinal, 413
ordinal, 412–413
descriminant loadings, vector plot of, 505–506
deviance diference, 550, 572
deviance residuals, 572
dbeta, 261, 305, 550, 572
DFFIT, 261, 306
see also SDFFIT
diameter method see complete-linkage method
dichotomization, 47, 104
dimensional reduction, 2, 15, 317
dimensions, comparability of, 90
direct efect, 727, 745
directed acrylic graph (DAG), 2, 9
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directionality of relationship, 574–575
example of interpretation, 575
interpreting direction of exponentiated
coeicients, 575
interpreting direction of original coeicients,
575
discriminant analysis, 380–382, 418, 437, 442–443
assumptions, 488–490
estimation and classiication, impacts on, 489
interpretation, impacts on, 489–490
in three-group illustrative example, 524–525
in two-group illustrative example, 509
casewise diagnostics, 501–502
individual cases, misclassiication, 501
misclassiied cases, analyzing, 501–502
decision process, 494–507
stage 1: objectives, 484–485
stage 2: research design, 485–488
stage 3: assumptions, 488–490
stage 4: estimation and assessing overall it,
490–502
stage 5: interpretation of results, 503–506
stage 6: validation of results, 506–507
estimation, 490–502, 491f
selecting method, 491–492
statistical signiicance, 492–493
in three-group illustrative example, 525–537
in two-group illustrative example, 508–520
explained, 474–476
hypothetical example, 476–483
geometric representation of two-group
discriminant function, 480–481
three-group discriminant analysis (switching
intentions), 481–483
two-group discriminant analysis (purchasers
vs. non-purchasers), 476–480
interpretation of results, 503–506
choosing interpretive method, 506
discriminant loadings, 503
discriminant weights, 503
graphical display of discriminant scores and
loadings, 505–506
partial F values, 504
potency index, 504–505
rotation of discriminant functions, 504
two or more functions, 504–506
objectives
classiication purposes, 485
descriptive proile analysis, 485
in three-group illustrative example, 524
in two-group illustrative example, 508
overall model it, assessing
calculating discriminant Z scores, 493–494
group diferences, evaluating, 494
group membership prediction accuracy,
assessing, 494–501
rules of thumb, 502
in three-group illustrative example, 525–537
in two-group illustrative example, 509–520
research design
dependent and independent variables,
selecting, 485–487, 508
division of sample, 488, 508–509
rules of thumb, 490
sample size, 487–488, 508
in three-group illustrative example, 523–544
in two-group illustrative example, 508–509
similarities to other multivariate
techniques, 476
summary, 544–546
three-group illustrative example, 523–544
managerial overview, 543–544
stage 1: objectives, 524
stage 2: research design, 524
stage 3: assumptions, 524–525
stage 4: estimation and assessing of overall
it, 525–537
stage 5: interpretation of analysis results,
537–542
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discriminant analysis (continued)
stage 6: validation of results, 542–543
two-group illustrative example, 508–523
managerial overview, 523
stage 1: objectives, 508
stage 2: research design, 508–509
stage 3: assumptions, 509
stage 4: estimation and assessing overall
it, 509
stage 5: interpretation of results, 520–522
stage 6: validation of results, 522–523
validation of results, 506–507
managerial overview, 523, 543–544
procedures, 506–507
proiling group diferences, 507
in three-group illustrative example, 542–543
in two-group illustrative example, 522–523
discriminant coeicient see discriminant weight
discriminant function, 373, 379, 472–475,
478f, 479t
estimation of, 526–532
rotation of, 504
discriminant loadings, 473, 503
graphical display, 541–542
in three-group illustrative example, 537,
541–542
in two-group illustrative example, 515,
521–522
discriminant score see discriminant Z score
discriminant validity, 122, 659, 676–677, 688–689,
761, 775–776, 788–789
discriminant weight, 473, 503, 515, 521
discriminant Z score, 473, 475f, 534
graphical display of, 506–507
discriminating variables, 522
disordinal interaction, 373
divisive method, 190, 191, 213
dominance analysis, 319, 352
dummy variables, 2, 47, 112, 122, 132, 261
coding, 113
efects, 113
indicator, 113
concept, 112–113
incorporating nonmetric data with, 281–282
representing nonmetric variables with,
112f, 113f
using, 113

E
ecological fallacy, 261, 325
efect size, 2, 19, 373, 780
efects coding, 47, 113, 261, 282
see also indicator coding
eigenvalue, 122, 141
see also latent root
elasticity, 47, 103
EM, 47
empirical measures of impact, 539, 541
endogenous constructs, 605, 610, 714–715,
784–785
see also endogenous latent variables
endogenous latent variables, 761
see also endogenous constructs
entropy group, 190, 198
environmental perceptions (EP), 682, 713, 784
equal variance dispersion, 98
EQUIMAX, 122, 150
equivalent models, 619
error probabilities, statistical inference
relationship, 19f
error term, 761
constant variance of, 290
diagnosis, 290
remedies, 290
independence of, 291
normality of distribution, 291
error term invariance, 727, 739
error variance, 122
esprit de corps, 704

estimated covariance matrix, 605, 623–625, 624t
estimation, 308–309
in conirmatory factor analysis, 673
in structural equation modeling, 633–634
estimation sample, 2, 32
Euclidean distance, 190
evaluation criteria, 761
exogenous constructs, 605, 610, 714, 784
see also exogenous latent variables
exogenous latent variables, 761
see also exogenous constructs
experiment, 373
experimental design, 373, 376
experimental research
types of variables, 389–390
additional relationships, 390
basic relationship, 389–390
choosing, 390
external inluences, 390
experimentwide error rate, 373, 385
explained variance see coeicient of
determination
explanation, 309–311
interpreting with regression coeicients,
309–310
standardizing regression coeicients
(beta coeicients), 310–311
exploratory, 761
exploratory analysis, 605
exploratory approach, 122, 125
exploratory factor analysis, 25–26, 660–661
additional uses, 159–164
computing factor scores, 163
creating summated scales, 160–163
rules of thumb, 164
selecting among the three methods, 164
selecting surrogate variables for subsequent
analysis, 160
assessing appropriateness, 166t
chapter preview, 121
decision diagram, 128f, 137f
design rules of thumb, 134
explanation, 124–126
hypothetical example, 126, 127f
key terms, 122–124
summary, 136, 184–186
testing assumptions, rules of thumb, 138
see also common factor analysis; factor
analysis
exponentiated logistic coeicient, 550, 574,
575, 576f
external validity, 373
extraordinary event, 87
extraordinary observation, 87
extreme groups approach, 47, 104, 473

F
F ratio, 333
f2 efect size, 761
face validity, 659, 677
see also content validity
factor, 123, 373, 376, 389, 392
factor analysis, 25, 127–184
assessing appropriateness, 169t
assumptions, 135–136
conceptual issues, 135
statistical issues, 135–136
choosing models and number of factors, rules
of thumb, 144
data reduction and additional uses of results,
159–164
computing factor scores, 163
creating summated scales, 160–163
selecting among three methods, 164
selecting surrogate variables for subsequent
analysis, 160
decision process, 127
stage 1: objectives, 127–132
stage 2: designing, 132–134

stage 3: assumptions, 135–136
stage 4: deriving factors and assessing overall
it, 136–145
stage 5: interpreting, 146–158
stage 6: validation of, 158–164
deriving factors and assessing overall it,
136–146
alternatives to principal components and
common factor analysis, 144–146
factor extraction method, selecting, 138–140
stopping rules: criteria for number of factors
to extract, 140–144
designing, 132–134
correlations among variables or respondents,
133–134, 134f
rules of thumb, 134
sample size, 132–133
variable selection and measurement
issues, 132
illustrative example, 165–184
stage 1: objectives, 165
stage 2: designing, 165
stage 3: assumptions, 165, 168
stage 4: deriving factors and assessing overall
it, 168, 170–171
stage 5: interpreting the factors, 171–176
stage 6: validation of principal components
analysis, 176–177
stage 7: additional uses, 178–181
interpreting factors, 146–158
factor extraction, 147
factor matrix, 153–158
judging signiicance of factor loading,
151–153
rotation of factors, 147–151
rules of thumb, 158
step 1: estimate factor matrix, 146
step 2: factor rotation, 147
step 3: factor interpretation and
respeciication, 147
objectives, 127–132
data summarization vs. data reduction,
129–131
specifying unit of analysis, 127, 129
variable selection, 131
with other multivariate techniques, 131–132
specifying unit of analysis, 127, 129
using with other multivariate techniques,
131–132
validation, 158–159
assessing factor structure stability, 159
detecting inluential observations, 159
replication or conirmation perspective,
158–159
see also common factor analysis; exploratory
factor analysis
factor correlation matrix, 177t
factor covariance invariance, 727, 739
factor extraction, 147
factor extraction method, selecting, 138–140
common factor analysis vs principal
component analysis, 139–140
partitioning variance of a variable, 138–139
common vs unique variance, 138
unique variance composed of speciic and
error variance, 138–139
factor indeterminacy, 123, 140
factor interpretation, 147
summary, 176
factor loadings, 123, 146
assessing, rules of thumb, 153
comparions between rotated and unrotated,
149t
in conirmatory factor analysis, 675–676
interpretation of hypothetical matrix, 157t
matrix for unrotated factor matrix, 172–173
signiicance, judging of, 151–152, 152t
adjustments based on number of
variables 152
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assessing statistical signiicance, 151–152
ensuring practical signiicance, 151
factor matrix, 123, 139f
estimate, 146
interpretation, example of, 156–158
interpreting, 153–158
step 1: examine loadings, 153–154, 157
step 2: identify signiicant loading(s) for each
variable, 154–155, 157
step 3: assess communalities of the variables,
155, 157
step 4: respecify factor model if needed, 156,
158
step 5: label the factors, 156, 158
factor matrix of loadings examining
signiicant, identifying in unrotated factor
matrix, 173
for unrotated factor matrix, 172–173
factor pattern matrix, 123, 153
factor rotation, 123, 147–151
oblique rotation methods, 150
orthogonal rotation methods, 150
orthogonal vs oblique rotation, 147–149
selecting method, 150–151
rules of thumb, 151
factor score, 123, 179–180, 180t
factor (score) indeterminacy, 761
factor structure matrix, 123, 154
factor structure stability, 159
factorial design, 373, 391–394
number of treatments, 393–394
cells formed, 393
interaction efects, creation of, 393–394
selecting treatments, 392–393
basic model, 392
control as treatments, 392–393
factors, 125
naming, 175–176
false negative, 550, 565
false positive, 18, 550
farthest-neighbour method, 190
feedback loop, 700, 707
ield experiment, 373, 388
ine tuning, 235
irst-order factor model, 727, 732, 734f
Fisher’s linear discriminant function, 473, 495
it indices, 635–642, 642t
absolute, 636–638
goodness-of-it, 635–636
guidelines for establishing acceptable and
unacceptable it, 641–642
adjust index cut-of values based on model
characteristics, 642
compare models whenever possible, 642
pursuit of better it at expense of testing true
model not a good trade-of, 642
use multiple indices of difering types,
641–642
incremental, 638–639
parsimony, 639
problems associated with using, 639–640
unacceptable model speciication to achieve
it, 641
ive-stage modeling strategy, 327–328
ixed efect, 261, 326
ixed parameter, 605, 633, 704
forecasting, 309, 322
formative measurement, 659, 729, 729f, 761
operationalizing, 729–730
rules of thumb, 733
formative measurement model, 761
assessing, 776–778
contribution of indicator, 778
convergent validity, 777
indicator multicollinearity, 777
relevance of indicators, 778
statistical signiicance of indicator weights,
777–778
rules of thumb, 779

