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Preface

The theory and methods of survey sampling are often glossed over in statistics
education, with undergraduate programmes in statistics mainly concerned with
introducing students to designs and procedures for choosing statistical models,
checking model fit to available data, and estimating and making inferences about
model parameters. Students may learn about models of considerable complexity,
for example generalised linear models can be used for modelling the relationship
of a range of explanatory variables to a response variable that can be continuous,
binary or categorical. Increasingly, students are introduced to mixed models,
time series models and models for spatial data, all of which are suitable for
complex, correlated data sets. Non-parametric and semi-parametric methods
based on kernel smoothing and spline smoothing are also increasingly important
topics. In contrast, survey sampling is often only covered relatively briefly, and
in contrast to these other topics, models either do not appear or are simple and
are de-emphasised.

This is surprising because survey sampling is one of the most satisfying and
useful fields of statistics:

e The target of inference is satisfyingly solid and observable. In clas-
sical modelling theory, the focus is on estimating model parameters that are
intrinsically unobservable. In contrast, a primary aim in surveys is to estimate
quantities defined on a finite population — quantities that can in principle be
directly observed by carrying out a census of this population. For example, an
aim in classical statistical modelling might be to estimate the expected value
of income, assuming that the distribution of income can be characterised by
a specified distributional family; in contrast, the aim in a survey could be
to estimate the mean income for the population of working age citizens of a
country at a certain point in time. This mean income actually exists, and so
it is possible to check the performance of statistical procedures for estimating
its value in specific populations, in a way that is not possible when estimating
model parameters. The practicalities of running a survey are also considered
by the statistician and the statistical researcher, perhaps more so than in other
fields of statistics.

e Survey sampling is a major field of application of statistics, and is
one of the great success stories of mathematical statistics. Before the
mid-twentieth century, national statistics were based by and large on complete
censuses of populations. This was enormously expensive and meant that only
a limited range of data could be collected. Since then, the use of samples
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has become widely accepted, due mainly to the leadership of mathematical
statisticians in government statistical agencies, and to the rapid development
of a body of theory and methods for probability sampling. Surveys remain
a major area of application of statistics — probably the major area in terms
of dollars spent. A high proportion of graduates from statistics programmes
spend some of their career at organisations that conduct surveys.

¢ The rich range of models and associated methods used in ‘main-
stream’ statistics can also be used in survey sampling. The key
inferential objectives in survey sampling are fundamentally about prediction,
and it is not difficult to transfer theoretical insights from mainstream sta-
tistics to survey sampling. Unfortunately, however, this remains a rather
under-developed area because the use of models is often de-emphasised in
undergraduate courses on survey sampling.

One of the reasons why modelling does not play much part when students are
first taught sampling theory is that this theory has essentially evolved within
the so-called design-based paradigm, with little or no reliance on models for
inference. Instead, inference is based on the repeated sampling properties of
estimators, where the repeated sampling is from a fixed finite population con-
sisting of arbitrary data values. This is an attractive and logically consistent
approach to inference, but is limiting because methods are required to work for
virtually any population, and so cannot really exploit the properties of the par-
ticular population at hand. The model-assisted framework, which has existed in
some form since the early 1970s, makes use of models for the population at hand,
but in a limited way, so that the potential risks and benefits from modelling are
likewise limited. This book is an introduction to the model-based approach to
survey sampling, where estimators and inference are based on a model that is
assumed to summarise the population of interest for a survey.

One way of presenting the model-based approach is to start with a very
general linear model, or even generalised linear model, allowing also for any
correlation structure in the population. Most of the methods in general use would
then be special cases of this general model. We have instead chosen to start with
simple models and build up from there, discussing the models suitable to different
practical situations. With this aim in mind, this book is divided into three parts,
with Part 1 focusing on estimating population totals under a range of models.
Chapters 1 and 2 introduce survey sampling, and the model-based approach,
respectively. Chapter 3 considers the simplest possible model, the homogenous
population model. Chapter 4 extends this model to stratified populations. The
stratified model is also quite simple, but nevertheless is very widely used in
practice and is a good approximation to many populations of interest. Chapter 5
discusses linear regression models for populations with a single auxiliary variable,
and Chapter 6 considers two level hierarchical populations made up of units
grouped into clusters, with sampling carried out in two stages. Chapter 7 then
integrates these results via the general linear population model. The approach in
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Chapters 3 through 7 is to present a model and discuss its applicability, to derive
efficient predictors of a population total, and then to explore sample design issues
for these predictors.

