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Preface

Statistical Design and Analysis of Experiments is intended to be a practitioner’s
guide to statistical methods for designing and analyzing experiments. The
topics selected for inclusion in this book represent statistical techniques that
we feel are most useful to experimenters and data analysts who must either
collect, analyze, or interpret data. The material included in this book also was
selected to be of value to managers, supervisors, and other administrators who
must make decisions based in part on the analyses of data that may have been
performed by others.

The intended audience for this book consists of two groups. The first group
covers a broad spectrum of practicing engineers and scientists, including those
in supervisory positions, who utilize or wish to utilize statistical approaches
to solving problems in an experimental setting. This audience includes those
who have little formal training in statistics but who are motivated by indus-
trial or academic experiences in laboratory or process experimentation. These
practicing engineers and scientists should find the contents of this book to be
self-contained, with little need for reference to other sources for background
information.

The second group for whom this book is intended is students in introduc-
tory statistics courses in colleges and universities. This book is appropriate
for courses in which statistical experimental design and the analysis of data
are the main topics. It is appropriate for upper-level undergraduate or intro-
ductory graduate-level courses, especially in disciplines for which the students
have had or will have laboratory or similar data-collection experiences. The
focus is on the use of statistical techniques, not on the theoretical underpin-
nings of those techniques. College algebra is the only prerequisite. A limited
amount of supplemental material makes use of vector and matrix operations,
notably the coverage of multiple linear regression. This material has been
placed in appendices and is not essential for an understanding of the methods
and applications contained in this book.
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viii PREFACE

The emphasis in this book is on the strategy of experimentation, data anal-
ysis, and the interpretation of experimental results. The text features numerous
examples using actual engineering and scientific studies. It presents statistics
as an integral component of experimentation from the planning stage to the
presentation of the conclusions.

This second edition constitutes a significant revision. A number of users of
the first edition were surveyed and their feedback was incorporated in the revi-
sion. This resulted in deleting some material that wasn’t intimately connected
to the main thrust of the book, adding some new topics that supplemented
existing topical coverage, and rearranging the presentation. For example, some
introductory material was eliminated in order to introduce experimental design
topics more quickly. A number of new examples were included in several of
the chapters. New exercises were added to each of the chapters. In decisions
regarding topics, we were guided by our collective experiences as statistical
consultants and by our desire to produce a book that would be informative and
readable. The topics selected for inclusion in both editions of this book can
be implemented by practitioners and do not require a high level of training
in statistics.

A key feature of the book, one that was cited as pedagogically beneficial
by reviewers, is the depth and concentration of experimental design cover-
age, with equivalent but separate emphasis on the analysis of data from the
various designs. In contrast to the previous edition, however, in the second
edition chapters on the analysis of designed experiments have been placed
immediately following the corresponding chapters on the respective designs.
This was viewed as especially beneficial for classroom use. Instructors and
readers can still emphasize design issues in a cohesive manner and can now
have the analysis of the data resulting from the use of the respective designs
reinforce the important features of the designs by having both the design and
the analysis covered in close proximity to one another.

This second edition of Statistical Design and Analysis of Experiments is
divided into four sections. Part I consists of Chapters 1 to 3 and presents a
quick overview of many conceptual foundations of modern statistical practice.
These three chapters introduce the reader to the basic issues surrounding the
statistical analysis of data. The distinctions between populations or processes
and samples, parameters and statistics, and mathematical and statistical mod-
eling are discussed. In addition, elementary descriptive statistics and graphical
displays are presented. Throughout the presentation, the informational content
of simple graphical and numerical methods of viewing data is stressed.

Chapters 4 to 8 constitute Part II and Chapters 9–13 constitute Part III.
These are the heart of the experimental design and analysis portions of the
book. Unlike many other statistics books, this book intentionally separates
discussions of the design of an experiment from those of the analysis of the
resulting data from these experiments. Readers benefit from the reinforcement
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of concepts by considering the topics on experimental design in close prox-
imity to one another. In addition, alternatives to the various designs are easily
cross-referenced, making the distinctions between the designs clearer. Follow-
ing the concentrated attention on experimental-design issues, separate chapters
immediately provide for the analysis of data from these designs. All too often,
texts devote a paragraph to the design of an experiment and several pages to
the analysis of the resulting data. Our experiences with this approach are that
the material on experimental design is slighted when designs and analyses
are presented in the same chapter. A much clearer understanding of proper
methods for designing experiments is achieved by separating the topics.