formative measurement theory, 669, 727, 730f,
731f
formative measures see measurement models
Fornell-Larcker criterion, 761, 788t
forward addition, 261, 297
free parameter, 633, 704
full invariance, 727, 739
full mediation, 727, 746
functional relationship, 261, 274, 275f

G
garbage in, garbage out phenomenon, 131
general linear model (GLM), 2, 373, 403
vs. generalized linear model (GLZ or GLIM),
17–18
generalizability
degrees of freedom, deining, 280
degrees of freedom as measure, 280
sample size and, 279–280
generalized linear model (GLZ or GLIM), 2, 373
vs general linear model (GLM), 17–18
global null hypothesis, 585
goodness-of-it (GOF), 605, 715t
basics, 635–636
chi-square, 635
degrees of freedom, 636
statistical signiicance of X2, 636
detail on selected indices, 654–655
in logistic regression model, 563–571
model estimation it, 563–564
predictive accuracy, 565–571
in structural equation modeling, 635–637
goodness-of-it index (GFI), 654
graphical analyses, 95
graphical diagnostics, 288
graphical tests, equal variance dispersion, 98
group centroids, 515
group comparisons, six step process, 737–739
stage 1: conigural invariance, 738
stage 2: metric invariance, 738
stage 3: scalar invariance, 739
stage 4: factor covariance invariance, 739
stage 5: factor variance invariance, 739
stage 6: error variance invariance, 739
group diferences, 442t, 532
ANOVA vs. MANOVA, 377, 377f
assessing, 509–510, 525–526
by independent variable, 382–383
evaluating, 494
graphical display of group means of variate,
383f
multivariate diferences for assessing, 377–380
K-group case: MANOVA, 379–380, 438–444
two-group case: Hotelling’s T2, 378–379,
432–438
overall, 382
proiling, 507
group membership, 534
group membership prediction accuracy, assessing,
494–501, 532–533
classiication matrices, constructing, 497–498
hit ratios, 498–500
individual observations, classifying, 495
matrices, 494–495, 497–498
misclassiication, costs of, 497
prior probabilities, deining, 495–497
statistically-based measures of classiication
accuracy relative to chance, 500–501
group/cell sample size
equal vs. unequal, 391
minimum, 391
number of dependent variables, 391
recommended, 391

H
hat matrix, 261, 305
hat value see hat matrix
Hausman test, 326
HCM see hierarchical component model
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heat map, 47, 103
heterogeneity, 190, 761
change measures, 222–223, 223f
percentage changes, 222
statistical, 223
variance, 222–223
direct measures, 223, 224f
comparative cluster heterogeneity, 223
internal validation index, 223
statistical signiicance of cluster variation, 223
direct measures of, 242
measuring, 198
percentage changes in, 240–242
statistical measures of change, 242
heteroscedasticity, 97, 290, 345f
remedies, 98–99
scatterplot of relationship with
homoscedasticity, 98f
sources, 97
skewed distribution of one or both variables,
97–98
variable type, 97
see also homoscedasticity
heteroscedasticity-consistent standard errors, 290
heterotrait-heteromethod correlation, 761
heterotrait-monotrait ratio (HTMT), 761, 788,
789t
Heywood case, 659, 673
hierarchical cluster analysis, 196t, 197f, 212–217,
214f, 235–245
clustering algorithms, 215–217
combination of methods, 220–221
ine tuning, 235
overview, 217
partitioning, 235
pros and cons, 219
large samples, 219
outliers, impact of, 219
permanent combinations, 219
similarity, measures of, 219
simplicity, 219
speed, 219
step 1: selecting clustering algorithm, 236
step 2: initial cluster results, 236–238
step 3: respeciied cluster results, 238–243
step 4: proiling clustering variables, 244–245
hierarchical clustering algorithm, 215–217
average-linkage, 216
centroid method, 216
complete-linkage, 216
selecting, 236
single-linkage method, 191, 215
Ward’s method, 192, 216–217
hierarchical component model (HCM), 761
hierarchical procedures, 191
higher-order component (HOC), 761
higher-order factor models, 732–736
decisions concerning use of, 736
empirical concerns, 733–734
rules of thumb, 737
second-order measurement theories, using,
735–736
summary, 755
theoretical concerns, 734–735
higher-order measurement models, 783
higher-order model see hierarchical component
model (HCM)
histogram, 47, 51–52
hit ratio, 495, 550, 566
comparing to the standard, 500
overall vs. group-speciic, 500, 533–534
standards of comparison, 498–500
equal group sizes, 499
holdout sample, 500
sample size, 499–500
unequal group sizes, 499
HOC see higher-order component
Hoefding’s D, 47
holdout sample, 32, 473, 500, 506–507, 550, 579
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holdout sample see validation sample
homogeneity of regression efect, 374, 396
homoscedasticity, 47, 97, 262, 343–344
assessment, 108
assumptions in MANOVA, 434, 440, 448
data transformations, 101
independent variable, 97
metric, 97
nonmetric, 97
moderation of distribution system, 453
scatterplot of relationship with
heteroscedasticity, 98f
tests, 98, 109t, 440t
graphical of equal variance dispersion, 98
statistical, 98
transformation of price elasticity, 110–111f
see also heteroscedasticity
Hosmer and Lemeshow test, 550, 570, 570f,
589–590, 590t
hot deck, 67
hot deck imputation, 47
Hotelling’s T2, 374, 378f, 379f, 403
HTMT see heterotrait-monotrait ratio
hypotheses testing, 475–476
hypothesis generation, 193

I
identiication, 659, 666
issues in CFA, 671–673
avoiding identiication problems, 671
incorrect indicator speciication, 672
recognizing identiication problems, 672
setting the scale of a construct, 672–673
sources and remedies, 672–673
three-indicator rule, 671–672
too few degrees of freedom, 673
ignorable cross-loading, 155
ignorable efects, 316
ignorable missing data, 47, 60
censored data, 46, 60
data collection, 60
sample of missing data, 60
illogical standardized parameters, 673
imputation, 47, 65–66, 605, 630
comparison of techniques for missing
data 71f
MAR missing data process, 69
maximum likelihood and EM, 69
maximum likelihood vs. multiple
imputation 70
multiple imputation, 69–70
MCAR by calculating replacement values, 68
mean substitution, 68
regression imputation, 68
MCAR using known replacement values, 67
case substitution, 68
hot or cold deck approach, 67
MCAR using only valid data, 66
complete case approach, 66
using all-available data, 66–67
overview of MCAR methods, 68–69
recap of missing value analysis
imputation is most logical course of
action, 84
imputed correlations difer across
techniques 84
missing data process is primarily MCAR,
83–84
regression parameter estimates for complete
case and six imputation methods, 84f
rules of thumb, 72
summary, 70, 72
in-sample predictive power see coeicient of
determination
incremental it indices, 605, 638–639
comparative it index, 639
normed it index, 638
relative non-centrality index, 639
Tucker Lewis index, 638–639

independence, 374, 399
independent variable, 2, 21, 262, 265, 360t,
538–539, 581t
for action, identifying, 289–290
calculating probabilities for speciic value
of, 578
magnitude of relationship of metric
independent variable, 575–576
metric, 97
nonmetric, 97
in logistic regression, 556
proiling on, 501
relative importance, 317–320
selection, 275–278
measurement error, 276
speciication error, 276–278
strong theory, 276
indicator coding, 47, 48, 113, 262, 281–282
reference category, 48
see also efects coding
indicator loadings, 775
indicator multicollinearity, 777
indicator reliability, 761
indicator weights, statistical signiicance
of 777–778
indicators, 2, 14, 123, 605, 608, 610, 761
contribution of, 778
relevance of, 778
see also manifest variable
indirect efect, 374, 396, 727, 745, 761
calculating, 408
mediated model, 747–748
relative strength of, 419–420
signiicance of, 408
individual constructs in conirmatory factor
analysis, deining, 682
individual groups, identifying diferences
between, 415–417
multiple univariate tests adjusting for
experiment-wide error rate, 415–416
rules of thumb, 418
structured multigroup tests, 416–417
individual variables
assessing, 287–288
methods of diagnosis, 288
inluential measures, 550, 572
inluential observations, 159, 262, 302,
346f, 347t
deletion of, 347, 348t
identifying, 303–306
step 1: examining residuals and partial
regression plots, 304
step 2: identifying leverage points, 304–305
step 3: single-case diagnostics, 305–306
step 4: selecting, 306
impacts, 302–303
conlicting, 302–303
reinforcing, 302
shiting, 303
outliers, identifying, 345–348
patterns of, 303f
remedies, 307
types of, 302
leverage points, 302
outliers, 302
information value, 550, 578
inner model see structural model
instructional manipulation check, 374, 392
instrumental variable, 374, 390, 425
interaction efects, 374, 393–394, 394f, 402f, 449f
assessing, 448–449
interpreting, 315, 451
testing, 450, 451
interaction terms, impacts of MANOVA
412–414
interpreting interactions, example of, 413
signiicance of, 412
signiicant interactions, types of, 412–413
intercept (b0), 262, 267, 268

