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We must be careful not to confuse data with the
abstractions we use to analyze them.

WILLIAM JAMES (1842-1910)



Preface

Intended Audience

.I-his text is intended for juniors, seniors, or beginning graduate students in
statistics, mathematics, natural sciences, and engineering as well as for ade-
quately prepared students in the social sciences and economics. A year of
calculus, including Taylor Series and multivariable calculus, and an introduc-
tory course in linear algebra are prerequisites.

This Book’s Objectives

This book reflects my view of what a first, and for many students last, course in
statistics should be. Such a course should include some traditional topics in
mathematical statistics (such as methods based on likelihood), topics in descrip-
tive statistics and data analysis with special attention to graphical displays,
aspects of experimental design, and realistic applications of some complexity.
It should also reflect the quickly growing use of computers in statistics. These
themes, properly interwoven, can give students a view of the nature of modern
statistics. The alternative of teaching two separate courses, one on theory and
one on data analysis, seems to me artificial. Furthermore, many students take
only one course in statistics and do not have time for two or more.

Analysis of Data and the Practice of Statistics

In order to draw the above themes together, I have endeavored to write a book
closely tied to the practice of statistics. It is in the analysis of real data that one
sees the roles played by both formal theory and informal data analytic methods.
I have organized this book around various kinds of problems that entail the use
of statistical methods and have included many real examples to motivate and
introduce the theory. Among the advantages of such an approach are that
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theoretical constructs are presented in meaningful contexts, that they are grad-
ually supplemented and reinforced, and that they are integrated wit'h more
informal methods. This is, I think, a fitting approach to statistics, the historical
development of which has been spurred on primarily by practical needs rather
than abstract or aesthetic considerations. At the same time, I have not shied away
from using the mathematics that the students are supposed to know.

The basic intent and structure of the book remain the same. In composing the
second edition, I have focused my efforts in two areas: improving the existing
material pedagogically and incorporating new material. Thus, in the first area,
I have expanded and revised discussions where I thought the existing discussion
too terse, and I have included new examples in the text where I thought they
would be helpful to the reader. For example, I have revised the introduction of
confidence intervals in Chapter 7 and their reintroduction in Chapter 8. The
introduction of the Mann-Whitney test in Chapter 11 has been rewritten in order
to make the ideas clearer. More than 150 new problems have been added. In
particular, to help students check their comprehension, these include a large
number of routine exercises, such as true-false questions. Some more advanced
problems have been added as well.

One of the most influential developments in statistics in the last decade has
been the introduction and rapid dissemination of bootstrap methods. This devel-
opment is of such fundamental importance that, to my mind, its inclusion in an
introductory course at the level of this text is mandatory. I introduce the boot-
strap in Chapter 8, where the parametric bootstrap arises quite naturally. As
well as being of great practical importance, introduction of the bootstrap at this
point reinforces the concept of a sampling distribution. The nonparametric
bootstrap is introduced in Chapter 10 in the context of estimating the standard
error of a location estimate. It arises again in Chapter 11 as a method for
assessing the variability of a shift estimate, in Chapter 13 for assessing the
variability of the estimate of an odds ratio (a new section of Chapter 13 is
devoted to the odds ratio), and finally in Chapter 14 in a discussion of the
“random X model” for regression. New problems throughout these chapters ask
students how to use the bootstrap to estimate standard errors and confidence
intervals for various functionals.

A complete outline can be found, of course, in the table of contents. Here 1
will just highlight some points and indicate various curricular options for the
instructor.

The first six chapters contain an introduction to probability theory, particu-
larly those aspects most relevant to statistics. Chapter 1 introduces the basic
ingredients of probability theory and elementary combinatorial methods from
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a non-measure theoretic point of view. In this and the other probability chapters,
I have tried to use real-world examples rather than balls and urns whenever
possible.

The concept of a random variable is introduced in Chapter 2. I chose to
discuss discrete and continuous random variables together, instead of putting off
the continuous case until later. Several common distributions are introduced.
An advantage of this approach is that it provides something to work with and
develop in later chapters.

Chapter 3 continues the treatment of random variables by going into joint
distributions. The instructor may wish to skip lightly over Jacobians; this can be
done with little loss of continuity, since they are utilized rarely in the rest of the
book. The material in Section 3.7 on extrema and order statistics can be omitted
if the instructor is willing to do a little backtracking later.

