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Preface

The course that motivated the writing of this text was designed in the early
1970s to serve as a beginning course for majors in several departments at the
University of New Mexico—psychology, sociology, economics, political sci-
ence, and business. Subsequently the course also attracted majors in such
subjects as nursing, biology, anthropology, and geology. The faculties in
these departments wanted their students to be able to carry out and inter-
pret the basic methods of inference on data they would be exposed to in
later courses and their subsequent professional lives, as well as to be able to
read and understand the applications of statistics in the literature of their
fields. Thus from the beginning the main thrust of the course was statistical
methodology. Since the classical methods remain predominant in most of
these fields, the main emphasis was, and still is, on these methods. They
form the core of this book.

I began teaching the course in 1973. In each succeeding semester I
tried to add some feeling for the currency and importance of statistical
application by bringing in data from my own research and consulting and
from that of friends and colleagues. (Often the data found their way into the
classroom before the consulting job was completed.) Much of that data and
the associated problems are given in this book in examples and exercises.
This fact, rather than any connection with the local chamber of commerce,
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PREFACE

will account for the frequent references to people and places in and around
Albuquerque, New Mexico.

It is (becoming) common knowledge among practicing statisticians
that the classical statistical methods can fail, sometimes rather badly, when
indiscriminately applied to real data. Since real data are what students will
actually face when they embark on their own research, and because curative
measures are now available, I feel that there is no legitimate defense for not
discussing these difficulties and providing strategies for overcoming them.
This objective is achieved in this text by providing robust and nonparamet-
ric alternatives to all the classical procedures.

However, the available corrective measures are of little value unless
we can identify when they are needed. Moreover, inference is just one phase
of an adequate examination of data. Much of what we are looking for in a
data set—and often new things not being specifically looked for—are found
in a preliminary exploration of the data. New tools, fashioned by J. W.
Tukey, are introduced in the early chapters of the book, and they make the
exploration of data both easy and informative. These tools have an added
diagnostic function that makes it possible to see in advance when a classical
inference method will be in trouble and will need modification.

I became acquainted with exploratory methods in 1975 during a visit-
ing professorship at Princeton University, which allowed me to study
Tukey’s ideas in some depth. Shortly thereafter I began to use these methods
extensively in my research and consulting. Their usefulness became immedi-
ately apparent. The methods were gradually introduced into my elementary
statistics course beginning in 1976 and have, by a process of evolution,
almost completely replaced the more traditional methods of descriptive sta-
tistics. Students are first introduced to the investigation of statistical prob-
lems as an exploratory endeavor in which the data can provide new lines of
insight and understanding rather than the more traditional description and
summary. This treatment is then followed in later chapters by the appropri-
ate classical inference method. Thus although the usual goals of a beginning
course in statistics are retained, they are approached through the use of
exploratory tools. Except for this difference, the text follows the lines of a
traditional course in elementary statistics and can be readily adapted for use
in such a course by an appropriate selection of topics.

Computing difficulties arose with the introduction of real data sets in
class. At first I attempted to have students use the university computer. This
ploy was soon abandoned because of the administrative and pedagogical
difficulties associated with large class sizes and the necessity of teaching
computing techniques along with statistics in a course already badly
stretched for time with required material. I also must confess to a (difficult to
articulate and justify) bias toward hand analysis of data. I feel that everyone
learning statistics should grub around with his or her data firsthand in at
least one course. A current partial justification for this feeling is that many
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of the exploratory methods presented in this book are still relatively rare in
standard computer packages.* However, for myself, I suspect that the bias
will persist even when this is no longer true.

One reason for this suspicion is that remarkably powerful statistical
computers now exist that are inexpensive and portable enough to fit into a
pocket—hand calculators. Consequently, we need not be tied to the availa-
bility of a computer terminal. Statistical analyses can be done where and
when one likes. I began to recommend the purchase of calculators for my
classes in the early 1970s. At first, cost was a drawback. However, while the
ethics of requiring (or even recommending) that students buy an expensive
calculator was being debated, the problem evaporated. It is now possible to
purchase a calculator with much more than enough computing power to do
everything we will need for around $20. The calculator makes it unnecessary
to learn to use square root tables, and it equalizes everyone’s arithmetic
ability, making it possible to concentrate on learning statistics.

I currently require the students in my classes to have hand calculators.
In fact, I go so far as to recommend particular features. A description of the
recommended calculators is given in succeeding paragraphs. Keystrokes for
efficiently carrying out the necessary computations on these calculators are
given in the text.