intercorrelation
overall measures, 135–136
variable-speciic measures, 136
interdependence technique, 2, 21, 25, 613–614
overview, 119–120
internal validation index, 223
internal validity, 374
interobject similarity, 191
deining similarity, 233
measuring, 195
interpretational confounding, 700, 709
interval scales, 12
intervening efect see indirect efect
intraclass correlation (ICC), 262, 325–326
intrinsically multivariate questions, 385
inverse probability of treatment weighting
(IPTW), 374, 427
ipsatizing, 102
ipsatizing method, 48
item see indicator
items per construct, 665–668
items per construct and identiication, 666–668
just-identiied, 667
overidentiied, 667
underidentiied, 666

J
job satisfaction (JS), 682, 713, 783
just-identiied, 659, 666f, 667

K
K group case, MANOVA, 379–380, 438–444
stage 1: objectives of MANOVA, 438–439
examining group proiles, 439
research questions, 439
stage 2: research design of MANOVA, 439
stage 3: assumptions in MANOVA, 439–440
homoscedasticity, 440
outliers, 440
stage 4: estimation of MANOVA model and
assessing overall it, 440, 442–443
statistical signiicance testing, 440, 442–443
stage 5: interpretation of results, 443–444
main efect of X5, assessing, 443
post hoc comparisons, making, 443–444
summary, 444
K-group analysis, 379–380, 415–416
k-means, 191
k-means algorithm, 218
Kaiser rule see latent root criterion
Kolmogorov-Smirnov test, 105
kurtosis, 48, 94

L
LASSO, 298
latent construct, 605, 608, 764
beneits of using, 608–609
statistical system, improving, 609
theoretical concepts, representing 608–609
distinguishing exogenous vs. endogenous
latent constructs, 610
latent factors, 607
latent growth models, 752–755
latent root, 141
see also eigenvalue
latent root criterion, 123, 141, 170
latent variables, 761, 764
see also latent construct
least squares, 262, 267
leptokurtic distribution, 94
level-1, 262, 323
level-2, 262, 323
leverage, 550, 572
leverage diagnostics, 307f
leverage plot, 346
leverage points, 262, 302
identifying, 304
likelihood value, 550
linear-log, 103
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linearity, 48, 99, 262, 343
among dependent variables, 401
assessment, 108, 112
data transformations, 101, 102f
identifying nonlinear relationships, 99
of the phenomenon, 288–290
remedies for nonlinearity, 99
linearity of the logit, 556
link function, 373, 374
LISREL, 605, 607, 614
LISREL notation, 605, 628
listwise deletion see complete case approach
Little’s MCAR test, 65
loadings, 130, 786
LOC see lower-order component
log-linear, 103
log-log, 103
logistic coeicients, 559, 574f, 575
in logical regression illustrative example
593
direction of relationships, 593
magnitude of relationships, 593
predicting probabilities, 593
logistic curve, 550, 554, 558f
logistic regression, 27, 473, 474, 548–596
assumptions, 556, 581
casewise diagnostics, 571–572
inluential measures, 572
residuals, 571–572
chapter preview, 548–549
decision process, 552–579
stage 1: objectives, 552–553
stage 2: research design, 553–556
stage 3: assumptions, 556, 557
stage 4: estimation and assessing overall it,
557–572
stage 5: interpretation of results, 572–579
stage 6: validation of results, 579
deinition, 550
explained, 551–552
illustrative example, 580–596, 582t,
583–584t
managerial overview, 596
stage 1: objectives, 580
stage 2: research design, 580–581
stage 3: assumptions, 581
stage 4: estimation and assessing overall it,
581–592
stage 5: interpretation of results, 592–596
stage 6: validation of results, 596
interpretation of results, 572–579
calculating probabilities for speciic value of
independent variable, 578–579
interpreting coeicients, 574–578
signiicance of coeicients, testing for,
573–574
key terms, 549–551
model estimation, 557–572
alternative models, 562
coeicients, estimating, 559
goodness-of-it, assessing, 563–571
issues, 561
overview of assessing model it, 571
transforming dependent variable, 558–559
transforming probability into odds and logit
values, 559–561
objectives, 552–553
classiication, 553
explanation, 552–553
research design, 553–556
aggregated data, use of, 556
representation of binary dependent variable,
553–554
sample size, 555–556
rules of thumb, 557
summary, 572, 596–597
validation of results, 579
logit analysis see logit regression
logit transformation, 550

logit values, 559–561
longitudinal data, 752
lower-order component (LOC), 762

M
Mahalanobis distance (D2), 191, 262, 305, 534
main efect, 374, 389, 411–412, 414f
interpreting, 451–452
signiicance of mediated, 419
testing, 450, 451
MANCOVA, 394–396
Manhattan distance see city-block distance
manifest variable, 605, 764
see also indicators
manipulation check, 374, 392
MANOVA, 26, 371–460
analysis, illustration of, 430–459
example 1: diference between two
independent groups, 432–438
example 2: diference between K independent
groups, 438–444
example 3: factorial design with two
independent variables, 444–452
example 4: moderation and mediation,
452–459
research setting, 430–432
assumptions, 399–401
equality of variance-covariance matrices,
399–400
independence, 399
linearity and multicollinearity among
dependent variables, 401
normality, 400–401
rules of thumb, 401
sensitivity to outliers, 401
chapter preview, 371–372
decision process, 383–384, 384f, 387, 402f
discriminant analysis diference, 380
estimation of model and assessing overall it,
401–411
additional relationships: mediation and
moderation, 407, 409
general linear model, 403
measures for signiicance testing, 403
rules of thumb, 410
statistical power of multivariate tests
403–407
experimental approaches vs. other
multivariate methods, 376–377
extending univariate methods for assessing
group diferences, 377–380
multivariate procedures, 377–380
hypothetical illustration, 381–383
analysis design, 381
discriminant analysis diferences, 381–382
forming variate and assessing diferences,
382–383
interpretation of results, 410–421
covariates, evaluating, 410–411
dependent variate, assessing efects on,
411–414
individual groups, identifying diferences
between, 415–418
individual outcome variables, assessing
signiicance for, 417–419
mediation and moderation, 419–421
key terms, 372–376
managerial overview of results, 459–460
objectives, 385–387
selecting dependent measures, 386–387
types of multivariate questions suitable for,
385–386
when to use, 385
re-emergence of experimentation, 376
research design, 387–398
covariates: ANCOVA and MANCOVA,
394–396
factorial designs: two or more treatments,
391–394
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MANOVA counterparts of other ANOVA
designs, 397
modeling other relationships between
treatment and outcome, 396–397
rules of thumb, 398
sample size requirements: overall and by
group, 381
selecting research approach, 389
special case of MANOVA: repeated measures,
397
types of approaches, 387–389
variables in experimental research, 389–390
research setting, 430–432
research design, 431–432
research questions, 431
strategic objectives, 430–431
rules of thumb, 387
stage 1: objectives, 385–387
stage 2: research design issues, 387–398
stage 3: assumptions of ANOVA and
MANOVA, 398–401
stage 4: estimation of model and assessing
overall it, 401–409
stage 5: interpretation of results, 410–421
stage 6: validation of results, 421–428
summary, 430, 459–463
validation of results, 421–428
advanced issues: causal inference in
nonrandomized situations, 421–422,
428–429
causality in social and behavioural sciences,
422
counterfactuals in non-experimental research
designs, 423–424
extension to MANOVA, 428
overview, 428
potential outcome approach, 423
propensity score models, 424–428
matching, 374, 427
maximum chance criterion, 473, 518, 533, 550
maximum likelihood, 70
maximum likelihood estimation (MLE)
605, 632
maximum likelihood procedure, 550
maximum number of iterations, 762
mean substitution, 48, 68
measure of sampling adequacy (MSA), 123, 136,
168
measured variable, 605
measurement, 762
measurement equivalence see measurement
invariance
measurement error, 123, 262, 276, 605, 609, 762,
764, 786
composites, use of, 276
deinition, 2, 13
error, 13
impact, 14
structural equation modeling, 276
validity, 13
measurement invariance, 727, 737, 743
measurement model, 605, 608, 646, 659, 704–705,
762, 764, 771–774
see also outer model
measurement model comparisons, 737–739,
740t, 741t
alternative to partial invariance, 739
full vs. partial invariance, 739
HBAT invariance analysis, 740–741
measurement invariance conclusions, 741
six-stage invariance testing process, 740–741
level of invariance needed, 740
six-step process of group comparisons,
737–739
measurement model estimation, 766–767
measurement model misspeciication, 762
measurement model validity in conirmatory
factor analysis, assessing, 673–679,
685–695
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measurement models in structural equation
modeling, 627–629
measurement relationship, 605, 610
measurement scales, 762
in conirmatory factor analysis, 670
in multivariate analysis, 11–13
measurement theory, 659, 661, 727, 728, 762,
773–774
measurement type bias, 742–744
model interpretation, 744
model speciication, 742–743
measures of association, 55
measures of intercorrelation, 135–136
visual inspection, 135–136
Bartlett test, 136
measure of sampling adequacy, 136
measures of variable importance, comparing, 319f
mediating efect, 727
mediation, 262, 286, 287, 396, 397, 407, 409, 414f,
458t, 744–748, 762
conceptual basis for, 745
distribution system by purchase level,
457–459
estimation, 457
interpretation, 457
summary, 459
estimating model, 407, 409
HBAT illustration of, 746–748, 748t
step 1: establish signiicant relationships
between constructs, 747
step 2: estimate mediated model and assess
level of mediation and indirect efects,
747–748
interpreting, 419–420
combined efects, 420
indirect efect, relative strength of, 419–420
indirect mediation efect, signiicance of, 419
in MANOVA, 409
mediated main efect, signiicance of, 419
other causes, 746
rules of thumb, 753
signiicance of indirect efect, 407
summary, 755–756
testing for, 745–746
mediation efect, 745, 782–783
mediation model see mediation
mediation variable see mediation
mediator, 374, 390, 425
metric data, 2, 12
metric data vs. nonmetric data, 629, 769
metric independent variable, 97
magnitude of relationship, 575–576
example of assessing magnitude of change,
575–576
exponentiated logistic coeicients, 575
original logistic coeicients, 575
metric invariance, 728, 738
metric measurement scales, 12
impact of choice, 13
interval scales, 12
ratio scales, 12
metric moderators, 749–750
metric variable, 473, 474
MIC (mutual information correlation), 48
minimum sample size, 762
misclassiication cost, 497, 551, 567
misclassiication of individual cases, 501
missing at random (MAR), 48, 606, 630
imputation of missing data process, 69–70
summary, 70, 72
missing completely at random (MCAR), 48, 64,
606, 630
imputation calculating replacement
values, 68
imputation using known replacement values,
67–68
imputation using only valid data, 66–67
Little’s test, 65
overview of methods, 68–69