Expectation, variance, covariance, conditional expectation, and moment-
generating functions are taken up in Chapter 4. The instructor may wish to pass
lightly over conditional expectation and prediction, especially if he or she does
not plan to cover sufficiency later. The last section of this chapter introduces the
& method, or the method of propagation of error. This method is used several
times in the statistics chapters. '

The law of large numbers and the central limit theorem are proved in
Chapter 5 under fairly strong assumptions.

Chapter 6 is a compendium of the common distributions related to the
normal and sampling distributions of statistics computed from the usual normal
random sample. I don’t spend a lot of time on this material here but do develop
the necessary facts as they are needed in the statistics chapters. It is useful for
students to have these distributions collected in one place.

Chapter 7 is on survey sampling, an unconventional, but in some ways
natural, beginning to the study of statistics. Survey sampling is an area of
statistics with which most students have some vague familiarity, and a set of
fairly specific, concrete statistical problems can be naturally posed. It is a
context in which, historically, many important statistical concepts have devel-
oped, and it can be used as a vehicle for introducing concepts and techniques
that are developed further in later chapters, for example:

®  The idea of an estimate as a random variable with an associated sampling
distribution

The concepts of bias, standard error, and mean squared error
Confidence intervals and the application of the central limit theorem

An exposure to notions of experimental design via the study of stratified
estimates and the concept of relative efficiency

®  Calculation of expectations, variances, and covariances

One of the unattractive aspects of survey sampling is that the calculations are
rather grubby. However, there is a certain virtue in this grubbiness, and students
are given practice in such calculations. The instructor has quite a lot of flexibility
as to how deeply to cover this chapter. The sections on ratio estimation and
stratification are optional and can be skipped entirely or returned to at a later
time without loss of continuity.
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Chapter 8 is concerned with parameter estimation, a subject that is moti-
vated and illustrated by the problem of fitting probability laws to data. The
method of moments and the traditional method of maximum likelihood are
developed. The concept of efficiency is introduced, and the Cramer-Rao
Inequality is proved. Section 8.7 introduces the concept of sufficiency and some
of its ramifications. The material on the Cramer-Rao lower bound and on
sufficiency can be skipped; to my mind, the importance of sufficiency is usually
overstated. Section 8.6.1 (the negative binomial distribution) can also be
skipped.

Chapter 9 is an introduction to hypothesis testing with particular application
to testing for goodness of fit, which ties in with Chapter 8. (This subject is
further developed in Chapter 11.) Informal, graphical methods are presented
here as well. Several of the last sections of this chapter can be skipped if the
instructor is pressed for time. These include Section 9.7 (the Poisson dispersion
test), Section 9.8 (hanging rootograms), and Section 9.10 (tests for normality).

A variety of descriptive methods are introduced in Chapter 10. Many of
these techniques are used in later chapters. The importance of graphical proce-
dures is stressed, and notions of robustness are introduced. The placement of a
chapter on descriptive methods this late in a book may seem strange. I have
chosen to do so because descriptive procedures usually have a stochastic side
and, having been through the three chapters preceding this one, students are by
now better equipped to study the statistical behavior of various summary statis-
tics (for example, a confidence interval for the median). If the instructor wishes,
the material on survival and hazard functions can be skipped.

Classical and nonparametric methods for two-sample problems are intro-
duced in Chapter 11. The concepts of hypothesis testing, first introduced in
Chapter 9, are further developed. The chapter concludes with some discussion
of experimental design and the interpretation of observational studies.

The first eleven chapters are the heart of an introductory course; the theoret-
ical constructs of estimation and hypothesis testing have been developed, graph-
ical and descriptive methods have been introduced, and aspects of experimental
design have been discussed.

The instructor has much more freedom in selecting material from Chapters
12 through 15. In particular, it is not necessary to proceed through these
chapters in the order in which they are presented.

Chapter 12 treats the one-way and two-way layouts via analysis of variance
and nonparametric techniques. The problem of multiple comparisons, first in-
troduced at the end of Chapter 11, is discussed.

Chapter 13 is a rather brief treatment of the analysis of categorical data.
Likelihood ratio tests are developed for homogeneity and independence.