Clearly there are limits to the usefulness of hand analysis in statistics,
even with the most elaborate hand calculators currently available. Beyond a
certain point the volume of data and/or calculations become so great that
nothing but the use of a modern computer is feasible. In fact, the computer
has made possible some statistical analyses that were only wishfully thought
of earlier in the history of the subject. Moreover, many applications have
been and are currently being invented specifically for them. These ideas are
discussed at various points in the text. However, as this text will demon-
strate, a large core of the most important methods in statistics can be con-
veniently applied by hand to data sets of sizes commonly seen in practice.
Consequently, both computers and hand calculators should be familiar tools
available in those situations for which each is most useful.

The usefulness of calculators will be amply demonstrated in the exer-
cises. Solutions to the exercises given in the body of the text, as well as to the
odd-numbered exercises to be found at the end of each chapter, are pro-
vided at the end of the text. Solutions to the even-numbered exercises are
given in a separate instructor’s manual.

*A step toward the solution of this problem has been taken with the publication of
Applications, Basics, and Computing of Exploratory Data Analysis by Paul F. Velle-
man and David C. Hoaglin, Duxbury Press, Boston, Mass., 1981. The computer rou-
tines from this book are used in the current releases (80.1 and 80.2) of Minitab, de-
veloped by Thomas A. Ryan Jr., Pennsylvania State University.
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Features

of the
Recommended
Hand

Calculators

The following keys and features are currently available on the Sharp EL 506
and the Texas Instrument TI-35, both of which presently cost less than $25.
Both are algebraic notation scientific calculators with liquid crystal displays
(LCD). As much as I admire reverse Polish notation (one of my first calcula-
tors was a Hewlitt-Packard HP-55), the less expensive calculators with the
required features use algebraic notation. The long battery life of an LCD
calculator makes it truly portable and prevents embarrassing battery fatality
during exams.

The standard function keys that constitute the bare essentials for statis-
tical calculations are +, —, X, +, x2, \/7 (square root), 1/x (or x~1, the
reciprocal), and +/— (change sign). Other features used in the text are
parentheses (), the exponent function EXP, a memory with keys x - M
(transfer display to memory), RM (recall memory), M+ (add display to
memory). A statistical mode makes possible the convenient computation of
the statistical functions X (sample mean) and s (sample standard deviation).
The El 506 also has the useful feature of displaying n (sample size), = x (sum
of entries), and 2 x? (sum of squares of entries) in the statistical mode.
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FEATURES OF THE RECOMMENDED HAND CALCULATORS

These calculators also possess keys to compute the following functions
and their inverses: In (log to base e), log (log to base 10), sin, cos, tan, and y~.
We will use a couple of these features in the text. Other available features we
will not use are 31/ (cube root), = (display 3.14159 . . . in the register), and
n! (factorial).



Acknowledgments

The roots of indebtedness for a book such as this are deep and, for me,
extend back to my teachers at the University of California, Berkeley. Their
influence is ever present in my writing. In particular, I had the privilege of
learning about statistical inference from one of its creators, Jerzy Neyman.
His ideas are basic to the second part of the text.

I am grateful for a long-time acquaintanceship with John Tukey in
which he has provided me with access to his work and with important guid-
ance and inspiration. His early publications on time series analysis were
instrumental in my writing a book on that subject some years ago. Now his
ideas on exploratory data analysis and robust statistical inference form the
core of part I and much of part III of this book. I am indebted to Geoffrey
Watson for the invitation to visit Princeton, where I was able to learn about
these things first hand.

I was fortunate to attend a series of lectures by Oscar Kempthorne at
New Mexico State University during the time I was writing part II of the
text. His views on statistical inference, expressed through discussion and in
the later reading of papers he kindly made available to me, came at just the
right time to help me clarify my own thoughts on this important topic. His
comments, and those of Scott Urquhart of New Mexico State, provided
much important food for thought when it was needed.

Xxix



xXx

ACKNOWLEDGMENTS

During the writing of the entire manuscript I was fortunate to have
Jon Receconi, a member of one of my recent elementary statistics classes,
provide me with the students’ viewpoint of the material as it was being
produced. His kind but firm admonition of “it isn’t as clear as it was in class”
was the source of extensive rewritings of many sections and in some cases,
whole chapters of the text. Jon has since decided to enter the ministry—a
decision he assures me is unrelated to his work on this book.

Exercise solutions were provided by my students Kathy Hsi and
Donna Jacobi. Donna also checked, and frequently improved, the numeri-
cal accuracy of the examples given in the text.

I have been aided by many local friends and colleagues who have
supplied me with data sets, research material, comments, and encourage-
ment. Ron Iman of Sandia Corporation kindly provided me with reprints
and preprints of his work, which play an important role in part III of the
text. I have particularly benefited from discussions with Francis Wall, Dick
Prairie, and Ron Schrader.

