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CHAPTER 1

Introduction

1.1 Background

This book is designed to introduce the reader to generalized linear models;
these provide a unifying framework for many commonly used statistical tech-
niques. They also illustrate the ideas of statistical modelling.

The reader is assumed to have some familiarity with classical statistical
principles and methods. In particular, understanding the concepts of estima-
tion, sampling distributions and hypothesis testing is necessary. Experience in
the use of t-tests, analysis of variance, simple linear regression and chi-squared
tests of independence for two-dimensional contingency tables is assumed. In
addition, some knowledge of matrix algebra and calculus is required.

The reader will find it necessary to have access to statistical computing
facilities. Many statistical programs, languages or packages can now perform
the analyses discussed in this book. Often, however, they do so with a different
program or procedure for each type of analysis so that the unifying structure
is not apparent.

Some programs or languages which have procedures consistent with the
approach used in this book are Stata, R, S-PLUS, SAS and Genstat. For
Chapters 13 to 14 programs to conduct Markov chain Monte Carlo methods
are needed and WinBUGS has been used here. This list is not comprehensive
as appropriate modules are continually being added to other programs.

In addition, anyone working through this book may find it helpful to be able
to use mathematical software that can perform matrix algebra, differentiation
and iterative calculations.

1.2 Scope

The statistical methods considered in this book all involve the analysis of re-
lationships between measurements made on groups of subjects or objects. For
example, the measurements might be the heights or weights and the ages of
boys and girls, or the yield of plants under various growing conditions. We
use the terms response, outcome or dependent variable for measurements
that are free to vary in response to other variables called explanatory vari-
ables or predictor variables or independent variables—although this
last term can sometimes be misleading. Responses are regarded as random
variables. Explanatory variables are usually treated as though they are non-
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random measurements or observations; for example, they may be fixed by the
experimental design.

Responses and explanatory variables are measured on one of the following
scales.

1. Nominal classifications: e.g., red, green, blue; yes, no, do not know, not
applicable. In particular, for binary, dichotomous or binomial variables
there are only two categories: male, female; dead, alive; smooth leaves,
serrated leaves. If there are more than two categories the variable is called
polychotomous, polytomous or multinomial.

2. Ordinal classifications in which there is some natural order or ranking be-
tween the categories: e.g., young, middle aged, old; diastolic blood pressures
grouped as < 70, 71-90, 91-110, 111-130, > 131 mmHg.

3. Continuous measurements where observations may, at least in theory, fall
anywhere on a continuum: e.g., weight, length or time. This scale includes
both interval scale and ratio scale measurements—the latter have a well-
defined zero. A particular example of a continuous measurement is the time
until a specific event occurs, such as the failure of an electronic component;
the length of time from a known starting point is called the failure time.

Nominal and ordinal data are sometimes called categorical or discrete
variables and the numbers of observations, counts or frequencies in each
category are usually recorded. For continuous data the individual measure-
ments are recorded. The term quantitative is often used for a variable mea-
sured on a continuous scale and the term qualitative for nominal and some-
times for ordinal measurements. A qualitative, explanatory variable is called
a factor and its categories are called the levels for the factor. A quantitative
explanatory variable is sometimes called a covariate.

Methods of statistical analysis depend on the measurement scales of the
response and explanatory variables.

This book is mainly concerned with those statistical methods which are
relevant when there is just one response variable although there will usually
be several explanatory variables. The responses measured on different subjects
are usually assumed to be statistically independent random variables although
this requirement is dropped in Chapter 11, which is about correlated data,
and in subsequent chapters. Table 1.1 shows the main methods of statistical
analysis for various combinations of response and explanatory variables and
the chapters in which these are described.The last three chapters are devoted
to Bayesian methods which substantially extend these analyses.

The present chapter summarizes some of the statistical theory used through-
out the book. Chapters 2 through 5 cover the theoretical framework that is
common to the subsequent chapters. Later chapters focus on methods for
analyzing particular kinds of data.