Chapter 14 concerns linear least squares. Simple linear regression is devel-
oped first and is followed by a more general treatment using linear algebra. I
have chosen to employ matrix algebra but have kept the level of the discussion
as simple and concrete as possible, not going beyond concepts typically taught
in an introductory one-quarter course. In particular, I have not developed a
geometric analysis of the general linear model or made any attempt to unify
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regression and analysis of variance. Throughout this chapter, theoretical resul?s
are balanced by more qualitative data analytic procedures based on analysis
of residuals.

Chapter 15 is an introduction to decision theory and the Bayesian approach.
I believe that students are most likely to appreciate this material after having
been exposed to the classical material developed in earlier chapters.

and Problem Solving

A VAX and a SUN were used in working the examples in the text and are used
by my students on most problems involving real data. My students and I have
used both S and Minitab; other packages could be used as well. 1 have not
discussed any particular packages in the text and leave the choice of what, if any,
package to use up to the instructor. However, a floppy disk containing the data
sets in the text will be available to instructors who have adopted it. Contact the
publisher for further information.

This book includes a fairly large number of problems, some of which will be
quite difficult for students. I think that problem solving, especiaily of nonroutine
problems, is very important. The course as I teach it includes three hours of
lecturing per week and a one-hour section for problem solving and instruction
on the use of the computer.

Acknowledgments

I am indebted to a large number of people who contributed directly and indi-
rectly to the first edition. Earlier versions were used in courses taught by Richard
Olshen, Yosi Rinnot, Donald Ylvisaker, Len Haff, and David Lane, who made
many helpful comments. Students in their classes and in my own had many
constructive comments. Teaching assistants, especially Joan Staniswalis, Roger
Johnson, Terri Bittner, and Peter Kim, worked through many of the problems
and found numerous errors. Many reviewers provided useful suggestions:
Rollin Brant, University of Toronto; George Casella, Cornell University;
Howard B. Christensen, Brigham Young University; David Fairley, Ohio State
University; Peter Guttorp, University of Washington; Hari Iyer, Colorado State
University; Douglas G. Kelly, University of North Carolina: Thomas Leonard,
University of Wisconsin; Albert S. Paulson, Rensselaer Polytechnic Institute;
Charles Peters, University of Houston, University Park; Andrew Rukhin, Uni-
versity of Massachusetts, Amherst; Robert Schaefer, Miami University; and
Ruth Williams, University of California, San Diego. Richard Royall and W. G.
Cumberland kindly provided the data sets used in chapter 7 on survey sampling.
Several other data sets were brought to my attention by statisticians at the
National Bureau of Standards, where I was fortunate to spend a year while on
sabbatical. I deeply appreciate the patience, persistence, and faith of my editor,
John Kimmel, in bringing this project to fruition.



XV Preface

The candid comments of many students and faculty who used the first
edition of the book were influential in its revision. In particular I would like
to thank Ian Abramson, Edward Bedrick, Jon Frank, Richard Gill, Roger
Johnson, Torgny Lindvall, Michael Martin, Deb Nolan, Roger Pinkham, Yosi
Rinott, Philip Stark, and Bin Yu; I apologize to any individuals who have
inadvertently been left off this list. Finally, I would like to thank Alex Kugushev
for his encouragement and support in carrying out the revision and the work
done by Terri Bittner in carefully reading the manuscript for accuracy and in
the solutions of the new problems. Any remaining errors are, of course, my
responsibility.



CHAPTER ] Probability 1

CHAPTER 2

1.1
1.2
1.3
1.4

1.5
1.6
1.7
1.8

Contents

Introduction 1

Sample Spaces 2

Probability Measures 4

Computing Probabilities: Counting Methods 7

14.1
142

The Mutltiplication Principle 8
Permutations and Combinations 9

Conditional Probability - 15

Independence 21

Concluding Remarks 24
Problems 24

Random Variables 33

2.1

22

23
24
2.5

Discrete Random Variables 33

2.1.1
2.1.2
2.13
2.14
2.15

Bernoulli Random Variables 35

The Binomial Distribution 36

The Geometric and Negative Binomial Distributions 38
The Hypergeometric Distribution 39