missing data, 48, 56–85
assessing randomness through group
comparisons of observations with
missing vs valid data, 78t
comparing estimates of means and standard
deviations across complete case and siz
imputation methods, 81t
comparing imputed values, 80f
comparison of correlations across imputation
methods for selected variables, 82t
deleting individual cases and/or variables,
62–63
extent/patterns of, 61–62
identifying and applying remedies, four-step
process, 58–72, 59f
step 1: determine type of missing data, 60–61
step 2: determine extent of missing data,
61–63
step 3: diagnose randomness of missing data
processes, 63–65
step 4: select imputation method, 65–70, 72
impact, 56
need for concern, 56–57
practical, 56
substantive, 56
imputed variables for selected cases, 79t
nonrandom manner, 61
patterns, 74t, 75t
in PLS-SEM, 770
recap of missing value analysis
imputation most logical course of action, 84
imputed correlations difer across techniques,
84
multiple methods for replacing missing data
available and appropriate, 85
primarily MCAR, 83–84
regression results for complete case and six
imputation methods, 83t
rules of thumb, 62
in structural equation modeling, 630–632,
631t
extent and pattern of, 630
remedies, 630
selecting approach, 631–632
summary, 83, 114
summary statistics for original sample, 73t
summary statistics for reduced sample, 76t
missing data analysis
recent developments, 57
simple example, 57
overall impact, 58, 58f
practical impact, 57
substantive impact, 57–58
missing data process, 48, 56, 63f
known processes, 60–61
unknown processes, 61
missing not at random (MNAR), 64
missingness, 48
levels, 61
construct-level, 61
item-level, 61
person-level, 61
mixture model, 191, 226
mode A, 762
Mode B, 762
model complexity, 762, 770–771
model deinition, 610–613
theory, importance of, 610
visual portrayal of model, 610–613
combining measurement and structural
relationships, 612–613
model it, 613
structural equations model, depicting
constructs involved, 610–611
structural relationships, depicting 611–612
model development strategy, 619
model diagnostics
in conirmatory factor analysis, 677–679,
712–713

caveats in model respeciication, 679
modiication indices, 678
speciication searches, 678–679
standardized residuals, 678
model estimation
in logistic regression, 557–562
alternative models, 562
coeicients, estimating, 561
complete separation, 562, 562f
estimating coeicients, 559
goodness-of-it, assessing, 563–571
issues in, 561–562
quasi-complete separation, 562, 562f
rules of thumb, 563
transforming dependent variable, 558–559
transforming probability into odds and logit
values, 559–561
using maximum likelihood for estimation, 561
in structural equation modeling, 633–635
computer programs, 634–635
estimation technique, 633–634
model structure, 633
rules of thumb, 634
model estimation it, 563–564
between model comparisons, 563–564
-2LL diference, 563
null model, 563
proposed model, 563
comparison to multiple regression, 564
global null hypothesis test, 564
overview of assessing, 571
pseudo R2 measures, 564
rules of thumb, 573
model it
in conirmatory regression model, 355–356
in discriminant analysis, 493–502, 509–520,
525–537
in logistic regression, 571, 584–587, 589–590
in multiple regression, 292–307, 564
in multivariate model, 34
in regression analysis, 332–348
in stepwise estimation, 332–333, 337
in structural equation modeling, 614, 623–625
in structural model, 710–711
model overlap, 374, 426
model respeciication, 606, 679
model-based approach, 191, 226, 630
modeling strategy in structural equation
modeling theory, 618–619
competing models strategy, 619
conirmatory modeling strategy, 618
model development strategy, 619
models, 606
assessing overall it, 34
complexity, 632
simplify by separation, 31–32
specifying in CFA, 670–671
striving for parsimony, 31
models-based approach, 606
moderating efect, 728, 748
moderation, 396, 397, 409, 420, 420f, 452, 748–
752, 751f, 752t, 762, 783
distribution system by irm size, 453–456
group proiles, 453
homoscedasticity, 453
moderation efect, interpreting, 456
statistical signiicance testing, 454–456
summary, 456
graphical displays of efects, 454f
HBAT illustration, 751–752
interpreting efect, 456
in MANOVA, 409
metric moderators, 749–750
multigroup SEM to test moderation, using,
750–751
nonmetric moderators, 749
rules of thumb, 753
summary, 755–756
moderator, 374, 390, 425
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moderator efect, 287
adding, 285
deined, 262, 284–285
examples, 284–285
interpreting, 285
modiication index, 659, 678, 692
multicollinearity, 2, 14–15, 123, 135, 606, 762
among dependent variables, 401
decomposition of, 313
diagnosing, 349
efects of dependent variable on power,
406–407
increase in, 357
in logistic regression, 578
measuring degree and impact of, 349–350
in multiple regression analysis, 270
assessing, 311–317
how much is too much, 316–317
identifying, 312
measure of correlation incorporating
multicollinearity, 311–312
predictive power, impact measures of, 270
remedies for, 317
variables with low multicollinearity, favors,
270
in multiple regression analysis, efects of,
313–316
coeicients, 314–315
on estimation, 313–314
on explanation, 315–316
ignorable efects, 316
shared variances, interpretation of, 316
singularity, 313–314
standard errors, increases in, 314–315
suppression, 314
in sequential search methods, 297
stepwise estimation, impact in, 337, 339–341
summated scales as remedies for, 357, 359,
361
see also collinearity
multigroup analysis, 762, 782
multigroup structural equations modeling,
750–751
summary, 755–756
multilevel model (MLM), 262, 323–328
basic concepts and issues, 325–327
ixed vs. random efects, 326–327
intraclass correlation, 325–326
matching measurement properties to level,
325
sample size by level, 327
summary, 327
beneits, 324
brief history of, 324–325
ive-stage modeling strategy, 327–328
review, 328
step 1: suicient variation at level, 2, 327–328
step 2: level-1 model with level-2 efects, 328
step 3: introduce level-2 independent
variables, 328
step 4: test for random coeicients, 328
step 5: add cross-level interactions to explain
variations in coeicients, 328
introduction, 323–325
resources for, 325
simple example, 323–324
separate equations by region, 323–324
summary, 328
multiple analysis of covariance (MANCOVA), 26
multiple discriminant analysis (MDA), 26–27,
471–544
chapter preview, 471–472
explained, 474–476
key terms, 472–474
multiple equation vs single equation, 17
multiple groups analysis, 728, 736–742
measurement model comparisons, 737–741
full vs. partial invariance, 739
HBAT invariance analysis, 740–741

