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Abstract

Decision theory is, in particular in economics, medical expert systems and statistics, an im-
portant tool for determining optimal decisions under uncertainty. In view of applications
in statistics, the present book is concerned with decision problems which are explicitly
data-based. Since the arising uncertainties are often too complex to be described by clas-
sical precise probability assessments, concepts of imprecise probabilities (coherent lower
previsions, F-probabilities) are applied. Due to the present state of research, some basic
groundwork has to be done: Firstly, topological properties of different concepts of impre-
cise probabilities are investigated. In particular, the concept of coherent lower previsions
appears to have advantageous properties for applications in decision theory. Secondly,
several decision theoretic tools are developed for imprecise probabilities. These tools are
mainly based on concepts developed by L. Le Cam and enable, for example, a definition
of sufficiency in case of imprecise probabilities for the first time.

Building on that, the article [A. Buja, Zeitschrift fiir Wahrscheinlichkeitstheorie und Ver-
wandte Gebiete 65 (1984) 367-384] is reinvestigated in the only recently available frame-
work of imprecise probabilities. This leads to a generalization of results within the Huber-
Strassen theory concerning least favorable pairs or models.

Results obtained by these investigations can also be applied afterwards in order to justify
the use of the method of natural extension, which is fundamental within the theory
of imprecise probabilities, in data-based decision problems. It is shown by means of
the theory of vector lattices that applying the method of natural extension in decision
problems does not affect the optimality of decisions. However, it is also shown that, in
general, the method of natural extension suffers from a severe instability.

The book closes with an application in statistics in which a minimum distance estimator
is developed for imprecise probabilities. After an investigation concerning its asymptotic
properties, an algorithm for calculating the estimator is given which is based on linear
programming. This algorithm has led to an implementation of the estimator in the
programming language R which is publicly available as R package “imprProbEst”. The
applicability of the estimator (even for large sample sizes) is demonstrated in a simulation
study.
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Zusammenfassung

Die Entscheidungstheorie ist vor allem in den Wirtschaftswissenschaften, bei medizini-
schen Expertensystemen und in der Statistik ein wichtiges Werkzeug zur Bestimmung op-
timaler Entscheidungen in Unsicherheitssituationen. Im Hinblick auf statistische Anwen-
dungen beschiéiftigt sich die vorliegende Arbeit mit Entscheidungsproblemen, die explizit
datenbasiert sind. Da die auftretenden Unsicherheiten haufig zu komplex sind, um durch
klassische prazise Wahrscheinlichkeiten beschrieben werden zu kénnen, werden Konzepte
unscharfer Wahrscheinlichkeiten (coherent lower previsions, F-Wahrscheinlichkeiten) ver-
wendet. Entsprechend des derzeitigen Forschungsstands sind zunéchst einige Grundlagen-
arbeiten notig: Zum einen werden topologische Eigenschaften verschiedener Konzepte un-
scharfer Wahrscheinlichkeiten untersucht, wobei sich herausstellt, dass vor allem coherent
lower previsions giinstige Eigenschaften fiir die Verwendung in der Entscheidungstheorie
besitzen. Zum anderen werden verschiedene entscheidungstheoretische Werkzeuge speziell
fiir die Situation unscharfer Wahrscheinlichkeiten entwickelt. Diese basieren hauptséachlich
auf Arbeiten von L. Le Cam und ermoglichen zum Beispiel erstmals eine Definition der
Suffizienz fiir unscharfe Wahrscheinlichkeiten.

Aufbauend auf diese Grundlagen wird die Arbeit [A. Buja, Zeitschrift fiir Wahrscheinlich-
keitstheorie und Verwandte Gebiete 65 (1984) 367-384] mit Hilfe der noch relativ neuen
Konzepte unscharfer Wahrscheinlichkeiten untersucht. Hierdurch ergibt sich eine Ver-
allgemeinerung von Resultaten aus der Huber-Strassen-Theorie iiber ungiinstigste Paare
bzw. Modelle.

Dabei gewonnene Resultate werden anschliefend dazu verwendet, um die fiir die Theorie
der coherent lower previsions grundlegende Methode der natural extension fiir die Ver-
wendung bei datenbasierten Entscheidungsproblemen zu rechtfertigen. Es wird mit Hilfe
der Vektorverbandstheorie gezeigt, dass Anwendungen der natural extension in Entschei-
dungsproblemen keinen Einfluss auf die Optimalitdt von Entscheidungen haben. Ande-
rerseits wird aber auch gezeigt, dass — ganz unabhéngig von der Entscheidungstheorie —
die Methode der natural extension ein ernstes Stabilitdtsproblem besitzt.

Als statistische Anwendung wird abschlielend ein Minimum-Distanz-Schétzer fiir un-
scharfe Wahrscheinlichkeiten entwickelt und auf dessen asymptotische Eigenschaften un-
tersucht. Basierend auf linearer Programmierung wird ein Algorithmus zur Berechnung
des Schétzers erarbeitet, der inzwischen in der Programmiersprache R implementiert und
als R-Paket “imprProbEst” frei verfiighar ist. Die Anwendbarkeit des Schétzers (auch bei
grofien Stichprobenumfingen) wird in einer Simulationsstudie demonstriert.



v



Acknowledgments

First of all, I would like to thank my advisor, Thomas Augustin, for his guidance, sugges-
tions and support — not only with respect to this work. I am particularly grateful to him
for giving me a great amount of freedom in my research. Writing a Ph.D. thesis under
his guidance is a pleasure. He also had a very positive influence on my style of writing as
he convinced me (and frequently reminded me) to add some text between the formulas.
Next, I would like to thank Andreas Christmann and Helmut Rieder who gave me the
opportunity to finish my Ph.D. thesis in Bayreuth. In addition, I thank Helmut Rieder
and Peter Ruckdeschel for drawing my attention to the work of A. Buja and L. Le Cam
which had a high impact on the present book. I am also much indepted to Matthias Kohl
for his support in programming with R which enabled me to add a simulation study.
Last but not least, I would like to thank the Cusanuswerk (foundation of the Roman
Catholic Church) for a Ph.D. scholarship; the present work would not have been possible
without it.



vi



Contents

1 Introduction

2 Topological aspects of imprecise probabilities

2.1

2.2 Precise probabilities
2.2.1 Probability charges

2.3
24

2.5

3.1

Introduction

2.2.2  Probability measures . . . . . . ..o
2.2.3 o-additivity . .. ..o
Coherent upper previsions . . . . . . . . . . .. ...
Upper/lower expectations and F-probabilities . . . . . ... ... ... ..
2.4.1 Definitions and basic properties . . . . . . . . . ... ... ... ..
2.4.2 Continuous upper expectations . . . . . . . .. ... ... ... ..
2.4.3 Upper expectations on Polish spaces . . . . . ... ... ... ...
2.4.4 Upper expectations on compact Hausdorff spaces . . . . . . . ...
2.4.5 F-probabilities . . . . . . ... o
Representation of coherent upper previsions . . . . .. .. ... ... ...
2.5.1 Introduction . . . . . ... Lo
2.5.2 Stone representation . . . . . . .. ...
2.5.3 Coherent upper previsions represented by upper expectations . . . .

Introduction

Extended decision theoretic framework

3.2 Basic definitions in decision theory . . . . . . ... ..o
3.3 Extended decision theoretic concepts . . . . . . . ... oL
3.3.1 Generalized Randomizations . . . . . . . .. ... ... ... ....

3.4

3.3.1.1
3.3.1.2

Definitions and basic properties . . . . . . . . ... .. ..
Generalized decision procedures . . . . . . . . .. ... ..

3.3.2 Sufficiency and equivalence of imprecise models . . . . . . . . . ..

3.3.2.1
3.3.2.2

Definitions and basic properties . . . . . . . .. .. .. ..
Examples . . . . . . . . ...

3.3.3 Standard Models . . . . . ... Lo
Connection to Le Cam’s general setup . . . . . . . . ... ... ... ...
3.4.1 Outline of Le Cam’s general setup . . . . . . . ... ... ... ...

3.4.1.1
3.4.1.2
3.4.1.3
3.4.14
3.4.1.5

Introduction . . . . .. ..o
The sample space (0, A4) . . . . .. ... ... ..
Dispensing with the sample space . . . . . . ... ... ..
Concrete representations of the general concepts . . . . . .
Advantages of the abstract setup . . . . . . ... ... ..

vil

11
11
12
12
16
17
18
20
20
25
26
31
33
35
35
36
40



viii CONTENTS
3.4.2  Accordance with Le Cam’s general setup . . . . . . ... ... ... 7

4 Least favorable models 83
4.1 Introduction . . . . . . . .. 83
4.1.1 Outline . . . . . . . 83
41.2 Onanerrorin Buja (1984) . . . . . . .. ... ... ... 85
4.1.2.1 Buja’s statement and a counter-example . . . . . .. . .. 85

4.1.2.2  Consequences . . . . . . . ... 87

4.2 Decision problems with n states of nature . . . . . .. ... ... .. ... 88
4.2.1 Minimal Bayes Risks . . . . . . . .. ... oo 88
4.2.1.1 Introduction . . . ... ... 88

4.2.1.2 Precise Models . . . . .. ... 90

4.2.1.3 Imprecise Models . . . . . . .. .. ... ... ... ..., 91

4.2.2 A general LeCam-Blackwell-Sherman-Stein-Theorem . . . . . . . . 93
4.2.3 Least favorable models for n states of nature . . . . . . . ... ... 95
4.2.4  Application of Least Favorable Models . . . . ... ... ... ... 97

4.3 Statistical hypothesis testing . . . . . . . . ... oL 101
4.3.1 Decision theoretic formulation of hypothesis testing . . . . . . . .. 101
4.3.2 Generalized tests . . . . . ..o 105
4.3.3 Least favorable pairs in hypothesis testing . . . . .. .. ... ... 111

5 Natural extensions and the sample space 115
5.1 Introduction . . . . . . . .. 115
5.2 Instability of the natural extension . . . .. .. ... ... ... ...... 118
52.1 Afirstexample . . . . . ... 118
5.2.2  Stable imprecise probabilities . . . . .. .. ..o 120

5.3 Extensions and reductions of the sample space . . . . . . . ... ... ... 126
5.3.1 Extension of Algebras and Natural Extension of Previsions . . . . . 126
5.3.1.1 Description of the problem . . . . . .. ... .. ... ... 126

5.3.1.2  Main results and outline of the proof . . . . . . . ... .. 128

5.3.1.3 Proof of the main result . . . . . ... ... ... ... .. 132

5.3.2 Reduction of the sample space . . . . . . .. ... .. ... .. ... 136

5.4 Application: Discretizations . . . . . . . .. . ... ... ... ... 137
5.4.1 The meaning of discretizing in (statistical) decision theory . . . . . 137
5.4.2 A method for discretizing sample spaces . . . . . . . .. ... ... 139

6 Application: Minimum distance estimation 151
6.1 Introduction . . . . . . . . . ... 151
6.2 Estimation in an imprecise probability model . . . . . . . ... ..o 155
6.2.1 Independent observations and random variables . . . . . . ... .. 155
6.2.2 Discretizations in estimation problems . . . . . . .. ... ... .. 158

6.3 A minimum distance estimator for imprecise models . . . . . . . . ... .. 160
6.4 Asymptotic properties of the estimator . . . . . .. .. ... ... .. ... 163
6.5 Implementation and application of the estimator . . . . . . . ... ... .. 175
6.5.1 Discretization . . . . . . . ..o 175
6.5.2 Calculation by linear programming . . . . . .. .. ... ... ... 180

6.6 Simulation study . . . . .. ..o 184
6.6.1 Afirstexample . . . . . .. ... 185

6.6.2 Approximate normal distributions . . . . . . ... ... 189



CONTENTS

6.6.3 Linear regression

Conclusion and outlook

Appendix

8.1 Vector lattices
Weak topologies
8.3 Some technical lemmas

1X



CONTENTS



Chapter 1

Introduction

Every day life permanently forces to make decisions. Though most of these decisions
are made without deep and sophisticated considerations (and especially not based on ad-
vanced mathematical evaluations), there are many situations where such simple decision
making is not possible or advisable. If the consequences of decisions are certain, decision
making is no problem even in complex situations. However, consequences usually hap-
pen to be uncertain and, therefore, the wish to be able to make good decisions in such
situations gave rise to the development of a theory about “how to make good decisions”
— called decision theory. Such a theory is essential today the more so as modern civiliza-
tion leads to increasing complexity in many fields where single decision makers cannot
have enough overview over all possibilities, chances and risks in order to make good and
traceable decisions. Therefore, decision theory has become a very popular tool for deter-
mining good decisions under uncertainty which has been successfully applied especially
in economics and medical expert systems.

A current example of a challenging issue where decisions have to be made is climate
change. Usually, uncertainties are modeled by probabilities in decision theory but, here,
the uncertainties are much too complex so that precise probabilities cannot be given.
This is because the present state of research is far away from providing sufficient insight
into all relevant facts. The high degree of uncertainty with respect to climate change
is for example demonstrated in Held et al. (2008) which reports on a survey among
some experts. Nevertheless, decisions have to be made now. In such complex situations,
uncertainties cannot be adequately modeled by ordinary precise probabilities since two
different kinds of uncertainty are involved. The first one is the uncertainty about the
outcome of a random event — this can suitably be modeled by usual probabilities. The
second one is the uncertainty about the random process itself — that is, the uncertainty
about the “true” probabilities. This latter kind of uncertainty is often called ambiguity
and has already attracted considerable attention, in particular in artificial intelligence®
and in economics after the publication of the seminal article Ellsberg (1961) (cf. e.g.
Hamouda and Rowley (1997) which contains a large collection of articles influenced by
Ellsberg (1961)). In this article, D. Ellsberg shows in an experiment carried out with
economists that, in case of ambiguity, “reasonable” decision making can be in complete
contradiction to classical decision theory where all uncertainties are modeled by precise
probabilities. This so-called Ellsberg paradox demonstrates that, in particular in decision

LCf. the proceedings of the annual “Conference on Uncertainty in Artificial Intelligence”, e.g.
McAllester and Myllyméki (2008), see also the Homepage of the “Association for Uncertainty in Ar-
tificial Intelligence (AUAI)” in the Internet: www.auai.org.
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theory, ambiguity plays a constitutive role. Therefore, a formalization of ambiguity is
needed, the more so as ambiguity seems to be rather the rule than the exception in real
decision problems.

Such formalizations have been developed under the name imprecise probabilities. Since
there are several different formalizations of ambiguity, the theory of imprecise probabilities
is rather a collection of different theories than one single theory; the present book is
concerned with two of the most important concepts of imprecise probabilities, namely
coherent lower previsions (Walley, 1991) and interval probabilities (Weichselberger, 2001).
Another important concept is e.g. the Dempster-Shafer theory of belief functions (e.g.
Yager et al. (1994)). 2 The theory of imprecise probabilities states that probabilities can
rarely be specified by precise numbers in real applications. For example, assuming the
standard normal distribution means that the probability of observing a value greater than
1 would exactly be equal to

P((1,00)) = 0.1586553. ..

Of course, such a precise assumption is unrealistic and it would be much more realistic to
assume that, e.g. the above probability lies somewhere between 0.12 and 0.17:

P((1,00)) = 0.12 < P((1,00)) < 0.17 = P((1,00))

That is, only lower and upper bounds are given instead of precise probabilities. Such
a generalization of ordinary probability theory, in fact, offers a suitable formalization
of complex uncertainties where ambiguity is involved: Uncertainty in form of random
processes is modeled by the precise probabilities which are in accordance with the lower
and upper bounds; uncertainty in form of ambiguity is modeled by the bandwidth of
possible probabilities which are in accordance with the lower and upper bounds — the larger
the bandwidth is, the greater ambiguity is.®> Accordingly, Weichselberger and Augustin
(1998) shows that the Ellsberg paradox can be solved if all uncertainties are modeled by
imprecise probabilities.

Concepts of imprecise probabilities have already been used in many decision theoretic
investigations. For example, a classical text in mathematical economics is Gilboa and
Schmeidler (1989) and there are also a number of recent articles in mathematical finance
where imprecise probabilities (and equivalent concepts) are applied in a decision theoretic
setup; confer e.g. Schied (2006), Maccheroni et al. (2006) and Follmer et al. (2007) where
the latter article provides an overview including many references.* 3 In the above men-
tioned example concerning climate change, imprecise probabilities are used for decision
theoretic evaluations e.g. by Kriegler (2005) and Hall et al. (2007). The topic of climate
change has also been used in an experiment concerning psychological aspects of decision
making with imprecise probabilities; see Budescu et al. (2008).

2The theory of fuzzy sets (e.g. Zadeh and Kacprzik (1992)) is also thematically related to the theory
of imprecise probabilities.
3Complete ignorance, for example, can be modeled by the bounds

P(A) =0 and PA) =1

9

4 Ambiguity is often associated with the term “Knightian Uncertainty” in economics.

5The concept of imprecise probabilities due to Walley (1991) is also mathematically equivalent to the
systematic approach to risk measures in mathematical finance provided by the influential article Artzner
et al. (1999); cf. Vigic (2008).



Most parts of this book use the concept of imprecise probabilities due to Walley (1991)
which is called “coherent lower prevision” ¢. A general article about decision making with
coherent lower previsions is de Cooman and Walley (2002). Different optimality criteria
are discussed by Schervish et al. (2003) and Troffaes (2007) in this setup — choosing a
suitable optimality criterion is fundamental for the whole theory because this determines
the meaning of the notions “good decision” and “optimal decision”. Algorithms for the
calculation of optimal decisions are given by Kikuti et al. (2005) and Utkin and Augustin
(2005).

A serious limitation of the present state of research is that most investigations in this
setup are only concerned with data-free decision problems while, in most real decision
problems, decision making can be based on data. For example, a company which has to
decide about a certain investment can look at suitable economic indicators such as stock
market prices or retail sales. In the classical setup where all kinds of uncertainties are
tried to be modeled by precise probabilities, investigations of decision problems which are
explicitly data-based are not necessary because the main theorem of Bayesian decision
theory (cf. (Berger, 1985, §4.4.1)) states that every data-based decision problem can be
solved by solving a corresponding data-free decision problem. However, Augustin (2003)
shows that an analog statement is not true in case of imprecise probabilities. Therefore,
data-based decision problems have to be considered as a matter of its own when dealing
with imprecise probabilities — at least from a frequentist point of view.”

One of the most important fields of application is statistics where decisions (e.g. rejecting
a hypothesis in hypothesis testing) are always data-based. As described by Wald (1950),
statistics can be formalized as a special case of decision theory and this discovery has led
to an own area of research called statistical decision theory. Accordingly, many books
about mathematical statistics are written in terms of decision theory, for example Berger
(1985), Strasser (1985), Le Cam (1986), Liese and Miescke (2008).

In contrast to most decision theoretic evaluations under imprecise probabilities, the present
book is concerned with decision problems (under imprecise probabilities) which are ex-
plicitly data-based; special interest lies in applications in mathematical statistics. While
the above mentioned elaborated concepts of imprecise probabilities have only recently
been developed, robust statistics already has successfully been dealing with a special case
of ambiguity — namely small (but unknown) deviations from an ideal statistical model —
in statistics for several decades. Usually, a statistician is faced with a set of hypotheses
© and he is expected to draw conclusions about the unknown true hypothesis 6§y € © . In
particular, this is possible if the statistician knows a family of probability measures

by, 0eoO

on a sample space (Z, B) and if data x1, ..., z, are available which are distributed accord-
ing to the probability measure FP,,. Roughly speaking, the correctness of a hypothesis
6 € O is the more plausible the better the observations are in line with P . In spite of the
often arising complexity of uncertainties, assuming that data precisely stem from one of
the following few distributions is extremely popular in statistical evaluations: binomial,
Poisson, uniform, normal, exponential, chi-square, t- and F-distribution. Though the use

Sor equivalently “coherent upper prevision”

"According to Augustin (2003), the question if data-based decision problems have to be considered
explicitly picks up an old debate between frequentists and Bayesians: Does the posterior distribution
contain all relevant information after observing the data x?
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of these distributions often seems to be based on tradition, there are also strong objective
reasons for the use of these distributions in many situations. For example, the use of
the normal distribution can often be justified by the central limit theorem. Nevertheless,
it would be a misuse of the central limit theorem to assume that the data exactly stem
from a normal distribution — this theorem only justifies the assumption that the data
approzimately stem from a normal distribution. Since models are usually not intended
to exactly reflect the real world, one might argue that the normal distribution serves as
a good approximation of reality and, therefore, leads to approximately correct results.
However, it has already been known for many decades that this is simply not correct in
general. Imperceptible small deviations from the ideal model (e.g. consisting of normal
distributions) may lead to arbitrarily wrong conclusions; cf. e.g. Tukey (1960), Huber
(1965), (Huber, 1981, §1.1), (Hampel et al., 1986, §1.2), (Marazzi, 1993, Introduction),
(Huber, 1997, §1) and (Kohl, 2005, Introduction).

Therefore, robust statistics aims to develop statistical procedures which are insensitive to
(small) deviations from an ideal model.® To this end, it is often assumed that the data are
approximately distributed according to an ideal model — the above mentioned parametric
models commonly serve as such ideal models. Accordingly, (Hampel et al., 1986, p. 7)
suggests the following definition of robust statistics:

“Robust statistics as a collection of related theories, is the statistics of ap-
proximate parametric models.”

Though assuming a known ideal parametric model can often be justified e.g. by use of the
central limit, this is not always possible and, then, applying imprecise probabilities may
help because these are intended to deal also with more general kinds of ambiguity.

An important fact about imprecise probabilities is that they can often be interpreted in
various ways; cf. (Walley, 1991, §2.10) and (Weichselberger, 2001, § 1.4 and §1.5). Some-
times, the way of interpreting imprecise probabilities affects the definition of concepts
which are generalized from classical probability theory to imprecise probabilities.” In this
case, the sensitivity analyst’s point of view is adopted so that the evaluations are in ac-
cordance with robust statistics. In short, this means that the observations are assumed to
be distributed according to a precise probability distribution but this precise distribution
is only imprecisely known.!?

Since the concepts of imprecise probabilities due to Walley (1991) (coherent upper pre-
visions) and Weichselberger (2001) (F-probabilities) as well are in accordance with this
point of view, both concepts could be applied in the following treatment of decision theory
under imprecise probabilities. Therefore, Chapter 2 takes a closer look on these concepts
and compares them to each other. This comparison is especially concerned with those
properties which are important in decision theoretic evaluations.

In order to do such a comparison, it is necessary to reformulate the definition and some
basic properties of coherent upper previsions in terms of sample spaces, measurable func-
tions and (finitely additive) probability measures since Walley (1991) does hardly use
these terms but is written in terms of gambles, buying prices and previsions. This refor-
mulation also makes it possible to apply, generalize and refer to concepts already used in

8Confer for example the following books about robust statistics: Huber (1981), Hampel et al. (1986),
Rieder (1994), Jureckovd and Sen (1996), Miiller (1997), Wilcox (1997), Jureckova and Picek (2006) and
Maronna et al. (2006).

9Cf. (Walley, 1991, §2.10.5).

0CY, (Walley, 1991, §2.10.4).



classical probability theory or statistics. As a link between the two investigated concepts
of imprecise probabilities, a third concept is presented which is called “upper expecta-
tions” and lies between Walley’s and Weichselberger’s concept. These upper expectations
have originally been defined by Buja (1984) within robust statistics and have not been
considered within the theory of imprecise probabilities so far.

Most part of Chapter 2 is concerned with topology. This is because, for the use of imprecise
probabilities in decision theory, it is crucial that they have certain compactness properties.
Compactness enables the application of minimax theorems which are most important in
decision theory and, in particular, in decision theory under imprecise probabilities. In this
way, the results of Section 2.3 and Section 2.4 yields that, with respect to decision theoretic
evaluations, coherent upper previsions have more appropriate topological properties than
upper expectations and F-probabilities. As a consequence of these investigations, the
concept of coherent upper previsions is mostly used throughout this book.

Though coherent upper previsions and upper expectations are indeed different concepts
(upper expectations may be seen as special cases of coherent upper previsions), they
coincide in a very abstract sense: It is shown in Section 2.5 that every coherent upper
prevision can be represented by an upper expectation via a Stone representation. Despite
of the abstractness of this result, there is an important application of such representations
which is successfully used later on in Subsection 3.3.3: In case of coherent upper previsions,
o-additivity is not necessarily available so that it is often hard or even impossible to
generalize concepts from classical probability theory which rely on o-additivity. Now, the
above representation offers a canonical way for such definitions because o-additivity is at
hand for upper expectations.

While Chapter 2 is only concerned with imprecise probabilities, Chapter 3 turns over to
data-based decision theory under coherent upper previsions. After some basic definitions
and a description of the setup in Section 3.2, some more extended decision theoretic con-
cepts are developed in Section 3.3. Most of these concepts are reformulations or extensions
of concepts which have originally been defined by L. Le Cam in case of precise probabil-
ities and have not been used in case of imprecise probabilities before. The definition of
generalized randomizations in Subsection 3.3.1 is most fundamental. These generalized
randomizations serve as a main tool in the present book, and the definitions of the other
extended decision theoretic tools are based on this concept. Generalized randomizations '*
have been defined by L. Le Cam in order to be able to deal with large models which are
not dominated by o-finite measures *2. Since imprecise probabilities consisting of coherent
upper previsions are, in fact, very large models, the concept of generalized randomizations
proves to be very appropriate when dealing with imprecise probabilities.

Another concept developed in Chapter 3 is “sufficiency”, which is a very important con-
cept in classical statistics and has not been defined in case of imprecise probabilities
before. Since the most common definition of sufficiency is heavily based on conditional
probabilities and the definition of imprecise conditional probabilities is still a matter of re-
search (cf. e.g. de Cooman (2001), Weichselberger and Augustin (2003) and Skulj (2006)),
defining sufficiency in case of imprecise probabilities might have been considered as being
out of the scope of present research. However, there is also an alternate way of defining
sufficiency which essentially goes back to Blackwell (1951) and has been generalized in
Le Cam (1964). This definition is not formulated in terms of conditional probabilities

Halso called transitions by L. Le Cam
12that is, if it is not possible to solely work with probability densities
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but in terms of randomizations so that a generalization in case of imprecise probabilities
is possible. The definition of sufficiency for imprecise models given in Subsection 3.3.2 is
an extension of the notion “worst-case sufficiency” defined for upper expectations in Buja

(1984).

As the concepts introduced in Section 3.3 are strongly connected with concepts introduced
by L. Le Cam, Chapter 3 closes with Section 3.4 where the connections to Le Cam’s setup
are explained. On the one hand, Le Cam’s setup is more specific than the setup used in
imprecise probabilities because Le Cam only deals with precise probabilities. On the other
hand, his setup is more general because he does not consider explicitly specified sample
spaces but considers probabilities as elements of certain vector lattices. Furthermore,
Section 3.4 may also serve as an introduction to Le Cam’s abstract setup.

Since decision problems which are explicitly data-based have rarely been considered within
the theory of imprecise probabilities so far, Chapters 2 and 3 have to develop some funda-
mentals and general tools which are intended to provide a base for subsequent theoretical
studies. The remaining chapters of the present book turn over to some investigations in
data-based decision theory under imprecise probabilities which seem to be most urgent:
Firstly, the seminal article Buja (1984) has to be revised within the theory of imprecise
probabilities in Chapter 4 because this early work is concerned with data-based decision
theory under upper expectations and, therefore, is concerned with almost the same setup
than the present book — even though Buja (1984) was published several years before Wal-
ley (1991) and Weichselberger (2001). Secondly, Chapter 5 is about the method of natural
extension. Though this method is fundamental in the theory of imprecise probabilities
due to Walley (1991), its use in data-based decision theory still needs some justification.
Finally, Chapter 6 provides an application in statistical decision theory. There, a min-
imum distance estimator is developed and applied in a simulation study from which it
can be seen that it is, in fact, possible to develop theoretically well-founded procedures
in imprecise probabilities which can be used in applications. This meets objections that,
due to high computational costs, imprecise probabilities could not be used for practical
purposes. As a side-effect, Chapters 4, 5 and 6 demonstrate that the foundations and
concepts developed in Chapters 2 and 3 are expedient for investigations in data-based
decision theory under imprecise probabilities.

The remaining part of this introduction provides a more detailed overview of Chapters 4,
5 and 6:

Like Buja (1984), Chapter 4 is concerned with least favorable models — a topic which has
received much attention in a special case of our setup namely robust hypothesis testing.
Least favorable models are a matter of particular interest because direct solutions of de-
cision problems under imprecise probabilities are quite often computationally intractable
but, in the presence of least favorable models, computationally tractable solutions may
be possible.

Most of the research concerning least favorable models was encourage by the celebrated
article Huber and Strassen (1973). This article deals with hypothesis testing where a
(rather special) upper prevision is tested against another one. There, it is shown that
testing between these imprecise probabilities can be reduced to a testing problem between
certain “least favorable” precise probabilities Qg and ()1 . The pair (Qy, Q1) is called “least
favorable pair” then. In this way, the computational effort of the original testing problem
can often be reduced substantially. Least favorablility has attracted enormous attention



after the publication of Huber and Strassen (1973); see e.g. Rieder (1977), Osterreicher
(1978) and Hafner (1992); a detailed review of Huber and Strassen (1973) and the work
following Huber and Strassen (1973) is given by Augustin (2002). In quite general data-
based decision theory, where there are n states of nature (instead of two as in hypothesis
testing), Buja (1984) develops the concept of least favorable models which generalizes
the concept of least favorable pairs. There, a necessary and sufficient condition for the
existence of such least favorable models is given. As already mentioned above, imprecise
probabilities are modeled by upper expectations in Buja (1984).

The investigations of Chapter 4 are also necessary because of an erroneous statement in
Buja (1984) which significantly reduces its applicability. This is proven in Subsection
4.1.2 which contains a counterexample and discusses the consequences.

After that, Section 4.2 follows the lines of Buja (1984) but replaces the concept of upper
expectations by the concept of coherent upper previsions. As stated above, the results
of Chapter 2 show that the latter concept is more appropriate in this decision theoretic
setup. Accordingly, it is shown that the same result as in Buja (1984) is possible without
any additional assumption on the involved (coherent) upper previsions. Here, the use of
the extended decision theoretic concepts developed in Section 3.3 is crucial.

Thereafter, Section 4.3 turns over to hypothesis testing as a special case of decision theory.
The existence of least favorable pairs in case of general coherent upper previsions follows
from the previous results and, therefore, we provide an independent proof of an old result
which has already been proven by Baumann (1968) in an equivalent setup.

Though the method of natural extension is one of the “three key ideas” '3 of the whole
theory of imprecise probabilities due to P. Walley, its use still needs some justification
especially for decision theoretic purposes. In particular, using this method raises two
questions which are investigated in Chapter 5 and which have not been considered so far.
In order to get an idea of these questions, note that coherent upper previsions are real
functions P : K — R where K is a set of bounded, measurable functions f: X — R
on a sample space (X, A). The method of natural extension makes it possible to always
extend coherent upper previsions on larger domains.