The Poisson Distribution 41

Continuous Random Variables 46

221
222
223

The Exponential Density 48
The Gamma Density 50

The Normal Distribution 53

Functions of a Random Variable 57

Concluding Remarks 61
Problems 62



VI  Contents

CHAPTER 3 Joint Distributions 69
3.1 Introduction 69
32 Discrete Random Variables 71
3.3 Continuous Random Variables 73
34 Independent Random Variables 83

35 Conditional Distributions 85
3.5.1 The Discrete Case 85
3.5.2 The Continuous Case 86

3.6 Functions of Jointly Distributed Random Variables 92
3.6.1 Sums and Quotients 92
3.6.2 The General Case 95

3.7 Extrema and Order Statistics 100
3.8 Problems 103

CHAPTER4 Expected Values 111

4.1 The Expected Value of a Random Variable 111
4.1.1  Expectations of Functions of Random Variables 116

4.1.2  Expectations of Linear Combinations of Random
Variables 119

4.2 Variance and Standard Deviation 122
4.2.1 A Mode! for Measurement Error 126

4.3 Covariance and Correlation 129

44 Conditional Expectation and Prediction 135
4.4.1 Definitions and Examples 135
442 Prediction 140

4.5 The Moment-Generating Function 142
4.6 Approximate Methods 149
4.7 Problems 154

CHAPTER 5 Limit Theorems 163
5.1 Introduction 163
5.2 The Law of Large Numbers 163

53 Convergence in Distribution and the Central Limit Theorem 166
54 Problems 173



CHAPTER ﬁ Distributions Derived from the Normal Distribution

CHAPTER 7

CHAPTER B

6.1
6.2
6.3
6.4

Introduction 177

X’, t, and F Distributions 177

The Sample Mean and the Sample Variance 179
Problems 182

Survey Sampling 185

7.1
7.2
7.3

7.4
7.5

7.6
7.7

Introduction 185
Population Parameters 186

Simple Random Sampling 188

7.3.1 The Expectation and Variance of the Sample Mean
7.3.2  Estimation of the Population Variance 196
7.3.3 The Normal Approximation to the Sampling Distribution

of X 199
Estimation of a Ratio 206

Stratified Random Sampling 213

7.5.1 Introduction and Notation 213

7.5.2  Properties of Stratified Estimates 214
7.5.3 Methods of Allocation 218

Concluding Remarks 223
Problems 225

Estimation of Parameters and Fitting of Probability
Distributions 239

8.1
8.2
8.3
8.4
8.5

Introduction 239

Fitting the Poisson Distribution to Emissions of Alpha Particles

Parameter Estimation 243
The Method of Moments 246
The Method of Maximum Likelihood 253

8.5.1 Maximum Likelihood Estimates of Multinomial Cell

Probabilities 259

Contents VI

177

8.5.2 Large Sample Theory for Maximum Likelihood

Estimates 261

8.5.3 Confidence Intervals for Maximum Likelihood

Estimates 266

239



VIII Contents

8.6 Efficiency and the Cramer-Rao Lower Bound 273
8.6.1 An Example: The Negative Binomial Distribution 277

8.7 Sufficiency 280
8.7.1 A Factorization Theorem 281
8.7.2 The Rao-Blackwell Theorem 284

8.8 Concluding Remarks 285
8.9 Problems 286

CHAPTER g Testing Hypotheses and Assessing Goodness of Fit 299
9.1 Introduction 299
9.2 The Neyman-Pearson Paradigm 300
9.3 Optimal Tests: The Neyman-Pearson Lemma 303
9.4 The Duality of Confidence Intervals and Hypothesis Tests 306
9.5 Generalized Likelihood Ratio Tests 308
9.6 Likelihood Ratio Tests for the Multinomial Distribution 310
9.7 The Poisson Dispersion Test 316
9.8 Hanging Rootograms 318
9.9 Probability Plots 321
9.10  Tests for Normality 327
9.11  Concluding Remarks 330
9.12  Problems 331

CHAPTER ] ﬂ Summarizing Data 345
10.1 Introduction 345

10.2  Methods Based on the Cumulative Distribution Function 346
10.2.1 The Empirical Cumulative Distribution Function 346
10.2.2 The Survival Function 348
10.2.3 Quantile-Quantile Plots 353

10.3  Histograms, Density Curves, and Stem-and-Leaf Plots 357

10.4  Measures of Location 361
10.4.1 The Arithmetic Mean 361
10.4.2 The Median 364
10.4.3 The Trimmed Mean 365
10.4.4 M Estimates 366