level of invariance, 740
partial invariance, alternative to, 739
six-step process of group comparisons,
737–739
rules of thumb, 743
multiple imputation, 48, 69
combining results from multiple imputed
datasets, 70
estimate the model, 70
generate set of imputed datasets, 69–70
multiple R, 332
multiple regression, 26, 262, 271f, 362t
decision diagram, 293–294f
in era of Big Data, 265–266
example of, 266–271
explained, 265
explanation with, 273–274
dependent variables, nature of relationship
with, 274
independent variables, nature of relationship
with, 274
independent variables, relative importance
of, 274
extending, 322–330
multilevel models, 323–328
panel models, 328–330
model it, comparison to logistic regression,
563–564, 564f
prediction using several independent
variables, 269–271
adding third independent variable, 271
impact of multicollinearity, 270
multiple regression equation, 270–271
research problems, 273–274
explanation, 273–274
prediction, 273
rules of thumb, 278
selection of dependent and independent
variables, 275–278
measurement error, 276
speciication error, 276–278
strong theory, 276
specifying statistical relationship, 274–275
summary, 363–366
multiple regression analysis
assumptions, 287–292
assessing individual variables vs variate,
287–288
error terms, 290, 291
linearity of the phenomenon, 288–290
methods of diagnosis, 288
rules of thumb, 292
summary, 292
chapter preview, 259–260
decision process, 272
stage 1: objectives of multiple regression,
273–278
stage 2: research design of multiple regression
analysis, 278–286
stage 3: assumptions in multiple regression
analysis, 287–292
stage 4: estimating regression model and
assessing overall model it, 292–307
stage 5: interpreting regression variate,
308–320
stage 6: validation of results, 321–330
deinition, 265
key terms, 260–265
research design, 278–286
overview, 286
rules of thumb, 287
sample size, 278–280
variables, creating additional, 281–287
validation of results, 321–330
additional samples, 321
forecasting with model, 322
PRESS statistic, calculating, 321
regression models, comparing, 322
split samples, 321
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multiple univariate questions, 385
multiple univariate tests, 415–416
multisample conirmatory factor analysis
(MCFA), 728, 737
multivariate analysis, 3, 9–10
assessing individual variables vs. the variate,
93–94
chapter preview, 1
errors, looking at, 31
key terms, 2–3
measurement error and muultivariate
measurement, 13–14
measurement scales, 11–13
model parsimony, striving for, 31
model simpliication by separation, 31–32
remedies for assumption violations, applying,
344–345
statistical assumptions, 94
absence of correlated errors, 99–100
homoscedasticity, 97–99
linearity, 99
normality, 94–97
summary, 39–41, 55
testing assumptions, 93–100, 105–112
homoscedasticity, 108, 109f, 110–111f
linearity, 108, 112
normality, 105, 106f, 107–108, 107f, 110–111f
summary, 112
validity of results, 32
variate, 10–11
multivariate analysis and interpretation
data, knowing, 30–31
guidelines, 29–32
practical signiicance, establishing, 30
sample size afects all results, recognizing, 30
statistical signiicance, establishing, 30
multivariate analysis of variance see MANOVA
multivariate dependence methods, relationship
between, 24f
multivariate detection, 89, 92t, 93
multivariate graphical display, 48, 54–55
multivariate measurement, 3, 448t
employment, 13–14
multivariate model
estimating and assessing overall model it, 34
managing the variate, 14–16
validating, 34
multivariate model building, structured approach,
32–33
decision lowchart, 34
deine research problem, objectives, and
multivariate technique to be used
(stage 1), 33
develop analysis plan (stage 2), 33
estimate multivariate model and assess overall
model it (stage 4), 34
evaluate assumptions underlying multivariate
technique (stage 3), 33
interpret variates (stage 5), 34
multivariate normal distribution, 374
multivariate normality, 769
multivariate procedures, 371–372
group diference assessment, 377–380
K-group case: MANOVA, 379–380
two-group case: Hotelling’s T2, 378–379
multivariate proiles, 54–55
multivariate questions, 385–386
intrinsically multivariate questions, 386
multiple univariate questions, 386
structured multivariate questions, 386
multivariate signiicance tests, 455
multivariate statistical testing, 435, 436t, 440–442,
440t, 442t, 450t
multivariate techniques, 476
canonical correlation, 28
classiication, 21
cluster analysis, 26
cluster analysis as, 192
common factor analysis, 25–26
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multivariate techniques (continued)
conirmatory factor analysis, 27–28
conjoint analysis, 28–29
correspondence analysis, 29
deining, 33
evaluating assumptions underlying, 33
with factor analysis, 131–132
logistic regression, 27
multiple discriminant analysis, 26–27
multiple regression, 26
multivariate analysis of covariance, 26
multivariate analysis of variance, 26
partial least squares structural equation
modeling, 28
perceptual mapping, 29
principal components analysis, 25–26
selecting, 22–23f
structural equation modeling, 27–28
structural equation modeling comparisons,
613–614
types, 25–29
using power with, 20
multivariate tests, statistical power of, 403–407
efects of dependent variable multicollinearity
on Power, 406–407
impacts, 404–406
calculating power levels, 406
sample size, 405
statistical signiicance level alpha (α), 404–405
unique issues with MANOVA, 405–406
review of power in MANOVA, 407
using power in planning and analysis, 406
multivariate variance, 3–4

N
natural experiment, 374, 388
nearest-neighbour method see single-linked
method
negative predictive value (NPV), 551, 566, 587
neighbourhood, 191, 225
nested model, 606, 645
noise point, 191, 225
nominal scales, 11
nomological validity, 123, 659, 677, 689–690, 789
non-recursive model, 700, 707–708, 707f
nonhierarchical cluster analysis, 212, 217–218
cluster seeds, selecting, 217–218
clustering algorithms, 218
combination of methods, 220–221
emergence of, 219–220
ine tuning, 235
optimizing procedure, 191
partitioning, 235
stage 4: deriving clusters and assessing overall
it, 245–247
stage 5: proiling clustering variables, 247–248
stage 6: validation and proiling the clusters,
248–251
nonhierarchical clustering algorithms, 218
optimizing method, 218
parallel threshold method, 218
sequential threshold method, 218
nonhierarchical procedures, 191
nonlinear efects, assessing, 595, 595t
nonlinearity, 99, 284f
nonmetric data, 3
incorporating dummy variables with,
112–113, 281
vs. metric data, 629, 769
nonmetric independent variable, 97, 112f, 361,
577f
interpreting magnitude for, 576–577
nonmetric measurement scales, 11
nominal scales, 11
ordinal scales, 11–12
nonmetric moderators, 749
nonmetric variable, 473, 474, 551
see also categorical variable

nonrandom, 61
nonrandomized situations, causal inference in,
421–428
causality in social and behavioural sciences,
422
counterfactuals in non-experimental research
designs, 423–424
overview, 428
potential outcomes approach, 423
propensity score models, 424–428
rules of thumb, 428–429
nonspurious covariance, 616–618
collinearity, impact of, 617
spurious relationships, testing for, 617–618
normal distribution, 48, 94
normal probability plots (NPP), 48, 95, 96f, 262,
291, 344f
of non-normal metric variables, 107f
normality, 344
among dependent variables in MANOVA and
ANOVA, 400–401
assessing impact of violating the assumption,
94
sample size, 95
shape of the distribution, 94–95
assessment of metric variables, 105, 107–108
assumptions in MANOVA, 434
checking for, 400
data transformations, 101
deinition, 48, 94
remedies for non-normality, 97
tests, 95, 106f
graphical analyses, 95
statistical, 95–97
transformation of price elasticity, 110–111f
univariate vs. multivariate, 94
normed chi-square, 638
normed it index (NFI), 638
nuisance factor, 374, 392, 728, 742
null hypothesis, 374, 377, 378f, 585
null model, 563, 606
null plot, 262, 288

O
object, 191, 192
objectives, deining, 33
oblique factor rotation, 123, 148f, 150
vs. orthogonal rotation, 147–149
oblique rotation, 176, 177t
observation indicators used in HBAT and CFA of
employee behaviour, 683t
observational study, 374, 388
observed heterogeneity, 782
observed sample covariance matrix, 606, 621–622
odds, 551, 559
operationalization, 659
operationalizing a construct, 606, 633
optimal cutting score, 473
optimal scaling, 123, 145
optimizing procedure, 191, 218
order condition, 659
ordinal interaction, 374
ordinal scales, 11–12
organizational commitment (OC), 682, 713, 783
organizational decision, 5–6
original logistic coeicient, 551, 574, 575
orthogonal, 123, 141, 374, 380
orthogonal factor rotation, 123, 148f
method, 150
EQUIIMAX, 150
QUARTIMAX, 150
VARIMAX, 150
vs. oblique rotation, 147–149
out-of-sample predictive power see Q2 value
outcome, 374, 389
assessing signiicance for individual variables,
417–419
correlations of variables, 432

outer loadings, 762
outer model, 764
see also measurement model
outer weights, 762
outliers, 85–93, 263, 307f
analysis, 91
outlier detection, 91, 93
retention or deletion, 93
assumptions in MANOVA, 434, 440, 448
classifying, 87–88
cluster analysis, 232–233, 236–238
contexts, 85
post-analysis: meeting analysis expectations,
86
pre-analysis: a member of a population, 85
deinition, 48, 85
description and proiling, 90–91
designation, 87, 90
extraordinary event, 87
extraordinary observation, 87
procedural error, 87
summary, 88
unique combination, 88
detecting, 88
bivariate, 88–89, 91, 92f, 92t, 93
multivariate, 89, 92t, 93
rules of thumb, 90
univariate, 88, 91, 92t
identifying as inluential observations, 345–348
impacts, 86
of dimensionality, 89–90
good or bad, 86
practical, 86
substantive, 86
inluential observations, 302
largest dissimilarity values for identifying
potential outliers, 234t
retention or deletion, 91, 93
sensitivity to, 401
summary, 86, 114–115
types of impacts on analysis, 87
error outliers, 87
inluential outliers, 87
interesting outliers, 87
overall it, 532
in conirmatory factor analysis, 685–687
in discriminant model, 490, 493–501
calculating discriminant Z scores, 493–494
group diferences, evaluating, 494
group membership prediction accuracy,
assessing, 494–501
two-group illustrative example, 509–520
estimation of MANOVA model, 401–410
additional relationships: mediation and
moderation, 407, 409
general linear model, 403
measures for signiicance testing, 403
statistical power of multivariate tests,
403–407
in logistic regression, 557–572
in logistic regression illustrative example,
581–592, 586t
assessing, 584–590
casewise diagnostics, 590, 592
stepwise model estimation, 582–584
nonhierarchical cluster analysis, 245–247
in principal component factor analysis, 168,
170–171
in regression analysis, 292–307
examining statistical signiicance of model,
299–302
inluential observations, understanding,
302–307
managing the variate, 292
testing regression variate for meeting
regression assumptions, 298–299
variable selection, 295–298
variable speciication, 294
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overall measurement model in conirmatory
factor analysis, 663–669, 682–684
congeneric measurement model, 665
itesm per construct, 665–668
relective vs. formative measurement, 668–669
rules of thumb, 669
unidimensionality, 664–665
overitting, 3, 32
overidentiied model, 659, 667, 667f