The first question, addressed in Section 5.2, is concerned with extensions from K to the
whole space L..(X,.A) consisting of all bounded, measurable functions f : X — R.
As stated before, coherent upper previsions should be used instead of precise proba-
bility measures because it is far more realistic to give an upper bound on the previ-
sions/expectations/probabilities than to precisely specify these quantities in applications.
However, the upper prevision P[f] is again a precise real number and this number P[f]
will usually not be precisely known in real applications. So, a practitioner will hardly be
able to decide if P is the “correct” upper prevision or if a slightly modified upper prevision
P is the correct one. Therefore, the important question arises what happens by an appli-
cation of the methods of natural extension. Is the natural extension of P still close to the
natural extension of P? The investigations in Section 5.2 show that, unfortunately, the
answer to this question is not affirmative. Even more, arbitrarily small changes in P can
have arbitrarily large effects on its natural extension in general and, therefore, applying
natural extensions may lead to meaningless results. An example where this happens is
given in Subsection 5.2.1. Fortunately, not all is lost. In Subsection 5.2.2; it is shown
that it can be guaranteed in many situations that small changes in P on K only have

Bsee (Walley, 1991, p. 120-122)
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small effects on the natural extension. However, these results are not fully satisfactory;
hopefully, these initial investigations serve as a starting point for future research into this
direction.

The second question is concerned with extensions of the sample space (X, A) to a sample
space (X, A") where A" D A: The method of natural extension enables to arbitrarily
extend the algebra A of the initial sample space to that algebra which is most convenient.
However, at least in decision theory and, especially in statistics, choosing A or the larger
A’ has a fundamental effect on the evaluations: the choice of the sample space determines
the (randomized) decision functions and, in this way, extending the sample space leads to
a larger set of valid (randomized) decision functions. Therefore, the important question
arises if a (randomized) decision function which is optimal in the set of all (randomized)
decision functions on (X, .A) is still optimal in the larger set of all (randomized) decision
functions on (X, A") after natural extension. That is: Does optimality get lost by an
application of natural extension? If the answer was affirmative, one should always choose
the whole power set of X for the sample space — but the power set may be too large to
be handled successfully. Especially in case of X = R, this would be very cumbersome.
Fortunately, such an approach is not necessary because it is proven in Section 5.3 that —
after applying natural extension — there is no (randomized) decision function on (X, .A’)
which is better than the best (randomized) decision function on (X,.A). The proof is
rather involved and heavily relies on the results of Chapter 3 and Chapter 4.

Chapter 5 closes with Section 5.4 which is concerned with discretizing — a topic which
increasingly attracts attention within the theory of imprecise probabilities; cf. Obermeier
and Augustin (2007) and Troffaes (2008). As an application of the results from Section
5.2 and Section 5.3, it is shown in Section 5.4 that decision problems can approximately
be solved by solving appropriate discretized decision problems.

As stated above, the decision theoretic investigations of the present book are especially
done in view of applications in statistics. Accordingly, the final chapter is devoted to
such an application namely estimating. While hypothesis testing under imprecise prob-
abilities has been extensively studied — especially by T. Augustin in (Augustin, 1998)
and (Augustin, 2002) on base of the Huber-Strassen theory!?, estimating has hardly
been considered explicitly within the theory of coherent upper previsions so far. Chapter
6 develops a minimum distance estimator which is based on the following simple idea:
Analogously to classical statistics, the data x, ..., x, are assumed to be independent
identically distributed according to a coherent upper prevision F;O where 0, € © is an
unknown parameter which has to be estimated. Then, the data are used to build the

empirical measure
1 n
PM = =36,
n
i=1

and the minimum distance estimator is that § € © such that P(™ lies next to Fé .

Due to the present state of research, Chapter 6 cannot be restricted to the sole investi-
gation of the proposed minimum distance estimator but also has to develop some fun-
damentals of (frequentist) estimating under coherent upper previsions at first. This is
necessary the more so as the minimum distance estimator is associated with the empirical

Hgee also Augustin (2002) for a review of the work following Huber and Strassen (1973)



process (which needs a somewhat more elaborated setting) and is justified by asymp-
totic arguments (but an elaborated asymptotic theory of imprecise probabilities is still
missing).

These preparations are done in Sections 6.2 and 6.3. In Section 6.4 it is proven that the
distance between the empirical measure and the correct imprecise probability converges
to zero and that the minimum distance estimator is consistent. Next, Section 6.5 is
concerned with the calculation of the estimator. It is shown that the distances can be
approximately calculated by use of the discretization method developed in Section 5.4.
After discretizing, the (approximate) distance between the empirical measure and the
coherent upper prevision can be calculated by solving a linear program. This linear
program only modestly increases with the number of observations so that the minimum
distance estimator can also be calculated for many observations. Finally, the estimator is
applied in three simulation studies which indicate that it can indeed be applied and may
lead to good results in real applications. The estimator has been programmed in R and
is already publicly available as R package “imprProbEst”; cf. Hable (2008a).
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Chapter 2

Topological aspects of imprecise
probabilities

2.1 Introduction

Recently, the Society for Imprecise Probability Theory and Applications (SIPTA) has
changed its name and is now called Society for Imprecise Probability: Theories and Appli-
cations (SIPTA) in order “to emphasize that there are theories of imprecise probability,
rather than a single theory” '. Indeed, a short glance at de Cooman et al. (2007) shows
that there a even many theories of imprecise probabilities. Two of the most important
ones are the theory of coherent upper previsions (or coherent lower previsions) developed
by P. Walley (see Walley (1991)) and the theory of F-probabilities developed by K. We-
ichselberger (see Weichselberger (2000) and Weichselberger (2001)). A first superficial
reading of Walley (1991) and Weichselberger (2001) gives the impression that both con-
cepts were most different from each other even though they are not. This totally wrong
impression is the unfortunate consequence of the most different presentations used in
these books. While Weichselberger (2001) is written in terms of random variables, prob-
ability measures and expectations (i.e. in terms of classical probability theory), Walley
(1991) is written in terms of gambles, buying prices and previsions. As a consequence,
many statisticians will highly underestimate the importance of Walley (1991) within the
mathematical theory of statistics.

Since most part of the work presented in the following is motivated by applications in
statistics, the presentation is based on concepts which are fundamental in traditional
probability theory — such as sample spaces and probability measures — or which are close
to traditional concepts — such as probability charges. Probability charges are similar to
probability measures, the only difference is that o-additivity is relaxes to finite additivity
in the definition of probability charges. Accordingly, probability charges are often called
“finitely additive probability measures” (e.g. in Dunford and Schwartz (1958)); the term
“probability charge” originates from Bhaskara Rao and Bhaskara Rao (1983).

The definition of probability charges and some basic facts about them are recalled in
Section 2.2. Next, Section 2.3 essentially recalls the definition of coherent upper previsions
due to P. Walley. However, as mentioned above, the presentation totally differs because,
here, Walley’s definitions and some basic results are reformulated in terms of sample

1(de Cooman et al., 2007, p. xi)
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2. By doing this, some of the basics results are slightly

spaces and probability charges
generalized.

On the one hand, such a reformulation may increase the accessibility of Walley’s theory
within mathematical statistics — the formulation in terms of gambles and buying prices
seems to significantly handicap a wider acceptance of the whole theory. On the other
hand, this makes a comparision with Weichselberger’s theory more straightforward.
Section 2.3 investigates the concept of “upper expectations” which has been defined by
Buja (1984) within robust statistics. Though this relatively old concept has been disre-
garded within the theory of imprecise probabilities so far, it may play an interesting part as
a link because it lies somewhere between coherent upper previsions and F-probabilities.
By use of this intermediate step, a comparison between Walley’s and Weichselberger’s
concepts gets more easier: The only difference between coherent upper previsions and up-
per expectations is the fact that the latter concept insists on o-additivity while Walley’s
concept of coherent upper previsions dispenses with o-additivity. So, in a sense, upper ex-
pectations turn out to be a special case of coherent upper prevision. Next, F-probabilities
can be defined as special upper expectations.

Most part of Section 2.3 is concerned with topological properties of upper expectations.
This is because many theoretical evaluations in decision theory make use of minimax
theorems and these minimax theorems heavily rely on topology. With this objective in
mind, it follows from the investigations of Section 2.3 that the topological properties
of coherent upper previsions are more convenient than the ones of upper expectations.
This is the reason why the remaining parts of this book mainly deal with the concept of
coherent upper previsions.

Though there are some differences between coherent upper prevision and upper expecta-
tions, the results from Section 2.5 shows that this is no longer true from an abstract point
of view. In Section 2.5, it is proven that every coherent upper prevision can be represented
by an upper expectation by use of the Stone representation theorem. Therefore, both con-
cepts may be considered as equivalent. This is not only theoretically interesting but also
beneficial later on: By use of this representation, concepts which rely on o-additivity can
also be defined for coherent upper prevision in a canonical way even though o-additivity
is usually not available in case of coherent upper previsions; see Subsection 3.3.3.

2.2 Precise probabilities

Before different concepts of imprecise probabilities are introduced, some notation has to
be fixed and some facts about precise probabilities have to be recalled:

2.2.1 Probability charges
Let Q be a set and A an algebra on (2.
Definition 2.1 A bounded charge on (2, A) is a map
w: A — R
such that
p(@) =0 (2.1)

2Reformulations in terms of probability charges have also been done by other authors, e.g. Troffaes
(2008).
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—00 < u(A) < oo VAec A (2.2)

and
Al Aned, ANA =0 (i#)) = u(UAi>:ZM(An) (2.3)
i=1 i=1

Bounded charges are also called finitely additive, bounded, signed measures. The term
“charge” or “bounded charge” originates from Bhaskara Rao and Bhaskara Rao (1983).

According to (Dunford and Schwartz, 1958, p. 240), the set of all bounded charges is
denoted by ba(€2, .A).

Definition 2.2 A probability charge on (2, 4) is a bounded charge P € ba(£2,.A) such
that

PQ) =1 (2.4)
and
0 < P(A) VAe A (2.5)

Probability charges are also called finitely additive probability measures. The term “prob-
ability charge” originates from Bhaskara Rao and Bhaskara Rao (1983) again.

In the following, ba({2,.A) is provided with some additional structures — namely with a
norm which makes it a Banach space, with an ordering which makes it an L-space and
with a weak topology. To this end, ba(f2,.A) is identified with a suitable dual space at
first.

14 denotes the indicator function of A for every A C €. Functions s : {2 — R of form
s wﬁZak]Ak(w), ai,...,am € R, Ay,....,A, € A, meN
k=1

are called A-simple functions.
Let L£,(2) denote the vector space of all functions f : 2 — R such that sup,.q |f(w)]| <
0o . Provided with the norm

IfIl = sup|f(w)|
weld

L(€) is a Banach space, which contains every A-simple function s. Let L£..(£2,.4)
denote the norm-closure of the set of all A-simple functions in £ (€2)

Loo(Q,A) = el ({s: Q—R] sis an A-simple function}) (2.6)

Hence, L,(92,.A) is also a Banach space. If A is even a o-algebra, this definition of
L(£2, A) coincides with the more common definition in case of o-algebras; cf. (Dunford
and Schwartz, 1958, p. 240):

Lemma 2.3 If A is a o-algebra on ), then

Lo(A) = {f:Q—R| [ is bounded and A-measurable}
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Note that L.,(2,4) = L() if A is the power set of .

For every p1 € ba(Q, A) and every f € L(f2, A), the integral [ fdu is defined in the
following way (cf. e.g. (Dunford and Schwartz, 1958, § 111.2)):

m

/sdu = Zak,u(Ak) (2.7)

k=1

for every A-simple function s = »"" | axla, .

fdu = lim [ s,du (2.8)
frae = f

where (s,)nen is a sequence of A-simple functions such that ||s, — f|| —— 0.
n—oo

The following lemma says that the bounded charges p € ba(f2,.A) can be identified with
the continuous linear functionals on £, (€2, A).

Theorem 2.4 For every p € ba(Q, A),

Lo@A) — R, f /fd,u

is a continuous linear functionals on L (2, A).
Conversely, for every continuous linear functional

T: Lo(A) — R, f = T(f)
on Loo(§2,A), there is a unique p € ba(S2, A) such that

T(f) = /fdu f € Lol A)

That is, ba(2, A) is the dual space of L(2,A).
Confer (Dunford and Schwartz, 1958, Theorem IV.5.1).

Notation 2.5 Since the elements of ba(2, A) are rather considered as linear functionals
on Lo (2, A) than as set functions on A, the notation

ulf] =/fdu, peba(A). e Lol A)

is used in the following.

Norm:

As dual space of the Banach space L£,(£2,.A4), ba(£2, .A) is again a Banach space with norm
Il = sup {ulf] | Ifle <1}

This norm coincides with the total variation norm on ba(f2,.A); cf. (Dunford and Schwartz,
1958, Theorem IV.5.1).

Ordering:
As dual space of L,(€2, A), ba(2, A) has a natural partial ordering <

mo< pe e mlf] < wlf] V20, f € Lo(Q,A) (2.9)
As usual, p; < o is also denoted by ps > p1. Note, that it is only required that

pi[f] < palf] for every non-negative function f. In case of ui[f] < polf] for every
function f, linearity implies 1y = po .
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Theorem 2.6 ba(S2,.A) is an L-space.
(Cf. (Bhaskara Rao and Bhaskara Rao, 1983, Theorem 2.2.1).)

Especially, ba(f2, .A) is a Dedekind complete Banach lattice. All these basic notions from
lattice theory are collocated in Subsection 8.1.

The positive elements of ba({2,.A) are the elements p € ba(f2,.A) such that p > 0. It is
easy to see that

lall = ulla] Va0, peba(@A) (2.10)
Furthermore,
p >0 = w(A) >0 VAe A (2.11)

That is, the usual order on bounded charges or bounded, signed measures coincides with
the order defined by (2.9).> Therefore, the probability charges are precisely the normed
(||[]] = 1), positive elements of the L-space ba(§2,.A). Accordingly, the set of all proba-
bility charges is denoted by ba® (€, A).

Furthermore, the probability charges are precisely the precise coherent previsions on

L+(, A) — a term which is common in the theory of imprecise previsions according
to Walley (1991).

Weak*-topology:

ba(f2,.A) can be endowed with the weak*-topology. This is the weakest topology such
that, for every f € L.(,.4),

Af : ba(QaA) — R, B Af(:“) = :u[f]

is continuous. Some facts about this topology are collocated in the Appendix.

Later on, additional topologies of the same kind will be introduced. To unify notation, the
weak*-topology is called L (€2,.A) - topology on ba(£2, A) — as in (Dunford and Schwartz,
1958, p. 420).

Now, ba(£2,.A) already has two different topologies, namely the norm-topology and the
(weaker) L,,(€,.A)-topology. To make clear what topology is used, topological terms
such as compact, open, closure etc. usually are denoted by norm-compact, L£..(£2,.A)-
open, norm-closure etc.

The following theorem is one reason why the £.(£2,.4) - topology is very useful.

Theorem 2.7 The set of all probability charges bal (2, A) is L(Q, A) - compact in
ba(2, A) .

Proof: ba(f,.A) is the dual space of L,(£2,.A) (cf. Theorem 2.4). Hence, the closed
unit sphere {yx € ba(Q, A)| ||u|l < 1} is L(€,.A) - compact in ba(,.4) according to
(Dunford and Schwartz, 1958, Theorem V.4.2).

Because of bal(Q,.4) C ba(Q,A)] ||u|| < 1}, it is enough to show that ba® (9, A) is
L(£2, A)-closed. The latter statement is an easy consequence of Theorem 8.24b). O

3(2.11) may be proven in the following way: Let (s,)nen be a sequence of simple functions such that
llsn, — k|| — 0 for any h > 0. Then, §,(w) = max{s,(w), 0} defines a sequence of non-negative functions
such that ||8,, — h|| — 0 and p[h] = lim,, u[8,] > 0.
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2.2.2 Probability measures
Let Q be a set and A a o-algebra on Q.

Definition 2.8 A bounded, signed measure on (Q2,.4) is a map

pw: A —- R
such that
p@) =0 (2.12)
—o0 < pu(Ad) < oo VAe A (2.13)

and (A")neN CA A,NA,=0 (n#m) implies

i (Ua) =3 e (2.1

neN

According to (Dunford and Schwartz, 1958, p. 240), the set of all bounded, signed mea-
sures is denoted by ca(f2, A). Property (2.14) is called o-additivity. This property is
the only difference to the definition of bounded charges, where o-additivity is relaxed to
finite additivity (2.3). Since

ca(Q, A) C ba(2,A),

ca(f2, A) inherits the definition of the integral u[f] = [ fdu, the norm || - || and the
ordering < from ba(2, A).

Theorem 2.9 ca(), A) is a band in the L-space ba(2, A). Hence, ca(2, A) is itself an
L-space.
(Cf. (Bhaskara Rao and Bhaskara Rao, 1983, Theorem 2.4.2).)

Definition 2.10 A probability measure on (2, 4) is a bounded, signed measure P &
ba(Q2, A) such that

P(Q) =1 (2.15)

and
0 < P(A) VAc A (2.16)
The probability measures are precisely the normed (||p|| = 1), positive elements of the

L-space ca(€2, A) . Therefore, the set of all probability measures is denoted by ca® (€, A) .

Furthermore, the probability measures are precisely the precise coherent previsions P :
L+(2, A) — R which are o-smooth:

fulw) \ flw) YweQ = lim P[f,] = P[f]

n—oo

Theorem 2.11
a) ca(Q,A) is Lo(, A) -dense in ba(2, A) .
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b) bai(Q,A) is the Loo(Q,A) - closure of cat(Q,.A) in ba(Q,.A) .

Proof: Let ¢/ denote the L£(€,.A)-closure in ba(f2,.A4). Then, convexity of ca(f2,.4)
and ca® (€, A) imply that

cl(ca(2, A)) and  cl(caf(Q,A))

are the L£.(£2,.A)-closed convex hulls respectively (cf. (Dunford and Schwartz, 1958,
Theorem V.2.1)).

a) Note, that sup,cca,a) #Lf] = SUDepa(a.a) plf] for every f € L(€2,A). Hence, part
a) follows from Theorem 8.26 where V = ca(Q, A) and M = ba(Q2, A) .

b) Put P[f] := SUP pecat (n,4) PLf] = SuPueq f(w) for every f € Loo(, A). Then, it is
easy to see that

{neba(Q,A) | ulf] <PIf] VfeLo(QA} = baj(Q,A4)
and b) follows from Theorem 8.26 where V = ca$ (2, A) and M = ba(Q, A) O

2.2.3 o-additivity

Some readers may feel that allowing probabilities not to be o-additive is illegal and that
one should only use probability measures and leave out all other probability charges.
Indeed, the use of probability charges which are not o-additive is justified by Kolmogorov’s
Grundbegriffe der Wahrscheinlichkeitsrechnung (1933), p. 14:

“For infinite fields, on the other hand, the Axiom of Continuity*, VI, proved
to be independent of Axioms I - V. Since the new axiom is essential for infinite
fields of probability only, it is almost impossible to elucidate its empirical
meaning, as has been done, for example, in the case of Axioms I - V in § 2
of the first chapter. For, in describing any observable random process we can
obtain only finite fields of probability. Infinite fields of probability occur only
as idealized models of real random processes. We limit ourselves, arbitrarily,
to only those models which satisfy Axiom VI®. This limitation has been found
expedient in researches of the most diverse sort.”®

Consequentially, Le Cam (1986) argues on p. 2:

“However, we need to point out that, when A is not finite, the tradi-
tional description makes use of certain mathematical constructs which have
been introduced for convenience in other contexts. Since there the matter of
mathematical convenience is the relevant one, one may feel free to vary the
constructs as long as their relations to the real world are not affected.”

The use of g-additive probability charges (i.e. probability measures) is appropriate in
many situations. The main disadvantage of dispensing with o-additivity is the fact that
the usual Radon-Nikodym theorem gets lost then (see (Bhaskara Rao and Bhaskara Rao,
1983, §6.3)) so that we are not able to work with densities. However, in case of imprecise
probabilities, it is nevertheless often advantageous to dispense with o-aditivity as will be
seen later on, in particular in Section 2.4 and Chapter 4.

4together with finite additivity, Axiom VI corresponds to o-additivity
Stogether with finite additivity, Axiom VI corresponds to o-additivity
5The English translation of the quote is taken from (Kolmogorov, 1956, p. 15).
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2.3 Coherent upper previsions

This section recalls the definitions of coherent upper previsions (and coherent lower pre-
visions) according to P. Walley although the presentation is quite different to that one in
Walley (1991) and some basic results are slightly generalized.

Let Q be a set and A an algebra on . Let K be any subset of £,(€2,.A).

Definition 2.12 Let P be a map

K — R, f — PIf]

and put M = {P € ba{(Q,A) | P[f] < P[f] Vf € K}. P is called coherent upper

prevision on K if
o M #0

o sup P[f] = Plf]
PeM

M is called the credal set of P (on (£, .A)).
If P is a coherent upper prevision on K,

P: -K =R, [+ —P-f]
1s called coherent lower prevision on —KC .

The following proposition shows that this definition does not depend on A and describes
how a coherent upper prevision can be extended to a coherent upper prevision on any
set K’ such that £ C K' C L (). As a consequence, it can always be assumed that
coherent upper previsions are defined on L£(€2,.A) or even on L (12).

Proposition 2.13 Let A’ be another algebra on Q such that A C A'. Let P: I — R be
a coherent upper prevision on K and let M be its credal set on (2,.A). Furthermore, let
K’ be a set of functions such that K C K' C L(Q2). Put

M = {P ebal(UA)| Pf]<P[f] V[ ek}
Then,
o« M £
o sup P[f] = P[f] VfeK

P'eM’

M’ is called the credal set of P on (2, A'). Furthermore,

Pf] = sup P'[f], ek

PeM’

defines a coherent upper prevision on K' which is an extension of P. M’ is the credal set

of P on (Q, A).
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Proof: S : L,(£2, A) — R defined by S(f') = sup,cq f'(w) is a sublinear functional.
Take any P € M. Then, P[f] < S(f) Vf € L(2,A) and, according to (Dunford
and Schwartz, 1958, Theorem 11.3.10), P can be extended to a linear functional P’ on
L (€2, A") such that

P'[f'] < S(f") = sup f(w) Ve LA

we

|P'[f']|] < ||f'|| implies that P’ is a (norm-)continuous linear functional and, therefore,

P € ba(2, A’). From

Pl = =P[=f1 > =5S(=f) 20 Vf =20, [f€Lc(QA)
and
1 = —sup(—Io(w)) < =P [—1Io] = P'|Ig] < suplp(w) =1
weN we

it follows that P’ € ba®(Q, A’).
Hence, M’ # () and sup P'[f] = P[f] Vfek.
PleM!
The remaining statements of the proposition follow directly from the definitions. O

Especially, Proposition 2.13 shows that the definitions of coherent upper/lower previsions
are only reformulations of the original definitions (Walley, 1991, § 2.5.1); cf. also (Walley,
1991, § 3.3.3). The extension procedure described in Proposition 2.13 is called natural
extension in (Walley, 1991, § 3).

It does not make any essential difference if coherent upper or coherent lower previsions are
considered. In this book, most of the results are formulated in terms of coherent upper
previsions because the main purpose are decision theoretic investigations with applications
in statistics. Here, the use of loss functions leads to upper risks which are defined via
coherent upper previsions. If utility functions were considered instead (which is quite
unusual in statistics), the results would accordingly have to be formulated in terms of
coherent [ower previsions.

The following well-known theorem (cf. (Walley, 1991, Theorem 2.5.5)) provides a charac-
terization of coherent upper previsions.

Theorem 2.14 P is a coherent upper prevision on Loo(, A) if and only if
o Plf] <supflw) VfEL(QA

weN
e Plaf] = aP|
o Plfi+f] <

VfeLo(QA), Vae (0,00) and

f]
PR+ Pl Yfi, o € Lol A)

Proposition 2.15 describes a common way for generating coherent upper previsions:

Proposition 2.15 Let V C bal (92, A) be any non-empty subset of probability charges
on (2, A). Then,

P[f] = supP[f], fecoo(QwA)

Pey
defines a coherent upper prevision on L (), A) and the conver L (£, A) - closure of V

M = cleo (V)
is the credal set of P on (Q,.A).
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Proof: It follows directly from the definitions that P is a coherent upper prevision. Note
that V C ba}(£2,.A) and bat(Q,A) is a L(Q, A) - closed convex subset of ba(2, A) (cf.
Theorem 2.7). Therefore,

clco (V) C baj (9, A) (2.17)
Let M be the credal set of P. Then, Theorem 8.26 implies

M = {Pe ba(€, A) ( Plf] <Plf] Vf EEOO(Q,A)} A bat(Q, A) =
= clco (V) N baf(Q,A) CLD cpco V)

|

Whereas Theorem 2.14 characterizes coherent upper previsions, the following corollary
characterizes the credal sets. The corollary is a slight generalization of (Walley, 1991,
Theorem 3.6.1), it says that there is a one-to-one correspondence between coherent upper
previsions and L. (€2, .A) - compact convex subsets of ba® (£, A).

Corollary 2.16 A subset M C bat(Q,A) is a credal set of a coherent upper prevision
if and only if it is Loo(92,.A) - compact and conver.

Proof: Let M be L,(Q2, A)-compact and convex. Put ¥V = M and define a coherent

upper prevision P as in Proposition 2.15. Then, Proposition 2.15 implies that M =
clco (M) is the credal set of P.

Conversely, let M be the credal set of some coherent upper prevision P. Put V= M;
the coherent upper prevision defined by ¥V = M as in Proposition 2.15 is again P. By
assumption, M is the credal set of P so that Proposition 2.15 implies

M = clco (M)

Hence, M is L (9, A)-closed and convex. Since M C ba} (9, A) and bal(Q, A) is
L(2, A) - compact (cf. Theorem 2.7), it follows that M is L£.(, .A) - compact, too. O

2.4 Upper/lower expectations and F-probabilities

2.4.1 Definitions and basic properties

Within the concept of coherent upper previsions developed in Walley (1991), o-additi-
vity is mainly ignored. However, there is also the concept of upper expectations and
F-probabilities developed in Buja (1984) and Weichselberger (2001) which insists on o-
additivity. Essentially, this means that only those coherent upper previsions P are con-
sidered which have a representation by a set of probability measures:

Plf] = sup P[f] V[ € Lx(QA)

PcP

where P C cal(Q, A).
Let € be a set and A a g-algebra on Q. Let K be any subset of L£,,(2,.4).
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Definition 2.17 Let P be a map
P: K—R, [~ P[f

and put P := {P € ca{(Q,A) | P[f] < P[f] VfeK}. P is called upper expectation
on K if

o P #£10

o sup P[f] = P|f]
PeP
P is called the structure of P.
If P is an upper expectation on I,

pP: -K - R, [~ —P-f]
18 called lower expectation on —K .
Definition 2.18 Let P be an upper expectation on K. If
Kc{ls| Ac A}
P is also called upper F-probability and P is also called lower F-probability .

The definition of upper expectations originates from Buja (1984), the definition of F-
probabilities originates from Weichselberger (2000) and Weichselberger (2001) though
Weichselberger uses the terms “lower/upper interval-limit of the F-probability” instead
of “lower/upper F-Probability”. The term “structure” also stems from Weichselberger
(2000); originally, structures are defined in case of F-probabilities only. In Definition
2.17, the term “structure” is adopted for every upper expectation.

The following proposition describes how an upper expectation can be extended to an
upper expectation on L4 (€2,.4). As a consequence, it can always be assumed that upper
expectations are defined on the whole space L£,.(2,.4).

Proposition 2.19 Let P: K — R be an upper expectation on K C L($2,A) and let P
be its structure on (2, A). Then, P can be extended to an upper expectation on Lo(£2,.A)
by

Plf] .= sup P[f], [ € Lo(Q,A)

pPeP

P is also the structure of the extended upper expectation..
Proof: This is a direct consequence of the definitions. O

Remark 2.20 Proposition 2.19 is considerably weaker than its analog in case of coher-
ent upper previsions (Proposition 2.13). This is due to insistence on o-additivity for
the elements of the structure: The proof of Proposition 2.13 (in case of coherent upper
previsions) is based on the fact that every probability charge on A can be extended to a
probability charge on any A" O A according to the Hahn-Banach theorem (e.g. (Dunford
and Schwartz, 1958, Theorem I1.3.10)). However, there is no analog of the Hahn-Banach
theorem if we insist on o-additivity. It is possible that a probability measure on A can not
be extended to a probability measure on some o-algebra A" D A. Such problems does not
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only arise in artificial cases. For example, let P be the upper prevision whose structure
only consists of the standard normal distribution P := N(0,1). That is P = P := N(0,1),
A =B. Assume that P admits an extension to an upper expectation on the power set 2% of
R. Then, the structure of the extended upper expectation consists of probability measures
on 2% which are extensions of P = N(0,1). Let P' be such an extension of P = N(0,1),
f be the density of N(0,1) with respect to the Lebesgue measure A\ and put g := 1/f.
Then, N defined by N(A) = [,gdP’" YA 2% is an extension of A to 2%. However, it
is known that the existence of an extension N neither can be proven nor disproven. That
is, the only way to get an extension of P = N(0,1) on 2F is to introduce the existence of
such an extension as a new axiom in mathematics; confer (Hoffmann-Jorgensen, 19940,
p. 513).

The following theorem states that every upper expectation is a coherent upper prevision.
Of course, the corresponding credal set does, in general, not coincide with the structure
but there is a strong relationship between these sets: the corresponding credal set is the
L (82, A) - closure of the structure.

However, credal set and structure do coincide sometimes — this instance characterizes an
important special case (cf. Theorem 2.27).

Proposition 2.21

a) Let P be an upper expectation on K C Lo(2, A). Then, P is also a coherent upper
prevision on K.

b) Let P be an upper expectation on Loo(S2, A) with structure P. Then, P is also a
coherent upper prevision on Lo(§2,.A) and its credal set M (on (Q,.A)) is equal to
the Lo (2, A) - closure of the structure P

M = 06(73)
In particular, P is relatively compact with respect to the L (S, A) -topology on
ba(, A) .
Proof:

a) Let P be the structure of the upper expectation P and put
M = {Pebai(QA)| P[f]<Plf] VfeK}
Then, P C M and, therefore, it follows that M # ( and

sup P[f] = P[f] VfeK
PeM

Hence, P is a coherent upper prevision.

b) Convexity of P implies that c/(P) is the convex L (€2,.A) - closure of P; cf. (Dunford
and Schwartz, 1958, Theorem V.2.1). Then, statement b) follows from Proposition
2.15 where V := P.

Furthermore, this implies that P is relatively compact in the £(£2, .A) - topology; cf.
Corollary 2.16.

|
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Remark 2.22 Assumption K = L(2,.A) is crucial in Proposition 2.21b). The mathe-
matical reason is as follows: Let P be an upper expectation on K C Lo(Q,.A). Then, the
natural extension (Proposition 2.13) for coherent upper previsions and the extension pro-
cedure for upper expectations (according to Proposition 2.19), in general, do not coincide
on Loo(§2,A) because the structure P and the credal set M usually do not coincide.

Since the L£,(€, .A)-topology on ba({2,.A) is useful in case of coherent upper previsions,
it is suggesting to use the L, (€2, .A)-topology on ca(€, . A) for upper expectations. This
is the weakest topology on ca(f2, .A) such that, for every f € L, (9, .A),

Ap i oca(@,A) — R, p— Ap(p) = plf]

is continuous. Note, that this topology coincides with the subspace topology on ca(2,.4)
generated by the £,(,.A) - topology on ba(f,.A); ¢f. Lemma 8.25.

Proposition 2.23 describes a common way for generating upper expectations — it is the
analog of Proposition 2.15.

Proposition 2.23 Let V C cal (2, A) be any subset of probability measures on (9, A).
Then, B
P[f] = sup P[f], feLo(2,A)

Pey

defines an upper expectation on Ls(Q,A). The structure P of P is given by the convex
closure of V in ca(2, A)
P = cﬁco(V)

where the term “closure” refers to the L(£2,.A) - topology on ca(€2, A) .
V is called prestructure of the upper expectation P.