In preparing final manuscript drafts, comments and suggestions from
reviewers were particularly helpful. I would like to acknowledge the follow-
ing reviewers: Thomas A. Aiuppa, University of Wisconsin, La Crosse; Paul
Alper, College of St. Thomas; Jeffrey B. Birch, Virginia Polytechnic Institute
and State University; Thomas A. Louis, Harvard School of Public Health;
David R. Lund, University of Wisconsin, Eau Claire; John M. Rogers, Cali-
fornia Poly, San Luis Obispo; Stephen B. Vardeman, Purdue University;
and Paul F. Velleman, Cornell University.

Several people connected with Duxbury Press deserve commendation
for their work on this book. Carol Beal did a magnificent job of copy editing.
Barbara Gracia efficiently managed the many details of production, and
editor, Pat Fitzgerald, supplied several key ideas. The impressive physical
design of the book was accomplished by Catherine Dorin. Special thanks
are due to managing editor Jerry Lyons and local representative Nancy
Tandberg who have been associated with this project for more than two
years now. Their advice and support have been much appreciated.

Finally, I must confess that I am just one member of a two-person
writing team—and not always the most hard working one at that. The other
member, my wife Sharon, has typed and retyped the manuscript from
barely legible handwritten originals and has carried out many of the other
tasks required to produce a book, including providing the author with
encouragement when the writing went poorly, without ever losing her good
humor and confidence in the project. To her, this book is lovingly dedicated.

LHK



Contents

PREFACE xiii
PART 1
EXPLORATORY STATISTICS 1
VARIABLES AND THEIR FREQUENCY
DISTRIBUTIONS 3
1.1 Introduction 3
1.2 Variables and Their Classification 5
1.3 Frequency Distributions of Categorical Variables 10
1.4 Why Relative Frequencies? 12
1.5 Samples and Populations 13
1.6 Grouped Frequency Distributions of Measurement 14
Variables
1.7 Population Models and Frequency Curves 23
1.8 Terminology for Distributional Shapes 25
Summary 33



vi

CONTENTS

2

SUMMARY MEASURES FOR MEASUREMENT
VARIABLE FREQUENCY DISTRIBUTIONS

2.1 Introduction

2.2 An Example of the Use of a Location Parameter for
Comparison

2.3 Population Mean and Sample Mean

2.4 Population Median and Sample Median

2.5 Why Two Measures of Location?

2.6 Population and Sample Standard Deviations

2.7 Quartiles and the Interquartile Range

2.8 The Box Plot

2.9 Pseudo-Standard Deviation

2.10 A Method for Simplifying Computations—Coding
Data
Summary

3

THE COMPARISON PROBLEM—
AN EXPLORATORY VIEW

3.1 Introduction

3.2 Measurement Variable Comparisons

3.3 Comparison Problems for Categorical Variables
Summary

1

AN EXPLORATORY LOOK
AT ASSOCIATION

4.1 Introduction

42 Two Categorical Variables: Joint Distributions and
Marginal Distributions

43 Assessing Association by Comparisons—Conditional
Distributions

4.4 Causation: Designed and Observational Experiments

4.5 A Categorical Variable and a Measurement Variable

4.6 Two Measurement Variables: Regression

4.7 Regression Method for Independent Variables with
Equally Spaced Values

4.8 Regression Method for Ungrouped Independent
Variables
Summary

39

39
40

41
45
48
51
54
57
63

65
68

73

73
74
80
90

101

101
102

105

111
114
117
120

123

133



CONTENTS

PART 11

STATISTICAL INFERENCE—

CONCEPTS AND TOOLS 141

4

)

PROBABILITY AND ITS STATISTICAL

APPLICATIONS 143

5.1 Introduction 143

5.2 Some Basic Probability Ideas 144

53 Model for Random Sampling from a Population: 147
Lotteries

5.4 Variables and Their Probability Distributions 149

5.5 Shift to Probability Distributions for Statistical 151
Inference

5.6 Link Between Sample and Population Frequency 152
Distributions Provided by Random Sampling

3.7 Statistical Models 153

5.8 Supplementary Material 156
Summary 166

PROBABILITY DISTRIBUTIONS

FOR MEASUREMENT VARIABLES:

THE NORMAL DISTRIBUTION 169

6.1 Introduction 169

6.2 Probability Distributions of Measurement Variables 170

6.3 Statistical Model for Measurement Variables—The 172
Normal Distribution

6.4 The Standard Normal Distribution and the Z Score 173
Transformation

6.5 Supplementary Material 181
Summary 187

LINKING PROBABILITY AND

INFERENCE: SAMPLING DISTRIBUTIONS 189

7.1 Introduction 189

7.2 Sampling Distributions—The What and Why 190

7.3 The Random Sampling Model 192

7.4 Large-Sample Variability of Estimators 193

vii



vili

CONTENTS

7.5
7.6

7.7

7.8

8

Standard Error of an Estimator

The Z Score Transform Version of an Estimator and Its
Large-Sample Distribution

The Student ¢ Statistic and Its Large-Sample
Distribution

Supplementary Material

Summary

CONFIDENCE INTERVALS—
LARGE-SAMPLE THEORY

8.1
8.2
8.3
8.4

8.5
8.6
8.7

8.8
8.9

9

Introduction

What Is a Confidence Interval?