The chapters in Part II concentrate on the design and analysis of experiments
with factorial structures. New in the second edition is expanded coverage of
statistical graphics (e.g., trellis plots in Chapter 6), three-level and combined
two- and three-level fractional factorial experiments (Chapter 7), and expanded
coverage on the analysis of data from unbalanced experiments (Chapter 8).

The chapters in Part III stress the design and analysis of data from designed
experiments with random factor effects. Added to the second edition is addi-
tional material on the analysis of data from incomplete block designs (Chapter 9)
and split-plot designs (Chapter 11), new analyses for data from process improve-
ment designs (Chapter 12), and analyses of data from gage R&R studies and
data from some designs popularized by Genichi Taguchi (Chapter 13).

Throughout the analysis chapters in Parts II and III, confidence-interval and
hypothesis-testing procedures are detailed for single-factor and multifactor
experiments. Statistical models are used to describe responses from experi-
ments, with careful attention to the specification of the terms of the various
models and their relationship to the possible individual and joint effects of the
experimental factors.

Part IV consists of Chapters 14 to 19 and is devoted to the analysis of
experiments containing quantitative predictors and factors. Linear regression
modeling using least-squares estimators of the model parameters is detailed,
along with various diagnostic techniques for assessing the assumptions typ-
ically made with both regression and analysis-of-variance models. Analysis-
of-covariance procedures are introduced, and the design and analysis needed
for use in fitting response surfaces are presented. Identification of influential
observations and the concepts of model assessment and variable selection are
also discussed.

We are grateful to the Literary Executor of the late Sir Ronald A. Fisher, F.
R. S., to Dr. Frank Yates, F. R. S., and to the Longman Group, Ltd., London,
for permission to reprint part of Table XXIII from their book Statistical Tables
for Biological, Agricultural, and Medical Research (6th edition, 1974).
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In the first edition, Bea Schube was the John Wiley editor who helped
initiate this project, and later Kate Roach was the editor who completed it.
We are thankful to both of them as well as to the current Wiley editor, Steve
Quigley, for their contributions. For this second edition, we also express our
appreciation to Andrew Prince of John Wiley and Joan Wolk of Joan Wolk
Editorial Services for their excellent work during the editorial and production
process.

We are indebted to many individuals for contributing to this work. Several
colleagues read earlier versions of the first edition and made many valuable
suggestions on content and readability. We also are thankful to many users
of the first editon of this book. Their comments and suggestions, as well as
those received from several anonymous reviewers, have been very useful as
we developed the second edition.
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P A R T I

Fundamental Statistical
Concepts





C H A P T E R 1

Statistics in Engineering
and Science

In this chapter we introduce basic statistical concepts and termi-
nology that are fundamental to the use of statistics in experimental
work. These concepts include:

• the role of statistics in engineering and scientific
experimentation,

• the distinction between samples and populations,
• relating sample statistics to populations parameters, and
• characterizing deterministic and empirical models.

The term scientific suggests a process of objective investigation that ensures
that valid conclusions can be drawn from an experimental study. Scientific
investigations are important not only in the academic laboratories of research
universities but also in the engineering laboratories of industrial manufactur-
ers. Quality and productivity are characteristic goals of industrial processes,
which are expected to result in goods and services that are highly sought by
consumers and that yield profits for the firms that supply them. Recognition is
now being given to the necessary link between the scientific study of indus-
trial processes and the quality of the goods produced. The stimulus for this
recognition is the intense international competition among firms selling similar
products to a limited consumer group.

The setting just described provides one motivation for examining the role
of statistics in scientific and engineering investigations. It is no longer satisfac-
tory just to monitor on-line industrial processes and to ensure that products are
within desired specification limits. Competition demands that a better prod-
uct be produced within the limits of economic realities. Better products are
initiated in academic and industrial research laboratories, made feasible in

Statistical Design and Analysis of Experiments, Edited by Robert L. Mason, Richard
F. Gunst, and James L. Hess. ISBN 0-471-37216-1  2003 Wiley-Interscience.
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4 STATISTICS IN ENGINEERING AND SCIENCE

pilot studies and new-product research studies, and checked for adherence
to design specifications throughout production. All of these activities require
experimentation and the collection of data. The definition of the discipline of
statistics in Exhibit 1.1 is used to distinguish the field of statistics from other
academic disciplines and is oriented toward the experimental focus of this
text. It clearly identifies statistics as a scientific discipline, which demands the
same type of rigor and adherence to basic principles as physics or chemistry.
The definition also implies that when problem solving involves the collec-
tion of data, the science of statistics should be an integral component of
the process.