Proof: It is a direct consequence of the definitions that P is an upper expectation on

L.o(9, A).

All topological terms within this proof refer to the £,,(€2,.4) - topology on ca(2, A). It is
an easy consequence of Theorem 8.24b) that cat((,.A) is closed in ca(f2,.A). Therefore,
convexity of ca® (€2, A) implies

cleo (V) C caf(Q,A) (2.18)
Let P be the credal set of P. Then, Theorem 8.26 implies

P = {PecaQA‘P Pf] erL’(Q,A)}ﬂca (QA) =

(2.18)

= cleo (V) N caf(Q,A4) =" cleo (V)

a

The term “prestructure” was originally defined in (Weichselberger, 2000, Defnition 2.5)
in case of F-probabilities. Note that there is an important difference between the theory
of F-probabilities and the theory of upper expectations:

Caution: According to Proposition 2.23, a set V C cal(Q,.A) generates an upper e-
pectation on L (2, A). Analogously, V may also generate an upper expectation Py on
some

K C L£o(Q A
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by

Pxlf] = suwp P[f],  fekK

pPey

Of course, we have

P[f] = P[f] Vfek

However, if we extend Pi on L.o(Q,A) according to Proposition 2.19 (the extension is
again denoted by Py ), we usually have

Plf] # Plf]  for [EK

because the structures of P and Py usually do not coincide.

FEspecially, this applies to F-probabilities, where K = {I4| A € A}. As a consequence, the
structure of the F-probability Px generated by V does not coincide with the structure of
the upper expectation P generated by V on L.(Q,.A) in general!

The following corollary characterizes structures of upper expectations and establishes
a one-to-one correspondence between upper expectations and L(£2,.A)-closed convex
subsets of ca(f2,.4).

Corollary 2.24 A subset P C ca®(,.A) is a structure of an upper expectation if and
only if it is L(2, A) - closed in ca(S2, A) and convex.

Proof: All topological terms within this proof are with respect to the £, (£2,.4) - topology
on ca(f, A).

Let P be closed and convex. Put V = P and define an upper expectation P as in
Proposition 2.23. Then, Proposition 2.23 implies that P = clco (77) is the structure of

P.

Conversely, let P be the structure of some upper expectation F_. Put V = P; the upper
expectation deﬁn_ed by V = P as in Proposition 2.23 is again P. By assumption, P is
the structure of P so that Proposition 2.23 implies

P = clco (73)

Hence, P is closed and convex. O

Corollary 2.24 is weaker than its analog in case of coherent upper previsions (Corollary
2.16): While credal sets are always compact (with respect to the considered topology),
structures are not necessarily compact (with respect to the considered topology). How-
ever, compactness is an important property because it enables us to use minimax theorems
throughout this book. Indeed some of the most important results in this book are based
on minimax theorems.

Therefore, the next subsection is concerned with the investigation of necessary and suffi-
cient conditions for compactness of structures.
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2.4.2 Continuous upper expectations

Let €2 be a set and A a g-algebra on €. In order to investigate necessary and sufficient
conditions for compactness of structures, we have to introduce some terminology:

Definition 2.25 An upper expectation on L (2, A) is called continuous if for every se-
quence (fn)neN C ‘COO(Q7A) and f S ‘Coo<Qa~A>

fa@) N fw) Vwet = lim P[f,] = P[f]

n—oo

In case of F-probabilities, this definition originates from (Weichselberger, 2000, Definition
2.6).

Definition 2.26 A set V C ca®(Q,.A) of probability measures is called uniformly domi-
nated by p € ca(Q,A), u >0, if

Ve>0 36>0, such that, for every Ac A and P € V:
u(A)y <é = P(A)<e

Proposition 2.21 claims a strong connection between upper expectations and coherent
upper previsions on L, (2,.A4). It says that every upper expectation is also a coherent
upper prevision. So, an upper expectation P corresponds to a structure P C caJ{(Q, A)
and to a credal set M C ba® (2, A). According to Proposition 2.21, M is the £, (9, A)-
closure of P in ba(2, A) .

The following theorem says that compactness of P (with respect to the L.(£2,.4)-
topology on ca(f2,.4)) can be characterized by the relationship between the structure
and the credal set of P:

Theorem 2.27 Let P be an upper expectation on Lo(S2, A). Let P be the structure and
M be the credal set of P. Then:
P is compact (with respect to the Lo(2, A) - topology on ca(S2, A)) if and only if

P =M (2.19)

Proof: According to Lemma 8.25, the £,,(2,.A) - topology on ca(£2, .A) coincides with the
subspace topology on ca(f2, A) generated by the L£..(2,.A) - topology on ba(f2,.4). Hence,
P C ca(,A) is L(,.A)-compact in ca(€2, A) if and only if it is L.(£2,.4) - compact
in ba(2,.4). According to Proposition 2.21, P is L (12, .A) - compact in ba(f2,.4) if and
only if (2.19); cf. also Corollary 2.16. O

If we explicitly insist on o-additivity (as in the concept of upper expectations) and con-
sider upper expectations as an independent concept, the L. (€2,.A)-topology is not a
very interesting topology for theoretical investigations. This is a consequence of Theorem
2.27 because it says: A structure is compact only in these cases where there is abso-
lutely no difference between the two concepts “upper expectations” and “coherent upper
previsions”.

However, cases where structures are compact (with respect to this topology) are very
important for applications; cf. Augustin (1998). Of course, Theorem 2.27 does not
provide us with a practical criterion in order to check compactness for real applications.
In case of F-probabilities, such (necessary and sufficient) criteria are given by (Augustin,
1998, Proposition 2.11). The following theorem is a slight generalization of (Augustin,
1998, Proposition 2.11) — it is not only formulated for F-probabilities but also for general
upper expectations; the proof is similar.
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Theorem 2.28 Let P be the structure of an upper expectation P on Lo(2, A). Then
the following conditions are all equivalent:

a) P is continuous.
b) P is uniformly dominated.

c) P is compact with respect to the Ly (€2,A) - topology on ca(£2,.A)

Proof: Let M be the credal set of P ; cf. Proposition 2.23.

[a)=c)] Take any P € M. Then, for every sequence (A,),en C A such that (A,)nen \
(), continuity of P implies

0 < lim P(A,) < lim P[14,] =0

n—oo n—oo

Hence, P € ca(A)NM = P. Thatis, M = P and c) follows from Theorem 2.27.
[c)=Db)] Confer (Baumann, 1968, Korollar 2.5).
[b)=-a)] is a direct consequence of the definitions.

|

While the £.,(2,.A)-topology is quite common on ba({2,.4), it is not very usual on
ca(€, A) and on the set of all probability measures ca®(,.A). This is underlined by
Theorem 2.27 in the context of upper previsions because it says that the L£.(£2,.A)-
topology is most appropriate on ca(€2,.A) in these cases where it does not matter if we
consider ca(f2,.A) or ba(Q2, A).

The most common weak topologies on ca({2,.A) are I-topologies (cf. Subsection 8.2)
where I' is a certain class of continuous functions on 2 and €2 = Z is a Polish space
or a compact Hausdorff space. These topologies are studied in connection with upper
expectations in the following two subsections.

2.4.3 Upper expectations on Polish spaces

Let = be a Polish space. That is, = is a topological space and there is a metric d on =
such that

e d generates the topology on =
e = is complete and separable with respect to d

Let B be the Borel-o-algebra on =. That is, B is the smallest o-algebra which contains
all open sets V C =.
Let C,(Z) be the set of all bounded, continuous functions

f: =2 =R

Especially, C,(Z) is a norm-closed vector subspace of L (Z,B).
Hence, every bounded, signed measure p € ca(=,B) uniquely defines a (norm-)continuous
linear functional

pn: C(E) — R, fH/fdu:u[f]
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Note” that two different bounded signed measures do not define the same functional on

Cb(E)i
pi, po € ca(E,B), mlf] = wl[f] VS€C(E) = m=mw (2.20)

As a consequence, ca(Z, ) can be identified with a linear subspace in the dual space of

Co ().

Analogously to Section 2.3, ca(Z,8) can be endowed with the C,(Z) - topology; cf. Sub-
section 8.2. This is the smallest topology on ca(=Z,B) such that

ca(Z,B) — R,  p — pulf]

is continuous for every f € Cy(Z).

However, it is more common to use the “Cy,(Z)-topology on ca®(Z,%)” 8 in classical

probability theory. This is the smallest topology on the set of all probability measures
cal(Z, ) such that
caj(E,%8) — R,  p — plf]

is continuous for every f € Cy(Z). This topology is called weak topology of probability
measures. A standard reference for this topology is Billingsley (1968). The use of the
weak topology of probability measures is very pleasant because it is metrizable so that it
suffices to consider sequences instead of nets.

Furthermore, there is a simple characterization of relatively compact sets:

Theorem 2.29 (Prohorov) A subset of cal(Z,B) is relatively compact in the weak
topology of probability measures if and only if it is tight.
Confer (Billingsley, 1968, Theorem 6.1).

Finally, there is, of course, also a strong connection between this topology and the Cy,(Z) -
topology on ca(=Z,B). The following lemma implies that a subset of cal (=, B) is closed in
the weak topology of probability measures if and only if it is closed in the Cy,(Z) - topology
on ca(=Z,B). This is needed in the proof of Proposition 2.33 which characterizes weakly
closed subsets of ca(=,B).

Lemma 2.30 ca}(=,B) is Cy(Z) - closed in ca(Z,B) .
Proof: Let (Ps)sep be a net in cal(Z,B) such that

Py LN p € ca(Z,*B) in the C,(Z) - topology
Hence, u(Z) = 1 and p[f] > 0 Vf € C,(Z). That is, u € cal(Z,B). ]

In the following, the weak topology of probability measures is simply called weak topology
and topological notions such as “weakly closed” and “converges weakly” are with respect
to this topology.

Upper expectations have originally been defined in Buja (1984). There, they are only
considered on Polish spaces where the weak topology is used. This setup seems to be
promising because of the following statement which is implicitly contained in (Buja, 1984,
Proposition 2.1 and 2.2):

"It follows from yu1[f] = ialf] ¥ f € Co(E) that uf [f] + w3 [f] = 5 [f] + () ¥ f € Cu(E) . Hence,
pi 4+ ps = py + py according to (Bauer, 2001, Lemma 30.14) and, therefore, p1; = puz .
8This topology is not defined in Subsection 8.2 because ca® (=, B) is not a linear space.
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“Every tight structure is weakly compact.”

However, this is, in general, not correct! For a counterexample, confer Subsection 4.1.2.
In the following, two theorems are given which provide necessary and sufficient conditions
for relative weak compactness and weak compactness respectively. It is surprising that one
of these conditions — namely condition a) in both theorems — is very similar to continuity
which is a necessary and sufficient condition for £ (Z,B) - compactness in ca(=,B); cf.
Theorem 2.28. ?

Theorem 2.31 Let P be the structure of an upper expectation P. Then, the following
conditions are all equivalent:

a sequence such that f,(x) \, f(x) Vz € = for some f €

a) If (fn)neN - Cb(E)
I\ Plf].

Cn(Z), then P[f,
b) P is tight.

c) P is relatively weakly compact in ca®(=Z,B).

Proof:

[a) = b)] Let d be a metric on Z so that d induces the topology of = and (=, d) becomes
a complete separable metric space. Let (a,)n,en be a dense subset of Z. For every

r > 0 define

d(x,a;) Nr .
7w ZE—R, [L’H%, 1eN
r

[ := min 'yz, neN

i=1,.
Er(ai) = {x €= ‘ d(z,a;) < 7“}
and B, (a;) = E\ B,(a;). Then:
F:L = z_nilln ’Yz > I1117111’ ]Bc(a) - Iﬂ? 1 By (az)
2] Ve>0, YkeN 3n,eN: 0 < P[] <e-27%:

Pk

Since (an)nen is d-dense in =, T/ N\, 0 pointwise for n — oco. Then it follows

from a), that
lim P[ /%] \. P[0] = 0

because (I *)nen C CP(Z, B).

9In case of locally compact separable metric spaces (i.e. in a special case of Polish spaces), it has also
been discovered in Lasserre (1998) that such “continuity conditions” serve as a uniform principle in order
to characterize (sequentially) compact sets of probability measures with respect to several topologies.
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3] K. = Npeny Uik, Bisk(a;) is obviously totally bounded. Furthermore, K. is closed
and complete. Hence, K. is compact (cf. (Dunford and Schwartz, 1958, Theorem
1.6.15) ) and we have

[b) = a)] Let (fn)nen C Ch(E) be a sequence such that f,(x) \, f(z) YV € = for some
f € Cp(Z). For each [ € N, we may choose a compact K; C Z, so that

F(E \ Kl) <

o~ =

(2.21)

because P is assumed to be tight. According to Dini’s Theorem (Dudley, 1989,
Theorem 2.4.10), (f,)nen converges uniformly on every compact set K;. Hence, for
every [ € N,

limsup [B(f,] — P[f]| < limsupsup P[f, — ] <
n n PecP

< limsup (sup fn— fdP + sup fn — fdP> <
n pPeP J K, PeP JE\K,

< timsup (sup(fu =) + (Iull + 171l PE\ KD) <

n zeK]

1

< 2 fille 5

[c) & b)] This is the content of Theorem 2.29.
a

Theorem 2.31 cannot be proven by a simple application of (Féllmer and Schied, 2002,
Theorem 3.8) since (Follmer and Schied, 2002, Theorem 3.8) is not correct as explained
in (Follmer and Schied, 2004, Remark 4.29). Nevertheless, the proof of Theorem 2.31 is
only a variant of the proof of (Foéllmer and Schied, 2002, Theorem 3.8). Theorem 2.31
essentially coincides also with (Varadarajan, 1965, Theorem I1.25).

Theorem 2.32 Let P be the structure of an upper expectation P. Then the following
conditions are all equivalent:

a) If (fu)nen C Co(Z) is a sequence such that f,(x) \, f(x) Yz € = for some [ €

Loo(Z,B), then P[f,] \. P[f].
b) P is tight and weakly closed in ca®(Z,B).

—_
—

c) P is weakly compact in ca?(=Z,B).

Proof:
[a)=b)]

[1] Tightness of P follows from Theorem 2.31.
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[2] P is weakly closed in cat(Z,B):
Let (Py)ren C P be any sequence which converges weakly to some P € ca®(Z,B).
Since the weak topology on ca?(Z, %) is metrizable, it suffices to show that P € P.

To this end, let f be any upper semi-continuous function in £ (Z,8). Then, there is
a sequence (fy)nen C Cp(Z) such that f,(x) \, f(z) Va € = (cf. (Denkowski et al.,
2003, Proposition 1.4.54)). For every g € Cy(Z), Plg] = lim;, P;[g] < Plg]. Hence,
the dominated convergence theorem implies

That is, P[f] < P[f] for every upper semi-continuous function in L. (Z,B).

Now, let f be any function in L. (Z,%B). According to Lemma 8.27, there is a
sequence (fy,)nen of upper semi-continuous function f, € L (Z,9B) such that

h<h<fs<...<f and  Plfu] /7 P[f] (2.22)

Hence,

)

42 pif) < Pl S P

Plf]

[b)=-c)] follows from Theorem 2.29.

[c)=a)] Let (f.)nen C Cub(Z) be a sequence such that f,(z) \, f(z) Vz € Z for some
f € Lo(Z,8). Then:

[1] lim,, P[f,] exists because P[f1] > P|[f2] > --- > P[f] > —
t Pulfa] = Plfal:

(0. ¢]

[2] For every n € N| there is some P, € P so tha

The weakly continuous functions
P—-R, P — P[f,]
attain their maxima P[f,] in some P, € P because P is weakly compact (cf.

(Denkowski et al., 2003, Theorem 1.3.11)).

[3] There is a subsequence (P, );eny which converges weakly to some Py € P because P
is also sequentially weakly compact (Metrizability!).

[4] limy P, [f)] < Bo[f]:
The limit lim; P,,[f,,] exists according to the definition of (P,),en and part [1] of
the present proof. The sequence (f,)nen is decreasing. Hence for every k € N,

limy P, [fn,] < liny P, [ fx] &l Py fx] and the dominated convergence theorem implies

] o - [ .. [4] 3
5] Finally, P[f] < lim, P[f,] = limy P[f,,] L timy P,,[£,.] < Ro[f] < PLf]

|

Assumption a) of Theorem 2.31 and assumption a) of Theorem 2.32 seem to be nearly
the same. But the difference matters as can be seen from Theorem 2.31, Theorem 2.32
and Subsection 4.1.2.

In addition, the next proposition characterizes weak closedness of structures.
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Proposition 2.33 The structure P of an upper expectation P is weakly closed if and only
iof it has the following representation:

P = {Pecaj(E,B)]| P[] <Pf] VfeC(E)} (2:23)

Proof: Put V = P, I' = C,(2) and M = ca(=E,B). Since P is convex, it follows from
Theorem 8.26 that the structure P is C,(Z) - closed in ca(Z,B) if and only if it has the
representation (2.23).

Hence, it only remains to show that P C caj(Z,B) is C,(Z) - closed in ca(Z, B) if and
only if it is weakly closed in caf(Z,B).
Let P be Cp(E) - closed in ca(=,B) and (Ps)gep C P be a net such that

Ps 5P e cal(Z,%)  weakly

That is, Ps[f] — P[f] for every f € C,(ZE) and, therefore, P3 — P in the Cy(E)-
topology. Finally, it follows from C,,(Z) - closedness of P that P € P.
Conversely, let P be weakly closed in caf(Z,B) and (Ps)sep C P be a net such that

Py LN p € ca(z,*B) in the Cy(Z) - topology

According to Lemma 2.30, 4 € caj(Z,8B). Therefore, convergence in the Cp(Z)-
topology implies weak convergence. Finally, it follows from weak closedness of P that
nwepP. O

Proposition 2.33 seems to indicate that this setup (weak topology and Polish spaces) is
not appropriate because it says that an upper expectation P whose structure is Cp(Z) -
closed (or compact) is at least implicitly defined by its values on K = C,(Z). However,
one of the most important special cases of upper expectations are F-probabilities which
are defined by their values on some K C {I B ‘ B € %} and, at least in case of = = R,
indicator functions are rarely continuous.

The following subsection investigates upper expectations on compact Hausdorff spaces — a
setup which seems to be similar to the Polish setup. However, compact Hausdorff spaces
prove to be much more important (at least from a theoretical point of view) as will be
seen in Subsection 2.5.

2.4.4 Upper expectations on compact Hausdorff spaces

In this subsection, we turn over to compact Hausdorff spaces. While upper expectations
on Polish spaces have been considered in Buja (1984), upper expectations have not been
studied explicitly on compact Hausdorff spaces before. In Subsection 2.5, this setup turns
out to be important and — in a sense — as general as coherent upper previsions on arbitrary
spaces.

Let = be a compact Hausdorff space — i.e. = is a topological Hausdorff space which is
compact. Let C(Z) be the set of all continuous functions

f:r =z —-R

and let B, be the Baire-o-algebra on =. This is the smallest o-algebra on = such that
every continuous function f € C(Z) is measurable. Obviously, the Baire-c-algebra is
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contained in the Borel-o-algebra: By, C B. In any metric space, the two o-algebras
coincide By = B (for the metric topology); cf. (Dudley, 1989, Theorem 7.1.1).
Compactness of = implies that every continuous function f € C(Z) is bounded. So,
C(Z) = C,(E) and C(Z) is a norm-closed vector subspace of L (Z,By) .

Every bounded, signed measure u € ca(Z, By) uniquely defines a (norm-)continuous linear
functional

T,: GE) — R fo [ fdu = alf
The converse statement is also true; cf. (Dudley, 1989, Theorem 7.4.1):

Theorem 2.34 For every u € ca(Z,By),
T,: C(E) — R, fr—>/fd,u

is a continuous linear functionals on C(Z).
Conversely, for every continuous linear functional

T: CE) — R, [ T(f)

on C(Z), there is a unique p € ca(S2, . A) such that

T(f) = /fdu f € Lol A)

Remark 2.35 1 +— 1), is a vector space isomorphism between ca(Z,Bg) and the dual
space of C(Z) denoted by C(Z)* . Furthermore, u +— T, is isometric: |T,||. = ||p|| where
|- ||+ denotes the dual norm ||T||, = sup {T(f)| |f| <1, f€CE)}.

It can also easily be read off from the proof of Theorem 2.34 in (Dudley, 1989, Theorem
7.4.1) that this isomorphism respects order:

K20 & T 20 Y20, fec(E) (2.24)
Summing up, pp +— T, is an L-space isomorphism between ca(Z,By) and C(Z)*.

Since ca(=Z, By) can be identified with the dual space of C(Z), ca(Z, By) is usually provided
with the T-topology (cf. Subsection 8.2) where I' = C(Z). 1% This is the weakest topology
on ca(Z,By) such that, for every f € C(2),

Ap i oca(E,B0) — R, p — Ap(n) = plf]

1S continuous.

The following theorem provides necessary and sufficient conditions for C(Z) - compactness
of structures.

Theorem 2.36 Let P be the structure of an upper expectation P on (Z,8,). Then, the
following statements are all equivalent:

a) P is C(E) - compact.

10Tn the more general case where Z is a locally compact Hausdorff space, the usual weak topology would
be given by I' = Cy(E), the set of all continuous functions f € C(Z) with compact support. However,
C(Z) = Cp(E) in case of a compact Hausdorff space Z.
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b) P is C(Z) - closed.
c) P can be written as

P = {Pecal(E,%0) | P[f]<Plf] VfeCE)} (2.25)

Proof:
(b) < (c): Since P is convex, this follows from Theorem 8.26 where V = P, I' = C(Z)
and M = ca(=,By) .

(a) = (b): Z is assumed to be a Hausdorff space.

(a) <= (b): According to Theorem 2.34 and Remark 2.35, ca(Z,B) can be identified
with the dual space of C(Z). Hence, the closed unit sphere {u € ca(Z,Bo) | ||p]| < 1} is
C(Z) - compact in ca(Z, By) according to (Dunford and Schwartz, 1958, Theorem V.4.2).
Since P is a C(Z) - closed subset of this C(Z) - compact set, P is C(Z) - compact, too. O

Analogously to Polish spaces, one could argue that Theorem 2.36 indicates that this
setup (C(Z)-topology and compact spaces) is not appropriate because it says that an
upper expectation P whose structure is C(Z) - compact is at least implicitly defined by its
values on L = C(Z). This is true from a practically orientated point of view — however,
it is not true from a theoretical point of view as can be seen in Section 2.5.

2.4.5 F-probabilities

As stated before, F-probabilities are the most important and also most investigated special
case of upper expectations. In Subsection 2.4.1, F-probabilities have already been defined
as special cases of upper expectations. Since the definition of F-probabilities is usually not
given in terms of upper expectations and there is a different notation for F-probabilities,
the usual definitions and notations of F-Probabilities are given in the present subsection
so that the connection to upper expectations gets more visible.

The following definitions originate from Weichselberger (2000). Confer also Weichsel-
berger (2001).

Definition 2.37 Let (2, A) be a measurable space.

a) A function p on A satisfying the azioms of Kolmogorov is called classical probability.
That is, the set of all classical probabilities on (Q, A) is cat(Q, A).

b) A function P of the form
P:A=A{[LU]| 0sL<U<1}, A P(A)=[L(A),UA)]
15 called R-probability with structure M if the set
M= {pecal(QA)| L(A) <p(A) SU(A) VA€ A}
15 not empty. L s called lower probability and U s called upper probability.
c) An R-probability
P:A—-{[LU| 0<L<U<1}, A— P(A)=[L(A),U(A)]
1s called F-probability if

infpe/vl p(A) = L<A)

sup, i p(A) = U(A) } vded
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For every F-probability, L and U are conjugate. i.e.
L(A)=1-U(A9 VAe A

Therefore, every F-probability is uniquely determined by L : A — [0,1]. (Q, A, L) is
called F-probability field.

The following definition extends the concept of expectations in case of classical probability
to interval probability:

Definition 2.38 For every F-probability field (2, A, L) with structure M, a random vari-
able X : (2, A) — (R, B) is called M-integrable if X is p-integrable for each element p
of M. Then

EpX = [LEpmX, UEpX] = nf X, sup B, X | © [— o0, o0]
peE

is called the (interval-valued) expectation of X (with respect to (Q, A, L)).

Let (€2,A, L) be an F-probability field with structure M. Put

P[l4] == U(A) VAeA
Obviously, B B
P: {I,| Ac A} - R, [~ P[4

is an upper expectation with structure M . Furthermore, P is indeed an F-probability
according to Definition 2.18 where

K ={l.] Ac A} (2.26)
Definition 2.18 also admits
K {Ia] Ac A} (2.27)

instead of (2.26). In this case, F-probabilities are called partially determinate F-proba-
bilities in Weichselberger (2000) and Weichselberger (2001).

According to Proposition 2.19, an F-probability P can be extended to an upper expecta-
tion on L(€2,.4). This extension is equal to

Plf] = UEmuf VY[ € Lu(QA)
(Of course, every f € L(92,.A) is M-integrable.)

Caution 1: Here, the structure is denoted by M in order to be in line with the notation
used in Weichselberger (2001). In general, this M is not the credal set of P according
to Proposition 2.21. In the previous subsections, structures are denoted by P because M
already denotes credal sets in the theory of imprecise probabilities according to Walley
(1991) (which is mainly used in the present book).

Caution 2: As stated before, the extension of a (partially determinate) F-probability to
an upper expectation on L (€2, A) is equal to

Plf] = UEmf Vf€Lx(2A)
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so that we are in accordance with Weichselberger (2000) and Weichselberger (2001). How-
ever, one has to be careful when a structure is generated from a prestructure. Then, it
makes a difference if the structure of an F-probability or the structure of an upper expec-
tation on L+ (92, A) is generated. Confer page 23.

It is a basic property of classical probability measures that they are uniquely determined
by their values on a N-stable generator of the o-algebra A. This is not true for F-
probabilities. However, there is at least a related result on Polish spaces (Z,9B):

Proposition 2.39 Let = be a Polish space with Borel-o-algebra B and let U be the upper
probability in an F-probability field (2,8, L) with structure M .
Then

U(B) =sup{U(K) | K C B, K compact} VBeB

and
PeM & PK)<U(K) for every compact K € B

for every P € ca®(Z,B). Especially, an F-probability is uniquely determined by the values
of U on the compact subsets of =.

Proof: For B € B, there is a sequence (P, )n,eny C M such that P,(B) /' U(B). Since =
is Polish, every probability measure on (Z, B) is regular. Hence,

VneN JK, C B, K, compact : 0< P,(B) — P,(K,) < %
and
UB) > sup{U(K)| K C B, K compact} >
> limsupsup {Pn(K) ‘ K C B, Kcompaet} >
> limsup Py (K,) = limsup (Pu(B) — (P(B) — PA(K.) >
> lirr;inf P,(B) — lim Sljp (Pu(B) — P,(K,)) =U(B)

Let P be a probability measure on (=, B) where P(K) < U(K) for every compact K € B.
So, P is regular and for every B € B,

P(B) = sup{P(K) } K C B, K compact} <
< sup{U(K) | K C B, K compact} = U(B)

2.5 Representation of coherent upper previsions

2.5.1 Introduction

According to the previous sections, there are several ways to define imprecise probabilities.
The main difference results from different answers to the question whether to insist on
o-additivity or not. Both the concept of coherent upper previsions and the concept of
upper expectations can be based on sets of precise probabilities

{P| P[/]<Plf] ¥V[} (2.28)
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such that P[f] is the supremum of P[f] over this set for every f. If precise probability
assignments are modeled by o-additive probability measures P, we naturally end up with
the concept of upper expectations. If precise probability assignments may be modeled
by any probability charge P, we naturally end up with the concept of coherent upper
previsions.

Therefore, the question whether to use coherent upper previsions or upper expectations
corresponds to the question whether precise probability assignments may be modeled by
probability charges which are not o-additive. In case of precise probabilities, it is well
known that the answer to this question is hardly connected with the real world. In the
spirit of the work of L. Le Cam (cf. e.g. (Le Cam, 1986, Chapter 1)), this is because
probability charges and probability measures are no observable objects but they are only
mathematical constructs which are intended to represent probability assignments from
the real world. In order to do such a representation in a mathematical rigorous way, an
“appropriate” sample space (€2,.4) has to be chosen. However, the Stone representation
theorem (Dunford and Schwartz, 1958, §1.12) implies that it only depends on the choice of
the sample space whether a precise probability assignment leads to a o-additive probability
measure or not: Even if the precise probability assignment leads to a probability charge
which is not o-additive, there is always another appropriate choice of the sample space
which would have led to a o-additive probability measure. That is, whether we are faced
with o-additive probability measures or not depends on the arbitrary choice of the sample
space. For a more detailed explanation of these considerations in the spirit of L. Le Cam,
confer Section 3.4.

In short, the present section shows that the same reasoning also applies for imprecise
probabilities. That is, whether an imprecise probability assignment leads to an upper
expectation (which is based on g-additivity) or not, only depends on the arbitrary choice
of the sample space. As in case of precise probabilities, this is also a consequence of the
Stone representation theorem.

In order to see this, Subsection 2.5.2 recalls the Stone representation theorem and presents
some preparations based on this fundamental theorem. Next, it is shown in Subsection
2.5.3: Even if an imprecise probability assignment does not lead to an upper expectation
but to a coherent upper prevision, there is always another appropriate choice of the sample
space such that the imprecise probability assignment leads to an upper expectation. In
this way, every coherent upper prevision can be represented by an upper expectation.
Since this can be done in a canonical way, we are able to define a ”canonical Stone
representation” for every coherent upper prevision.

This is not only interesting from a theoretical point of view but also serves as an important
tool in Subsection 3.3.3 where standard models are defined by use of o-additivity. This
can be done for every coherent upper prevision via the canonical Stone representation.
The results of the present section implies that an analogous proceeding is always possible
if o-additivity is needed in the definition of concepts which originally rely on o-additivity.
For example, this is also possible in order to define conditional coherent upper previsions
and this offers an expedient alternative to the definitions based on conglomerability given
by Walley (1991).

2.5.2 Stone representation

Let 2 be a set with algebra A. The following famous theorem connects the general setup
(Q, A) with the setup in Subsection 2.4.4 where = is a compact Hausdorff space and B,
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the Baire-o-algebra on =.

A topological space = is called totally disconnected if its topology has a base which consists
of clopen sets. A set is called clopen if it is closed and open.!! It follows from the definitions
that the clopen sets C' C = form an algebra € on =.

Theorem 2.40 (Stone representation theorem)
There is a totally disconnected compact Hausdorff space = such that A is isomorphic to
the algebra € of all clopen sets C C =. That is: There is a bijective map ® : A — € such
that

(A1 NA) = P(A) NP(As), P(A; U As) = P(A)) UD(Ay),

B(AC) = (2(4))°
for every Ay, Ay, A € A.
For the proof of this theorem, confer e.g. (Dunford and Schwartz, 1958, § 1.12).
Note that the properties of the isomorphism ® : A — € imply
o) =0, W =0, Q) ==, &) =0 (2.29)
where @1 : € — A denotes the inverse of ®.
¢ induces a map £ : Loo(Q2, A) = L(Z, €) in the following way:

E(1a) = lo for every A € A (2.30)

5(2 ajIA].) = Z a;lp(a,) for every simple function on (2, .4) (2.31)

=1
and

E(f) = lim &(sy,) for every f € L(9,.A) (2.32)

n—oo

where each s, is a simple function and ||s, — f|| — 0.
Proposition 2.41 Equations (2.30), (2.31) and (2.32) define a map

£ Lo A) = Lo(5,9), g — &(9) (2.33)
which is an M-space isomorphism.