Chapter 2 develops the main 1deas of classical or frequentist statistical mod-
elling. The modelling process involves four steps:
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Table 1.1 Major methods of statistical analysis for response and explanatory vari-
ables measured on various scales and chapter references for this book. Extensions of
these methods from a Bayesian perspective are illustrated in Chapters 12-14.

Response (chapter)

Explanatory variables

Methods

Continuous
(Chapter 6)

Binary

Nominal, >2 categories
Ordinal

Continuous

Nominal & some
continuous

Categorical & continuous

t-test

Analysis of variance
Analysis of variance
Multiple regression

Analysis of
covariance

Multiple regression

Binary
(Chapter 7)

Categorical

Continuous

Categorical & continuous

Contingency tables
Logistic regression

Logistic, probit &
other dose-response
models

Logistic regression

Nominal with
>2 categories
(Chapters 8 & 9)

Nominal

Categorical & continuous

Contingency tables

Nominal logistic

regression
Ordinal Categorical & continuous Ordinal logistic
(Chapter 8) regression

Counts
(Chapter 9)

Categorical

Categorical & continuous

Log-linear models

Poisson regression

Failure times

Categorical & continuous

Survival analysis

(Chapter 10) (parametric)
Correlated Categorical & continuous Generalized
responses estimating equations

(Chapter 11)

Multilevel models
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1. Specifying models in two parts: equations linking the response and explana-
tory variables, and the probability distribution of the response variable.

2. Estimating fixed but unknown parameters used in the models.
3. Checking how well the models fit the actual data.

4. Making inferences; for example, calculating confidence intervals and testing
hypotheses about the parameters.

The next three chapters provide the theoretical background. Chapter 3 is
about the exponential family of distributions, which includes the Nor-
mal, Poisson and Binomial distributions. It also covers generalized linear
models (as defined by Nelder and Wedderburn 1972). Linear regression and
many other models are special cases of generalized linear models. In Chapter 4
methods of classical estimation and model fitting are described.

Chapter 5 outlines frequentist methods of statistical inference for general-
ized linear models. Most of these methods are based on how well a model
describes the set of data. For example, hypothesis testing is carried out by
first specifying alternative models (one corresponding to the null hypothesis
and the other to & more general hypothesis). Then test statistics are calculated
which measure the “goodness of fit” of each model and these are compared.
Typically the model corresponding to the null hypothesis is simpler, so if it
fits the data about as well as a more complex model it is usually preferred on
the grounds of parsimony (i.e., we retain the null hypothesis).

Chapter 6 is about multiple linear regression and analysis of vari-
ance (ANOVA). Regression is the standard method for relating a continuous
response variable to several continuous explanatory (or predictor) variables.
ANOVA is used for a continuous response variable and categorical or qualita-
tive explanatory variables (factors). Analysis of covariance (ANCOVA) is
used when at least one of the explanatory variables is continuous. Nowadays
it is common to use the same computational tools for all such situations. The
terms multiple regression or general linear model are used to cover the
range of methods for analyzing one continuous response variable and multiple
explanatory variables.

Chapter 7 is about methods for analyzing binary response data. The most
common one is logistic regression which is used to model relationships be-
tween the response variable and several explanatory variables which may be
categorical or continuous. Methods for relating the response to a single con-
tinuous variable, the dose, are also considered; these include probit anal-
ysis which was originally developed for analyzing dose-response data from
bioassays. Logistic regression has been generalized to include responses with
more than two nominal categories (nominal, multinomial, polytomous or
polychotomous logistic regression) or ordinal categories (ordinal logis-
tic regression). These methods are discussed in Chapter 8.

Chapter 9 concerns count data. The counts may be frequencies displayed
in a contingency table or numbers of events, such as traflic accidents, which
need to be analyzed in relation to some “exposure” variable such as the num-