EXHIBIT 1.1

Statistics. Statistics is the science of problem-solving in the presence of variability.

Perhaps the key term in this definition is the last one. The problem-solving
process involves a degree of uncertainty through the natural variation of results
that occurs in virtually all experimental work.

When the term statistics is mentioned, many people think of games of
chance as the primary application. In a similar vein, many consider statisticians
to be “number librarians,” merely counters of pertinent facts. Both of these
views are far too narrow, given the diverse and extensive applications of
statistical theory and methodology.

Outcomes of games of chance involve uncertainty, and one relies on proba-
bilities, the primary criteria for statistical decisions, to make choices. Likewise,
the determination of environmental standards for automobile emissions, the
forces that act on pipes used in drilling oil wells, and the testing of commer-
cial drugs all involve some degree of uncertainty. Uncertainty arises because
the level of emissions for an individual automobile, the forces exerted on a
pipe in one well, and individual patient reactions to a drug vary with each
observation, even if the observations are taken under “controlled” conditions.
These types of applications are only a few of many that could be mentioned.
Many others are discussed in subsequent chapters of this book.

Figure 1.1 symbolizes the fact that statistics should play a role in every
facet of data collection and analysis, from initial problem formulation to the
drawing of final conclusions. This figure distinguishes two types of studies:
experimental and observational. In experimental studies the variables of inter-
est often can be controlled and fixed at predetermined values for each test run
in the experiment. In observational studies many of the variables of interest
cannot be controlled, but they can be recorded and analyzed. In this book
we emphasize experimental studies, although many of the analytic procedures
discussed can be applied to observational studies.
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Model (continued )
random-effect, 349
regression, 462, 497, 536
respecification, 639
response surface, 588
saturated, 185
second-order, 513, 515
specification, 462, 472, 497, 634
statistical, 25
sum of squares, see Sum of squares

Multi-panel conditioning, 214
Multiple comparison procedures, 196

Nested design, 378, 423
Nested factors, see Factor
Noncentral composite design, 588
Nonlinear

relationship, 635, 640
response function, 640

Nonorthogonal designs, 252
Normal density function, 43
Normal equations, 499
Normal probability distribution, 20, 43,

59
Null hypothesis, 52, 55

Observation, 12
Observational

data, 587
studies, 4

Observed value, 11
One-Factor-at-a-Time (OFAT) Testing,

121
Operating characteristic curve, 59, 80
Optimum response, 573, 576
Orthogonal arrays, 252, 407, 414
Orthogonal contrast, see Contrast
Orthogonal polynomials, 207
Outer array, 408
Outliers, 70

accommodation, 615
detection, 614
in predictor variables, 626
in response variables, 619

Parameter, 19
analysis of variance model, 174
constraints, 174
estimation, 186
interaction, 174
main-effect, 174

Parsimony, 516
Partial regression coefficient estimate,

499
Pearson’s r , 468
Pick the winner, 437, 457
PISEAS, 470
Plackett–Burman design, 256

analysis, 293
Plots

boxplot, 70
contour, 122, 571
cube, 213
factor effects, 158
interaction, 150, 216
labeled scatterplot, 148
least significant interval, 218
normal quantile-quantile, 159, 630
overlaying, 575
partial-regression, 637
partial-residual, 635
point, 39
residual, 634
scatter, 6, 148
studentized deleted residual, 644
trellis, 214

Pooled standard deviation estimate, 90
Population, 10
Power, 56
Precision, 127
Prediction

equation, 475, 498
interval, 485

Probability concepts, 42
Product array design, 594
Process, 10

capability, 404
Pure error, 506
p-value, 55, 77

Quadratic model, 515, 588
Quality control procedures, 128
Quality loss function, 407
Quantile, 159
Quartile, 37

Random sample, 14
Randomization, 128, 142, 391

restricted, 391
Randomized complete block (RCB)

design, 317, 552
Range, 35
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Reduction in error sum of squares,
273

Reexpression, 642, 647
Regression analysis

assumptions, 463, 481
common uses and misuses, 462
analysis linear, 470
local fit, 473
strategy, 470
sum of squares, 481, 503