P
p value, 762
pairwise deletion, 630
panel analysis see panel models
panel models, 263, 328–330
background, 329
basic issues, 329–330
adding time, 330
ixed vs. random efects, selecting between,
330
model types, 330
variables, types of, 330
beneits, 329
similarity to multilevel models, 329
summary, 330
parallel analysis, 123, 143, 170, 171t
as stopping rule for common factor analysis,
182t
parallel coordinates graph see proile diagram
parallel threshold method, 218
parameter, 263, 280, 659
parsimonious models, 762
parsimony it indices, 606, 639
adjusted goodness of it index, 639
parsimony normed it index, 639
parsimony normed it index (PNFI), 639
parsimony ratio (PR), 655
part correlation, 263
partial correlation coeicient, 263, 296
partial correlations, 167t, 169t, 311, 336
partial F (or f) values, 263, 296, 504
partial invariance, 728, 739
partial least squares structural equation modeling
(PLS-SEM), 28, 759–791, 772f, 785f, 787t
chapter preview, 759
decision process, 768–791
stage 1: research objectives and constructs,
deining and selecting, 768–769
stage 2: designing study to produce empirical
results, 769–771
stage 3: measurement and structural models,
specifying, 771–774
stage 4: measurement model validity,
assessing, 774–779
stage 5: structural model, assessing, 779–781
stage 6: advanced analyses using PLS-SEM,
782–783
stage 7: measurement model reliability and
validity, assessing, 785–790
stage 8: structural model, assessing, 790–791
deinition, 762
designing study to produce empirical results,
769–771
metric vs. nonmetric data and multivariate
normality, 769
missing data, 770
model complexity and sample size, 770–771
statistical power, 770
emergence of structural equations modeling,
765
estimation of path models with, 766–767
measurement model estimation, 766–767
structural model estimation, 767
using PLS-SEM algorithm, 767
explained, 764–766
general guidelines using, 771
HBAT summary, 791
illustration, 783–785

key terms, 760–763
measurement model, 764
measurement model validity, assessing,
774–779
formative measurement models, 776–778
relective measurement models, 775–776
summary, 779
research objectives and constructs, deining
and selecting, 768–769
role of PLS-SEM vs. CB-SEM, 766
rules of thumb, 771
structural model, 764
summary, 792–793
theory and path models in, 765
partial mediation, 374, 728, 745
see also complete mediation
partial regression plot, 263, 289–290, 304, 346
partitioning procedures, 212, 235
path analysis, 606, 622
estimating relationships using, 650–652
structural equation model, setting up for,
620–621, 621f
path coeicients, 762, 785–786, 791t
loadings, size of, 786
potential problems, 786
size and signiicance, 780–781, 786
path diagrams, 606, 610, 615f, 644f, 661–663,
662f, 734f
see also visual diagram
path estimates
in conirmatory factor analysis, 674–675,
690–691
problems–identifying, 675
size of, and statistical signiicance, 674–675
see also structural parameter estimate
path identiication, 650
path model, 765, 774
estimating using PLS-SEM algorithm, 767
stage 1: initial measurement model estimates,
767
stages 2 and 3: initial structural model and
inal model estimates, 767
theoretical PLS-SEM path model, 784–785
Pearson residual, 551
percentage correctly classiied see accuracy; hit
ratio
percentage of variance criterion, 123, 142, 170
perceptual mapping, 29
Pillai’s criterion, 375, 403
planned comparison, 375, 416
platykurtic distribution, 94
PLS path modeling see partial least squares
structural equation modeling
PLS regression, 762
PLS-SEM algorithm, 763, 767
PLS-SEM bias, 763
polar extremes approach see extreme groups
approach
polynomial, 263, 284f
positive predictive value (PPV), 566, 587
post hoc analysis, 700
post hoc comparisons, 443–444, 444t
post hoc test, 375, 416
potency index, 473, 504–505, 538–539, 540t
potential covariates, 452
potential cross loading, 155
potential outcomes, 375, 423
power, 3, 19, 263, 375, 403
analysis, 437
calculating levels, 406
efects of dependent variable multicollinearity
on, 406–407
in planning and analysis, 406
review of power in MANOVA, 407
in various regression models, 278–279
practical signiicance
deined, 3
establishing, 30
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practical standpoint, 57
prediction, 763
misclassiied, 535t
multiple regression, 273
maximize accuracy, 273
model comparison, 273
in regression analysis, 308–309
using several independent variables, 269–271
using single independent variable, 267–269
assessing accuracy, 269
prediction error, 263, 267, 763
predictive accuracy, in logistic regression model
estimation, 565–571, 566f, 568f, 596t
Chi-square-based measure, 570–571
classiication matrix, 565–566
concordance, 569–570
cut-of value, selecting, 565
measures, 566–568
of actual outcomes, 567
overall predictive accuracy, 566–567
of predicted outcomes, 567
summary, 567–568
ROC curve, 568–569
predictive relevance (Q2), 763
predictor constructs, collinearity among, 779–780
predictor variable see independent variable
PRESS statistic, 263, 321, 354–355
Press’s Q statistic, 473, 500–501, 518, 534
principal component analysis, 123, 139, 168–181
alternatives, 144–146
managerial overview of results, 183–184
stage 4: deriving factors and assessing overall
it, 168, 169t, 170–171
stopping rules, 168, 170–171
stage 5: interpreting the factors, 171–176
step 1: examine factor matrix of loadings for
unrotated factor matrix, 172–173
step 2: identify signigicant loadings in
unrotated factor matrix, 173
step 2 and, 3: assess signiicant factor
loading(s) and communalities of rotated
factor matrix, 173–175
step 3: assess communalities of the variables
in unrotated factor matrix, 173
step 4: respecify factor model if needed, 175
step 5: naming the factors, 175–176
stage 6: validation, 176–177
stage 7: additional uses of exploratory factor
analysis results, 178–181
creating summated scales, 179
selecting between data reduction methods,
180–181
selecting surrogate variables for subsequent
analysis, 179
use of factor scores, 179–180
principal components analysis, 763
probability, 560f
calculating for speciic value of independent
variable, 578
in logistic regression illustrative example,
593, 594t
transforming into odds and logit values,
559–561
calculating logit value, 560–561
calculating probabilities, 559–560
restating probability as odds, 560
probit model, 551, 562
problematic cross-loading, 155
procedural error, 87
PROCESS macro, 375, 409
proile diagram, 191
propensity score, 375, 426
propensity scoring model, 375, 424–428
developing and applying, 424–428
step 1: specify covariates, 424–426
step 2: estimate, 426
step 3: balance of covariate set and model
overlap, estimate, 426–427
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propensity scoring model (continued)
step 4: application of propensity scores, 427
step 5: causal efect, estimate, 427–428
popularity of, 424
proportional chance criterion, 473, 518, 533,
551, 567
pseudo R2, 551, 564, 586
psychologistic fallacy, 263, 323
psychometrics, 659, 661
purchase outcome measures, 439t, 441f, 442t,
446t, 447f, 450t, 453t, 455t, 456t

Q
Q factor analysis, 123, 129
Q2 value, 763
QUARTIMAX, 123, 150
quasi-complete separation, 551, 562
quasi-experiment, 375, 388

R
R factor analysis, 123, 129
R square (R2), 333
see also coeicient of determination (R2)
R2 values, 763
random efect, 263, 326
randomness of missing data process, 63
diagnostic tests, 64–65
is it MAR or MCAR, 65
Little’s MCAR test, 65
tests of missingness, 65
levels, 63
deining type of missing data process, 64
missing completely at random (MCAR), 64
missing data at random (MAR), 63–64
net missing at random (NMAR), 64
rank condition, 659, 671
rank order, 11–12
ratio scales, 12
ratio of variances, 300
recursive models, 700, 707–708
reduced form equation, 606, 607
redundancy analysis, 763
reference category, 48, 113, 263, 281
relective measurement, 659, 763
relective measurement models
assessing, 775–776
construct reliability, 775
convergent validity, 775
discriminant validity, 775
indicator loadings, 775
rules of thumb, 776
relective measurement theory, 724–729
relective vs. formative measurement, 668–669,
728–732, 732t
choosing, 732
diferences, 730–731
relective vs. formative theory, 728–729
regression analysis, 68
alternative models, evaluating, 355–357
estimates with multicollinear data, 315f
illustration of, 231
stage 1: objectives of multiple regression
331
stage 2: research design of multiple regression
analysis, 331
stage 3: assumptions in multiple regression
analysis, 332
stage 4: estimating regression model and
assessing overall model it, 332–348
stage 5: interpreting regression variate,
348–353
stage 6: validating results, 353–355
managerial overview of results, 361–363
nonmetric independent variable, including,
361
regression parameter estimates for complete
case and six imputation methods, 84f
summated scales as remedies for
multicollinearity, use of, 357–361

variate, estimating for assumptions of,
342–345
regression coeicient (bn), 263, 268, 310f, 313,
334, 359, 361
interpretation of, 348–349
interpretation with, 309–310
signiicance tests for, 301–302
standardizing, 310–311
using, 308–311
explanation, 309–311
prediction, 308–309
variance-decomposition matrix, 264
regression equation, 265
regression imputation, 48
regression model, 265
evaluating alternative models, 355–363
evaluating variate for assumptions of
regression analysis, 342–345
outliers as inluential observations,
identifying, 345–348
overall it, estimating and assessing
292–307
examining statistical signiicance of model,
299–302, 308
inluential observations, understanding,
302–308
managing the variate, 292
rules of thumb, 308
testing regression variate for meeting
regression assumptions, 298–299
variable selection, 295–298
variable speciication, 294
power levels in, 278–279
stepwise estimation, 1: selecting irst variable,
332–337
stepwise estimation, 2: adding second
variable (X6), 337–338
stepwise estimation, 3: third variable (X12)
added, 338–340
stepwise estimation, 4: fourth and ith
variables (X7 and X11) added, 340–341
stepwise estimation overview, 341–342
regression variate, 264, 265, 308–320
interpreting, 320
rules of thumb, 320
testing for meeting regression assumptions,
298–299
regression weights, 318, 351–352
relative importance, 317–320, 551
direct measures of variable importance,
317–318
beta (standardized) weights, 318
bivariate correlations, 317–318
regression weights, 318
squared semi-partial correlation, 318
measures of relative importance, 318–320
all possible subsets regression, 318
choice of measure, 319–320
commonality analysis, 318–319
dominance analysis, 319
relative weights, 319
structured coeicients, 318
relative non-centrality index (RNI), 639
relative weights, 319, 352
reliability, 3, 13, 123, 606, 609, 676, 763
repeated measures, 375, 397
replacement values, 68
mean substitution, 68
regression analysis, 68
replication, 158–159, 375
research approaches
experimental: non-randomization, 388
natural experiment, 388
quasi-experiment, 388
experimental: randomization of groups,
387–388
controlled, 388
ield, 388
non-experimental, 388