Confidence Interval for p

A Useful Method for Obtaining Large-Sample
Confidence Intervals

Large-Sample Confidence Interval for the Mean p of a
Measurement Variable

Experimental Design and Evaluation of Statistical
Inference Procedures

Sample Size Determinations for Confidence Intervals
The Concept of Robustness

Bias—An Example with Discussion

Summary

HYPOTHESIS TESTING—
LARGE-SAMPLE THEORY

9.1
9.2
9.3
9.4
9.5
9.6

9.7

Introduction

Evaluating the Plausibility of a Hypothesis: P-Values
Neyman-Pearson Decision Method of Hypothesis Tests
Two-sided Hypothesis Test for the Parameter p
One-sided Hypothesis Tests

Some Guidelines for Solving Hypothesis-testing
Problems

Supplementary Material on Hypothesis Tests
Summary

194
196

198

200
208

211

211
212
213
217

219
223

227
232
238
240

245

245
246
252
256
261
267

268
277



CONTENTS

PART III
STATISTICAL INFERENCE—METHODOLOGY 283

10

ONE- AND TWO-SAMPLE PROBLEMS—

SMALL-SAMPLE THEORY 287
10.1 Introduction 287
10.2  Student’s ¢ Distribution 288
10.3  One-Sample ¢ Tests and Confidence Intervals 290
104  The Two-Sample Problem—Classical Theory 299
10.5  Coping with Violations in Assumptions for the 309
One-Sample Problem
10.6  Two-Sample Test Based on Trimmed Means 312
10.7  Two-Sample Test Based on Ranks 316
Summary 322

11

THE k-SAMPLE PROBLEM:

ONE-WAY ANALYSIS OF VARIANCE 329
11.1 Introduction 329
11.2 The Multiplicity Problem and the Bonferroni Inequality 331
11.3  One-Way Analysis of Variance 332
11.4  Fisher’s Least Significant Difference Method 341
11.5  Dealing with Deviations from Assumptions 348

Summary 354

12

EXPERIMENTAL DESIGN AND

THE PAIRED-DIFFERENCE METHOD 359
12.1 Introduction 359
122 Randomized Block Design and Causality 363
123 Two Analyses of Variance 364
124 Use of the Paired-Difference Method in Observational 369
Experiments
12.5  Dealing with Deviations from Assumptions 374
12.6  Robust Procedure for the One-Sample Problem Based 380

on Signed Ranks
Summary 383

ix



CONTENTS

13

CATEGORICAL VARIABLE METHODS—
CHI-SQUARE TESTS

13.1 Introduction

13.2  Chi-square Goodness-of-Fit Test

13.3  The k-Sample Problem for Categorical Variables:
Chi-square Test for Homogeneity

13.4  Chi-square Contingency Test

13.5  Hypothesis Tests for the Equality of Two Population
Proportions

13.6 Confidence Interval for the Difference in Two
Proportions

13.7  Multiple-Comparison Procedure to Quantify
Interesting Effects in Chi-square Tests
Summary

LINEAR REGRESSION:
DESCRIPTIVE METHODS

14.1 Introduction

142 The Linear Regression Model

14.3 Linear Models and Least Squares

144 Analysis of Model 2: Fitting the Regression Line by
Least Squares

14.5 A Descriptive Measure of Linearity: The Coefficient
of Determination

14.6  Use of Residuals for the Study of Regression
Curvilinearity
Summary

|4
15
STATISTICAL INFERENCE FOR LINEAR
REGRESSION

15.1 Introduction

152 A Confidence Interval for the Slope Parameter 8,

153  Tests of the Hypothesis H,: 8, =0

154  Confidence Intervals for the Regression Line

15.5 Prediction Based on the Least Squares Line and a
Measure of Its Uncertainty

387

387
388
396

399
403

408
413

419

427

427
429
432
435

443
448

450

459

459
459
461
466
475



15.6

15.7

Some Specialized Uses of Statistical Inference for
Linear Regression

Influence of Outliers on the Regression Line
Summary

References

Appendix Tables

Selected Exercise Solutions

Index

CONTENTS

479

486
494

507

511

517

594

xi