Regression coefficient, 462, 497
beta-weight, 502, 519
standardized, 502, 519

Regression fallacy, 480
Repeat test, 110, 144, 312
Repeatability, 315, 402, 434
Replication, 110, 312
Reproducibility, 315, 402, 434
Residuals, 475, 498

partial, 635
studentized deleted, 623

Response
dispersion, 130
location, 130
predicted, 475, 498
variable, 120

Response surface designs, 129, 410, 568,
580

Box–Behnken, 413, 585
central composite, 413, 582

Rising ridge, 572
Robust design, 401

parameter design, 587, 594
Robustness, 401
Rotatable design, 581
Ruggedness tests, 267, 293

Saddle, 572
Sample correlation coefficient, 468
Sample, 13

mean 34
sampling distribution of, 45
median, 34
size, 56, 79
standard deviation, 36, 73
types of, 13
variance, 46

Sampling distribution, 21, 45, 73
Saturated designs, 253
Scatterplot 6; smoothing, 473
Screening design, 144, 256

analysis, 293

Screening experiments, 129, 158, 256
Semi-interquartile range, 37, 70
Sequential experimentation, 255, 331
Shapiro–Wilk test for normality, 633
Signal-to-noise ratio, 436
Significance level, 55
Significance probability, 55
Simplex design, 588
Small composite design, 588
Smoothing, 473
Span, 473
Split plot, 384, 388
Split-plot design, 384, 388, 428
Stable process, 404
Staggered nested design, 382, 427
Standard deviation, 36, 81
Standard error, 45
Standard normal variate, 44
Standard process, 404
Standardized predictor variable, 519,

591
Stationary point, 593
Stationary ridge, 571
Statistic, 4, 19
Steepest ascent method, 602
Stepwise variable selection techniques,

665
collinear effects, 672

Student t distribution, 46, 60
approximate, 91

Sum of squares
contrast, 200
error, 180, 481, 498
interaction effect, 178
main effect, 178
model, 177
partitioned, 177
regression, 481, 503
total, 177, 481

Supersaturated design analysis, 297

Taguchi approach, 129, 406
Taguchi design, 406, 436
t-distribution, 46
Test run, 110
Tolerance intervals, 50
Transformation

Box–Cox, 642
logarithmic, 640
power-family, 642

Transmitted variation, 411
t-statistic, 73, 209
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Tukey’s significant difference, 212
Type I error, 55, 202
Type II error, 55, 202

Unbalanced design
analysis, 272

Variable 11
categorical, 536
collinear, 518
continuous, 42
indicator, 461, 536
predictor, 461, 462, 497

response, 12, 110
selection techniques, 659
standardized, 579

Variance component, 350, 434
Variance inflation factors, 673
Variation

assignable cause, 173
measurement, 402
random, 173
sources of, 173
transmitted, 411

Whole plots, 388



Data Index

Chapter Title/Description Page
Other

Chapter
Data

Location∗

1 Chemical analysis variation study 7 no T1.1
1 Employee identification numbers 16 no T1.3
1 Skin elasticity measurements 18 no T1.4

2 Diesel fuel economy, 4 vehicles, 8 fuels 38 no T2.1
2 Wire tensile strength 40 2,3 T2.2

3 Percent solids in two pipeline locations 86 no T3.5

4 Cylinder pressure measurements 116 no T4.4
4 Skin color measurements 116 12 T4.5

5 Cutting tool life 147 no T5.4

6 Chemical yield from pilot plant 172 5,7,8,9 T6.1
6 Filtration flow rates 184 no T6.5
6 Copper plate warping 191 no T6.7

8 Chemical yield from pilot plant (unbalanced) 274 5,6,7 T8.1
8 Product color in a chemical process 280 no T8.4
8 Density of bricks 288 no T8.9
8 Diesel fuel NOx experiment 292 no T8.14
8 Solder-coverage ruggedness testing data 294 no T8.17
8 Ruggedness test viscosity data 296 no T8.20
8 Fatigue life of weld-repaired castings 298 no T8.23

10 Asphalt pavement rating study 358 no T10.4
10 Tire brands road test 365 no T10.9

11 NOx emissions for 2 vehicles from 3 models 385 no T11.2
11 NOx emissions for 6 vehicles and 3 fuels 386 no T11.3

12 Gage R&R study on innerspring length 405 9 F12.2
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