Proof: According to Lemma 8.28, where ¥ = &, (V,B) = (2, 4) and (Z,D) = (5, ¢),
equations (2.30), (2.31) and (2.32) define a map

£ Lo(A) — LL(EQ), g~ &)

which is linear, positive and normalized — especially, £ is norm-continuous.

Another application of Lemma 8.28, where ¥ = &~ ! (Y, B) = (Z,¢) and (Z,D) =
(©,.A), leads to a map

0 Lo(E,€) = L(Q,A), h — o(h)

HFor example, the clopen sets in R are () and R.
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which is linear, positive and normalized (and, therefore, norm-continuous).
Obviously
pol(s)=s and Eop(t)=t
for every simple function s on (£2,.4) and every simple function ¢ on (Z,€). Hence,
norm-continuity of £ and ¢ implies that

pol(f)=f —and  fop(h)=h

for every f € L,(Q,A) and every h € L (Z,€). That is, ¢ is the inverse of & —
especially, ¢ is bijective.

Next, for every f € L,(9,.A)

and

§f) >0 = f=eEf) >0

Therefore, £ is a vector lattice isomorphism according to Proposition 8.20. The properties
of ® imply
1€(s)l = sup|&(s)(x)] = sup|s(z)| = |s]

TEE PSS

for every simple function s on (£2,.4). Hence, it follows from norm-continuity that

IECHIE = [l VF e Lol A)

® and ¢ also induce a map
¢ : ba(2, A) — ba(z, )

via ¢(u)[h] = p[¢71(h)] where £ is the inverse function of £ . Since ba(2, A) is the dual
space of L,(9,.A) and ba(Z, €) is the dual space of L(Z,€), ¢ is the adjoint operator
of €71, Tt is easy to see that ¢ is

e linear
e positive: ¢(u) >0 VYu>0
e normalized: ¢(u)[lz] =1 Vu>0

Such maps are called (generalized) randomizations or transitions and will frequently be
used later on; cf. Section 3.3.

¢ has a nice continuity property which will become important in the following subsection
where coherent upper previsions are represented by upper expectations.

Proposition 2.42 Let
¢ : ba(2, 4) — ba(z, )

be the adjoint operator of €71 as defined in the previous paragraphs. Endow ba(Q, A) with
the Lo(£2, A) - topology and ba(Z, €) with the L (Z, €) - topology. Then, ¢ is continuous
with respect to these topologies.
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Proof: All topological terms within this proof are with respect to the topologies men-
tioned in Proposition 2.42.

Let (fty)yep be a net in ba(€, A) which converges to some p € ba(2,.4). This implies
that, for every h € L (2, €),

Sp)[h] = py[§(M)] — w7 (M)] = d(u)[h]

v

That is, ¢(p,) — ¢(p) according to Theorem 8.24b) . O
y

Canonical Stone representation

This subsection ends with the description of a concrete space = and a concrete map P :
A — B in the Stone representation theorem (Theorem 2.40). This concrete description is
not really important in this book. However, it is important that it is possible to uniquely
determine a concrete choice of =, ®, £ and ¢. Later on, we will refer to this specific choice

2 43 2 113

as “canonical Stone space”, “canonical Stone isomorphism”, “canonical Stone kernel” and
“canonical Stone transition” respectively.

To this end, let = be the set of all algebra homomorphisms
r: A— {0,Q}
A map x is called algebra homomorphism if, for every A;, A, A € A,
r(A1NAy) = (A1) N z(Az), (A1 UA) = z(A1) U x(A2), z(A°) = (x(A))C
Put
P(A) = {z €= 2(4) =0} VAc A

and endow = with the topology generated by the base
{o)| AeA}

Let € denote the algebra of all clopen sets in =. Then = is a totally disconnected compact
Hausdorff space and ® : A — € is a bijective algebra homomorphism according to
(Dunford and Schwartz, 1958, § 1.12). That is, = and ® have all of the properties which
are required in the Stone representation theorem (Theorem 2.40).

With this choice, = is called canonical Stone space of (2, A) and ® is called canonical
Stone isomorphism of (2, A). According to Proposition 2.41, ® induces an M-space
isomorphism

£ Lo(E,€) = Loo(A), b &(h)
and an adjoint operator of £71,
¢ : ba(Q,A) — ba(g,€)

The map ¢ is called canonical Stone kernel of (2,,A) and ¢ is called canonical Stone
transition between (2, A) and (2, €) in this case.
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2.5.3 Coherent upper previsions represented by upper expecta-
tions

This subsection investigates how an coherent upper prevision on (£2,.4) can be represented
by an upper expectation. Since such a representation is possible for every coherent upper
prevision, upper expectations are as general as coherent upper previsions from a theo-
retical point of view. The representation is based on the Stone representation theorem
presented in Subsection 2.5.2. In particular, this means that coherent upper previsions
on (2, A) are represented by upper expectations on the canonical Stone space = which
belongs to (€2,.4). In Subsection 2.5.2, we did not consider a c-algebra but an algebra
on =. However, for the definition of upper expectations, we need a o-algebra. Since
the canonical Stone space = is a compact Hausdorff space, we are in the situation of
Subsection 2.4.4 and the Baire-o-algebra turns out to be an appropriate choice.

Let €2 be a set and A an algebra on 2. Let = be the canonical Stone space of (€2,.4) and
B, the Baire-o-algebra on = ; let € denote the algebra of all clopen sets C' C =.

A clopen set C has the characteristic property that C' and its complement C'° are open.
Therefore, the indicator function I of a clopen set C'is continuous! So, it follows from
the definition of the Baire-o-algebra that

CCSBO

In fact, the properties of = imply that 2B is the smallest o-algebra on = which contains
¢ and that

CE) = L.o(Z0¢) (2.34)

where C(Z) is the set of all continuous functions f : = — R; cf. (Bhaskara Rao and
Bhaskara Rao, 1983, p. 17f and Corollary 4.7.6(i)).

The following theorem is only a variant of a family of similar, well known theorems; cf.
e.g. (Dunford and Schwartz, 1958, Lemma IV.9.11).

Theorem 2.43 Let Q) be a set and A an algebra on ). Let = be the canonical Stone
space of (2, A) and By the Baire-o-algebra on =. Then, there is a unique map

¢o : ba(Q,A) — ca(=,B)
such that
do(1)(C) = p(@7H(C)) VC e, Vpueba(, A (2.35)

where ® : A — € is the canonical Stone isomorphism.
Furthermore, ¢o is an L-space isomorphism and

G [(N] = ulf] V€ Lu(QA), Ve ba(Q A (2.36)

where & s the canonical Stone kernel.

Proof:
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1] T,: CE) — R, [ /deo

is a (norm-)continuous linear functional for every v € ca(=,By); cf. Theorem 2.34.
Furthermore,
o : ca(=,By) — C(E)", vy — T,

is an L-space isomorphism between ca(Z,B() and the dual space of C(Z) according
to Remark 2.35. Because of

* (2.34)

ba(Z,€) = (Lo(E,€)) (=)

¢ is an L-space isomorphism between ca(=,B,) and ba(=, €) such that
o(vy)[h] = T,[h] = wolh] VheC(E), Vi € ca(Z,Bo) (2.37)

[2] Let & be the canonical Stone kernel; the inverse £71: L (Z,€) — L(9,.A) is an
M-space isomorphism according to Proposition 2.41. Let ¢ = (£71)* be the adjoint
operator of €71, Then, according to Proposition 8.22,

¢ : ba(Q, A) — ba(Z, )
is an L-space isomorphism.
[3] That is,
ba(2,4) % ba(E,€) L ca(E, By)

where ¢ and ¢! are L-space isomorphisms. Then,

do = ¢l oo (2.38)
is an L-space isomorphism such that, for every f € L,(92,.A) and p € ba(Q, A),

(2.37),(2.34)

woEN] = & (om) e T se(n)] =
= & EWN)] = wlf]
That is, ¢o fulfills (2.36). Especially, ¢ fulfills (2.35) — to see this, put f = Ilp-1(¢)
for C' € € and note that I = &(f).
[4] Now, let o : ba(2,.4) — ca(E,By) be another map which fulfills (2.35). Take any
p € ba(2,A). Then,

(2.35)

a(u)(C) =" p(@7HC) =" o(u)(C) vCec

and it follows that o(u) = ¢o(p) because € is a N-stable generator of By.
O

Especially, Theorem 2.43 says that ba((2,.4) and ca(Z,B,) are L-space isomorphic. The
uniquely determined map ¢ in Theorem 2.43 is called canonical Stone transition between

(Q, A) and (Z,By).

Now, the main theorem of this section can be formulated:
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Theorem 2.44 (Canonical Stone representation) Let Q be a set and A an algebra
on €. Let = be the canonical Stone space, € the canonical Stone kernel and ¢q the canonical
Stone transition between (2, A) and (Z,By).

Then, for every coherent upper prevision P with credal set M on (9, A),

Po = ¢o(M)

is the structure of an upper expectation Py on (Z,%B,) such that

Plf] = Pols(f)]  Vf€Lo( A (2.39)
Furthermore, the structure Py is C(Z) - compact and can be written as

Po = {P € cal(Z,By) } Polh) < Polh] YheC(E)} (2.40)
Py is called canonical Stone representation of P.

Proof:

[1] Put Pglho] = sup Pylhg]  for every ho € Loo(Z,Bo) .
PoePo

2] At first, (2.39) is shown: For every f € L,(Q,A),

Pole(f)] = swp R[E(N] = sup oo(P)[E(N] 2 sup PLf] = PIf]
PyePo PeM PeM
[3] Next, (2.40) is shown:
The definition of Py implies “C” in (2.40). For the proof of “D”, take any P, €
cal(Z,B) such that
Rl < Pot]  YhecE

and put P := ¢y (P,). Then, for every f € L(Q,A),
(2.36) (2.34) _ (2.39) —
P[f] =" ¢o(P)[E(N)] = PR[&(f)] < Polé(f)] =" PIf]
for every f € L(92,.A). That is, P € M and, therefore, Py = ¢o(P) € Py .
[4] Especially, (2.40) implies that Py is the structure of an upper expectation.
[5] C(Z)-compactness of Py follows from (2.40) according to Theorem 2.36.
O

That is, for every set Q and every algebra A on 2, there is a compact Hausdorff space such
that every coherent upper prevision on (£2,.4) can be represented by an upper expectation
on (=,%) whose structure is C(Z)-compact. Therefore, the setup in Subsection 2.4.4
— namely upper expectations on compact Hausdorff spaces and the C(Z)-topology — is
as general as the setup in Section 2.3 (coherent upper previsions and L. (£2,.4)). If we
are faced with a coherent upper prevision P on (£,.4) whose credal set M contains
probability charges which are no probability measures, we can always turn over to the
classical measure theoretic setup in the following way: Build the set

P = {0o(P)]| PeM} = go(M)
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This is a C(Z) - compact structure of an upper expectation which consists of probability
measures on (=, Bg) where = is a compact Hausdorff space. Then, all calculations can
be done on the measurable space (Z,%,) and with probability measures. Finally, the
obtained results can be transformed back to (£2,.4) by

Plf] = Po[(f)]  Vf€ELo(QA)

where Py is the upper expectation which belongs to the structure P on (Z,B).

The reader who does not like probability charges which are not probability measures
may always turn over to the classical measure theoretic setup by this way. However,
the canonical Stone space is not very convenient to handle so that it seems to be easier
to deal with coherent upper previsions on (€2,.4). Accordingly, the practical use of this
representation may be rather limited but it is very interesting from a theoretical point
of view that there is no essential difference between both setups. The rest of this book
usually considers coherent upper previsions.

The specific choice of the canonical Stone representation is not important in this book.
However, it is important that there is a uniquely defined representation — this will be used
in Subsection 3.3.3 in order to define standard measures for probability charges which are
not o-additive. Standard measures are useful because it is possible to calculate (upper)
Bayes risks in decision theory with the help of standard measures. These concepts of
decision theory under complex uncertainty are presented in the following chapter. Therein,
complex uncertainty is modeled by coherent upper previsions and credal sets.
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Chapter 3

Extended decision theoretic
framework

3.1 Introduction

Decision theory provides a formal framework for determining optimal actions under uncer-
tainty on the states of nature. It has a wide range of potential areas of application which
includes also statistical problems. However, a serious problem in practical applications of
decision theory is that the uncertainty often is too complex to be adequately described
by a precise probability distribution. As explained in Chapter 1, ambiguity is an impor-
tant part of decision making which cannot be neglected. In order to take ambiguity into
account properly, any of the concepts of imprecise probabilities presented in Chapter 2
can be used. Imprecise probabilities (or equivalent concepts) are already applied in many
decision theoretic evaluations, for example in mathematical economics — e.g. Gilboa and
Schmeidler (1989), Schied (2006), Maccheroni et al. (2006) and Féllmer et al. (2007) —
and in articles concerning climate change — e.g. Kriegler (2005) and Hall et al. (2007).

A general article about decision making where uncertainties are modeled by coherent lower
previsions is de Cooman and Walley (2002). Different optimality criteria are discussed by
Schervish et al. (2003) and Troffaes (2007) in this setup. Algorithms for the calculation
of optimal decisions are given by Kikuti et al. (2005) and Utkin and Augustin (2005).
Within this book, the concept of imprecise probabilities according to Walley (1991) — i.e.
the concept of coherent upper previsions — is used. The present chapter introduces the
decision theoretic setup and develops some important tools which prove to be useful in
decision theory under imprecise probabilities. These tools are mainly adapted from the
work of L. Le Cam (Le Cam, 1986) and transfered to the theory of imprecise probabilities.
Within the theory of imprecise probabilities, these tools have been introduced in Hable
(2007) and Hable (2008b).

We start with an informal description of the decision theoretic setup under imprecise
probabilities. In order to explain the decision theoretic setup we are concerned with, the
classical decision theoretic setup is recalled at first:

There is a set © where each element 8 € O represents a possible state of nature. We know
that one state of nature will occur but we do not know which one it will be. Furthermore,
there is a set D where each element ¢ € D is a decision — also called action — we can
choose. Depending on what state of nature 6 occurs, every decision t leads to a loss
Wy(t) € R. The goal is to choose a “good” decision so that the loss is as small as possible.

45
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Sometimes, we might know a precise expectation 7 for the states of nature § € ©. Then,
we can choose the decision that minimizes the expected loss

/@ Wy(t) w(do

In addition, we often can choose our decision on base of an observation y € ). For
example, y may be the outcome of an experiment. The distribution of the observation
y might be a precise expectation )y which depends on the state of nature #. That is
(Qg)oco is a model which describes the distribution of the observation y.

Such “data-based decision making” can be formalized by choosing a decision function
d: Y — D, y — (y) which minimizes

/ / Wa(6()) Qoldy) 7(d6)

Decision theory commonly also deals with randomized decisions. Randomized decision
procedures (randomizations) are defined in Section 3.2 and Subsection 3.3.1. Confer
Berger (1985) for an introduction to these basic concepts of decision theory.

In the following, we are concerned with a more general decision theoretic setup because
we also want to deal with imprecise probabilities:

Since the prior knowledge about the states of nature will frequently not be precise, we
allow for a whole set P of possible precise expectations 7. Also the knowledge about
the distribution of the observation may only be imprecise so that there are sets My of
possible precise expectations (Qy. While minimizing the expected loss in case of precise
expectations is widely accepted, there are several reasonable optimality criteria in case of
imprecise expectations; confer Troffaes (2007) for a discussion of the most important ones.
In this book, the so-called I'minimax criterion is mainly used which represents a worst
case consideration.! That is we choose a decision function § (or rather a randomization
later on) which minimizes the twofold upper expectation

s / sup / Wo(6(y)) Qs(dy) 7(d6)

TEP QoEMy

Unfortunately, a direct solution of this problem is quite often computationally intractable.
This fact gives rise to many of the investigations in this book.

A solution of this problem is much more easier if decisions are not data-based. However,
data-based decision problems are more important for applications — the more so as the
main applications we are interested in are statistical problems. In fact, statistical problems
can be formalized as decision theoretic problems. The part of decision theory which is
concerned with the formalization of statistical problems is also called statistical decision
theory (cf. e.g. Berger (1985) or Le Cam (1986)). Of course, statistical decision theory
is always data-based.

Remark 3.1 In case of precise probabilities, it is usually not necessary to explicitly con-
sider data-based decision problems because it is possible to solve data-based decision prob-
lems by solving appropriate data-free decision problems. This is due to a famous theorem
which is often called the “main theorem of Bayesian decision theory”; cf. e.g. (Berger,
1985, §4.4.1). However, this is usually not possible in case of imprecise probabilities
as pointed out by Augustin (2003).> As a consequence, data-based decision problems are

'For the use of the I'-minimax criterion in Bayesian analysis, cf. Vidakovic (2000) and the literature
cited therein.
2In robust Bayesian analysis, this is also explained in Vidakovic (2000).
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a matter of its own in imprecise probability theory. The question if data-based decision
problems have to be considered explicitly picks up an old debate between frequentists and
Bayesians: Does the posterior distribution 7(-|y) contain all relevant information after
observing y? It is neither the aim of the present book to add new arguments to this debate
nor to review it. The present book is only concerned with the mathematical investigation
of deciston problems with an explicitly data-based formulation.

Decision problems under imprecise probabilities which are explicitly data-based have hardly
been considered before. One of the very few exceptions is e.g. Augustin (2004).

The following Section 3.2 contains a mathematical rigorous explanation of the decision
theoretic setup. Here, fundamental decision theoretic concepts are recalled and extended
to imprecise probabilities.

Section 3.3 introduces some important advanced decision theoretic tools, namely gener-
alized randomizations, equivalence/sufficiency and standard measures. As already men-
tioned above, many of these concepts are translations of objects which have been in-
troduced by L. Le Cam in a very general setup of precise probabilities. Most of these
translations are analogous to the proceeding in Buja (1984). However, there are fun-
damental differences which arise from the fact that Buja (1984) uses more traditional
concepts based on Polish spaces and o-additive probability measures.

Firstly, Subsection 3.3.1 is concerned with generalized randomizations which generalize
Markov kernels. On the one hand, these generalized randomizations have a less descriptive
interpretation but, on the other hand, they are a powerful mathematical tool. Indeed,
they help to avoid some difficulties which arise if Markov kernels are considered only. In
contrast to Le Cam, results which are obtained by use of generalized randomizations are
translated in terms of Markov kernels as far as possible in this book.

In Subsection 3.3.2, we define an equivalence relation on the set of all (precise) models
(Qg)sco according to which two (precise) models (FPy)geo and (Qp)geco are equivalent if
the following is true: Observations of model (Py)gco can artificially be generated (by a
randomization) from observations of model (Qg)gco and vice versa.

Every equivalence class contains a uniquely determined standard representative. This
representative which is called standard model is defined in Subsection 3.3.3. A standard
model is a model which consists of probability measures on a very convenient measurable
space. Due to equivalence, we can investigate every model with the help of its standard
model (cf. Secion 4.2). In order to define standard models for precise models which do
not consist of o-additive probability measures, the results from Section 2.5 concerning
canonical Stone representations are crucial.

Since the concepts introduced in Section 3.3 are strongly connected with concepts intro-
duced by L. Le Cam, Chapter 3 closes with Section 3.4 where the connections to L. Le
Cam’s setup are explained. On the one hand, L. Le Cam’s setup is more specific than the
setup used in imprecise probabilities because L. Le Cam only deals with precise probabil-
ities. On the other hand, his setup is more general because he does not consider explicitly
specified sample spaces but considers probabilities as elements of certain vector lattices.
Furthermore, Section 3.4 may also serve as a comprehensible introduction to L. Le Cam’s
abstract setup.
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3.2 Basic definitions in decision theory
Let © be any index set. The elements § € © are called states of nature and © is called
set of states.

Let D be any set. The elements ¢t € D are called decisions. Let D be an algebra on D.
Then, (D, D) is called decision space. D represents the set of all possible decisions in a
decision problem.
A family of functions

(Wg)geg C EOOGD, D)

is called loss function. Every loss function (Wj)sco defines a function
W : ©xD — R, (0,t) — Wy(t)

This function is also called loss function.

Let ) be a set and B an algebra on ). The elements of ) represent the possible outcomes
of an experiment. Therefore, (), B) is called sample space.
A measurable map

o0: Y — D, y — 0(y)

is called decision function. A finitely additive Markov kernel
T: YxD — R, (y,D) — 7,(D)

is called randomized decision function (on (Y, B)); confer Subsection 3.3.1 for finitely
additive Markov kernels. Especially, 7 defines a map

Te - y — baT(D7D)7 Yy = Ty

y +— 7, has the following descriptive interpretation: After observing y, start an auxiliary
random experiment according to the distribution 7, and choose that action d which is the
outcome of the auxiliary random experiment.

A family of probability charges

(Qo)oco C bai(Y,B)

is called precise model on (Y, B).
A family of coherent upper previsions

(Qoloco on  Loo(V,B)

is called imprecise model on (Y, B).

These terms are adopted from the notion “statistical model”. Buja (1984) and Le Cam
(1964), for example, use the term “experiment” instead of “model”.

Let (Qg)sco be an imprecise model on (), B) and, for every § € O, let My be the credal
set of @, on (Y, B). Then, the family of credal sets

(Mo)oce , M, C bai (Y, B)

is denoted as the family of credal sets which corresponds to the imprecise model (Qy)gco-
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Notation 3.2 (y,B, (Q@)geg) is called precise model if Y is a set with algebra B and
(Qo)oco is a precise model on (Y, B) .

(y,B, (@9)969) is called imprecise model if YV is a set with algebra B and (Qp)gco is an
imprecise model on (Y, B) .

With all these settings, the function

0~ R 0= Qfuwi] = [ [Wt)n()ua)

is called risk function of T (for the precise model (Qg)geo); and the function

0~ R, 0 QfniWl] = sup /y /D Wo(t) 7, (dt) Qs (dy)

QoeEMp

is called risk function of T (for the imprecise model (Qg)sco).

The lower the risk function is the better the (randomized) decision function is. Clearly, a
(randomized) decision function 7 is optimal if

Qy [%.[We]] < Qy [T.[We]] Vo e o

for every other randomized decision function 7. Unfortunately, such a “uniformly optimal”
7 almost never exists. Therefore, we have to rely on different optimality criteria defined
by the Bayes risk:

Let 7 be a probability charge on (©,2°). Then, 7 is called (precise) prior distribution on
© and

R ((Qo)oco, 7, W) = /@Qe[ﬂ[We]] m(df) =

:LLA%@MM%WWW>

is called Bayes risk of T with respect to .

More generally, let IT be an coherent upper prevision on L. (0,2°) with corresponding
credal set P and consider an imprecise model (Q)sce With corresponding family of credal
sets (Mg)geo . Then, II is called imprecise prior distribution on © and

Rﬁ((@e)@e@ﬂ', W) = SUp/@@Q [T.[We]} m(df) =

TP
= itelg/@ ngﬁg/y/DWe(t) 7y (dt)Qo(dy) m(d0)

is called (upper) Bayes risk of T with respect to I1.

A (randomized) decision function 7 is called optimal with respect to the prior II if

Ri((Qg)eco, 7, W) < Ry((Qploco, 7, W)

for every other randomized decision function 7. That is, 7 is optimal if it minimizes the
upper Bayes risk.
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These definitions includes that we have chosen the I'-minimax optimality criterion which
represents a worst case consideration (cf. Section 3.1) - as done e.g. in Huber and Strassen
(1973) and Buja (1984) in a similar setup or in robust Bayesian analysis (c.f. Vidakovic
(2000)).

Notation:

It will be seen in the following section that every randomized decision function 7 defines
a map

ba(),B) — ba(D,D)
where the image of u € ba(), B) is the bounded charge on ba(ID, D) given by

Lo(D,D) - R, h M[T.[h]] - / h(t) 7, (dt) p(dy)
y
This map is again denoted by 7. That is,

rlb] = urlhl] = [ ho) nat) )
y
With this notation, the risk function of 7 can be written as

e — R, H — T(Qg)[Wg]

3.3 Extended decision theoretic concepts

3.3.1 Generalized Randomizations
3.3.1.1 Definitions and basic properties

Usually, randomizations are modeled via Markov kernels. Since o-additivity is relaxed
to finite additivity in this book, it is suggesting to model randomizations via “finitely
additive Markov kernels”.

Definition 3.3 Let 1 be a set with algebra Ay and let Q5 be another set with algebra
A, . A finitely additive Markov kernel on Q; x A, is a map

T Y xA — R, (w1, Ag) — 7, (As)
such that
o 7.(As): wy— 7, (As) is an element of Loo(Q, A1) for every Ay € Ay and
o 7, : Ay 7, (Ay) is an element of bat(Qa, As) for every wy € Q.

A finitely additive Markov kernel on €y x Ay is also called randomized function from

(Ql,Al) to (QQ,AQ) .

The only difference between this definition and the usual definition of a Markov kernel is:
Here, we do not insist on 7, € caf (s, As) — we only insist on 7, € bat(Qy, As). This
explains the term “finitely additive Markov kernel”.
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A non-randomized function from (21, .4;) to (€22, .A3) is a measurable function § : Q; —
which maps a fixed w; € O to a fixed wy = d(wy) € Qy. That is, every w; leads to some
wy = 0(w1) in a deterministic way.

The idea behind a randomized function from (£21,.4;) to (€2, .4s) is the following proce-
dure: Given some wq, start a auxiliary random experiment according to the distribution
T.,- Then, this auxiliary random experiment produces the w, in a random way.

Finitely additive Markov kernels are called ordinary randomizations because they are —
apart from o-additivity — exactly the randomizations which are usually used in decision
theory and because they have a descriptive interpretation as randomized functions. Below,
a slight generalization will be defined which is called generalized randomizations.

Firstly, note that a finitely additive Markov kernel 7 defines a map
T Loo(Q2,A2) — Loo(, A1), fa = T(f2)
via

T(f2)(w1) = fo(w2) 7, (dws) (3.1)

Qo
for every wy € Oy and fy € Lo(Q2, As). Thismap T : Loo(Q, A2) — Loo(Q1, A1) s
e linear
e positive: T'(fs) > 0 Vfy >0

e normalized: T'(Ig,) = Iq,

Furthermore, a finitely additive Markov kernel 7 defines a map
o : ba(d, A1) — ba(Qy, Ay), o +— o)
via

o(u)lfo] = | folws) T, (dws) pir (dewn) (3.2)

Qo

for every p; € ba(Qy, A1) and fo € L(Qs, As). Thismap o : ba(y,.4;) — ba(Qs, As),

is
e linear
e positive: o(py) > 0 Vg >0
e normalized: o(u1)[lo,] = mlla,] Vi

Note, that ¢ is the adjoint operator of T because

o(p)[fe] = m [T(fQ)} Vfa€ Loo(Qa, A2), Vg € ba(y, Ay)

As in (Le Cam, 1964, § 3) and (Le Cam, 1986, § 1.3), this motivates the following defini-
tion:
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Definition 3.4 (Generalized randomization) Let Q; be a set with algebra A; and let
Qs be another set with algebra Ay . A generalized randomization from (€, .4;) to (Q, As)
1S @ map

o : ba(, A1) — ba(, As), o +— o(u)
which is
o linear
e positive: o(py) > 0 Yuy >0, up €ba(Qq, A;)
o normalized: o(u1)[lo,] = wi[lo,] V1 € ba(Qq, A;)
T (21,) denotes the set of all generalized randomizations from (€4, Ay) to (Qa, As) .

Remark 3.5 The above definition is a translation of the definitions of “randomization”
in (Le Cam, 1964, § 3) and “transition” in (Le Cam, 1986, § 1.3). Due to the usual setup
based on explicitly specified sample spaces (€2, A;), domain and codomain of generalized
randomizations are ba($,. A1) and ba(Ss, As) in Definition 3.4. In contrast, the defini-
tion of transitions in (Le Cam, 1986, § 1.3) is formulated in terms of general L-spaces —
this is due to the general setup in Le Cam (1986) where the sample spaces are not explic-
itly specified. The definition of transitions is recalled in Section 3.4 and Proposition 3.36
shows that every generalized randomization in the sense of Definition 3.4 is a transition
in the sense of (Le Cam, 1986, § 1.3).

As seen above, every (finitely additive) Markov kernel defines a generalized randomization.
Since those generalized randomizations which are defined by (finitely additive) Markov
kernels are exactly the objects which are usually considered as randomizations, we may
call them ordinary randomizations:

Definition 3.6 (Ordinary randomization)

A generalized randomization (from (Q1,.Ay) to (Qs, As)) which is defined by a finitely ad-
ditive Markov kernel via (3.2) is called ordinary randomization (from (£24,.4;) to (22,.43))
or simply randomization.

To(21, ) denotes the set of all (ordinary) randomizations from (21, A1) to (Q9, As) .

Of course, every ordinary randomization is a generalized randomization but even more:
The ordinary randomizations are dense in the set of the generalized randomizations; cf.
Theorem 3.10. Later on, we will also need a class of randomizations which have a very
simple form; those randomizations are called restricted randomizations:

Definition 3.7 (Restricted randomization) Fori € {1,2}, let Q; be a set with alge-
bra A; and let
T (I xA — R

be a finitely additive Markov kernel on €y x Ay such that

T(wi, As) = Y ag,(w1) 05,(A2)  Vwr €y, Ay €Ay (3.3)

@26(22
where Cy C §y 15 a finite set, 0z, denotes the Dirac measure in Ws,

A, >0, Qg, € EOO(QQ,AQ) Vs € QQ and Z O, = 1

D26
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Then, the ordinary randomization which is defined by T via (3.2) is called restricted
randomization (from (Q4,.A4;) to (Q2,.42)) and 7,(21,) denotes the set of all restricted
randomizations from (§21, A;y) to (Qa, As) .

Remark 3.8 Analogously to the definition of ordinary randomizations, the above defini-
tion is a translation of the definitions of “restricted randomized map” in (Le Cam, 1964,
§ 3) and “finitely supported transition” in (Le Cam, 1986, § 1.4). According to Propo-
sition 3.37, the restricted randomizations in the sense of Definition 3.7 are precisely the
(I', H) — continuous) finitely supported transitions in the sense of (Le Cam, 1986, § 1.4).

7T (€1, €2s) can be provided with the topology of pointwise convergence. This is the smallest
topology so that

7(91792) - R’ g = U(Ml)[fQ]

is continuous for every uy € ba(y,.4;) and every fo € L(€s, As). The following theorem
is one of the reasons why we use this generalization of randomized functions:

Theorem 3.9 7(Q,€s) is a compact Hausdorff space (with respect to the topology of
pointwise convergence).
(Cf. (Le Cam, 1986, Theorem 1.4.2).)

The following theorem indicates that the term “randomization” has only been slightly
generalized:

Theorem 3.10 The following inclusions are valid:
T.(1,Q) C To(21,Q0) C T(Qq,0) (3.4)

Furthermore, T,.(21,s) and To(Qq,Qs) are dense in T (2, ) (with respect to the topol-
0gy of pointwise convergence).

Proof: Equation (3.4) is obvious from the definitions. The second statement is a special
case of (Le Cam, 1986, Theorem 1.4.1):

In (Le Cam, 1986, Theorem 1.4.1) put L = ba(, A1), D = Q, T' = L(Qs, A) and
H = M. The transitions which are finitely supported and (I', H) continuous are dense
in 7(Q4,$2) with respect to the topology of uniform convergence on the elements of K
(as defined in (Le Cam, 1986, p. 7)).

Since {1} x {fa} € K for every pu; € ba(Qy, A1) and every fo € L(€s, As), the
topology of pointwise convergence is weaker than the topology of uniform convergence
on the elements of .

