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Preface

Data Analysis by Resampling

This book discusses, from the perspective of modern statistical computing,
those questions empirical researchers most commonly ask of their case-based
studies. Increases in computer power and decreases in computer costs have
revolutionized the role of computing in statistics. One important aspect to this
is the growing importance of data analyses based on recycling the scores
constituting a data set, a collection of techniques broadly known as
resampling. These computer-intensive techniques repeat a data analysis many
times on replicate data sets (the resamples), all based on an observed set of
data.

Why are resampling techniques important? Until inexpensive computing
power made replicate data analysis practical, the drawing of statistical
inferences from a set of data almost always required that we accept an
idealized model for the origin of those data. Such models can be either
inappropriate or inadequate for the data in our study. Resampling techniques
allow us to base the analysis of a study solely on the design of that study,
rather than on a poorly-fitting model.

How have models dictated data analysis? Here is a prime example. To
compare the responses of cases (e.g., patients, students, or animals) receiving
different treatments (e.g., alternative anti-inflammatory drugs, reading
instruction, or fat-controlled diets), researchers commonly have adopted an
analysis of variance (ANOVA) model for the data. Briefly, ANOVA models
the responses to treatment as those of cases that were: (a) randomly sampled
from a population or populations in which the distribution of responses to
each treatment would (b) have the same or homogeneous variance and (c)
follow that of a normal random variable

The ANOVA model leads to simple data analysis computations.

More often than not, at least one of the assumptions of the ANOVA model
will be palpably or, at least, arguably untrue. To take an example, we assess
the reading abilities of students participating in our study comparing methods
of reading instruction with a test yielding integer scores between 0 and 50.
How might the ANOVA model be inappropriate to these data?
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1. The population distribution of such scores could not be normal, that is,
it could not include all magnitudes between negative and positive infinity.

2. Although the population distributions might have a common variance,
we could never know this from our sampled data. All we can expect to do
is to identify some data sets for which an underlying population
homogeneity of variance is highly unlikely.

3. Finally, of course, our cases might not have been sampled randomly
from any student population, rather they might have been all the first-
graders enrolled last autumn in Shady Brook primary school.

The resampling inference techniques featured in this book either eliminate or
restrict to a minimum any unwarranted or unverifiable assumptions about our
data. These techniques depend almost exclusively on the data and on our
knowledge of how the data were collected—our knowledge of the design of the
study. Our resampling data analyses, then, can be described as design-based
rather than model-based.

Our resampling techniques let us perform data analyses when we believe one
or more of the assumptions of a classical, model-based technique are
inappropriate.

The range of classical statistical models is limited. The ANOVA model, to
pursue this important example, allows the researcher to estimate confidence
intervals for contrasts among population distribution means. A mean contrast,
though, might not be the researcher’s choice for a treatment comparison. A
researcher might prefer a confidence interval for a population effect size
measure, such as d which scales the difference in means for a control and
treatment population by the standard deviation of the control population. But
there is no classical model for estimating a confidence interval for this effect
size measure. Our resampling methods adapt to the questions that researchers
regard as important, rather than requiring that researchers ask only questions
for which there are model-based answers.

We characterized the resampling approaches to statistical inference as design-
based. In this book, we develop and illustrate three distinct resampling
approaches, targeting the three major and distinct data collection designs
employed in case-based studies:

1. Bootstrap Population Inference for studies in which cases (patients,
animals, customers, student subjects, classrooms, clinics, agricultural or
forest tracts, and so on) have been randomly sampled from one or more
populations.
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2. Rerandomization Causal Inference for studies in which cases, though
not randomly chosen, have been randomly allocated among two or more
treatments.

3. Subsample Descriptive Inference for studies in which cases have been
neither randomly sampled nor randomly allocated.

This book has two audiences. The first comprises graduate and advanced
undergraduate students interested in the design and analysis of empirical
research, perhaps their own. Students should have had an introduction to
statistical ideas at the level of standard errors, confidence intervals, and tests
of statistical hypotheses.

The second audience consists of active researchers, trained in classical, model-
based, statistical methodology but who are now interested in learning how to
use the more realistic data analyses that modern statistical computing has
made available.
Goals
The major goals of the book are the following:
1. Establish the importance of matching the data analysis for a study to

a. the sampling design of the study

b. the amount of data collected

c. the precision of the data collected

d. what is known about any populations sampled

e. what the researcher wants to learn from the study

2. Introduce three resampling approaches to data analysis that satisfy
these important criteria.

3. Show how each of these resampling approaches can be applied across
the range of questions commonly asked of case-based empirical data.

4. Provide explicit algorithms for a wide variety of bootstrap,
rerandomization, and subsampling applications.

5. [Illustrate the use in resampling analyses of three widely available
statistical packages.

A critical and unique feature of this book is the firm linkage developed
between study design and analysis. A number of otherwise very good
resampling books have appeared in recent years (e.g., Davison & Hinkley,
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1997, Efron & Tibshirani, 1993, Good, 1994, Manly, 1997, and Sprent,
1998) that unfortunately blur the distinctions that should be drawn among the
principal case-selection designs—random sampling, randomization, and
nonrandom.