CHAPTER ]]

CHAPTER ]2

10.5
10.6
10.7
10.8

Contents 11X

10.4.5 Comparison of Location Estimates 367
10.4.6 Estimating Variability of Location Estimates by the
Bootstrap 367

Measures of Dispersion 370
Boxplots 372

Concluding Remarks 374
Problems 375

Comparing Two Samples 387

11.1
11.2

11.3

11.4

115
11.6

Introduction 387

Comparing Two Independent Samples 388
11.2.1 Methods Based on the Normal Distribution 388
11.2.1.1 An Example—A Study of Iron Retention 396
11.2.2 Power 400
11.2.3 A Nonparametric Method—The Mann-Whitney Test 402

Comparing Paired Samples 410

11.3.1 Methods Based on the Normal Distribution 411

11.3.2 A Nonparametric Method—The Signed Rank Test 413
11.3.3  An Example-—Measuring Mercury Levels in Fish 415

Experimental Design 417

11.4.1 Mammary Artery Ligation 417

11.4.2 The Placebo Effect 418

11.4.3  The Lanarkshire Milk Experiment 419

11.4.4 The Portocaval Shunt 419

11.45 FD&C Red No. 40 420

11.4.6 Further Remarks on Randomization 421

11.4.7 Observational Studies, Confounding, and Bias in Graduate
Admissions 422

11.4.8 Fishing Expeditions 423

Concluding Remarks 424
Problems 425

The Analysis of Variance 443

12.1
12.2

Introduction 443

The One-Way Layout 443
12.2.1 Normal Theory; the F Test 445
12.2.2 The Problem of Multiple Comparisons 451
12.2.2.1 Tukey’s Method 451
12.2.2.2 The Bonferroni Method 453
12.2.3 A Nonparametric Method—The Kruskal-Wallis Test 453



X Contents

12.3  The Two-Way Layout 455
12.3.1 Additive Parametrization 455
12.3.2 Normal Theory for the Two-Way Layout 458
12.3.3 Randomized Block Designs 465
12.3.4 A Nonparametric Method—Friedman’s Test 469

12.4  Concluding Remarks 471
12.5 Problems 472

- CHAPTER ]3 The Analysis of Categorical Data 483

[3.1  Introduction 483

13.2  Fisher’s Exact Test 483

13.3  The Chi-Square Test of Homogeneity 485
13.4  The Chi-Square Test of Independence 489
13.5  Matched-Pairs Designs 492

13.6  Odds Ratios 494

13.7  Concluding Remarks 498

13.8  Problems 498

CHAPTER ]4 Linear Least Squares 507
14.1  Introduction 507

142 Simple Linear Regression 511
14.2.1 Statistical Properties of the Estimated Slope and
Intercept 511
14.2.2 Assessing the Fit 815
14.2.3 Correlation and Regression 526

143 The Matrix Approach to Linear Least Squares 529

144 Statistical Properties of Least Squares Estimates 532
14.4.1 Vector-Valued Random Variables 532
14.4.2 Mean and Covariance of Least Squares Estimates 537
14.4.3 Estimation of o2 539
14.4.4 Residuals and Standardized Residuals 541
14.4.5 Inference about 8 542

14.5  Multiple Linear Regression—An Example 544

14.6  Conditional Inference, Unconditional Inference, and the
Bootstrap 548

147  Concluding Remarks 551
14.8 . Problems 552



Contents

CHAPTER ] 5 Decision Theory and Bayesian Inference 571

APPENDIX A

APPENDIX B

15.1

15.2

15.3

154
15.5

Introduction 571

Decision Theory 571

15.2.1 Bayes Rules and Minimax Rules 573
15.2.2 Posterior Analysis 578

15.2.3 Classification and Hypothesis Testing 580
15.2.4 Estimation 584

The Subjectivist Point of View 587
15.3.1 Bayesian Inference for the Normal Distribution 589
15.3.2 Bayesian Analysis for the Binomial Distribution 592

Concluding Remarks 597
Problems 597

Common Distributions Al

Tables

A4

Bibliography A25

Answers to Selected Problems A31
Author Index A43

Index to Data Sets A45

Subject Index A46

X1