observational study, 388
selecting, 389
research design, 423–424
issues in SEM, 629–633
covariance vs. correlation, 629–630
metric vs. nonmetric data, 629
missing data, 630–632
sample size, 632–633
research problem, deining, 33
researcher, 4
control as preferred, 16
loss of control in sequential search, 297
multivariate use, 10
residual, 606
residual (e or ε), 48, 99, 264, 267, 289f
vs. leverage plot, 346
residuals, 659
analysis of, 304, 345–346
in conirmatory factor analysis, 678
independence of, 344
in logistic regression, 571–572
respeciication, 147
respondents
correlation among, in factor analysis, 133
heterogeneity of, 143
response surface, 48, 104
response-style efect, 191
reverse scoring, 124
ridge regression, 298
robustness, 48, 93
ROC curve, 551, 568–569, 569f, 570f, 589, 589t
root mean square error of approximation
(RMSEA), 637, 654
root mean square residual (RMR), 637–638
root mean square standard deviation (RMSSTD),
191, 222–223
rotated factor matrix, assess signiicant factor
loadings and communalities in, 173–175
rotation, 537–538
see also oblique factor rotation; orthogonal
factor rotation
row-centering standardization see within-case
standardization
Roy’s greatest characteristic root (gcr), 375, 403

S
sample representativeness, cluster analysis, 235
sample size, 447t, 555–556
by label, 327
cluster analysis, 233–234
considerations, 445, 447
efect on results, 30
exploratory factor analysis, 132–133
impact on statistical power, 19–20
in logistic regression, 555–557, 581
nonmetric independent variables, impact
of, 556
overall, 555
per category of dependent variable, 555–556
in MANOVA
group/cell, 391
overall, 391
in MANOVA illustration, 432
in multiple regression analysis, 278–280
considerations, 280
generalizability and, 279–280
requirements for desired power, 279
statistical power and, 278–279
per category of dependent variable, 555–556
low frequency of occurrence, 555
low rate of occurrence, 555–556
in PLS-SEM, 770–771
power and, 406
standards of comparison, 499–500
in structural equation modeling, 632–633, 670
average error variance of indicators, 632
estimation technique, 632
model complexity, 632
summary on sample size, 633
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sampling adequacy, measure of, 136, 167t,
169t
sampling error, 18, 264
saturated structural model, 700, 711
scalar invariance, 728, 739
scale development, 124, 130, 627
scatterplot, 48, 52
matrix of selected metric variables, 53f
of seven observations based on two clustering
variables, 194f
scoring procedure, 124
scree test, 124, 170
scree test criterion, 142–143
SDFBETA see DFBETA
SDFFIT, 306
see also DFIT
second-order factor model, 728, 733, 734f
second-order measurement theories, using,
735–736
selection strategy, 425–426
SEM see structural equation modeling
semi-partial or part correlation, 311
sensitivity, 551, 567, 587
sequence, 616
sequential search methods, 295–298
caveats, 297–298
impact of multicollinearity, 297
increased alpha level, 298
loss of researcher control, 297
forward addition and backward elimination,
297
stepwise estimation, 295–297
sequential threshold method, 218
signiicance level (alpha), 19, 264, 301
signiicance tests, 403
Hotelling’s T2, 403
Pillai’s criterion, 403
Roy’s greatest characteristic root, 403
Wilks’ lambda, 403
see also critical value
signiicance tests of regression coeicients,
301–302
conidence interval, applying, 301–302
conidence interval, establishing, 301
sampling error, 301
signiicance level, 301
standard error, 301
similarity see interobject similarity
simple regression, 264, 268f
example of, 266–271
prediction using single independent variable,
267–269
assessing accuracy, 269
interpreting model, 268–269
simultaneous estimation, 473
single equation, vs multiple equation, 17
single-case diagnostics, 305–306
individual coeicients, inluences on, 305
overall inluence measures, 305–306
single-item construct, 668, 763
single-item measures, 708–709
single-linkage method, 191, 215, 215f, 216f
singularity, 264, 313–314
skewness, 48, 94, 97–98
smoothing, 104
Sobel test, 375
speciic variance, 124, 763
speciication error, 3, 264, 276–278, 277f
irrelevant or redundant variable, inclusion
of, 277
problem avoidance, 277–278
relevant variable, exclusion of, 277
speciication search, 659, 678–679
speciicity, 551, 567, 587
sphericity assumption, 375, 397
split-sample, 321, 354t
estimation, 353–354
validation, 32
split-sample validation see cross-validation

spurious relationship, 606, 617–618
testing for, 617, 617f
squared Euclidean distance, 191
squared multiple correlation, 659, 675
squared semi-partial correlation, 318
stable unit treatment value assumption
(SUTVA), 375
standard error, 264, 301
heteroscedasticity-consistent, 290
increases in, 314
standard error of the coeicient, 335
standard error of the estimate (SEE), 264, 269, 333
standardization, 49, 101–102, 264, 310
cluster analysis, 234–235
standardized coeicients, 336
standardized data, 763
standardized partial regression plots, 343f
standardized residuals, 264, 304, 638, 660, 678, 691
standardized root mean residual (SRMR), 637–638
statistical assumptions, testing, 100
statistical error, types of, 18–19
statistical inference, error probabilities
relationship, 19f
statistical issues
in exploratory factor analysis, 135–136
overall measures of intercorrelation, 135–136
variable-speciic measures of intercorrelation,
136
statistical measure, 404, 584–586
statistical models, 3, 7, 8f, 279f
distinguishing between models, 8–9
vs data mining models, 7–9
see also data models
statistical power, 763, 770
adequacy of, 447
analysis, 21
comparison of two means, 20f
efects on, 19–20
managing three elements of, 20
of multivariate tests, 403–407
efects of dependent variable multicollinearity
on, 406–407
impacts, 404–406
review of power in MANOVA, 407
using power in planning and analysis, 406
sample size and, 278–279
types, 18–19
using with multivariate techniques, 20
vs statistical signiicance, 18–20
statistical relationship, 264, 275, 275f
statistical signiicance
of cluster variation, 223, 242
of the coeicients, 592
of indicator weights, 777–778
path estimates in CFA, size of, 674–675
rules of thumb, 308
testing, 435, 437, 440–443, 454
vs. statistical power, 18–20
statistical testing, 379
assumptions of multivariate analysis, 94–100
homoscedasticity, 98
staying intentions (SI), 682, 713, 784
stepdown analysis, 375, 418–419
stepdown tests, 437, 442–443
stepwise estimation, 264, 295–296, 342t, 351t, 473
adding irst variable, 332–337, 334t, 510–511,
511t, 526–527, 527t
adding second variable, 337–338, 338t,
512–513, 512t, 527, 528t
adding third variable, 338–340, 339t,
513–514, 513t, 527–528
adding fourth and ith variables, 340–341,
340t, 527–528, 529t, 530t
estimated coeicients, 337
lowchart, 296f
identifying variables to add, 338
impact of multicollinearity, 337
in logistic regression illustrative example,
582–584t, 585t
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adding irst variable, 583–584
adding second variable, 584
base model estimation, 582–583
looking ahead, 337
overall model it, 332–333, 337
overview of process, 341–342
summary, 514–515, 514t, 530
variables in equation (step 1), 333–335
variables not in equation (step 1), 335–337
stop criterion see convergence
stopping rules, 124, 221, 224, 242t, 243f
alternative, 239
criteria for the number of factors to extract,
140–144
heterogeneity of the respondents, 143
latent root criterion, 141
parallel analysis, 143
percentage of variance criterion, 142
a priori criterion, 141
scree test criterion, 142–143
summary, 143–144
deinition, 191
deriving factors and assessing overall it, 168,
170–171
parallel analysis, 182t
stratiication, 375, 427
stretched vector, 474, 505
strong theory, 276
structural equation model testing, 699–721
chapter preview, 699
illustration, 713–721
key terms, 700
overview, 702–703
stages in, 703
one-step vs. two-step approaches, 703
summary, 722
structural equation modeling notation, 628, 628f
structural equation modeling (SEM), 18, 27–28,
276, 603–655, 601f, 612f, 622f, 644f, 763
abbreviations, 653
advanced approaches, 752–755
latent growth models, 752–755
longitudinal data, 752
assessing measurement model validity,
635–642
absolute it indices, 636–638
establishing acceptable and unacceptable it,
guidelines for, 641–642
goodness-of-it, basics, 635–636
incremental it indices, 638–639
parsimony it indices, 639
unacceptable model speciication to achieve
it, 641
using it indices, problems associated with,
639–640
assessing structural model validity, 644–647
competitive it, 645–647
testing structural relationships, 647
chapter preview, 603–604
decision-process stages, 625–647, 626f
rules of thumb, 647
stage 1: individual constructs, deining, 627
stage 2: measurement model, developing and
specifying, 627–629
stage 3: empirical results, designing study to
produce, 629–635
stage 4: model validity, assessing
measurement, 635–642
stage 5: specifying, 643–644
stage 6: validity, assessing, 644–647
deining individual constructs, 627
new scale development, 627
operationalizing, 627
pretesting, 627
scales from prior research, 627
deining a model, 610–613
model it, 613
theory, importance of, 610
visual portrayal, 610–613
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structural equation modeling (SEM) (continued)
deinition, 606
designing study to produce empirical results,
629–635
model estimation, issues in, 633–635
research design, issues in, 629–633
rules of thumb, 634
developing and specifying measurement
model, 627–629
creating, 629
SEM notation, 628–629
emergence of, 614, 765
explained, 607
key terms, 604–607
latent variables not measured directly,
608–610
exogenous vs. endogenous latent constructs,
distinguishing, 610
latent constructs, beneits of using, 608–609
multiple interrelated dependence
relationships, 607–608
multivariate techniques, other, 613
dependence techniques, similarity to, 613
interdependence techniques, similarity to,
613–614
simple example, 619–625, 661
estimation and assessment, basics of, 621–625
path analysis, setting up for, 620–621
rules of thumb, 625
theory, 619–620
specifying structural model, 643–644
summary, 648–649
theory in, 614–619
causation, establishing, 615–618
modeling strategy, developing, 618–619
specifying relationships, 614–615
using multigroup SEM to test moderation,
750–751
structural model, 606, 700, 714f, 716f, 717t, 718t,
719t, 720t, 721t, 763, 764, 771–772
assessing, 779–781, 790–791
blindfolding, 780
coeicient of determination, examining, 780
collinearity among predictor constructs,
779–780
efect size, 780
path coeicients, size and signiicance of,
780–781
rules of thumb, 781
summary, 781
comparisons, 741–742
estimation, 767
explained, 700–701
illustration
specifying structural model, 713–715
validity, assessing, 715–721
simple example, 701–702
specifying, 703–710
model speciication using path diagram,
704–708
rules of thumb, 710
study, designing, 708–710
unit of analysis, 704
summary, 722
transforming to, 705–707
degrees of freedom, 707
notational changes, 706
theoretical changes, 705–706
validity, assessing, 710–713
model diagnostics, examining, 712–713
structural model it vs. conirmatory factor
analysis it, understanding, 710–711
structural model it vs. conirmatory factor
analysis it, 710–711
hypothesized dependence relationships,
examining, 711
overall structure model it, assessing, 711
saturated theoretical models, 711