Robustness to incorrectly specified models is of crucial importance in model-
based survey sampling, particularly since much of the sample surveys canon has
been model-free. Part 2 of this book therefore considers the properties of estima-
tors based on incorrectly specified models. In practice, all statistical models are
incorrect to a greater or lesser extent. To quote from Box and Draper (1987, page
74), ‘all models are wrong; the practical question is how wrong do they have to
be to not be useful’. Chapter 8 shows that robust sample designs exist, and that,
under these designs, predictors of population totals will still be approximately
unbiased (although perhaps less efficient), even if the assumed model is incorrect.
Chapter 9 extends this exploration of robustness to the important problem of
robustifying prediction variance estimators to model misspecification. Chapter 10
completes Part 2 of the book with an exploration of how survey sampling meth-
ods can be made robust to outliers (extreme observations not consistent with the
assumed model), and also how flexible modelling methods like non-parametric
regression can be used in survey sampling.

Parts 1 and 2 of this book are concerned with the estimation of popula-
tion totals, and more generally with linear combinations of population values.
This has historically been the primary objective of sample surveys, and still
remains very important, but other quantities are becoming increasingly impor-
tant. Part 3 therefore explores how model-based methods can be used in a variety
of new problem areas of modern survey sampling. Chapter 11 discusses predic-
tion of non-linear population quantities, including non-linear combinations of
population totals, and population medians and quantiles. Prediction variance
estimation for such complex statistics is the focus of Chapter 12, which discusses
how subsampling methods can be used for this purpose. In practice, most sur-
veys are designed to estimate a range of quantities, not just a single population
total, and Chapter 13 considers issues in design and estimation for multipurpose
surveys. Chapter 14 discusses prediction for domains, and Chapter 15 explores
small area estimation methods, which are rapidly becoming important for many
survey outputs. Finally, in Chapters 16 and 17 we consider efficient prediction
of population distribution functions and the use of transformations in survey
inference.

The book is designed to be accessible to undergraduate and graduate level
students with a good grounding in statistics, including a course in the theory
of linear regression. Matrix notation is not introduced until Chapter 7, and
is avoided where possible to support readers less familiar with this notation.
The book should also be a useful introduction to applied survey statisticians
with some familiarity with surveys and statistics and who are looking for an
introduction to the use of models in survey design and estimation.

Using models for survey sampling is a challenge, but a rewarding one. It
can go wrong — if the model is not checked carefully against sample data, or
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if samples are chosen poorly, then estimates and inferences will be misleading.
But if the model is chosen well and sampling is robust, then the rich body of
knowledge that exists on modelling can be used to understand the population of
interest, and to exploit this understanding through tailored sample designs and
estimators. We hope that this book will help in this process.

Ray Chambers and Robert Clark
April 2011
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PART |

Basics of Model-Based Survey
Inference

Statistical models for study populations were used in survey design and infer-
ence almost from the very first scientific applications of the sampling method in
the late nineteenth century. Following publication of Neyman’s influential paper
(Neyman, 1934), however, randomisation or design-based methods became the
dominant paradigm in scientific and official surveys in the mid-twentieth cen-
tury, and models were effectively relegated to the secondary role of ‘assisting’ in
the identification of efficient estimators for unknown population quantities. See
Lohr (1999) for a development of sampling theory based on this approach. This
situation has changed considerably over the last 30 years, with a resurgence of
interest in the explicit use of models in finite population inference. Valliant et al.
(2000) provide a comprehensive overview of the use of models in sample survey
inference. To a large extent, this interest in the use of models is due to two mutu-
ally reinforcing trends in modern sample surveys. The first is the need to provide
sample survey solutions for inferential problems that lie outside the domain of
design-based theory, particularly situations where standard probability-based
sampling methods are not possible. The second is the need for methods of sur-
vey inference that can efficiently integrate the increasing volume and complexity
of data sources provided by modern information technology. In particular, it has
been the capacity of the model-based paradigm to allow inference under a wider
and more realistic set of sampling scenarios, as well as its capacity to efficiently
integrate multiple sources of information about the population of interest, that
has driven this resurgence.

This book aims to provide the reader with an introduction to the basic con-
cepts of model-based sample survey inference as well as to illustrate how it is
being used in practice. In particular, in Part 1 of this book we introduce the
reader to model-based survey ideas via a focus on four basic model ‘types’ that
are in wide use. These are models for homogeneous populations, stratified popu-
lations, populations with regression structure and clustered populations, as well
as combinations of these basic structures.
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