Hence, the transitions which are finitely supported and (I', H) continuous are also dense
in 7(924,8s) with respect to the topology of pointwise convergence and it suffices to
prove the following statement: Every finitely supported and (I", H) continuous transition
(according to (Le Cam, 1986, p. 6f)) is a restricted randomization (according to Definition

3.7).

The latter statement is shown by Proposition 3.37 below. a
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Theorem 3.9 and Theorem 3.10 are due to L. Le Cam. Results from Le Cam (1986) can be
used in this book because the setup here is a special case of the general setup in Le Cam
(1986). However, for the reader who is not familiar with the general setup, it is very hard
(or even impossible) to look up these results in Le Cam (1986). Therefore, the connection
of the setup in this book and the general setup in Le Cam (1986) and Le Cam (1964) is
explained in Section 3.4.

The present subsection ends with a convenient characterization of ordinary randomiza-
tions.

Proposition 3.11 Let €y be a set with algebra A; and let Q2 be another set with algebra
Ay. Let o € T(4,82) be a generalized randomization. Then, the following statements
are all equivalent:

a) o is an ordinary randomization.

b) There is a map T : Loo(Qo, As) — Lo(1, A1) which is linear, positive (T(fy) >
0 Vfo >0) and normalized (T'(lo,) = Iq,) such that o is the adjoint operator of
T.

c) o is continuous with respect to the Lo(1,.Ay) - topology on ba(y,. A1) and the
L6929, As) - topology on ba({2s, As) .

Proof:
(a) = (b): As already stated above, this is a direct consequence of the definition. Put
T(f2)(w1) = 7, [f2] where 7 is a finitely additive Markov kernel which defines o via
(3.2).
(a) < (b): T defines a finitely additive Markov kernel via 7, [[4,] = T'({4,)(w1). Then,

o(n)Ias) = i [T(Iay)] = / / Ly (w02) T () o2 (dy)

for every p; € ba(Q,.41) and Ay € Ay. According to the definition of £, (€2, As), this
implies

w(ulfe) = [ [ alen) s (o) )

for every [y € ba(Ql,Al) and fQ € £OO(QQ,A2) .

(b)=(c): All topological terms within this proof are with respect to the topologies
mentioned in Proposition 3.11.

Let (f1,)yep be a net in ba(€2;, A;) which converges to some p; € ba(€,.4;). This
implies that, for every fo € L,(s, As),

o(m)fz] = 1, [T(f2)] — [T(f2)] = a(m)lfe]
That is, o(p1,4) - o (1) according to Theorem 8.24b) .

(b) <= (c): According to (Dunford and Schwartz, 1958, Exercise V1.9.13), there is a norm-
continuous linear functional T': L,(£2, A3) — Loo(€21,A1) such that o is the adjoint
operator of T'.

T is positive because T(f2)(w1) = 0w, [T(f2)] = 0(8uy)[f2] = 0 for every fo > 0 where
0w, denotes the Dirac measure.

T is normalized because T'(Io,)(w1) = 0., [T(In,)] = 0(0uy)[Ia,) = 1. O
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3.3.1.2 Generalized decision procedures

As explained in Section 3.2, decision procedures (called randomized decision functions)
are defined via Markov kernels. In the previous subsection, generalized randomizations
were defined as generalizations of Markov kernels. So, it is suggesting to use this definition
in order to generalize randomized decision functions:

Definition 3.12 Let (D, D) be a decision space and (Y, B) a sample space. A (general-
ized) decision procedure is a generalized randomization

o : ba(Y,B) — ba(D,D)
In order to define the risk function of such a generalized decision procedure
o : ba(Y,B) — ba(D,D)
let
(Wo)peo C Loo(D, D)

be a loss function and (Qp)ecsco be a precise model on the sample space (), B). Then,
the risk function of ¢ is defined to be

© — R, 0 — o(Py)[We

Accordingly, the risk function of o for an imprecise model (Q,)gce on (I, B) is defined to
be

© — R, 0 — sup o(FPp)[W]
PyeMy

where My is the credal set which corresponds to @)y for every 6 € 6.

Of course, these definitions reduce to the usual ones if the decision procedure ¢ is defined
by an ordinary randomization; confer also Section 3.2.

In order to unify terminology, the following definitions are used, too:

Definition 3.13 Let (D, D) be a decision space and (Y, B) a sample space. A restricted /
ordinary decision procedure is a restricted / ordinary randomization

o : ba(Y,B) — ba(D,D)

That is, every ordinary decision procedure corresponds to a randomized decision function
and vice versa.

3.3.2 Sufficiency and equivalence of imprecise models
3.3.2.1 Definitions and basic properties

Sufficiency is not only a very important concept in statistics but also in decision theory.
The following definition is an analog to the corresponding definition in Buja (1984).

Definition 3.14 (Sufficient) Let © be any index set. Let Y be a set with algebra B and
let (Qg)geco be a precise model on (V,B). Let X be another set with algebra A and let
(Pp)oco be a precise model on (X, A).

(Pp)gco is called sufficient for (Qg)geco if there is a generalized randomization o € T (X,))
so that o(Py) = Qp V0 € O.
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This definition of “sufficiency” essentially goes back to Blackwell (1951). It does not
strictly coincide with the more common definition in terms of conditional expectations but,
under suitable assumptions of regularity, the definitions do coincide (cf. Heyer (1973)).
At least, if the randomization o is an ordinary randomization, which is defined by a ran-
domized function x +— 7, , it has a very descriptive interpretation:

Let x be an observation distributed according to P. After observing z, start an auxil-
iary random experiment according to 7,. Then, the outcome y of the auxiliary random
experiment is distributed according to Qy. That is, if we have observations of the model
(Pp)geco, we can artificially generate observations of the model (Qg)sco “by coin tossing”.
This illustrates that (at least in case of an ordinary randomization) the model (Qp)gco
cannot be more informative than the sufficient model (Fp)pco-

Using this definition of sufficiency, we can define an equivalence relation on the set of all
precise models

{(Z,C, (Pg)geg) ‘ Z a set with algebra C, (Py)geco C baT(Z,C)}

Note that, while the sample space (Z,C) may change, the index set © is fixed.

Definition 3.15 (Equivalence of models) Let © be any index set. Let ) be a set with
algebra B and let (Qg)geco be a precise model on (Y, B). Let X be another set with algebra
A and let (Pp)pco be a precise model on (X, A).

(Pp)oco and (Qg)gco are called equivalent if they are mutually sufficient.

That is, (Py)geco and (Qp)sco are equivalent if and only if there are some o € 7 (X)),
p € T(Y,X) so that o(Fp) = Qg V0 € © and p(Qy) = Py VO € ©. This definition of
equivalence is in accordance with Le Cam’s definition (cf. Proposition 3.39). The de-
scriptive interpretation of sufficiency already indicates that equivalent models essentially
coincide from a decision theoretic point of view.

Now, we turn over to imprecise models. Recall from Notation 3.2, that the term
“(Y.B,(Qy)oeo) is an imprecise model”

means that ) is a set with algebra B and (Q,)sce is an imprecise model on (Y, B). An
analogous notation is used for precise models.

The following definition is again an analog to the corresponding definition of worst-case-
sufficiency in Buja (1984).

Definition 3.16 (Worst-case-sufficient) Let © be any index set. Let (Y, B, (Qy)oco)
be an imprecise model with corresponding family of credal sets (My)geo on (Y, B). Let
(X, A, (Pp)oco) be a precise model.

(Pp)geo is called worst-case-sufficient for (Qy)eco if there is precise model (Qg)peo €
(My)oco such that (Py)gco is sufficient for (Qg)oco -

That is, (Py)geo is worst-case-sufficient for (Q,)gece if and only if there is some o € T(X,))
so that V0 € ©

a(Py)lg] < Qplgl. Vg€ Lu(Y,B)
Indeed, worst-case-sufficiency is a very weak form of sufficiency but it is often enough

because we have chosen a worst case consideration in decision theory under imprecise
probabilities; cf. Section 3.1.

Finally, sufficiency can also be defined for imprecise models:
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Definition 3.17 (Sufficient) Let © be any index set. Let (Y, B, (Qg)oco) be an impre-
cise model with corresponding family of credal sets (My)geo. Let (X, A, (Py)oco) be an
imprecise model with corresponding family of credal sets (Np)oco-

(Py)oco is called sufficient for (Qy)gce if there is a generalized randomization o € T (X, )
such that V6 € ©

Sup o(Py)lg) = Qplgl, Vge LV B) (3.5)

Proposition 3.18 Let © be any index set. Let (V,B,(Qp)eco) be an imprecise model
with corresponding family of credal sets (Mg)geo. Let (X, A, (Pyloco) be an imprecise
model with corresponding family of credal sets (Np)oco-

Then, (Py)oco is sufficient for (Qp)eco if and only if there is a generalized randomization
o€ T(X,Y) such that

ct(o(N)) = My Vo€
where ¢l denotes the closure with respect to the Lo (Y, B) - topology of ba(Y, B) .

Proof: Proposition 2.15 and (3.5) imply that the credal set Mgy of @, is equal to
clco(o(Np)) . Convexity of Ny and linearity of o imply that (M) is convex. Hence,
cl(0(Np)) is the convex closure of o(Np) according to (Dunford and Schwartz, 1958,
Theorem V.2.1). That is, c¢/(o(Np)) = clco(o(Np)) = M.

The converse statement is trivial. O

Remark 3.19 If the generalized randomization o in Definition 3.17 is even an ordinary
randomization, then

O'(Ng) = Ma

is the credal set of Q, for every § € © . This follows from Proposition 3.18 and Proposition
3.11.

Analogously to precise models, we can also define equivalence for imprecise models:

Definition 3.20 Let © be any index set. Let (V,B,(Qy)oco) and (X, A, (Pp)oeco) be
imprecise models.
(Pg)oco and (Qy)geco are called equivalent if they are mutually sufficient.

Remark 3.21 Since probability charges are special cases of coherent upper previsions,
precise models (FPy)geco and (Qg)oco are special cases of imprecise models. Hence, the terms
“sufficient” and “equivalent” have been defined twice for (Py)geco and (Qg)oco — considered
as precise models in Definition 3.14 and Definition 3.15, considered as imprecise models in
Definition 3.17 and Definition 3.20. However, it is obvious that the respective definitions
coincide in this case.

Every imprecise model is equivalent to a uniquely defined imprecise model on a com-
pact Hausdorff space which consists of upper expectations — namely the canonical Stone
representation:

Theorem 3.22 (Equivalence of the canonical Stone representation)

Let (¥, B,(Qp)oco) be an imprecise model. Let (Z,%By) be the canonical Stone space of
(Y, B) and, for each 6 € O, let 5079 be the canonical Stone representation of Q, (according
to Theorem 2.44).

Then, (Qp)oco and (Sog)eco are equivalent.
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Proof: For € O, let My be the credal sets of Q, and Noy the credal set of go’g.
According to Theorem 2.40, there is an L-space isomorphism
¢o : ba(Y,B) — ca(E,By)
such that

sup  ¢o(Qo)[ho] = g0,(9[%] Vho € Loo(Z,B0)
QoEMy

for every 6 € ©. It is easy to see that an L-space isomorphism is always a transition?.
Hence, ¢q is indeed a transition — i.e. a generalized randomization — and (Q)y)sco is
sufficient for (Spg)eco -

Conversely, put

o(w)lf] = wlé(f)]  Yw €ba(E,Bo), VfEL(V.B)

where ¢ is the canonical Stone kernel. This defines a generalized randomization
o : ba(=,By) — ba(Y,B), vy +— o)

and, according to Theorem 2.44,

Qulf) "= Sosle(N] = _swp Sosl6(N] = _sup o(w0)]f]
So,06€N0,0 So,6€N0,0
for every f € Lo.(Y,B). Hence, (Sog)sco is sufficient for (Qp)sco - O

For the above theorem, it is crucial that the canonical Stone space _(E, By) for a coherent
upper prevision ), only depends on (Y, B) and does not depend on @),. Therefore, (Z,B)
does not depend on # and we are able to define an imprecise model (S g)geco on (Z,By).

As seen in case of the canonical Stone representation, this notion of sufficiency is an
interesting theoretical tool. In addition, Subsection 3.3.2.2 contains a nice example for
sufficiency of imprecise models which shows that this concept can also be applied in real
statistical situations.

In standard mathematical statistics, sufficiency is usually defined by conditional expec-
tations. The concept of conditional expectations which arise in this definition is a rather
abstract measure theoretic concept which deeply relies on o-additivity. Since the defi-
nition of conditional expectations for imprecise previsions is a complicated matter of its
own which rises many problems even in case of finite sample spaces*, one might think that
a definition of sufficiency for imprecise previsions is far of the scope of present research.
However, as seen above, a generalization of the definitions in Blackwell (1951) and Buja
(1984) really leads to a general definition of sufficiency for imprecise previsions which
avoids the problems connected with conditional expectations.

3This is a direct consequence of the definitions and (2.10).

4The present state of the art is that there seems to be no definition of conditional expectations for
imprecise previsions which is satisfactory in every situation. Instead, different situations ask for different
definitions of conditional expectations; cf. e.g. Weichselberger and Augustin (2003).
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3.3.2.2 Examples

a) Classical sufficiency

Let Y be a Polish space with Borel-o-algebra B, and let (Qplsco C cal(V,B) be a
precise model which consists of probability measures Qy on (), B). © may be any index
set.

Furthermore, let X be a set with og-algebra A, and let

X : )y =X

be a B/A- measurable map.
That is, we are faced with the following situation:

(y7 %7 (Q@)HG@) L) (X7 A7 (Q?)@E@)
where ) denotes the image measure
QF A= Qo(X1(A))
on (X, A); cf. e.g. (Hoffmann-Jgrgensen, 1994a, §1.44).

Assume that X is sufficient in the usual sense of mathematical statistics; cf. e.g. (Shao,
2003, Definition 2.4). That is, the conditional distribution given X = x with respect to

Qo
B — [0,1], B — QuB|X = 1)

does not depend on 6. Since (),B) is assumed to be a Polish space, there is a regular
version of the conditional expectation.® That is, there is a Markov kernel

T: BxX — R, (B,z) — 1,(B)
such that

7.(B) = Qp(B|X =1x) for Q;° - almost every z € X, Voeo

Put
:Qg(, Vo e

Then, (X, A, (Pg)gee) is sufficient for (y, B, (QQ)QE@) according to Definition 3.14 and
3.17 because the Markov kernel 7 defines an ordinary randomization ¢ such that

o(Py)lg] = / / ) 7,(dy) Pold) / / ) Qoldy| X =2) Q3 (da)

= /yg(y)Qe(dy) = Qolg] Vg€ Ls(V,B)

for every 0 € ©.

b) Robust statistics

5Confer (Bauer, 1996, Theorem 44.3), for example.
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Let (y, B, (Qg)@eg) be a precise model and U(Qy) be a neighborhood of Qg as common
in robust statistics; cf. e.g. (Rieder, 1994, §4.2.1). Put

Qolgl = sup Kylg] VgeLly(V,B), 0c0O
Kyoel(Qg)

If (X, A, (Pg)ge@) is a precise model which is sufficient for (y, B, (Qg)ge@), then it is also
worst-case-sufficient for (y, B, (@9)969) .

c) Parametrically generated coherent upper prevision

Similar to parametrically generated F-probabilities in (Weichselberger, 2001, p. 131ff),
parametrically generated coherent upper expectations may be defined:

Definition 3.23 (Parametrically generated coherent upper previsions)

Let Y be a set with algebra B. Let (Qg)oco be a precise model on (Y, 1B) where © is any
index set. Furthermore, let H C © be any subset of the index set.

A coherent upper prevision Qy is called parametrically generated by H (with respect to

(Qo)oco) if it is given by

Qulgl = supQolg], g€ L(V,B)

0cH

Usually, we have © C R* and
H = [thl] X [Q27§2] X X [leg/ﬂ] C O
for some suitable real numbers 6, < éj i =1,... k.

An imprecise model which consists of such parametrically generated coherent upper pre-
visions is called parametrically generated imprecise model:

Definition 3.24 (Parametrically generated imprecise model)

Let Y be a set with algebra B. Let (Qp)oco be a precise model on (Y, B) where © is any
index set. Furthermore, let H C 29 be any subset of the power set of ©.

An imprecise model (Qp)mer is called parametrically generated by H (with respect to
(Qo)oco if the coherent upper prevision Qy is parametrically generated by H with respect
to (Qg)eco for every H € H .

Now, consider the situation in part a) again:

Y is a Polish space with Borel-o-algebra B, (Qg)eco C cal(),B) is a precise model
which consists of probability measures Qg on (), B).
X is a set with o-algebra A, and X : Y — X is a A/ - measurable map. That is:

X

(V,8,(Qo)oce) ——— (X, A, (Q) )oco)
Assume that X is sufficient in the usual sense of mathematical statistics; cf. e.g. (Shao,
2003, Definition 2.4). Then, it was shown in part a) that (X AL (QF )969) is sufficient
for (y, B, (Qgeg) in the sense of Definition 3.17. The following theorem states that this
sufficiency also implies sufficiency of the respective parametrically generated imprecise
models:
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Theorem 3.25 [In the above setting, let X be sufficient in the sense of (Shao, 2003,
Definition 2.4) and H C 2° be any subset of the power set of ©. Furthermore, let
(X,A, (FH)HeH) be the imprecise model which is parametrically generated by H with
respect to (Qy )oco and let (J), B, (@H)HGH) be the imprecise model which is parametrically
generated by H with respect to (Qg)acy -

Then, (Py)men is sufficient for (Qy)men -
Proof: According to part a) of the present subsection, there is an ordinary randomization
o € Ty(X,))

such that
oc(Qy) = Q VOe®©
For H € H, let Ny be the credal set of Py on (X, A). Endow ba(),®B) with the
L (Y,B)-topology and ba(X, A) with the L, (X,.A)-topology. Then,
ba(X,A) — R,  p — o(u)g]

is linear and continuous for every g € L. (Y,B) according to Proposition 3.11 and
Lemma 8.25. This implies

Qulgl = supQolg] = supo(Qy)lg] = sup o(Pu)[g]
0cH 0cH PyeNy
where the last equality follows from Proposition 2.15 and Lemma 8.29. O

Remark 3.26 The definition of sufficiency of coherent upper previsions can easily be
rewritten into an analogous definition in case of upper expectations. Then, an analog of
Theorem 3.25 can be proven for upper expectations following the lines of the above proof
where Proposition 2.15 is replaced by Proposition 2.23.

In order to get a better impression of the above theorem, we may consider a more concrete
example:

In an ideal situation, the outcomes of an experiment may be distributed according to a

one-dimensional normal distribution

Y1, Y2, Y3, -+ Y100 N(91,92)

Here, we have 100 independently, identically distributed observations y; € R and 6 =
(61,02) is the parameter where #; € (—00,00) denotes the mean and 6, € (0, 00) denotes
the variance of the normal distribution. The assumptions imply that the observation is

Y = (Y1, Y2, Y100) ~ N(01,65)%'" = Nloo(a(Ql),B(GQ))

where
01 o 0 - - - 0
0 0 6 0 - - 0
a(th) = c R phy) = ' . c R100x100
0
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So, the parametric precise model is (y, B, (Qg)geg) where
Yy = R", Qo = Nioo(a(6),b(62)), © = (—o0,00) x (0,00)

In a less idealized situation, only a parametrically generated imprecise model is assumed:
Let H be a subset of 29 such that each H € H is of form

H = [0,,61] x [65,05] € ©

for some suitable real numbers 6; < gj ,J€{1,2}.
Then, the parametrically generated imprecise model is given by

Qulo] = sup [ g dNiwo(a(6).b6)

0cH

No matter if we consider the precise model (y,%, (Qg)gee) or the imprecise model
(Y, B, (Qp)men), the sample space is

J} _ EQIOO

which is quite intractable. However, the precise model becomes tractable by the well-
known fact that the map

100 100
X RIOU — Rza <y17y27"'7y100) = (Zyl? Zy12>
=1 =1

is sufficient. That is, we do not need the quite large sample space Y = R%: it is enough
to consider the precise model

P{?:Qg(u 0eo

on the sample space
X = (—o0,00) x (0,00) C R?

Now, Theorem 3.25 states that the same is true also in case of the parametrically generated
imprecise model: It is enough to consider the parametrically generated imprecise model

PH[f] = supPQ[f], erﬁoo()(,./U, HeH

fcH

on the smaller sample space

X = (—00,00) x (0,00) C R?

Another example where the above introduced notion of sufficiency for imprecise models
can be used is the so-called “Imprecise Dirichlet Model” which attracts an amazing amount
of attention in the theory of imprecise probabilities. The Imprecise Dirichlet Model is an
imprecise model which is parametrically generated by the Dirichlet distribution. Since
the precise Dirichlet model is an exponential family, valuable statistics are at hand which
are sufficient in the usual sence of mathematical statistics. According to Theorem 3.25,
these statistics are also sufficient for the Imprecise Dirichlet Model.
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3.3.3 Standard Models

In Subsection 3.3.2, we have defined an equivalence relation on the precise models with
a fixed index set ©. Each equivalence class contains a uniquely defined representative
(called standard model later on) which has some nice properties. As stated in Subsection
3.3.2, equivalent models coincide from a decision theoretic point of view. Therefore,
every decision problem coincides with a “standard decision problem” where a standard
model is involved; properties of the original decision problem can be deduced from the
corresponding “standard decision problem”; confer Section 4.2.

Let the index set © be finite with cardinality » now. Furthermore, let X be a set with
o-algebra A and (Fp)peco a precise model where each Py is not only a probability charge
but even a probability measure. In this situation, the standard model can be defined in
the following way:

Put ]
P = —ZPQ € cal(X,A)
e
Hence, for each Py, there is a P-density 3y such that

Py(A) = /Aﬁgdp VAc A

1
The maps 3y can be chosen such that Gy > 0 and — E (s = 1 because
n
0co

/Afoedpz Z/Aﬁgdp = ST R(A) = n- P(4) Zn/AldP

0cO 0cO 0cO

for every A € A. Therefore, it can be assumed without loss of generality that

Bz) = %(591(1;),...,59”(95)) €U Vrex
where
U = {ueR"| u=(ug,...,up,), ug>0 VOEO, ug, +---+up, =1}
Put C := B®" NU where B%" is the Borel-o-algebra of R™. Then,
B X U, oz B

is an A/C - measurable function and we can define the image measures

S = B(P) where S(C)=p3(P)(C)=P(p'(C)) VCeC (3.6)
and, for each 6 € O,
Sp = B(Py) where Sp(C)=p(P)(C)= Py (s '(C)) VCeC (3.7)

Of course, these image measures are probability measures on (U,C). Let ¢y : U —
[0,1], u — uy denote the projection of u on the #-component ug. Then, By = n- (190 )
and, therefore, the definitions imply

Sp(C) = /nLgdS vCec (3.8)
C
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Since p +— B(u) © is a randomization and 3(P) = Sy for every 6 € O, the precise model
(Pp)oco is sufficient for the precise model (Sp)oco . The following theorem states that
these two models are even equivalent.

Theorem 3.27 Let the index set © be finite with cardinality n. Let X be a set with o-
algebra A and (Py)geo a precise model where each Py is a measure; let (Sp)geo be defined
as above.

Then, the precise models (Py)gco and (Sp)gco are equivalent.

The content of Theorem 3.27 is well known; references for standard models are Blackwell
(1951), Buja (1984), Strasser (1985), Le Cam (1986) and Torgersen (1991). In these refer-
ences, standard models are called standard experiments. Though the content of Theorem
3.27 is well known and there are several references for standard models, it does not seem
to be possible to satisfactorily cite a reference which is precisely in accordance with the
definitions and the setup used in this book. Therefore, a self-contained proof of Theorem
3.27 is given below. This avoids involved conversions from the cited references and seems
to be a convenient service for the readers.

Proof of Theorem 3.27: As stated above, the definition of (S5y)gco immediately implies
that (Pp)eco is sufficient for (Sp)pco. Hence, it only remains to proof the converse
direction.

To this end, recall the definitions of P, 3, By, U, C, S and 4 from the beginning of the
present subsection.

Let Ep[f|8 = u| be the conditional expectation of f given § = u with respect to the
probability measure P for every f € L, (X, A) and every u € U ; cf. e.g. (Hoffmann-
Jorgensen, 1994a, § 6.7) for conditional expectations. Let ca(Uf,C,S) be the set of all
bounded charges which are absolutely continuous with respect to S; cf. (Bhaskara Rao
and Bhaskara Rao, 1983, Definition 6.1.1). The “ca” in this notation is justified because
every bounded charge u € ba(U,C) which is absolutely continuous with respect to some
S € ca(U,C) is also an element of ca(U, C) according to (Bhaskara Rao and Bhaskara Rao,
1983, 6.1.11).

Put
SIS = [Enlflg = ululdn) Vi€ aldC.S), V€ Lu(¥,A)

Though u +— Ep[f|# = u| is only defined S-almost sure, o(u)[f] is defined well for
every 1 which is absolutely continuous with respect to S — i.e. for every u € ca(ld,C, S).
Put o(p) : f — o(w)]f]. Then, it is easy to see that the properties of conditional
expectations (Hoffmann-Jgrgensen, 1994a, § 6.8) imply that

o: cal,C,S) — ba(X,A)), wo— o(p)

is a transition in the sense of Definition 3.34. ca(U/,C, S) is a band in ba(U,C) according
to (Bhaskara Rao and Bhaskara Rao, 1983, Theorem 6.2.2) and Corollary 8.9. Hence, it
follows from Lemma 8.30 that o can be extended to a transition

o : bald,C) — ba(X,A)), po— o(w) (3.9)

Swhere 3(p) denotes the image measure defined by 8(u)(C) = u(B=1(C))
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According to Proposition 3.36, this extended transition is a generalized randomization
o : bald,C) — ba(X,A))
Finally, for every f € L,.(X,A)),

(38)

o(So)lf] = / Ep(f]6 = u] Sp(du) 4 / Ep(f16 = u] - nug(u) S(du) =
O - [Eelf19) oo ar @ on- [Eolf (oo )|5]aP -
(i) n./f-(Lgoﬁ) dP = /fﬁedP = /fdPe = Dlf]

where (i) follows from the transformation theorem (Hoffmann-Jgrgensen, 1994a, § 3.15),
(ii) follows from (Hoffmann-Jgrgensen, 1994a, (6.8.2)) and (iii) follows from (Hoffmann-
Jorgensen, 1994a, (6.8.4)). That is, o(Sy) = Py for every 6 € © and, therefore, (Sp)sco
is sufficient for (Py)geo - O

Remark 3.28 The above presentation is similar to (Buja, 1984, § 5) and also the proof
of Theorem 3.27 has some connections to (Buja, 1984, p. 374f) where an ordinary ran-
domization plays the role of o in (8.9). This ordinary randomization is given by a regular
version of the conditional expectation, which is possible because (X, A) is assumed to be
a Polish space in Buja (1984). Such an assumption is not possible here because (X, A) is
given by a canonical Stone space below which — in general — is not a Polish space.
Therefore, the conditional expectation cannot be assumed to define an ordinary random-
1zation. Instead, we get a generalized randomization and have to use the theory of vector
lattices in the proof of Theorem 3.27 in order to get around the problems caused by null
sets in the definition of conditional expectations.

Now, we can define standard models for general precise models (Qg)geo on (), B) where
(s does not have to be a probability measure (but a probability charge) and B does not
have to be a g-algebra (but an algebra).

Definition 3.29 Let (), B,Qp)oco) be a precise model. Let (X, A) = (=,B¢) be the
canonical Stone space and the precise model (Py)gco be given by

Py = ¢0(Qp), CASHS)

where ¢o is the canonical Stone transition. For (Py)gco, let S and (Sy)eco be defined
as (3.6) and (3.7). Then, S is called standard measure of (Qp)oco and (U,C,(Sp)oco is
called standard model of (), B, (Qg)oco)-

Standard measure and standard model are defined well because B is a o-algebra and
the canonical Stone transition defines probability measures Py = ¢o(Qy) according to
Theorem 2.43.

Theorem 3.30 Let (Y, B, (Qy)oco) be a precise model and let (U, C, (Sp)oco) be its stan-
dard model.

Then, (Qg)sco and (Sp)eco are equivalent.
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Proof: Let ¢y be the canonical Stone transition and put
Py = ¢o(Qs) VOEO

Qs and Py are probability charges and, therefore, they are also coherent upper expec-
tations. According to Theorem 3.22, (Qg)oco and (Fy)oeco are equivalent (in the sense
of Definition 3.17) as imprecise models. Hence, they are also equivalent (in the sense of
Definition 3.14) as precise models; cf. Remark 3.21.

According to Theorem 3.27, (Py)gco and (Sp)geco are equivalent.

Together, this implies that (Qg)sco and (Sy)geco are equivalent. a

In the following, precise models (Qy)geco are sometimes abbreviated by calligraphical let-
ters F, i.e.

F = (Qe)eee

In this case, the standard measure of F = (Qg)geco is denoted by
S]:
and the standard model of F = (Qg)geco is denoted by
(57 )oco

Furthermore, if (My)geo is a family of credal sets which corresponds to an imprecise
model, the expression

F € (My)oco

means that F denotes a precise model F = (Qg)geco such that Qy € My for every 6 € ©.

Let (), B, (Qy)sco) be an imprecise model and let M, be the credal set of @, for every
teo.

Then, each precise model F = (Qp)gco Where Qg € My for every 0 € © has a standard
measure and a standard model. Now we can take the supremum over all standard measures
so that we get a coherent upper prevision, which may be called “standard upper prevision”.
In the same way, we can take the supremum over all standard models so that we get an
imprecise model, which may be called “standard imprecise model”. This is the content of
the following definition which is an analog to the corresponding definition in (Buja, 1984,

§ 5).

Definition 3.31 (Standard upper prevision, standard imprecise model)

Let (Y, B,(Qp)oco) be an imprecise model and let My be the credal set of Q, for every
0 € ©. For every F € (My)oceo, let ST be the standard measure of F and (Sg:)gee) be the
standard model of F .

Put

Sth] =sup {ST[h] | F € Moloco}  Vhe L(U,C)
gg[h} = sup {ng[h] | F e (M@)ee@} Vhe ,COO(U,C)

S is called standard upper prevision of Qy)sco and (Sp)geo is called standard imprecise
model of (Qp)geco-
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Note that S is in fact a coherent upper prevision on Lo (U,C) and (Sg)sece is in fact an
imprecise model on (U,C) — moreover, S and Sy are even upper expectations.

As stated in Section 2.5, the canonical Stone representation is interesting from a theoret-
ical point of view because it enables us to work with o-additive probability measures on
o-algebras whenever we like, i.e. a coherent upper prevision can always be represented
by an upper expectation. However, we have to go over to the canonical stone space then
which is a rather odd space. Theorem 3.30 shows that, at least in case of precise models,
we are not tied up in the canonical Stone space; we may go over to standard models
which are defined on U which is a very nice subset of R". Especially, ¢ is a compact
Polish space. However, note that it has not been stated that an imprecise model and its
imprecise standard model would be equivalent. This seems to be not true in general.

Summing up, standard models share two important properties: Firstly, they are defined
on the very nice measurable space (U,C). Secondly, they consist of linear previsions Sy
which are o-additive probability measures. Furthermore, there is a standard model for
every precise model and both models are equivalent. This is used in Subsection 4.2.1
where minimal Bayes risks are expressed in terms of (upper) standard measures.