structural parameter estimate, 700
see also path estimates
structural relationship, 606, 611–612, 700
combining measurement with, 612–613
structural theory, 700, 709–710, 763, 774
structure coeicients, 352
structure correlations, 474, 503
structure matrix, 177t
structured multigroup tests, 416–417
structured multivariate questions, 385
studentized residual, 264, 304, 345f
substantive perspective, 56–58
sum of squared errors (SSE), 264, 267
sum of squares regression (SSR), 264
summated scales, 3, 13–14, 124
creating, 179
multicollinearity, as remedies for, 357, 359,
361
see also composite measure
suppression efect, 265, 314
surrogate variable, 124
selecting for subsequent analysis, 179

T
t statistic, 375
t test, 375, 377
t value, 335–337
tau equivalence, 660
taxonomy, 191, 201
Ten (10) times rule, 763
territorial map, 474, 502, 505, 535–537, 536f
TF see totally free multiple group model
theoretical PLS-SEM path model, 784–785
exogenous constructs, 780–785
theory, 607, 610, 763, 765
importance of, 610
in structural equation modeling, 614–620,
713–714
causation, establishing, 615–618
modelling strategy, developing, 618–619
relationships, specifying, 614–615
simple example, 619–620
visual diagram, 714–715
three-group discriminant analysis: switching
intentions, 481–483, 482t, 483f, 531t,
533t, 535t, 541t
calculating two discriminant functions,
481–483
identifying discrimant variables, 481
illustrative example, 523–543
three-indicator rule, 660, 671–672
tolerance, 265, 312, 316–317, 474, 489
total efect, 763
total indirect efect, 763
total sum of squares (SST), 265
totally free multiple group model (TF), 728, 738
trace, 124
transformation, 265, 281, 287
treatments, 3, 26, 375, 376, 389
counterfactuals in non-experimental research
designs, 423
main efects, 411
modeling other relationships between
treatment and outcome, 396–397
number of, 393–394
cells formed, 393
creation of interaction efects, 393–394
selecting
basic model, 392
controls as, 392–393
selecting covariates, 395
correlated, 395
uncorrelated, 395
true negative, 551
true positives, 565
Tucker Lewis index (TLI), 638–639, 655
two independent groups, diference between,
432–438

stage 1: objectives of analysis, 432–433
examining group proiles, 433
research questions, 433
stage 2: research design of MANOVA, 433
stage 3: assumptions in MANOVA, 433–434
correlation and normality of dependent
variables, 434
homoscedasticity, 434
independence of observations, 433
outliers, 434
stage 4: estimation of MANOVA model and
assessing overall it, 434–437
power analysis, 437
statistical signiicance testing, 435, 437
stage 5: interpretation of results, 437–438
summary, 438
two independent variables, factorial design for
MANOVA, 444–452
stage 1: objectives of MANOVA, 445
group proiles, examining, 445
research questions, 445
stage 2: research design of MANOVA, 445,
447
sample size considerations, 445, 447
statistical power, adequacy of, 447
stage 3: assumptions in MANOVA, 447–448
homoscedasticity, 448
outliers, 448
stage 4: estimation of MANOVA model and
assessing overall it, 448–451
interaction efect, assessing, 448–449
interaction and main efects, testing, 450–451
stage 5: interpretation of results, 451–452
interaction and main efects, 451–452
potential covariates, 452
summary, 452
two-factor analysis, 431t
two-group analyses, 415
two-group discriminant analysis: purchasers vs.
non-purchasers, 476–481, 480f, 510t,
511t, 512t, 513t, 514t, 517t, 519t, 521t
calculating discriminant function, 479
geometric representation, 480–481
identifying discriminant variables, 477–478
illustrative example, 508–523
two-step SEM process, 700, 703
Type I error, 3, 18–19, 375, 378–379
Type II error, 3, 19, 375, 403
typology, 191, 201

U
U statistic see Wilks’ lambda
unbalanced design, 375, 391
underidentiied model, 660, 666, 666f
unidentiied model, 660, 666
unidimensional, 124
unidimensional measures, 660, 664–665
unique combination, 88
unique variance, 124
unit of analysis, 127, 129, 700, 704
univariate analysis of variance (ANOVA), 3, 26
univariate detection, 88, 91
univariate distribution, graphical representation,
52f
univariate F, 520–521
univariate measures, 448t
univariate procedure, 371, 377f
univariate proiling, examining shape of
distribution, 51–52
univariate signiicance tests, 417, 455–456
univariate statistical tests, 435, 437, 440t, 442,
442t, 450t
unobserved heterogeneity, 782
unrotated common factor-loadings matrix, 183t
unrotated component analysis factor matrix, 172t
unrotated factor matrix
assess communalities of variables in, 173
identify signiicant loadings in, 173
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Index

V
validation sample, 3, 32, 506, 551, 579
validity, 3, 13, 124, 763, 787
conirmatory factor analysis, 673–679,
685–695
criterion, 228–229, 249–250
cross-validation, 2, 32, 228
discriminant analysis, 506–507
in PLS-SEM, 774–779
principal components analysis, 176–177, 178t
split-sample, 32
structural model, 710–713, 715–721
value, 5
variability, 5
variable clustering, 124, 145–146
variable importance
assessing, 349
measures, 350–353, 357, 577–578
all possible subsets regression, 352
bivariate correlations, 350–351
commonality analysis, 352
dominance analysis, 352
regression and beta weights, 351–352
relative importance, 577–578
relative weights, 352
squared semi-partial correlations, 351
structure coeicients, 352
summary, 352–353
weight of evidence/information value, 578
variable selection, 131
factors are always produced, 131
factors require multiple variables, 131
measurement issues, 132
speciication, 131
variable transformation, 290
variables
assess communalities of, 155
assessing individual vs. the variate, 93–94
auxiliary, 70
confounding, 423
correlation among, in factor analysis, 133
database description, 35f
identifying, 338

impact of irrelevant, 89–90
irrelevant or redundant, inclusion of, 277
metric independent, 97
nonmetric independent, 97, 112f
proiling discriminating variables, 522
relevant, exclusion of, 277
selection, 16, 295–299
combinatorial approach, 295
conirmatory or simultaneous, 295
constrained methods, 298
as necessary, 16
review of, 298
sequential search methods, 295–298
skewed distribution, 97–98
speciication, 294, 299
specifying the variate, 15–16
summary, 114
type, 97
variance
common, 122
common vs unique, 138
compare as a ratio of variances, 154–155
compare variance not loadings, 154
error, 122
graphical tests of equal variance dispersion,
98
partitioning of a variable, 138–139
speciic, 124
types included in factor matrix, 139f
unique, 124
variance extracted, 660, 676
see also communality
variance inlation factor (VIF), 265, 312–313,
316–317, 763
variance-based SEM see partial least squares
structural equation modeling
variance-covariance matrices, equality of, 399–400
testing for, 399–400
when assumption not met, 400
check for normality, 400
equal cell sizes, 400
unequal cell sizes, 400
variable transformation, 400

813

variate, 3, 49, 93–94, 124, 129, 376, 377, 474–475,
551, 607, 763
evaluating for assumptions of regression
analysis, 342–345
forming, 382–383
interpreting, 34, 268, 356–357
managing, 14–16, 15f, 21
in multiple regression equation, 270–271
reconciling two decisions, 16
selection, 16
speciication is critical, 16
specifying variables, 15–16
variable reduction methods in managing,
125f
vs assessing individual variables, 287
variety, 5
VARIMAX, 124, 150, 173–175, 174t, 184t
vector, 376, 474, 505
veracity, 5
VIF see variance inlation factor
visual diagram, 714–715
see also path diagram
volume, 4–5

W
Wald statistic, 551
Ward’s method, 192, 216–217
weight of evidence, 551, 578
weighted least squares, 290
weighting, 427
whiskers, 53
whithin-construct error covariance, 660
Wilk’s Lambda, 376, 403, 520–521
within-case standardization, 192

Y
Youden index, 551, 566

Z
Z score, 474
calculating discriminant Z scores,
493–494
zero-order correlation, 311
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