In addition, the range of applications treated here, extending from one- and
two-group designs through more complex multiple treatment designs to linear
and logistic regression models, is well suited to the needs of researchers
conducting case-based studies.

Organization

The book is organized into two parts.

Part | - Resampling Concepts with Applications

Concepts 1 through 16 begin with a review of basic ideas in statistical
inference and then introduce the three approaches to resampling inference.
These Concepts are short, each the basis for a single lecture, and are
accompanied by Applications that provide examples and exercises to illustrate
the Concepts.

Part Il - Resampling Applications by Study Design

Applications 17 through 23 develop resampling applications for the more
common case-based study designs. These applications begin with the single
data set, move through analyses of multiple independent data sets or
treatments and repeated measures, and finish with techniques for linear models
with measured or categorical response data. At each stage, we outline the
limitations of classical inference and develop applications of each of the three
resampling approaches.

A final Postscript summarizes resampling approaches to statistical inference.

Selection of Topics

Instructors might want to choose among the Concepts and Applications, or to
give greater emphasis to some than to others, depending on the amount of
instructional time available, the background of students, and the goals of the
course.

« Students having completed a previous course at the level of Moore and
McCabe’s Introduction to the Practice of Statistics will be able to review
quickly the material in Concepts and Applications 1 through 5 and have
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time in a one-semester course to survey, at least, the full range of
Applications.

e For students less-well grounded in classical statistical inference,
instructors can give more time to the initial Concepts and, where time is
short, limit the course to introducing resampling ideas, extending the
course perhaps no further than Concepts and Applications 16.

e Where more time is available, some instructors might choose to
emphasize Applications 19 through 21, if the goal is to develop a
nonparametric alternative to the analysis of variance, whereas others
might feature Applications 22 and 23, if linear models are the central
concern.

In my experience, resampling course instruction is divided profitably and
fairly equally between two activities, one-half of each week’s meetings given
to lecture and discussion of reading, the other half to directed (exemplar) and
free (assigned homework) computer lab work. It is important to provide, early
on, ample time for students to acquaint themselves with any software that is
new to them.

The bootstrap, rerandomization, and subsampling all use random sequences of
resamples. As a result, students working on the same problem will obtain
slightly different answers. A computational exercise that I have found valuable
early in the course demonstrates how the variability in student answers
decreases as the number of resamples is increased. Students can learn in this
way how to choose an appropriate number of resamples.

Computational Support

Resampling is computer-intensive. Applications of the techniques presented in
this book require some programming in a statistical computing package. Some
statistical packages make resampling easier than others. This text uses three
statistical computing packages that have features well adapted to resampling
computations, S-Plus (MathSoft, 1997), SC (Dusoir, 1997) and Resampling
Stats (Bruce, Simon, & Oswald, 1995). These are not the only possibilities,
and students, their instructors, or their institutions might have other well-
established statistical computing preferences.

Where possible, adopting one of the three featured packages to support a
course taught from this text seems natural. But another package certainly can
be used. In Part I, logical, step-by-step computational algorithms are
presented for each resampling application in turn. These are then illustrated in
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enough variety in Part II that students should be able to program any
application in another package with which they are proficient.

The text illustrates the use of three statistical packages. We don’t have enough
room, however, to provide a primer or introduction to the use of those
packages. If students are not already familiar with a package, instructors
should provide some additional support in getting students started. Each of the
three featured packages has excellent documentation, and S-Plus has a number
of short third party getting-started texts.

Accessibility

The mathematical presentation is at the level of college algebra. This reflects
the fact that the resampling approaches to data analysis do not depend on deep
mathematical reasoning. In particular, no knowledge of calculus is required.
There are a few brief algebraic developments, associated with the definition
and estimation of confidence intervals and with hypothesis testing. In
Applications 22, the Q-statistic, a nonparametric version of the F-test, is
presented using the notation of linear algebra. Because the necessary
computational details are easily encapsulated, readers unfamiliar with matrix
operations should not be disadvantaged in applying the approach. The linear
log-odds models described in Applications 23 will be understood more easily
if the student is familiar with logarithmic and antilogarithmic transformations.
All the student needs by way of mathematical preparation, beyond college
algebra, is an understanding of probability as taught in the typical
introductory applied statistics course. The functional notation for cumulative
distribution functions (cumulative proportions or probabilities) used to unify
the resampling approaches might be new to some readers and therefore is
introduced with some care.

Examples

The text includes a fairly large number of real-data examples and exercises.
These were chosen to illustrate: (a) the three basic case-selection types—
random samples, random allocation, and nonrandom; (b) a variety of
experimental designs; and (c) a range of substantive content.

One invaluable source of data has been the publication, A Handbook of Small
Data Sets (Hand, D. J. et al., 1994). Instructors searching for additional
examples might find what they are looking for in that excellent collection.
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