Remark 3.32

a) In the definition of standard measure and standard model, it is not possible to omit
the intermediate step with the canonical Stone representation. This is due to the fact
that the definition of S and Sy in the beginning of the present subsection heavily rely
on o-additivity.” General precise models may consist of probability charges which
lack o-additivity. Therefore, we have to go over to the (somehow awkward) canonical
Stone space in order to obtain probability measures. Next, we can define standard
measures and standard models for these probability measures just as introduced in
Blackwell (1951).

Since Buja (1984) uses the classical setup consisting of probability measures on
Polish spaces, the intermediate step with the canonical Stone representation is not
needed there.

However, the usual definition of standard measures raises the following question:
Let (Y, B, (Qp)oco) be an imprecise model such that B is a o-algebra and each Qg is
a o-additive probability measure on B. Then, its standard measure could be defined
i two different ways: Firstly, it could be defined via the canonical Stone space as
done in Definition 3.31. Secondly, it could directly be defined via 3.6 without the
intermediate step (with the canonical Stone space) as done in Blackwell (1951) and
Buja (1984). Then, the question is: Do these two definitions coincide in this case?
The answer is: Yes! This follows from part b) below.

b) Let (X1, Ay, (P1g)oco) and (Xa, Az, (Pyg)oco) be two precise models such that A; is
a o-algebra and each P,y is a probability measure on A; , i € {1,2}.

Then, (P g)gco and (Pag)oco are equivalent, if and only if
S = S

where S; is the probability measure for (P, g)oco defined via (3.6).

"o-additivity is necessary to ensure existence of 3y according to the Radon-Nikodym-theorem.
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The “only if” part follows from (8.8) and Theorem 3.27. For the proof of the “if”
part, it is referred to Le Cam now:
Equivalence implies that the conical measures my of (Pig)eco and me of (Pag)oco
coincides

m o= mp = me

according to (Le Cam, 1986, Theorem 2.4.4). S1 and Sy are localizations of m on
U according to (Le Cam, 1986, p. 33). Hence, they coincide on I" which denotes the
set of all restrictions to U of the elements of the Choquet lattice H . According to
(Le Cam, 1986, p. 34), T is uniformly dense in C(U) . This implies S1 = Sy .

Let (X1, A1, (Q10)0co) and (Xa, As, (Q20)oco) be precise models. Then, (Q1.4)sco
and (Q20)9co are equivalent if and only if their standard measures coincide. (In
contrast to part b, it is not assumed here that Q)19 and Q29 would have to be o-
additive probability measures.)

For the proof of this statement, let (Pig)oco and (Pag)oco denote their canonical
Stone representations. Let Sy and Sy be their standard measures. According to
Theorem 3.22, (Q19)pco and (Q20)oco are equivalent if and only if (Pig)eco and
(Pyp)oco are equivalent. (P g)oco and (Pag)oco are equivalent if and only if Sy = So
according to Definition 3.29 and part b of the present remark.

3.4 Connection to Le Cam’s general setup

3.4.1 Outline of Le Cam’s general setup

3.4.1.1 Introduction

As stated in Subsection 3.3.1, results from Le Cam (1964) and Le Cam (1986) can be used
in this book because the definitions of precise models®, (generalized) randomizations and
sufficiency are in line with L. Le Cam’s definitions. However, these results are formulated
in a very abstract setup. The difficulty in reading Le Cam (1986) is also mentioned in
the review (Strasser, 2008) of (Le Cam, 1986):

“This book is not a text book for beginners. It is rather the master’s report on
his life’s workshop of research. The author’s style has been known for many
years. From the reader he demands a lot. The reader has to be a connaisseur
of classical statistics and argumentation. He must enjoy mathematics of any
level of abstraction and sophistication. He must be willing to do his own proofs
if the author considers them as not worth mentioning, which is not seldom the
case. At the end the reader is rewarded by a host of ideas which is hard to
match.”

The bulk of the high level of abstraction comes from the fact that Le Cam usually does
not use the measure theoretic formulation of probability theory and statistics. The tradi-
tional measure theoretic setup is based on a set of outcomes ) and a o-algebra A on €2;
probabilities are modeled by positive, normalized measures

P: A —- R

8called experiments in Le Cam (1986)
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Le Cam’s abstract setup dispenses with the sample space (£2,.4) and, consequently, proba-
bilities cannot be defined by measures. Instead probabilities are defined to be the positive,
normalized elements of abstract L-spaces. This proceeding has some advantages and does
essentially not differ from the traditional definitions but is on a rather high level of ab-
straction. Unfortunately, the connections between this abstract setup and the traditional
measure theoretic setup is not explained adequately in Le Cam (1986) — this is the main
reason why Le Cam (1986) is hard to read and why it is not appropriate to become
familiar with L. Le Cam’s seminal ideas and concepts.

So, the present subsection has two aims: Firstly, it is intended to be a comprehensible
introduction in L. Le Cam’s abstract setup for those who wants to become familiar with
it. Secondly, it is shown that the decision theoretic definitions of the present book are in
line with the definitions in Le Cam (1964) and Le Cam (1986).

Before continuing with the present subsection, it may me helpful to read (van der Vaart,
2002, §7 and §8) which is an excellent outline of the abstract setup. Furthermore, some
basics of the theory of vector lattices are needed; these are recollected in Subsection 8.1.
An interesting article about the life of L. Le Cam is (Yang, 2002).

After the above paragraphs which emphasized the difficulties which are connected with
the study of Le Cam (1986), the following citation from the review (Strasser, 2008) of
Le Cam (1986) may indicate why this is worthwhile:

“Until now, only a very little part of the author’s work has found its way into
the international research business, and this little part brought forth cascades
of successor papers (on ‘contiguity’, on ‘three lemmas of LeCam’, on ‘the
asymptotic minimax bound’, etc.). The remaining 95 percent of the book will
keep people busy for decades.”

In the beginning of the 20th century, it was a demanding task to find a mathematically
rigorous way to model probabilities. This task took several decades and some of the
best mathematicians worked on it. Not until 1933, the discovery was published by A.N.
Kologorov? that measure theory is quite suitable to model probabilities. This was the
starting point of the mathematical theory of probability and statistics. Still in 1929,
Bertrand Russell remarked in a lecture:

“Probability is the most important concept in modern science, especially as
nobody has the slightest notion what it means.” *°

In spite of these difficulties, many modern textbooks on probability theory gives the
impression that the measure theoretic formulation of probabilities would have been obvi-
ous. ! Furthermore, it is hardly explained what the sample space (2, .A) really means. In
order to understand why it is possible to dispense with the sample space in the general
setup, it is helpful to recall the meaning of the sample space at first.

3.4.1.2 The sample space (22, A)

Usually, a statistical evaluation starts with the fixing of a sample space ({2, .4). Here, 2
is a set where each element w € 2 represents a possible outcome of a random experiment.

9Kolmogoroff (1933)
Confer (Bell, 1992, p. 587).
A nice exception is e.g. Hoffmann-Jgrgensen (1994a).
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So each subset A C € represents a whole set of possible outcomes — such sets A are called
events. A is a subset of the power set 29 of )

A c 2

Here, A represents the collection of all those events A C €2 which can be observed in
principle. That is, the events A € A are exactly those events where the experimenter
can decide if it has occurred or not. As an example, assume that the outcome of an
experiment may be any real number w € () =R, e.g.

w = 26.5269725476391073785306636185478 . ..

However, the accuracy of the measurement is usually limited. So, assume for example
that the measuring instrument is accurate up to the second decimal place. That is, the
experimenter can only decide in which interval

(155 —0.005 , 355 +0.005] ,  keZ

the outcome w lies. Therefore, the observable events have the following form

A= J (% —0005, £ +0005] , KCZ

100 > 100
keK

le.
A = { UJ (&5 — 0.005 , & +0.005] ‘ KCZ}
keK

Why is the collection of the observable events A usually assumed to be a o-algebra? This
gets clear by the above interpretation of the events A € A: The events A € A are all
those events where we can decide if they have occurred or not.

Therefore,

PeA and QeA (3.10)

because we can decide if the impossible event () has occurred (it has not occurred, of
course) and we can decide if the certain event {2 has occurred (it must have occurred, of
course).

Next, we have

Aec A = A e A (3.11)

because, if we can decide if A has occurred, then we can also decide if the complement
A° = Q\ A has occurred:

A has occurred = A€ has not occurred

A has not occurred = A€ has occurred

Furthermore,

Al Ay, A, €A = JAr e A (3.12)

k=1
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because, if we can decide for every k € {1,...,n} if Aj has occurred, then we can decide
if (J,_; Ak has occurred:

n
U A;. has occurred if there is at least one A; which has occurred.
k=1
n
U A has not occurred if none of the A; has occurred.
k=1

Summing up, (3.10), (3.11) and (3.12) implies that A has to be an algebra, at least.
Usually, it is assumed that A is a o-algebra — that is, (3.12) is slightly strengthened.

The above description of A can also be found in (Hoffmann-Jgrgensen, 1994a, §6.1).
There, A is also called information and the following figurative explanation is given:

“Information can also be described as a net on €2 such that two outcomes in
a mesh cannot be distinguished by the information available, but outcomes in
two different meshes can. You may think of such nets as a map. On a world
map, it is not possible to distinguish the Empire State Building and the United
Nation Building in New York City, but a map of New York contains enough
information to distinguish the two sites.” (Hoffmann-Jgrgensen, 1994a, p.
441)

On the one hand, this setup based on sample spaces is rather descriptive but, on the other
hand, it raises some difficulties as has been pointed out by (Le Cam, 1986, §1.1): The set
() represents the results of the experiments — however, the choice of the set €2 is usually
rather arbitrary. For instance, we have chosen {2 = R in the above example but it would
also have been possible to chose a suitable sample space where 2 = Z. Of course, R and
7 are quite different sets; Z is a discrete, countable set whereas none of this is true for
R. In order to avoid consequences which depend on the choice of €2, it would be better to
dispense with Q. However, A depends on Q: If we choose Q = Z, we would get A = 22
So, if we dispense with €2 we will also have to dispense with A.

Of course, both choices of (£2,.4) in the above example essentially lead to the same random
variables: That is the sets

L (2, A)

are isomorphic as M-spaces for the different choices of (£2,.4). This M-space structure
(which is preserved by isomorphisms) contains the essential structure of the sample space.
(Le Cam, 1986, p. 3) argues:

“Let us (...) agree that there are certain objects called ‘random variables’
which have a life of their own in the physical world but have the property
that if ‘measured’ in an experiment they produce a real number. (...) If two
‘random variables’ can be ‘measured’ in the same experiment, one obtains two
numbers which can be added, multiplied, etc. One can also take the minimum
or mazimum of the two, multiply them by other real numbers, and so forth.”

In this way, the experiment should not be represented by (€2,.4) but by the M-space
structure of L£,,(€2,.A). The following paragraph describes how this can be done.
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3.4.1.3 Dispensing with the sample space

According to the above reasoning, the M-space structure of £,(£2,.4) contains the essen-
tial information about the sample space. So, we may “forget” any additional structure of
L(€2, A) which goes beyond its M-space structure. If we do this and consider ba(f2,.A)
as the dual of £,,(€,.4), nothing remains left from ba((2, .A) apart from its L-space struc-
ture (remember that the dual space of an M-space is always an L-space; cf. Proposition
8.22a)). That is, the L-space structure contains the essential information about the
elements of ba(f), A). In terms of L-spaces, the probability charges P € ba(f), . A) are
precisely the normed, positive elements of ba(f2,.4) (cf. Subsection 2.2) — that is, the
probability charges can completely be identified by the L-space structure of ba(f2,.4)!

If we have a fixed precise model
£ = (Py)yeo C baj(Q,A)

we usually do not have to consider the whole L-space ba(€2, .A) but it is enough to consider
the smallest L-space L C ba(€2,.A) which contains our model & = (P)geo . This L-space
L is equal to the smallest band in the L-space ba(f2,.A) which contains £ = (Fy)peco-
This set L is called L-space of £ or L-space generated by £ and is denoted by

L(€)

in Le Cam (1986).
In classical statistics, £ = (Py)geo is a family of probability measures which is domi-
nated!? by some o-finite measure . In this case,

L) c {veba(A) | dv=fdu, feLi(QAp}
In addition, assume that p is also dominated'® by £. Then,
L) = {veba(A) | dv=fdu, feLi(QAp} (3.13)
That is, L(E) can be identified with the set of densities L1(€2,.A, ) then. Examples for
this case are
e models (P)geo on (Z,2%)
e the model (Py)gpco on (R,B) where Py = N(a,b) for every (a,b) =6 € ©
Note that
L(E) = ba(R,.A) (3.14)
is also possible for a suitable chosen model &£ .14

So far, we have stated that the L-space structure of L(£) contains all essential information
about £ — that is, it is not important that the elements P, of £ are probability measures
on some specific sample space (€2, .4) and they may be defined as elements of any abstract
L-space.
Accordingly, L. Le Cam proposes the following definition of experiments — called precise
models in the present book. In order to avoid confusions with the definitions given in
previous sections, the definitions given by L. Le Cam in his general setup carry the prefix
“LC”.

2That is: u(A) =0, Ac A = PFPy(A)=0V0cO

13That is: Py(A) =0 V0e©®, Ac A = pu(A)=0

14Choose © = bal(Q,4) and Py =0 V€ O.
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Definition 3.33 (Experiment / precise model)

An LC-experiment /precise LC-model indexed by the set O is a family (Py)gpco C L
where L is an L-space and Py is a normed (|| Py|| = 1), positive (Py > 0) element of L for
every 6 € ©.

Cf. (Le Cam, 1986, p. 5).

It is clear that every ordinary precise model (according to Section 3.2) is a precise LC-
model

Of course, the question arises if the above definition excessively generalizes the notion
“precise model”. As described below, the answer is: no, essentially not! Indeed, it is less
a generalization then an abstraction.

Since we have lost the sample space (£2,.4) now, we have also lost the random variables
f € Lo(Q,A). In order to reintroduce them, we consider the dual space of L denoted by

L = M

The elements f* € M corresponds to the random variables f € L(92,.A).

For example, let the precise model & = (Fy)g consist of probability measures Py on a
sample space (£2,.4) such that Py is dominated by a o-finite measure p on (2, A) for
every § € O. Furthermore, assume that p is also dominated by €. Put L = L(&);
according to (3.13), we can identify L(E) with the set of all py-densities. Next, (Dunford
and Schwartz, 1958, Theorem IV.8.5) says that the dual space

L =M

is equal to L. (2, A, 1) . Here, corresponding elements f* € M and f € Lo (9, A, ) are
related by the identity

) = / F@)BW) u(dw) VB € L@ A p)

That is, in this special case which is quite common in classical statistics, L(€) is equal to
the set of all u-densities and M is equal to the set of all bounded random variables. The
dual space of L = L(&) is called M-space of £ or M-space generated by £ and is denoted
by

M = M(E)
in Le Cam (1986). This is indeed an M-space because L(£) is an L-space; cf. Section

8.1. The following schema illustrates the relations between the abstract setup and the
traditional concepts:

bounded random variables Loo(Q, A, 1) _abstraction _ pr (&)
p-densities Ly(Q, A, ) 2bstection - (g)

In order to describe a decision problem now, we need a set ID of possible decisions t € D
and a loss function
OxD — R, (0,t) — Why(t)
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In Le Cam’s setup, we have
Wy € T Vo e

where I is a set of bounded functions
v: D —- R

which fulfills certain conditions (I" is a so-called uniform lattice; cf. (Le Cam, 1986, 4 and
5)). As a special case, we may simply take

I' = L(D,D)
where D is an algebra on D.

Finally, Markov kernels play an important role in decision theory — especially as random-
ized decision procedures. Since Le Cam dispenses with sample spaces in the definition
of LC-experiments / precise LC-models, Markov kernels cannot be defined. Therefore,
Markov kernels are replaced by transitions:

Definition 3.34 Let Li and Lo be L-spaces. A transition from L; to Ly is a map
c: Ly — Ly
which s
e [inear
e positive: T(u) >0 V>0
o normalized: || T(u)|| = ||xll Y >0
Now, let © be an index set, L an L-space and
& = (Po)oeo C L
a precise LC-model; L(€) denotes the L-space generated by & .
OxD — R, (0,t) — Why(t)
is a loss function where
Wy € T':'=L,(D,D) Vo e
According to Theorem 2.4, the dual space of I' = L (D, D) is equal to
' = ba(D, D)

which is an L-space; cf. Theorem 2.6. With these predefinitions, decision procedures in
the sense of (Le Cam, 1986, § 1.3) can be defined:

Definition 3.35 (LC - decision procedures) A LC-decision procedure (based on &
and taking values in D) is a transition from L(E) to I'*

o: L&) — I
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Next, the LC'-risk function is defined to be
O — R, 0 — o(Py)[We

Since I'* = ba(D, D), we may also write
(Pg) Wg /Wg K@(dt) where K@ = O'(Pg) (315)

Instead of (3.15), Le Cam (1986) uses the notation

WQO'PQ = O'(Pg)[Wg]
How do these definitions fit into the usual setup based on sample spaces? In order to
answer this question, let the precise model £ = (Fp)peo consist of probability measures
Py on a sample space (2, A) such that Py is dominated by a o-finite measure p on (2, .A)

for every 6 € ©. Furthermore, assume that p is also dominated by €. Put L = L(€) and
M = M(E). As stated above, we can identify

L<g) - Ll (Qv A? M)

and
M(E) = Loo(S% A, 1)

As usual, (D, D) is a decision space and the loss function is some
(Woloco C Loo(D,D) =: T
Let 7 be an ordinary (randomized) decision function, i.e. 7 is a Markov kernel
7: OQxD — R, (w,D) — 7,(D)
The Markov kernel 7 defines a transition

o: L) — ba(D,D) =TI

/ / ) 7 (dt) v(dw) / / ) o (dt) ()

for every h € L(D, D) and every dv = Sdu, 5 € L1(2, A, 1) .

Therefore, the risk function is equal to

via

0 v WPy — o(B)[Wi] = /Q /D Wiy () o (dt) Py(dw)

In this way, LC - decision procedures generalize ordinary (randomized) decision functions.
Again, the question arises if this concept is an excessive generalization. In the following,
it is explained why the answer to this question is “no, essentially not”.
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3.4.1.4 Concrete representations of the general concepts

Now, it is explained why Le Cam’s definitions are rather abstractions than generalizations
of the ordinary definitions: As a matter of fact, there is always a suitable measurable space
(2,B0) and a suitable decision space (D, D) such that the L-space

L(E) may be represented by a subset of  ca(Z, By)

the M-space
M(€) may be represented by  C(Z)

and every LC - decision procedure
o may be represented by a Markov kernel 7

Of course, these representations are interesting rather from a theoretical point of view than
from a practical point of view. The reader who is not interested in such representations
may skip this paragraph, which is based on (Le Cam, 1986, p. 12).

In order to find representations, we have to start with M (E). This set M (E) is the dual
space of the L-space L(E). Therefore, it is an M-space with unit (cf. (Schaefer, 1974,
Proposition 9.1)). Next, there is a compact set = such that

M(E) and  C(Z)

are M-space isomorphic — this is the content of a famous theorem due to S. Kakutani,
M. Krein and S. Krein (cf. (Schaefer, 1974, Theorem 7.4). Note that this theorem not
only states existence but also specifies a concrete isomorphism (we may omit the explicit
description of this isomorphism here). As a consequence, M(€) may be represented as
C(Z) because the M-space structures of these two sets coincide — remember that the M-
space structure contains the essential information about the random variables. In this
way, the elements of L(E) corresponds to bounded linear functionals on C(Z) and the
Daniell-Stone extension theorem (Dudley, 1989, §4.5) implies that these bounded linear
functionals may be represented by bounded signed measures p € ca(Z,By) ; Bo denotes
the Baire-o-algebra.

Since I' = L, (D, D) is also an M-space with unit, there is a measurable space (D, 75) such
that D is compact, D is the Baire-o-algebra and

I'=L,.(D,D) and C(D)

are M-space isomorphic. That is, every loss function (Wy)geco C Lo(D, D) may be repre-
sented as a loss function
(Wg)gee C C(D) =T

Now, let o : L(£) — I'* be an LC-decision procedure. Its adjoint is a map
I'— ME&), hw~ o)

which may be represented as a map

~ ~

cm) = CE), b (o))
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where ¢ : M(E) — C(E) and ¢ : C(D) — C(D) are M-space isomorphisms. According to
the Daniell-Stone theorem (Dudley, 1989, §4.5) again, there is a unique bounded signed
measure

i LoD) = R, koo nfi] = p(00) [p(h)]) (@)

for every x € Z. That is, the LC- decision procedure o can be represented by the Markov
kernel

A

7: 2xD — R, (z,D) — 7,(D)

by use of the M-space isomorphisms ¢ and 9.

3.4.1.5 Advantages of the abstract setup

Obviously, the abstract setup has the disadvantage that the definitions are hardly intu-
itionally understandable and less appropriate for practical purposes.

However, these definitions are very suitable for general theoretical investigations. As
described before, sample spaces represent the observable events and random variables
X : Q — R represent observations. As a matter of fact, different representations are
usually possible for the same situation in the real world. Unfortunately, fixing a concrete
sample space may always artificially generate problems of a measure theoretic type which
are rather meaningless in the real world.

Accordingly, L. Le Cam argues

“The point is that the above representation is very special and the usual setup
where £ = { Py, § € O} is given by probability measures Py on a o-field carried
by a set X does not insure that the o-field A or the set X' are selected well
enough to be able to proceed without trouble. The abstract framework avoids
the troubles caused by X or similar sets by ignoring them.” (Le Cam, 1986,

p. 12)
and (van der Vaart, 2002, p. 662) further explains

“While Le Cam would acknowledge a role for measure theory, his main ob-
jection to the usual way of describing statistical experiments is that a given
practical situation might be describable by many different types of sample
spaces and ‘true’ measures. If one happened to choose the ‘wrong one’, one
might get burdened by technical problems, for no good reason. Furthermore,
any experiment in Le Cam’s sense can be represented as an experiment in the
usual way if the sample space is chosen appropriately (...)."

3.4.2 Accordance with Le Cam’s general setup

In the present section, it is shown that the decision theoretic definitions of the present
book are in line with the definitions in Le Cam (1964) and Le Cam (1986).

To this end, recall from Theorem 2.6 that ba((2,.A) is an L-space. The following Proposi-
tion states that the generalized randomizations (used in the present book) coincide with
the transitions between these L-spaces.
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Proposition 3.36 Let )y and 2y be sets with algebras Ay, and Asy respectively. Then,
the generalized randomizations

o: ba(Q, A1) — ba(Qs,A4s)
are precisely the transitions from ba(Qq, A1) to ba(€s, As) .
Proof: It only remains to show that the two conditions of normalization coincide — i.e.
Il = plla)  Yp >0, peba(,A)
However, this is the content of (2.10). O

Accordingly, the following proposition states that the restricted randomizations coincide
with the finitely supported (I, H) continuous transitions. This is important in the proof
of Theorem 3.10.

Here, we have
[i=Lo(Q,4) and  H:=Lo(Q,A) C (ba(,4))"
Then, (I, H) continuity of a transition
o: ba(Q, A1) — ba(Qs,A4s)
is defined to be

For every fo € Loo(2, As) there is a T(f2) = f1 € Loo(1, A1) such that

o(p)lfe] = mlA] Vi €ba(§d, Ar) (3.16)

by (Le Cam, 1986, p. 6). Furthermore, a transition o : ba(€;,.4;) — ba(Qs, Ay) is called
finitely supported if

there is a fizved finite subset Qs CNQQ such that for every py € ba($2y, A1) there
are real numbers ag, € R, &y € Qy, such that

o(m)lfal = D asfol@) Vo€ Loo(Qa,As) (3.17)

9262
cf. (Le Cam, 1986, p. 6).

Proposition 3.37 Let Q; and Q5 be sets with algebras A, and Ay respectively. Then,
the restricted randomizations

g . ba(Ql,A1> — ba(QQ,Az)

are precisely the finitely supported (I', H) continuous transitions from ba(€y, A;) to
ba(€2y, As) where

F = £OO<QQ7A2) and H = ﬁOO(Ql,Aﬂ C (ba(Ql,/h))*
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Proof: It is a direct consequence of the definitions and Proposition 3.36 that every re-
stricted randomization is a finitely supported (I, H) continuous transition.

Conversely, let
o . ba(Ql,Al) — ba(QQ,Ag)

be a finitely supported (I, H) continuous transition. Then, Proposition 3.36 states that
o is a generalized randomization and (3.16) implies that for every fo € Lo(£22,.45) there
is a T'(f2) € Loo(€21,.A1) such that

o(u)lfel = m[T(f2)] Vi €ba(Q, A) (3.18)

Since T'(f2) is uniquely determined by this equation for every fo € L,(€2s, As), it is easy
to see that the map

T: Lo, A43) = Loo(Q4, A1), fo = T(f2)

has the same properties as in Proposition 3.11b). Then, it follows from Proposition 3.11
that o is an ordinary randomization. That is, there is a finitely additive Markov kernel

T: i x A — R, (w1, Ag) — 7, (Ag)

such that
o)) = [ (L) () (.19

for every uy € ba(Qy, 4;) and Ay € A,

Next, (3.17) states that, there is a fixed finite subset Qy C Q, such that the following is
true:

For every w; € €2y, there are real numbers ag,(w;) € R, @ € Qg, such that

To (A2) = /Tw1(A2) Oy (din) L) 0 (0w )L a,] =
317 Z g, (W)l a,(02) = Z g, (W1) 05, (A2) (3.20)

for every Ay € Ay. Put ag, : 1 — R, w; — ag,(w;) for every &, € Q,.

In order to finish the proof, it remains to show that the maps ag, fulfill certain conditions
which are listed in Definition 3.7. To this end, note that

(3.18) (3.19,3.20)
T(]Az)(wl) - O-((Swl)[lz‘b] = Z Ay (w1>5@2 (A2) (321)
LDQGQQ
for every wy € €2y .
Firstly, fix some w, € Q,. Without loss of generality, we can assume that there is a set
Ay € Ay such that

AN Qy = {@y) (3.22)
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Otherwise, we can suitably change Q, according to Lemma 8.31. Applying such a set
Ay € Ay, it follows that

3.22 < (321
o Y agdiyld) 2 T(,) € La(@ A
@éEQQ
and ag,(w1) = T(Ig,)(w1) > 0 Yw; €.
Finally,

3.21
Yooam = Y anbn(@) 2 T(g,) = I, =1

W2 € o€y

Le Cam (1986) deals with precise models £ = (Fy)geco and F = (Qp)sco - S0, it is enough
to consider transitions

o: L&) — L(F)

between the L-spaces L(E) and L(F) generated by £ and F respectively; cf. Subsection
3.4.1. Accordingly, Le Cam uses the following definition of equivalence:

Definition 3.38 (LC-equivalence) Precise models £ = (FPp)pco and F = (Qp)oco are
called LC-equivalent, if there are transition

op : L(E) — L(F) and oy : L(F) — L(E)
such that

O'1(P9) = @y and O'Q(Qg) = b5 Ve
Confer (Le Cam, 1986, Definition 2.3.1, p. 19 and Theorem 2.3.2).

In contrast to this setup, we have to deal with large sets (My)peco of precise models
in the theory of imprecise probabilities. So, it is more convenient to deal with transi-
tions / generalized randomizations

o: ba(X,A) — ba(Y,B)

between the whole spaces ba(X,.A) D L(E) and ba(Y,B) D L(F). However, this does
not change anything. Especially, this has no effect on the definition of equivalence:

Proposition 3.39 Precise models £ = (Py)gpeo and F = (Qg)geco are LC-equivalent if
and only if they are equivalent in the sense of Definition 3.15.

Proof: In the setup of the present book, precise models £ and F are defined to be
(certain) subsets of ba(X, . A) and ba(), B) respectively. (X and ) are sets with algebras
A and B respectively.)

Firstly, let £ = (Pp)pco and F = (Qy)geco be LC-equivalent. That is, there are transitions
g1+ L(E) — L(F) and 0y 1 L(F) — L&)

such that
5‘1(P9) = Qg and 52(629) = F VoeoO
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Note that the L-spaces L(E) and L(F) are bands in ba(X,.A) and ba(), B) respectively.
According to Lemma 8.30a), &1 and &5 can be extended to transitions

o ba(X,A) — ba(Y,B) and oy : ba(Y,B) — ba(X,A)
such that
Ol(Pg) :5'1(P9) = @y and O'Q(Qg) :5'2(629) = F Vo e

because (Fp)opco C L(E) and (Qp)oco C L(F).

Since the transitions oy and o9 are generalized randomizations (cf. Proposition 3.36), it
follows that £ and F are equivalent in the sense of Definition 3.15.

In order to prove the converse statement, let £ = (FPy)geo and F = (Qy)geco be equivalent
in the sense of Definition 3.15.

According to Definition 3.15 and Proposition 3.36, there are transitions
o1 : ba(X,A) — ba(),B) and oy : ba(Y,B) — ba(X,A)

such that
Ul(Pg) = Qg and Ug(Qg) = b Vo e

Then, it follows from Lemma 8.30b) that o1 and oy can be restricted to transitions
g1+ L&) — L(F) and Gy @ L(F) — L(€)
such that
51(Py) = 01(Py) = Qg and 79(Qp) = 02(Qp) = Py Vo eO

That is, £ and F are LC-equivalent. O
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Chapter 4

Least favorable models

4.1 Introduction

4.1.1 Outline

In data-based decision theory, uncertainty is frequently modeled by a prior distribution
7 and a family of distributions of the observations, (Qg)geco . The prior distribution 7
describes the uncertainty about the states of natures # € ©, i.e.. What state of nature ¢
will be effectively given? With respect to this (unknown) true 6, the distribution of the
observations describes the uncertainty about the data which will be observed.

Of course, in practical applications, it is rather unrealistic that precise distributions
and (Qg)geco are known exactly. Therefore, we allow for a whole set P of possible precise
prior distributions m and whole sets My of possible precise distributions (Jy. According
to Section 3.2, we have to search for a randomized decision function 7 which minimizes
the twofold upper expectation

2, 2 Jy e (a0

Unfortunately, a direct solution of this problem is quite often computationally intractable.
However, there are situations where this becomes tractable, namely in the presence of a
so-called least favorable model.

Most of the research concerning least favorable models was encourage by the celebrated
article Huber and Strassen (1973). Huber and Strassen (1973) deals with hypothesis
testing where a (rather special) upper prevision is tested against another one. In the
context of hypothesis testing, least favorable models are usually called least favorable
pairs. Testing between coherent upper previsions is equivalent to testing between their
credal sets M and M. Huber and Strassen (1973) shows that there is a pair (Qg, Q1) €
My x M7 which is least favorable: That is, testing between )g and () is as hard as
testing between M, and M, and, as a consequence, there is an optimal test between @)
and ()1 which is also an optimal test between M, and M. That way, testing between M,
and M can be done by testing only between (g and (). This reduces the computational
effort substantially. As stated above, it is one of the most important drawbacks of data-
based decision theory (including hypothesis testing) under imprecise probabilities that
the computational effort of direct solutions is frequently not manageable. Therefore, least
favorablility has attracted enormous attention after the publication of Huber and Strassen
(1973). For a review of Huber and Strassen (1973) and the work following Huber and

83
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Strassen (1973), confer Augustin (2002). In quite general data-based decision theory,
where there are n states of nature (instead of two as in hypothesis testing), an analogous
question of that one solved by Huber and Strassen (1973) is: Does there exist a model
(Q1,Q2,...,Qn) € MyxMsyx---x M, which is simultaneously least favorable for a set
of precise prior distributions'? This is not always the case but the seminal article Buja
(1984) proves a necessary and sufficient condition for the existence of such simultaneously
least favorable models in case of upper expectations.

Unfortunately, Buja (1984) contains an error which reduces its applicability significantly.
Subsection 4.1.2 highlights the wrong statement, gives a counterexample and discusses
the consequences. The validity of the conclusions in Buja (1984) can only be guaranteed
by adding a restrictive assumption on the involved upper previsions.

Next, Section 4.2 follows the lines of Buja (1984) - but within the concept of Walley
(1991) which dispenses with o-additivity: While Buja (1984) considers upper expectations
only, we use coherent upper previsions. It is shown that the same result as in Buja
(1984) is possible without any additional assumption on the involved (coherent) upper
previsions. Surprisingly, most of the proofs are similar to those given in Buja (1984). This
demonstrates that, in Buja (1984), insistence on o-additivity of probabilities happens to
be an unnecessary burden. By ignoring o-additivity, we are in line with Le Cam’s decision
theoretic framework (cf. Le Cam (1964), Le Cam (1986) and Section 3.3) which provides
us with the effective methods developed in Section 3.3. Especially, the use of generalized
randomizations is crucial.

Subsection 4.2.1 shows how minimal Bayes risks can be calculated and expressed in terms
of standard models. Subsection 4.2.2 contains a generalization of the LeCam-Blackwell-
Sherman-Stein-Theorem. This theorem plays an important role in Subsection 4.2.3 where
the analogue to (Buja, 1984, Theorem 8.2) is proven which characterizes the existence of
least favorable models. This is the main theorem of Section 4.2. Subsection 4.2.4 explains
how least favorability could be used to deal with situations where the distribution of
the data as well as the prior is assumed to be imprecise. These results exemplifies that
the classical setup based on Polish spaces and o-additive probability measures frequently
leads to unpleasant — and unnecessary — difficulties.

As a special case, Section 4.3 considers hypothesis testing. Firstly, Susection 4.3.1 explains
(and proves) how hypothesis testing fits into the decision theoretic framework. This is not
entirely trivial in case of imprecise probabilities. Secondly, the existence of least favorable
pairs in case of general coherent upper previsions is proven in Subsection 4.3.3. This
result which has already been proven in Baumann (1968) follows as an easy corollary.

As Huber and Strassen (1973), the present chapter is only concerned with the existence
of least favorable models (and pairs) but an algorithm for explicit calculations has not
yet been developed. After Huber and Strassen (1973), a lot of work was done in order
to construct least favorable pairs in hypothesis testing (e.g. Rieder (1977), Osterreicher
(1978), Hafner (1992), Augustin (1998)). In the more general case of the present chapter,
this is a matter of further research.

As mentioned above, the following subsection investigates an error in Buja (1984), gives
a (counter-)example and shows how the proof of the main theorem in Buja (1984) can be
corrected under an additional assumption.

lor equivalently: for a class of loss functions; cf. Subsection 4.2.4.
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4.1.2 On an error in Buja (1984)
4.1.2.1 Buja’s statement and a counter-example

Buja (1984) considers upper expectations on Polish spaces as treated in Subsection 2.4.3.

Let Z be a Polish space with Borel-g-algebra 8. Let caf(Z, B) be the set of all probability
measures on (=, B) and let C,(Z) be the Banach space of all bounded continuous function
with norm || - |-

As in Subsection 2.4.3, cat(Z,) is provided with the relative topology on ca?(Z, )
generated by the Cp(Z)-topology on ca(Z,28). This topology is usually called weak
topology on cai(=,B). It is the smallest topology on ca}(=,B) so that

C&T(E,‘B) — R P — P[f]

is continuous for every f € Cy(Z). cal(Z,B) provided with the weak topology is a Polish

space. Especially, there is a metric d on cal(Z,%) which induces the weak topology.

Therefore, the weak topology is characterized by sequential convergence. A sequence
(P,)nen in cat(Z,B) converges weakly to some P € K(Z, B) if and only if

lim B, [f] = plf] V[ eC(Z)

The following statement is contained in (Buja, 1984, Proposition 2.1):

Let P be the structure of an upper expectation P : L (),B) — R. Assume
that P is tight.

Then, P[f,] \. P[f] for every sequence (f,)neny C Cp(Z) such that f, \, f
pointwise and f € Lo(),*B).

This is not right as can be seen from the following counterexample:

= = R is a Polish space with Borel-o-Algebra 8 = B. Put
P = {P € cat(R,B) ‘ P([0,1)) = 1} (4.1)

Then, define an upper expectation by

Plfl=sup Plf]  VfeLa(RB)
PeP

[1] P is the structure of P:
For every P € ca®(R,B) with P[f] < P[f] V f € Lo(R,B), it follows that
1 = —P[-Ip1] < —P[-Ijpy] = P([0,1)) < P[lpy] =1
Hence, P € P.

[2] P is tight:
For ¢ > 0 put K = [0,1]. Then, K is compact in R and

sup P(R\K) =1—inf P(K) =1-1<¢
PeP PeP
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(3] Put
fo: R = R, 2 — 2"[gy(z) + In,0)(2), neN
Then, (fn)neN - Cb<R) and

lim fn(x) = [[1’00)(33) VrelR

n—oo

Because of
folx)=2">2a" 2z = f,1(x) YVzel01], VneN
we have f, \, I1,00) =: [ pointwise.

4] Plf,]=1YneN:

For every = € [0,1), the Dirac measure ¢, is in P. Hence, 1 > f,, implies

1> sup P[f,] > lim 6,[f,] = lim f,(z) = lim2" =1 Vn€eN
= sup fa] 2 im0, (/o] = Tim f () = lim n

P[f] = sup P[Ij1,00)] = sup P([1,00)) =0
PP PeP

Accordingly, the following statement which is implicitly contained in (Buja, 1984, Propo-
sition 2.1 and 2.2) does not hold:

“Every tight structure is weakly compact.”

A counterexample is provided by the following:

Choose Z = R, B = B and M, as in (4.1). Then, P is a tight structure of an upper
expectation (cf. [1] and [2]).

Put P, := 01_1/, VY € N. Then, (P,)pen C P and (P,)nen converges weakly to 6; in
cat(R,B) because

lin P[] = lim f<1 - %) — i) =6lf]  VSeC®)

However, §; is not an element of P because d; ([O, 1)) = 0. Hence, P is not weakly closed
and, therefore, not weakly compact.

The correct statements have already been given by Theorem 2.31 and Theorem 2.32.
These theorems show that the reason for the incorrect statement is a permutation of
assumption a) in Theorem 2.31 and assumption a) in Theorem 2.32. Indeed, these as-
sumptions seem to be nearly the same. The only difference is that, in Theorem 2.32, it
is additionally assumed that the limit f of (f,)nen is continuous. This difference really
matters as can be seen from the above counter-example.
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4.1.2.2 Consequences

In Buja (1984), imprecise models are called “approximate models” and denoted by (v)geo-
As stated above, each v is an upper expectation on a Polish space where the corresponding
structures Py have to be compact in the weak topology on caj. To this end, it is not
sufficient to assume tightness of Py as shown in Subsection 4.1.2.1. Weak closedness of
Py is another necessary additional assumption (cf. also Theorem 2.29). Recall that weak

closedness of structures is characterized by Proposition 2.33.

Under this additional assumption, all results of Buja (1984) are valid. However, the proof
of the main theorem, (Buja, 1984, Theorem 8.2), has to be revised:

It seems to be not obvious that an approximate model (19)gece with weakly compact
structures Py induces an upper standard functional whose corresponding structure is also
weakly compact. As a consequence, it does not seem to be assured yet if the following is
true:

“it is possible to construct a standard measure S under s®*) which equals s
on the cone K7 (Buja, 1984, p. 382).

However, it is possible to give a slightly different proof of (Buja, 1984, Theorem 8.2) so
that this problem can be ignored. In the following, the notation is completely adopted
from Buja (1984).

Revised proof of (Buja, 1984, Theorem 8.2):
The implication “a)=-b)” is not affected. So, it remains to proof the implication “a) <
b)”.
Define a linear functional S on the linear space K — K by

Slky — ko] = sM[ky] — s [ky]

Additivity of s*) on K implies that this definition is independent of the special repre-
sentation k; — ky. Subadditivity of s*) on K — KC implies

Slk] < sV VkeK-K (4.2)

Hahn-Banach (Dunford and Schwartz, 1958, Theorem I1.3.10) yields an extension of S
on C(K), so that

IN

Skl < sW[k] VkeC(K) (4.3)
So far, the present proof coincides with that one given in Buja (1984). Since it is not yet
assured if s%) is compactly generated, we do not apply (Buja, 1984, Proposition 2.2f))
in the following. (This is the main difference to the proof given in Buja (1984).)

An application of the Riesz representation theorem (Dunford and Schwartz, 1958, The-
orem IV.6.3) yields an extension of S on L (K) (again denoted by S) which is a prob-
ability measure on K.

In contrast to (Buja, 1984, p. 382), we do not state that S would be dominated by s)
on Lo(K). Equation (4.3) is enough to proceed by following the lines of (Buja, 1984, p.
382) again:
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(4.3) implies [ zpdS = ﬁ V8 € ©. Therefore, S is a standard measure which deter-
mines a unique standard model (Sp)geo so that S is the standard measure of (Sp)geco
(cf. (Buja, 1984, Section 5)). (Buja, 1984, Theorem 7.1) and (4.3) implies that (Sp)gco
is worst-case-sufficient for (19)gco. That is, there is a model (Qg)geco on (Y, B) so that
Qo < vgon Loo(Y,B), V8 € O, and so that (Sp)eeco is sufficient for (Qy)gco. Hence, for
all k € IC,

s"[k] = S[k] < SD[k] < s“[k]

where the first inequality follows from (Buja, 1984, Corollary 7.2). That is, (Qg)gco is
least favorable on K. O

Since the results in Buja (1984) are still valid under the additional assumption that the
structures have to be weakly closed, the question arises if this additional assumption
is restrictive. The simple example in Subsection 4.1.2.1 indicates that, indeed, this is
restrictive. This statement is supported by Proposition 2.33 which says that a structure
is weakly compact if and only if it can be written as

P = {Pecal(Z.%B) ]| PfI<PIf] VfeE)}

That is, an upper expectation P whose structure is weakly closed is completely defined by
its values on Cp,(Z). However, one of the most important special case of upper expectations
are F-probabilities which are defined by their values on some K C {I B | B e %} . Hence:
Whenever we define an upper expectation also by its value on at least one set B € B (i.e.
by its value on at least one indicator function), it is not clear if its structure is weakly
closed. In consideration of the simple example in Subsection 4.1.2.1, it will usually not
be weakly closed. At least, it may be possible to establish easy conditions on K C
{] B ’ B e %} which ensure weak closedness of the structure. Proposition 2.39 shows
that the restriction to compact subsets K = B C = in K C {IB ‘ B € %} does not yield
such a sufficient condition.

The following section follows the lines of Buja (1984) and proves that essentially the same
result is true if the setup of upper expectations on Polish spaces is replaced by the more
general setup of coherent upper previsions on arbitrary sample spaces (), B) . Essentially,
this means that o-additivity is dropped and that the proofs require some results from
Le Cam (1986) as prepared in Section 3.3. Surprisingly, no additional assumption on the
involved coherent upper previsions is needed in order to obtain the analogous results as in
Buja (1984) even though most of the proofs are quite similar. This shows that insistence
on g-additivity is an unnecessary burden in Buja (1984) and that it can, indeed, be useful
to go over to the more general setup of coherent upper prevision.

4.2 Decision problems with n states of nature

4.2.1 Minimal Bayes Risks
4.2.1.1 Introduction

Within the whole Subsection 4.2.1, let © = {6y, ...,6,} be a finite index set with cardi-
nality n and let 7 be a precise prior distribution on (0,2°), i.e. 7 is a linear prevision on
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L(0,2°). Put mp := w[I{py].
Let (D, D) be a decision space and (Wp)pco C Loo(ID, D) be a loss function

OxD — R, (0,t) — Wy(t)

Finally, let ) be a set with algebra B. The sample space (), B) represents the possible
outcomes of an experiment.

A decision procedure is a restricted / ordinary / generalized randomization
o:ba(Y,B) — ba(D,D)

— confer Subsection 3.3.1.2.
According to Section 3.2, the Bayes risk of an ordinary randomization o € 7,5(), D)
defined by a finitely additive Markov kernel

YxD =R, (y,D) — 7(D)

via (3.2) is equal to

R ((@)scor0.WV) = / sup /y / Wo(t) 7, (dt) Qoldy) 7(d8) =

€O QoeMy

_ Zm- sup o(Qg)(Wp)

bco QoMo

where (Qy)geo is an imprecise model on (Y, B) and (My)gee is the corresponding family of
credal sets. Analogously, the Bayes risk can be defined for every generalized randomization

ce€T(Y,D)as

R ((Qploco, o, W) = Y mp- sup o(Qp)(Wy) (4.4)

pco QoMo

— confer Section 3.3.
Therefore, the minimal Bayes risk

inf 12 ((Qp)oce, 0, W) (4.5)

can be calculated over all restricted, ordinary or generalized randomizations o. It is
shown in the following two subsections that the above infimum is equal for all of the
three types of randomizations. That is, it does not matter if we also allow for generalized
randomizations. Subsection 4.2.1.2 is concerned with precise models (Qg)geo on (Y, B),
Subsection 4.2.1.3 is concerned with imprecise models (Qp)gece on (Y, B).

Furthermore, it is shown that the term “minimal Bayes risk” is justified because the
infimum in (4.5) is attained in a generalized ranomization.

The main goal of the present subsection is to express minimal Bayes risks in terms of
standard measures for precise models (Qg)pco (Theorem 4.4) and in terms of standard
upper previsions for imprecise models (Qg)gco (Theorem 4.7).

Since 7 is a fixed precise prior distribution in the present subsection, the index is dropped
in R, and the Bayes risk with respect to the fixed 7 is denoted by R((QQ)GE@, o, W) :
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4.2.1.2 Precise Models

Let (Qg)gco be a precise model on (), B). According to (4.4), the Bayes risk of a gener-
alized randomization o € 7 (Y, D) is

R((Qo)oco, 0, W) = ZWG'U(QG)(WG) (4.6)

0cO

then. Of course, (4.6) coincides with the usual definition of the Bayes risk if ¢ is defined
by a randomized decision function as in (3.2).

The minimal Bayes risk is the same if we let ¢ vary among the restricted, ordinary or
generalized randomizations:

Proposition 4.1 There is a generalized randomization & € T (Y, D) such that

R((Qo)oco,d, W) = UEin(l;D)R((Qe)ee@J, W)

Furthermore,

O'EIZI—*I%g)’]D)) R((Q9)9€@7 g, W)

coincides for T,(Y,D) = T,(Y,D), = To(Y,D) and = T(Y,D).

Proof: The definition of the topology of pointwise convergence implies continuity of the
map

g = (U(Q91>[W91] PR O'(an)[WQn])

and, therefore, continuity of o0 — R((Qp)sco, o, W).

According to (Denkowski et al., 2003, Theorem 1.3.11), continuity of this function implies
that it attains its minimum in a generalized randomization 6 € 7 (), D) because 7 (), D)
is compact (Theorem 3.9).

The second statement also follows from continuity of o — R((Qg)geco, o, W) because
7.(Y,D) and 73(), D) are dense in 7(Y,D) (Theorem 3.10). O

Notation 4.2 As in Proposition 4.1, it often does not matter, if we consider 7,.(), D),
To(Y, D) or T(Y,D). These cases are indicated by the use of the symbol T,(Y, D). That

1S

7.(¥,D) € {T,(¥.D), T(Y,D), T(Y,D)}

The following lemma provides an example for the fact that sufficiency is strongly connected
with the decision theoretic Bayes risk. In Subsection 4.2.2; this is strengthened in case of
imprecise probabilities.

Lemma 4.3 If a precise model (Pp)geco on (X, A) is sufficient for the precise model
(Qo)oco on (Y, B), then

pE’]i;I(l/fY,D) R((-P@)@G@J P, W) < UE’Z'I'I%g/,D) R((Q9)9€@7 g, W)
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Proof: There is some ¢ € 7(X,Y) so that ¢(P) = Qp V60 € ©. Therefore,
inf ZW@U(Q@)[WQ = inf Zma Wg]
€0

ceT (Y,D) oceT (Y ID>)

= inf (0o 0 P) Wyl > inf mop(FPy)| W,
UeT(y’D)Heze o(0 o) (Pl 0] > ”ET(X’D)eeZe op(FPy) [Wo)

because 0 o) € T(X,D) Vo € 7(X,D). Finally, Proposition 4.1 implies that the
inequality is valid for any choice of Z,(Y,D) and Z,(X,)). O

For the loss function
W: xD — R (0,t) — Wy(t)
put
K(W): u + inf ZTL?T@WQ (u) (4.7)

TeD
0O

on R™ where t9(u) = wup is the -component of u € R® = R".  Note that K(W) is
concave and, therefore, continuous on R". Hence, the restriction of K (W) on U is Borel-
measurable and bounded. Therefore, S*[K (W)] is defined well for the standard measure
S7 of any precise model F = (Qp)gco -

Theorem 4.4 Let F = (Qg)oco be a precise model on (Y, B) and ST its standard mea-
sure. Then,

aefiﬁgz,m) R((Qo)oco, 0, W) = ST [K(W)]

Proof: According to Theorem 3.30, the standard model (ng ) peo 1S equivalent to F =

(Qo)oco- That is (Sgr ) peo and F are mutual sufficient. So, a twofold application of
Lemma 4.3 yields

1 f R f, ,W — 1 f R Sj: ’ ,W
0T (VD) (F.0. W) e D) ((57 )oce, p, W)
and an application of Lemma 8.32 closes the proof. O

4.2.1.3 Imprecise Models

Let (@9)969 be an imprecise model on (Y, B) with corresponding structures My, 6 € O.
Let S be the standard upper prevision of (Qy)sco. According to (4.4), the Bayes risk of
a generalized randomization o € 7 (), D) is

R((Qp)oceo, 0, W) Z - sup o (Qp)(Wp) (4.8)
co QoEMy
then. Hence,
R((Qy)oco, o, W) = sup R((Qo)oco, a0, W) (4.9)
(Qo)oco€E(Mp)oco

These definitions include that we have chosen the I'-minimax optimality criterion which
represents a worst case consideration (cf. Section 3.1) — as done in Huber and Strassen
(1973) and Buja (1984).

Now, we can derive the analogs of Proposition 4.1 and Theorem 4.4 in case of imprecise
models:
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Proposition 4.5 There is a generalized randomization ¢ € T (), D) such that

R((§9)9€@7 5-a W) - oE'Zi'I(ljfi,ID)) R((@O)@E@) g, W)

Furthermore,

UE’]I'R:))D) R((Q9)9€@7 g, W)

coincides for T.(Y, D) = T.(Y,D), = To(Y,D) and = T(),D).

Actually, we want to deal with decision problems where the prior distribution and the
distribution of the observation may be imprecise. This is done in Subsection 4.2.3 whereas,
in the present preparatory subsection, the prior distribution is assumed to be precise. In
case of imprecise prior distributions, Proposition 4.5 is not enough to keep the connection
between ordinary and generalized randomizations. However, it is possible to extend this
proposition to imprecise prior distributions in Subsection 4.2.3 (Proposition 4.18).

In order to proof Proposition 4.5, the following important lemma is needed. Essentially,
this is an application of the minimax theorem. For this application, compactness of the
structures My is crucial.

Lemma 4.6

a inf R((Qp)g, 0, W) = su inf. R ,o, W
(a) L. ((Qo)s ) L P ((Qo)a )
b inf R((Qy)g, o0, W) = su inf R o, W
(B) o€To(Y.D) (@0 ) (Qe)eE(Ilee)e 7€7(Y,D) (@) )
C inf R((Qp)g,0,W) = su inf R ,o, W
(c) T (VD) ((Qo)e ) (Qe)eG(I/)\/fe)e ceT VD) ((Qe)e )

Proof:

(a) According to Theorem 2.16, every credal set My is compact in the L..(Y,B)-
topology on ba(Y,B). Then, (Dunford and Schwartz, 1958, Lemma V.3.3, Lemma
[.8.2 and Theorem 1.8.5) imply that [], .o My is a compact Hausdorff space 2. For
every 0 € 7,(Y,D) there is some Kk : Loo(V,B) — Lo(X,A) so that o(u)[g] =
wlr(g)] for every g € Loo(V, B), u € ba(Y, B); confer (3.1) and Definition 3.7. Hence,

My — R, Qo +— 0(Qa)[Wy]

is continuous for every # € © and this implies continuity of the map

(Qo)oco — — ZT"GU(QH)[WG] =:I'((Qo)oco,0)
0cO
on [Jyee My for every o € T,(¥,D). (Qg)o — I'((Qo)o, ) is convex on [[yce My for
every o € 7,(Y,D) and o — T'((Qy)s, o) is concave on 7,(Y, D) for every (Qg)oco €
[Ipco Mo. Then, the minimax theorem (Fan, 1953, Theorem 2) yields

inf R((Qploce,0,W) = — su inf T ) =
€T (Y,D) ((Qe)@e@ ) UEZ’(BJD)) (Qo)oE(My)o (<Q0)9 )
——  inf sup  T'((Qo)o,0) =

(Qo)o€(Mo)o 5eT,.(Y,D)

PN 7 inf R((Qg)e, 0, W
(Qo)oE(My)g €T+ (V,D) ( )

2in the n-fold product topology of the L., (), B) - topology
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(b) and (c): Proposition 4.1 and part (a) of the present lemma yield

inf  R((Q o ,W) > su inf R Lo, W) =
s (VD) ((Qp)oeo ) (Qe)ee(l-)/\/ie)e L ((Qa)o )
- sup lnf R((Q@)g,d, W) =

(Qo)eE(Mg)g €T (VD)

(@ . _ . _
= f R w) > f R 0%
et ) ((Qg)o, 0, )_JE%D) (@)s, 0, W)

=

a

Proof of Proposition 4.5: As already stated in the proof of Proposition 4.1, the map
o — R((Qg)eco, o, W) is continuous with respect to the topology of pointwise conver-
gence on 7 (), D) for every precise model (Qy)geco on (¥, B). Hence, it follows from (4.9)
that o — R((Qg)oco, o, W) is lower semicontinuous. According to (Denkowski et al.,
2003, Theorem 1.3.11), lower semicontinuity of this function implies that it attains its
minimum in a generalized randomization ¢ € 7 (), D) because 7 (Y, D) is compact (The-
orem 3.9).

The second statement is a direct consequence of Lemma 4.6 (a), Proposition 4.1 and
Lemma 4.6 (c). O

Theorem 4.7 Let (Qy)oco be an imprecise model on (Y,B) and S its standard upper
prevision. Then,
inf  R((@p)oee, 0, W) = S[K(W)]
e ) ((Qpoco, 0, W) (W)
Proof: This is a direct consequence of Lemma 4.6, Theorem 4.4 and the definition of the
standard upper prevision. O

4.2.2 A general LeCam-Blackwell-Sherman-Stein-Theorem

This subsection contains a generalization of the LeCam-Blackwell-Sherman-Stein-Theo-
rem. On the one hand, it is needed in the proof of the main theorem of the present
section, Theorem 4.12, on the other hand, it is also interesting of its own because it is
a generalization of a family of well-known theorems which were developed during several
decades; cf. e.g. Blackwell (1953), Le Cam (1964), Heyer (1969) and Buja (1984).

Let © be a finite index set. Let 7 be a prior distribution on (0, 2°) so that
g =wlpy >0 VOO (4.10)

Let (Py)sco be a precise model on (X, A) and (Qy)geco an imprecise model on (Y, B) where
(Mag)oco is the corresponding family of credal sets. Let SFe)e he the standard measure
of (Pp)peco and S the standard upper prevision of (Qy)geo on (U,C).

Let W be the set of all functions k € L (U,C) such that there is some decision space
(D, D) and a loss function W : (0,t) — Wy(t), Wy)geo C Loo(D,D) where k(u) =
infrep D geo nmoWo(T)1o(u) Yu € U.

Since 7 is again a fixed precise prior distribution in the present subsection, the in-
dex is dropped in R, and the Bayes risk with respect to the fixed 7 is denoted by
R((Qe)é)e(% g, W) .

Theorem 4.8 is the analog to (Buja, 1984, Theorem 7.1) and can also be proven analo-
gously.
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Theorem 4.8 With the above settings and under asumption (4.10), the following state-
ments are equivalent:

(a) (Py)oco is worst-case-sufficient for (Qy)oco-
(b) SPe[k] < S[k] VkeU
(c) For every finite decision space (D, D) and every bounded loss function W,

. < . Y
pE’Zl-r(l};,D) R((P9)96@7 Py W) = ag%}%ﬂ,ﬂ)) R((Q6)9€®7 a, W)

(d) For every decision space (D, D) and every bounded loss function W,

inf R((P9)0€9707W) < inf )R((@9)9€@707W)

pET(X,D) o€T(Y,D

Proof: The proof has the following structure: (a)<(d), (d)<(c), (d)<(b)
(a)=(d): This is a direct consequence of Lemma, 4.3.
(a)<=(d): Put D = Y and ¢o(p) = p Vo € ba(Y,B). Then (d) implies that for all
(96)oco C Loo(V, B),

peTir(lé\ff,y) R((Pe)e’p’ (99)9) < R((@G)(h o, (90)9)

which may be rewritten as  inf )Z o (p(Pg)[gg] — @a[gg]> <0.

PET(XY) g
Put T'(p, (90)) = D geo T (p(Fa)[g0] — Qglgo]). Then,
sup inf T'(p,(ge)s) < 0 (4.11)

(96)0C Loo(V,B) PET(XY)

T(X,Y) is compact, p — F(p, (99)9) is continuous and convex, (gg)gco — F(p, (99)9) is
concave. So, the minimax theorem (Fan, 1953, Theorem 2) and (4.11) yield

inf sup — T(p,(gp)s) < O
PET(X,Y) (g6)9CLoo(V,B) ( ( ))

Compactness of 7 (X', )Y) and lower semicontinuity of

p sup  I'(p, (90)o)
(90)0C Lo (V,B)

imply the existence of some py € T(X,)) so that

sup I'(po, (g0)e) < O (4.12)
(99)0 CLoo(V,B)

(cf. (Denkowski et al., 2003, Theorem 1.3.11)). Since mp > 0 V6 € O, it follows from
(4.12) that

po(Po)ge] < Qylgs]  Vgo € Loo(V.B) VOEO
(d)=(c): This is obvious.
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(d)<=(c): Let o : u— k*(p) be a restricted randomization from ) to D where
K)o = 1 D gt)e]
teD

and D is a finite subset of D. (D, 2”) may be regarded as a finite decision space and o
may be regarded as an element of 7 (), D). Then, (c) implies

nE R((Fy)e.p. W) < R(@)p.0. V) (4.13)

Note that this is true for every o € 7,.(), D). Since every element of 7,.(X, D) may be
regarded as an element of 7,.(X, D), Proposition 4.1 implies

inf R((P, W) < inf R((P 0, W 4.14
peT(X.D) (Po)o,p, W) < 5T (D) ((Fo)o. . W) 414

Hence, (according to Proposition 4.5)

(4.14),(4.13)

inf  R((Py)e, p, W < inf R((Q W) =
peql'r(lx,n)) <( 0)o: P, ) - aeilzr%y,n)) ((Qg)e, o )
= inf  R((Q w
UE'%'I(ly,]D)) ((Q9)97 g, )
(d)<(b): This is a direct consequence of Theorem 4.4 and Theorem 4.7. O

4.2.3 Least favorable models for n states of nature

Let again the index set © be finite with cardinality n. Let m be a prior distribution on
(©,2°) so that mp := 7[I{e] > 0 V6 € O. Let (Qy)sce be an imprecise model on (Y, B)
where (Mj)geo is the corresponding family of structures. Let (D, D) be a fixed decision
space and let WV be a set of bounded loss functions

W (0,8) — Wet),  (Wylpeo C Loo(D,D)

Definition 4.9 A model (Qp)oco € (My)geco is called least favorable (precise) model of
(Mp)oce for W if

. f — . f -~
O'E';r(ly,D) R7T ((Q@)@? g, W) UE';'I(ly,ID)) Rﬂ’ ((Q9>97 g, W) VIV.eWw

That is, the minimal Bayes risk of the imprecise model is attained in the least favorable
model which represents the worst-case. (This justifies the term “least favorable”.) Re-
member that our definition of the Bayes risk corresponds to a worst-case consideration.

We are not primarily interested in a set of loss functions but in a set of prior distributions.
However, a set of prior distributions can always be transformed into a set of loss functions

(cf. Subsection 4.2.4).
For precise models F € (Mgy)geo, put

O :={h e LoU,C)| ST[h = S[h]}

where S7 is the standard measure of F and S is the standard upper prevision of (Qy)sce
on (U,C).
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Lemma 4.10 &£ is a norm-closed convex cone in Lo (U,C).

Proof: For h € &5 and ¢ € [0,00), S[ch] = cS[h] = cST[h] = S7[ch].
For hl,hQ S (I)j:,
S[hy + hg] < S[hy] + Slhe] = ST[h] + ST [ha] = S7[hy + hg] < S[hy + hy
For (hy)men C @, limy, ||h,, — h|| =0 and h € L (U,C),

S[h] < limsup (S[hy] 4+ S[h — hy]) = limsup S7[h,] = S7[R]

i.e. SF[h] = S[h). O
For every decision function
w (Q, t) — Wg(t) , (Wg)gee C Ly (ID), D)

define K (W) as in (4.7):
K(W) = inf ZngWg(T) Lo

TeD
o€

Put
Uy = {KW) | (Wp)g e W} C Lo(U,C)

Ty denotes the smallest norm-closed convex cone in Lo (U, C) which contains ¥y,
Lemma 4.11 is a direct consequence of Theorem 4.4 and Theorem 4.7:

Lemma 4.11 F € (My)geo is least favorable for W if and only if
STkl = S[k]  VEkeUy,

Theorem 4.12 is the analog to (Buja, 1984, Theorem 8.2). It characterizes the existence
of least favorable models in full generality.

Theorem 4.12 With the above settings and under asumption (4.10), the following state-
ments are equivalent:

(a) There is some F = (Qp)oco € (Mg)gco which is least favorable for V.
(b) Slky + ko) = S[k1] + S[ka] Vi, ko € Uy

Proof:
(a)=(b): Statement (a) and Lemma 4.11 imply W)y C ®x. According to Lemma 4.10,
Uy C Orand k| + ky € & Vi, ky € Uy, Hence, for every ki, ky € Uy

Slky + ko] = ST[ky + ko] = ST[ky] + S%[ky] = S[k1] + Slks]
(a)<=(b): Put S[k] :== S[k] Vk € ¥y and

S[/{il — k’g] = S[k’l] - S[/{?Q] B g[k’l] - g[kg]
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for all ki, ky € Wyy. Statement (b) implies that this is defined well. Hence, S is a
linear functional on the vector space lin(Wyy,) = Wy, — Wy, For every k = ky — ky €
\I’W \I/W = lln(llfw)

S[k] = Slky+ ki — ko] — S[ka] < S[ko] + S[k1 — ko] — S[ko] = S[k]

Due to the Hahn-Banach-Theorem ((Dunford and Schwartz, 1958, Theorem 11.3.10)), S
can be extended to a linear functional on L (U,C) (again denoted by S) so that

S[h] < S[h]  VheLU,C) (4.15)

(4.15) implies, that S[I] = 1 and S = © (cf. Theorem 3.30). Then,
Sg + h +— S[niph] defines a precise model (Sp)pce on (U,C). For every decision space
(D, D) and every W : (0,t) — Wy(t), (Wy)y C Loo(D, D),

Vo e

~—3 |

i) R((So)o p, W) = S[K(W)] (4.16)

according to Lemma 8.32 and

. . 4.16 A (4.15) A
inf  R((Sp)g, p, W) (4.16)

peT (U,D)
= inf R((@0>9707 W)

c€T(YV,D)

according to Theorem 4.7. Hence, Theorem 4.8 implies that (Sp)oco is worst-case-
sufficient for (Qy)gco, i.¢. there is some p € T (U, ) so that Qg := p(Sy) € My Vb € O.
Finally for all W € W,

inf R((Qp)o, 0, W) = g[K(W)] - S[K(W)} N

ceT (Y,D)
(4.16) : .
= f < f
pE’]l'r(lZ/{,]D)) R((59)97 P W) = 06%—1(1)7,]1)) R((Q9)97 g, W)
where the last inequality follows from Lemma 4.3. |

4.2.4 Application of Least Favorable Models

Situations where we are faced with one precise prior distribution and a set of loss functions
seem to be of secondary interest. More frequently, we are interested in situations where
we are faced with an imprecise prior and one fixed loss function. However, the second
issue can be treated as a special case of the first one:

Let © be a finite index set with cardinality n and

W (0,t) — Welt),  (Wplseo C Loo(DD, D)

be a loss function. Let (Q4)sco be an imprecise model on (), B) where (My)geo is the
corresponding family of structures. Let II be a coherent upper prevision on L(6,2°)
i.e. TI corresponds to a set of prior distributions P := {7 € ba(0,2°) | 7[a] <Il[a] Va €
L£(0,29)}.



98 CHAPTER 4. LEAST FAVORABLE MODELS

For some 7 € P, put mg := 7[lgy] V6 € O. Let o be a (generalized) randomization. For
the prior m, the Bayes risk is

R(@)oros W) = S mo@)Wa] = =3 0(@y)lnmsWs] =

0cO " 0cO
- RO ((Q0)97 g, W(F))

where Ry ((Qp)a, o, (nmoWp)g) denotes the Bayes risk for the uniform prior my defined by
mo[lg] = £ and W™ denotes the loss function

W (0,1) — nmgW(t)

That is every prior can be absorbed in the loss function. So, we can transform the set P of
priors 7 into a set W of loss functions (nmyWy)geo. Next, Theorem 4.12 yields a necessary
and sufficient condition for the existence of a precise model which is simultaneously least
favorable for the set of loss functions WW. We may also say that such a precise model
is simultaneously least favorable for the set of priors P. Note, that assumption (4.10) is
fulfilled for the prior mo[Iy] = % so that Theorem 4.12 is always applicable for any set of
priors P.

Definition 4.13 A model (Qp)oco € (My)oeo is called least favorable (precise) model of
(Mag)gco for the set of priors P if

JE’%'I(IJfJ,D) Rﬂ' ((Q9)97 g, W) = UE'%'I(I‘)f;,D) Rﬂ' ((Q0>97 g, W) VmeP

According to the preceding paragraphs, we have the following proposition:

Proposition 4.14 (Qy)oco € (My)geo is a least favorable (precise) model of (Mp)oco
for the set of priors P if and only if it is a least favorable (precise) model of (My)geo for
the set of loss functions

W = {Ww"| rep}
where W™ denotes the loss function

W (0,1) — nmgWy(t)

The next theorem shows how least favorable models can be used to deal with situations
where the distribution of the data as well as the prior is assumed to be imprecise. A
decision procedure, i.e. a generalized randomization, is optimal if it minimizes the upper
Bayes risk

Rﬁ«@G)@? g, (W9>9) = sup RW((@Q%’? g, (WG)G)

TEP

In case of a precise model (Qp)sco, the upper Bayes risk is
Rﬁ((@@)@? g, W) = Sug Rﬂ' ((Q9)97 g, W)
e

Theorem 4.15 If (Qg)sco is a simultaneously least favorable model of (Ma)eco for P,
there is a generalized randomization 6 € T (Y,D) which minimizes

Rﬁ((@e)g,a, W) and also Rﬁ((@g)g,()’, W)
over T(Y,D).
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The proof is essentially an application of the following lemma which is based on the
minimax theorem. Again, compactness of the credal set is crucial.

Lemma 4.16

inf Ry Q ) 7W - inf .ll:i7r 19 , ,W
(a) ae%«I%y,D) H((Qe)e o ) ilelg 06’21}1})7,]1])) (((Qe)g o )

i A _ . .
(b) 0671'01%3),]1)) Rn((Qe)e, o, W) ilelg 0671’01%32,]]])) Rﬂ(((Q(,)@, o, W)

inf  Rg((Qg)g, o0, W) = inf  R.((Qg)g, 0, W
() _jof | 1((Qg)e, 0, W) sup inf (((Qg)a, 0, W)

Proof: The three statements (a), (b) and (c) are proven simultaneously. Therefore, let
Z.(y.D) € {Z(V.D), To(¥.D), T(V.D)}

be fixed in the following.

Put
[(o,7) = R:((Qp)a,0, W) VoeT,(Y,D), YVreP

With respect to the L£.(0,2°)-topology on ba(©,2°), the credal set P is compact
(Corollary 2.16) and the map

T — [(o,7m) = /9@8161/[\)/[ a(Qe) W] m(db)

is continuous and concave for every o € 7,(Y,D). Furthermore,
7.(V,D) — R, o — I'(o,7)
is convex for every m € P. Then, it follows from (Fan, 1953, Theorem 2) that

inf  sup I'(o,7) = su inf I'(o,7 4.17
‘767—*(3}7@) Weg ( ) 71'678 067—*()}7]1])) ( ) ( )

Finally, (a), (b) and (c) follow from (4.17) because

R ((Qg)e, 0. W) = Sgng((@g)e,U, W) = sup[(a,n)

TEP
where P denotes the credal set of II. O

Proof of Theorem 4.15: Note that the precise model (Qp)oco is a special case of an
imprecise model. Hence, Lemma 4.16 is also applicable for (Qg)sco instead of (Qp)oco -
Consequently, a twofold application of Lemma 4.16 and simultaneous least favorability
yield

inf R=((Q)g,0,W) = su inf  R:((Qp)g,0,W) =
oeT(V.D) H((Qe)e ) ﬂeg ceT D) ((Qe)e )
- inf R, o,W) = inf R- o, W 418
P M (@l o W) = il F(@ W) (4.18)

Lower semicontinuity of

o — R((Qp)e, 0, W)
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and compactness of 7 (), D) ensure existence of a minimum & (cf. (Denkowski et al.,
2003, Theorem 1.3.11)). Additionally,

Rﬁ((@g)g,&,W) < Rﬁ((@g)g,&,W) =
. — (4.18) .
= Ue}ffg}m Ry ((Qglo, 0, W) = emf Ri((Qo)g, 0, W)

|

Remark 4.17 [t can easily be read off from the above proof that a generalized random-
1zation & which minimizes Rﬁ((@e)g,a, W) minimizes Rﬁ((@g)g,g, W), too. However,
the reverse statement will not always be true.> So, it does not suffice to find a generalized
randomization & which minimizes Rﬁ((Qg)@,U, W) It still has to be checked that o re-
ally minimizes R((Qy)o, 0, (Wa)g). Theorem 4.15 only states that there is a generalized
randomization which solves both minimization problems.

Theorem 4.15 is stated in terms of generalized randomization. The following proposition
enables us to formulate this result also in terms of ordinary randomizations.

Proposition 4.18 There is a generalized randomization & € T (Y, D) such that

Rﬁ((@@)@e@» 6) W) = UE’]i'I(ljfl,]D)) Rﬁ((@9)9697 g, W)

Furthermore,

inf  R=((Q W
UE%I%J/,D) I ((QG)@E@a g, )

coincides for T,(Y,D) = T.(Y,D), = 7o(Y,D) and = T(Y,D).

Proof: Note that B B
R ((Qp)o, 0. W) = sup R ((Qy)e, 0, W)

TeP

where P denotes the credal set of IT. According to the proof of Proposition 4.5, the map
T<ya]D)> - R7 g = Rﬂ((@&)ﬁhaa W)
is lower semicontinuous for every m € P. This implies that

o = Rﬁ((@e)%av W) = SEERW«@O)@?‘L W)

is the supremum of lower semicontinuous functions and, therefore, is also lower semi-
continuous. Next, compactness of 7 (), D) ensure existence of some 6 which minimizes

Ri((Qy)e, o, W) (cf. (Denkowski et al., 2003, Theorem 1.3.11)).

For the proof of the second statement, let

T.(y.D) € {T.(Y,D), (Y. D), T(Y,D)}
be fixed in the following. Then, Proposition 4.5 and a twofold application of Lemma
4.16 imply

inf  R=((Q - inf 0 -
ae}r(ly,m)) RH ((Q9)97 g, W) ilelg ae%I(ly,D) Rﬂ' ((Q9>97 g, W)

- inf Rﬂ' Q ) 7W - inf R= Q, , ,W
sup _int (@)oo W) = inf | Brr(@)o. 0, W)

3In case of hypothesis testing, for example, this follows from (Augustin, 1998, p. 162ff).
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Proposition 4.18 is the generalization of Proposition 4.5 for imprecise prior distributions.
As a consequence, it does not matter if we consider ordinary or generalized randomizations
in decision theory where the prior distribution and the distribution of the data may be
imprecise.

So, we can formulate the above theorem also in terms of ordinary randomizations.

Theorem 4.19 Let (Qp)gco be a simultaneously least favorable model of (Mg)eco for P
and € > 0. Then, there is an ordinary randomization 6o € To(Y, D) such that

R=((Q,)g,50,W) < inf R=((Q W 4.19
H((Q0)97007 ) = 067161%377]])) H(<Q0)9707 ) + ¢ ( )
and also

Rﬁ((@@)@? &07 W) < UE'Z.lf)r%g),D) Rﬁ((@@)@? g, W) + € (420)

Proof: Proposition 4.18 ensures existence of an ordinary randomization 6y € 75(Y, D)
which fulfills (4.19). Analogously to the proof of Theorem 4.15,

R((Q0)o. 0. W) < (@)oo, W) < UE%M R(@)o.0. W) + <
Pr0p:4.18 Ue%(yD ﬁ( 9’ o, W) _
(4.18) Ueéngf;]@ 7((Qo)g, 0, W) + & =
Pr0pi4.18 Ue/]lbl'lg . ( Qg 0,0, W)

4.3 Statistical hypothesis testing

4.3.1 Decision theoretic formulation of hypothesis testing

Let us first consider simple hypothesis testing
PO VS. P1

where Py and P, are probability measures on some measurable space (X, .A).

An A -measurable test is a map ¢ : X — [0, 1] which is measurable with respect to the
o-algebra A on X and the Borel-o-algebra on [0, 1], i.e

Let
= {peLo(X, A)| 0<p <1}

denote the set of all these tests. Of course, this definition depends on the fixed (X, .4)
although it is not made visible in this notation.
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A test ¢ is called optimal if it solves the minimization problem

Pi[1 —¢] = min! veTly, DBly] < a (4.21)
%)

where « € [0, 1] is some fixed significance level.

It is well known how this simple hypothesis testing fits into the decision theoretic frame-
work:

Put © = {0,1} as the set of all states of nature. Then, (Fy, P;) is a precise model on
(X, A). Hypothesis testing means to decide if the null hypothesis is rejected or not. So,
the possible decisions are

d = 0: do not reject the null hypothesis
d=1": reject the null hypothesis

That is, the decision space is (D, D) = ({0,1},2{%1).
The loss function W is defined by
Wo = Iy, Wi = Iy

where Ij;y : D — R is the indicator function. That is, a wrong decision leads to the loss
1 and a correct decision leads to the loss 0.

Every test ¢ € 7y defines a Markov kernel
X xD — R, (z,D) — Bin(1,¢(z))(D)

Conversely, every Markov kernel 7: X x D — R, (x,D) + 7,(D) defines a test ¢ € 7
via

p(z) = n({(1) (4.22)

In this way, the set of all tests 7y corresponds to the set of all ordinary randomizations
’ZE)(X, {0, 1}) . This justifies the similarity of the notation. Let ¢ be a test and o its
corresponding ordinary randomization. Then, it is easy to see that

o(W)Iy) = /X / Ty (O)ma(dt)u(dz) “2) ]

and
4.22)

o) Iy) = /X / Loy (O (dyp(dz) 2 1 - ]
for every pu € ba(X, A).

According to Section 3.2 and Subsection 3.3.1, the risk function of an ordinary random-
ization o defined by a Markov kernel 7 is

(0.1} = R, 0 — o(P)[Wy] = /X/Dwg(tm(dt)mdx)

Note that

o(Po)[Wy] = /X / Wo(t)r(dt) Po(dz) = Polig]
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is the type I error and

AP = | [ Monn R = 1= Pl = Al
is the type II error of the test ¢ which corresponds to o and 7.
Let 7 be any prior distribution on © = {0, 1}; put
o = 7oy and m = [l

According to Section 3.2, an ordinary randomization ¢ € 7o(X,{0,1}) is optimal if it
minimizes the Bayes risk

Ry ((Po, Pr),0,W) = moo(Fo)[Wo] + 1 (Py)[W1]

Let 0 € %(X {0, 1}) be an ordinary randomization and ¢ € 7 its corresponding test,
then the Bayes risk of ¢ is equal to

Rﬂ((Po,Pl),U,W) = WQPD[SO]""/T]_P]_[l_SO]

It is well known that the prior 7 can be chosen so that the corresponding decision problem
is equivalent to the original testing problem. That is: Testing problem (4.21) can be solved
by solving an appropriate decision problem.

The same is true for hypothesis testing where each hypothesis consists of an imprecise
probability, i.e. a coherent upper prevision; cf. Theorem 4.20. The present subsection
explaines how this “imprecise testing problem” can be formulated by decision theory.
But first of all, we have to take a closer look at the testing problem.

Now, X is a set and A is an algebra on X and we consider imprecise simple hypothesis
testing

PO VS. P1 (423)

where Py and P, are coherent upper previsions on Lo (X, A).
Again,
Ty = {goeﬁoo(X,AH 0<p< 1}

denotes the set of all A-measurable tests.

A test ¢ is called optimal if it solves the minimization problem

Py[1 — | = min! €Ty, Polyl < a (4.24)
¢
where « € [0, 1] is some fixed significance level.

This formulation of the optimization problem is adequate and coincides with the opti-
mization problem of a testing problem in classical statistics:

Let M, be the credal set of Py and let M; be the credal set of P; on (X, .A). Consider
testing problem

My vs. M, (4.25)
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This is a common testing problem in classical statistics* where only precise probabilities
are involved. Within this classical setup, a test ¢ is usually called optimal with respect
to the minimax criterion if it solves minimization problem

sup Pi[l —¢] = min! peTy, sup Rly] < o (4.26)
PreM; ¥ PoeMo

That is, an optimal test minimizes the maximal type II error. As in Chapter 3, this
is again a worst case consideration. Obviously, minimization problem (4.24) is equal to
minimization problem (4.26). That is, imprecise simple hypothesis testing (4.23) coincides
with the classical testing problem (4.25) and the solution of (4.23) is an ordinary minimax
test.

The standard reference for the classical testing problem (4.25) is Baumann (1968). The
importance of Baumann’s results for testing between imprecise probabilities in case of F-
probabilities was discovered by Augustin (1998); cf. also Augustin (2002). Furthermore,
(Augustin, 1998, §3.1 and p. 121-123) contains a detailed discussion of the connections
between F-probabilities and the classical testing problem (4.25).

In the following, it is explained in detail how imprecise simple hypothesis testing (4.23)
fits into the decision theoretic framework presented in this book:

Again, © = {0,1} is the set of all states of nature, (Py, P;) is an imprecise model on

(X,.A) and the possible decisions are

d=0: do not reject the null hypothesis
d =1: reject the null hypothesis

That is, the decision space is (D,D) = ({0,1},2{%1). The loss function W is again
defined by
Wo = Iy, Wy = I

where Igy : D — R is the indicator function.
As stated before, the set of all tests 7y corresponds to the set of all ordinary randomizations

’Z[)(X, {0, 1}) and, according to Section 3.2 and Subsection 3.3.1, the risk function of an
ordinary randomization ¢ defined by a Markov kernel 7 is

{0,1} — R, 0 — sup o(Py)[Wy] = sup //Wg(t)Tx(dt)Pg(d$)
PyeMy PpeMy Jx JD

Here,

PngOU(Po)[Wo] = Sup /X /D Wo(t)T,(dt) Po(dz) = Poly]

is the type I error and

sup a(PIW] = sup. /X /D Wy (8)7 (@) Py(dx) = Py1— o]

is the type II error of the test ¢ which corresponds to ¢ and 7.

4appart from o-additivity, of course
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With the above settings, a randomizations o € ’ZE)(X , {0, 1}) is called level-a-randomi-
zation if its corresponding test ¢ € 7 is a level-a-test — that is, if

sup o(F)[Wo] < «
PoeMo

As in case of classical simple hypothesis testing we have the following result:

Theorem 4.20 There is a prior w such that the following is true:
A test ¢ with type I error®

Polg] = a (4.27)

solves testing problem (4.24) if and only if its corresponding randomization & solves the
corresponding decision problem — that is, if it minimizes the Bayes risk

Rﬂ((FO,?l),a, W) = Z 7o - sup o(Py)[We] , o€ %(X,{O,l})
0€{0,1} PoeMo

The proof of this statement is postponed to the following subsection where an analo-
gous result is proven in case of “generalized tests”. These generalized tests, which are
investigated in the following subsection, are the corresponding counterpart of generalized
randomizations. Theorem 4.20 will follow from the results of Subsection 4.3.2 as an easy
corollary.

4.3.2 Generalized tests

It is well known that there does not need to be an optimal test which solves testing
problem (4.26) i.e. (4.24). However, testing problems can be rewritten into decision
problems, and we already know from Proposition 4.5 that every decision problem can
be solved by a generalized randomization. This is one reason why generalized tests are
introduced in this subsection. Generalized tests are the corresponding counterparts of
generalized randomization. It is shown that there is always a generalized level-a-test
which is optimal in testing problem (4.23).

Let X be again a set with algebra A and
Ty = {goELOO(X,AH 0<p< 1}

denote the set of all A-measurable tests. As described in the previous subsection, the
ordinary randomizations

o ba(X,A) — ba({O,l},2{0’1}), o€ To(X,{0,1})
correspond to tests ¢ € 7 via
oWl = plel, oWl = pll - ¢l V€ ba(X, A)

In the same way, generalized randomizations correspond to “generalized tests” which can
be defined in the following way:

SEquation (4.27) is not a strong assumption because every optimal level-a-test can be transformed
into an optimal test which fulfills (4.27).
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Definition 4.21 A generalized test on (2, A) is a map
¢: ba(2,4) — R

which is linear and ¢(P) € [0,1] VP € ba®(Q, A) .
The elements of Ty are called ordinary test on (2,.4). The set of all generalized tests on
(Q, A) is denoted by T .

Note that every ordinary test ¢ defines a generalized test ¢ via

¢(n) = ple]  Vpeba(X, A)
Therefore, we may also write

e(p)==nplp] and Ty C T (4.28)

Generalized randomizations
o : ba(X,A) — ba({0,1},20%) o e T (X {0,1})
correspond to tests ¢ € 7 via

oWyl = o(w), oWyl = pllx] = o(n) V€ ba(X, A)
The dependencies are illustrated by the following picture:

. correspond to . . .
ordinary tests ————— ordinary randomizations

l generalize i generalize

. correspond to . . .
generalized tests ———  generalized randomizations

As in the previous subsection, we consider the testing problem
FO VS. Fl

where each P; is a coherent upper prevision with credal set M;. The (supremal) type I
and type II errors of a generalized test ¢ € 7 may be defined by

type L error:  sup ¢(FP) type Il error: ~ sup 1 — ¢(Py) (4.29)
PyeMy PreM;
In case of ordinary randomizations these error terms simplify to the ordinary ones if ¢ is
given by an ordinary test. The minimization problem is

sup 1 —¢(P;) = min! peT, sup ¢(F) < «a (4.30)
PreM; ¢ PoeMo
then.
In addition, the above settlings fit into the decision theoretic formalization of hypothesis
testing described in the previous subsection. In order to see this, let again © = {0, 1} be
the set of all states of nature and (D, D) = ({0,1},2{%!}) the decision space. (P, P1) is
an imprecise model on (X, A); the loss function W is defined by

Wy = Iy, Wy = L
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Let ¢ € T be a generalized test and o € 7 (X,{0,1}) its corresponding generalized
randomization. Then,

sup o(BPy)[Wo] = sup ¢(F) (4.31)
PoeMo PoeMy
is the type I error and
sup o(P)[Wi] = sup 1—o¢(P) (4.32)
PreMi PreM;

is the type II error of the generalized test ¢ — just as in case of ordinary tests in Subsection
4.3.1.

The main goal of the rest of the present subsection is to show that it does not matter if
ordinary or generalized tests are used in testing problem (4.23).

To this end, endow 7 with the topology of pointwise convergence on ba(f), A). It is the
smallest topology so that

T - R, ¢~ o

is continuous for every pu € ba(2,.A). It is easy to see that this topology corresponds
to the topology of pointwise convergence on the set of all generalized randomizations
T(X,{0,1}):

Let (¢p)sen be a net of generalized tests and ¢ € 7 be another generalized test; let
(03)sep and o be the corresponding generalized randomizations. Then,

?3 ? 0] if and only if 03 ? o

This implies the following theorem which corresponds to Theorem 3.9 and Theorem 3.10:

Theorem 4.22 7 is compact and Ty is dense in T .

The set of the ordinary level-a-tests in testing problem (4.23) is denoted by

T(@) = {¢eT| sw Rl <af
PyeMg

and the set of the generalized level-a-tests is denoted by

Ta) = {6€T| sw 6(R) < a}

PoeMo
The following theorem is the analog of Theorem 4.20 in case of generalized tests:

Theorem 4.23 There is a prior m such that the following is true:
A generalized test ¢ with type I error

sup (P = o (4.33)
PoeMo

solves testing problem (4.30) if and only if its corresponding randomization & solves the
corresponding decision problem — that is, if it minimizes the Bayes risk

R ((Po, P1),0,W) = Y m-sup a(P)[Wy], o€ T(X,{0,1})
pefo,y oMo
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Proof: It follows from Lemma 4.24 below that there is some a € [0, 00) such that

inf sup 1 —o(P)) +a-a =
¢€T (o) P1€/€(1 (b( 1)

= inf ( sup 1 —¢(P) + a- sup cb(Po)) (4.34)
¢€T \ PpreM; PoeMo

Let ¢ be a generalized test and o its corresponding generalized randomization. Then,
the above settings imply

sup 1 —¢(P) +a- sup ¢(F) =
PreM;y PyeMy

= sup o(P)Wi]) + a- sup o(FP)[Wo] =

PieM; PoeMo

= (1+4a)- Z 7o - sup o(Py)[Ws] =
0€{0,1} PoeMo

= (1+a)- R.((Po, P1),0,W) (4.35)

where
a J 1
T 1ra ' 114

Let ¢ be a level-a-test which fulfills (4.33) and let & be its corresponding randomization.

Firstly, asume that ¢ solves testing problem (4.24). Then,

= =\ - 4.35) 1 ~ -
Rﬂ((PQ,Pl),O', W) (: m (PS::E[ ¢(P1) + a- PSél}\zl ¢(PO)) =
1 1 0 0

(4.33) 1 < ~
= su P) + a-oz) =
1ta Ple/lal o(Pr)

1
= inf sup 1 —o(P) + a- a) =
l+a (¢€T(a) Ple/\Pall )

(4.34),(4.35) _
— ;E;RW(<P07P1)7Ua W)

Conversely, asume that & minimizes the Bayes risk in (4.35). Then,

inf sup 1—0¢(P;) = inf sup 1—o(P) +a-aa—a-a =
¢€T(Q)P1€/€l1 (b( 1) (bET(O‘)PlG./\Pih ¢( 1)

S
= (1 + Cl) . Rﬂ-(<FO>F1>7 67 W) —a-« (4.35é4.33) sup 1- (b(Pl)
PreM;y

a

The following lemma can be formulated for ordinary and generalized tests — recall the
notation introduced in (4.28).

Lemma 4.24 In case of
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and also in case of

there is some a € [0,00) such that

inf su 1—0o(FP)) +a-a =
$€T. (a) P16A1211< ¢(11))

= inf ( sup (1—¢(P1)) + a- sup gzﬁ(Po)) (4.36)

€T \ PreM; PyeMo
Proof: In testing problem (4.23), we consider minimization problem

sup 1 —¢(P;) = inf! peT., sup ¢(P) <«
PreMy ¢ PoeMy

where ¢ — supp,ca, 1 — ¢(P1) and ¢ — supp, iy, ¢(Fo) are convex functions on 7,
and 7, is a convex subset of a real topological vector space.

Then, it follows from Rieder (1994, Theorem B.2.1) that there is some a € [0, 00) such
that

inf su 1—0o(FP)) +a-a =
$€T. (a) pleﬁl( *(11))

= inf ( sup (1 —¢(P1)) + a- sup ¢(P0)) (4.37)

€T PreM; PoeMo

a

The following theorem says that it does not matter whether only ordinary tests are per-
mitted or generalised tests are also permitted.

Theorem 4.25 The infimal type II error over all generalized level-a-tests coincides with
the infimal type II error over all ordinary level-a-tests in testing problem (4.23):

inf sup 1—0o(FP) = inf sup 1 — (P 4.38
d’eT(O‘) P1€./\Iill ¢( 1) gﬂETb(Oé) P1€./\Iil1 SO( 1) ( )

Furthermore, there is always an optimal generalized level-a-test which achieves the infi-
mum in (4.38).

Equation (4.38) does not easily follow from the fact that 7 is dense in 7. This is because
it is not clear if Zy(a) is dense in 7 («). This problem is avoided in the following proof
by using Lagrange techniques (Lemma 4.24). That way we turn over to a corresponding
decision problem. Due to Proposition 4.5, we already know that it makes no difference in
decision problems whether generalized randomizations are permitted or not.

Proof: Since 7Ty(a) C T («), it is enough to show

sup 1—¢(P) > inf sup 1—¢(P) VoeT(a)
PreM; p€To(a) PreM;

5Though the proof of Theorem 4.25 is very similar to the proof of Theorem 4.20, the statement of the
latter theorem cannot be used here. It would have been possible to formulate Theorem 4.20 in such a
way that Theorem 4.25 was a simple corollary of Theorem 4.20. However, this has not been done because
this would have obscured the real intent of Theorem 4.20.
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According to Lemma 4.24, there is a Lagrange multiplier a € [0, 00) so that

inf su 1—9(P)) +a-a =
w€To(a) P1€/\I311( SO( 1)>

= inf < sup (1—¢(P1)) + a- sup @(PO)) (4.39)

©€To \ P eM; PoeMy

Fix any ¢ € T («). A suitable convex combination of ¢ and
bo ba@A) =R, p ol

yields some ¢ € T () so that

sup 1—¢(P) < sup 1—¢(P), sup ¢(Py) = « (4.40)
PieMy PieMy PoeMy

Put the index set ©, the prior 7 and the loss function W as in the proof of Theorem
4.23. As in (4.35), it follows that

sup (1—¢(P1)) +a-sup ¢(Fy) = (1+a) Re((Po, P1),0,W) (4.41)

PreMy PoeMo
for every generalized test ¢ with corresponding generalized randomization o . Finally,

(4.40) R

sup 1—o(P1) > sup 1—o(P) =
PreMy PreM;y
(4:40) sup (1 — gg(Pl)) +a- sup é(PO) —a-a =
PreM; PyeMo

= (1+a)-RW((FO,F1),6,W) —a-a >

inf (1+CL>'RT‘-((ﬁ0,F1),O’,W) —a-a =

oc€To(X,{0,1}

>
) g < sup (1—¢(P1)) +a- sup gp(Po)) —a-a =
v€To \ PreM; PyeMo

U it sup 1 —o(Py)
¢€To(a) PreM;

where () follows from Proposition 4.5.

In order to prove that the infimum in (4.38) is attained, put Ap, : 7 — R, ¢ +— ¢(F).
According to Theorem 4.22; 7 («) is compact because

T(@ = [] Az (0.a])
PoeMo

is closed in 7 . Compactness of 7 («) and lower semicontinuity of

T(e) = R, ¢ — sup 1-¢(P)

PreMy

imply that the infimum in (4.38) is attained by some generalized level-a-test; cf. e.g.
(Denkowski et al., 2003, Theorem 1.3.11). O

As already stated in the previous subsection, Theorem 4.20 follows as an easy corollary
now:
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Proof of Theorem 4.20: Let ¢ be an ordinary test which fulfills (4.27) and let = be
the prior distribution from Theorem 4.23.

Then, ¢ solves testing problem (4.24) if and only if it solves testing problem (4.30)
according to Theorem 4.25. Next, ¢ solves testing problem (4.30) if and only if its
corresponding randomization ¢ minimizes the Bayes risk

Re((Po, P1),0,W) = > m-sup o(P)[Wy], o€ T(X,{0,1})
pefo1y oMo

(over all generalized randomizations) according to Theorem 4.23. Finally, it follows from
Proposition 4.5 that ¢ minimizes the Bayes risk

R.((Po, P1),0,W) = Y m-sup o(B)[Wy], o€ T(X{0,1})
0e{0,1} PyeMy

(over all generalized randomizations) if and only if it minimizes the Bayes risk

R.((Po,P1),0,W) = Y m-sup a(R)[Wy], o € T(X,{0,1})
PoeMy
0e{0,1}
(over all ordinary randomizations). O

4.3.3 Least favorable pairs in hypothesis testing

As stated in Subsection 4.1.1, the publication of Huber and Strassen (1973) led to a lot
of further research about least favorable pairs. However, a view years before this seminal
paper, the existence of least favorable pairs has already been shown by Baumann (1968)
in a more general setup. The testing problem in this more general setup mathematically
coincides with the imprecise testing problem (4.23) in Subsection 4.3.1 where the hypothe-
ses consist of coherent upper previsions. As a matter of fact, the following definition of
least favorable pairs is only a reformulation of (Baumann, 1968, Definition 4.8) in terms
of coherent upper previsions. In case of F-probabilities, this has already been done in
(Augustin, 1998, §3.3.2).

In the present subsection, let X’ be a set with algebra A and let a € [0, 1] be a fixed bound
on the type I error. Recall that 7y and 7 denotes the set of all ordinary and generalized
tests respectively.

Let Py and P; be coherent upper previsions on L. (X, .A) with credal sets My and M,
respectively . In testing problem

FO VS. ?1
the infimal type II error over all level-a-tests is denoted by

B(Mo, My) = mf{ sup Pl — ‘ veTy, Plpl<a VBhe ./\/lo}
PieM
For any Py € M, and P, € My, the infimal type II error over all level-a-tests in testing
problem
PO VS. P1

is denoted by
B(Fo, P1) = iﬂf{Pl[l—SD] | v €Ty, Polo] 30‘}

Recall that, according to Theorem 4.25, it does not matter if these infima are calculated
over all ordinary or generalized tests.
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Definition 4.26 (Least favorable pairs) Let M, and M; be credal sets of coherent
upper previsions on (Q,A).
(Py, P1) € Mo x M is aleast favorable pair if

B(Mo, M) = B(Py, Pr)

The following theorem essentially rephrases the main result in Baumann (1968) and
is the analog to (Augustin, 1998, Satz 3.14), which is concerned with (continuous) F-
probabilities. 7

Theorem 4.27 Let My and M; be credal sets of coherent upper previsions on (2, A) .
Then, there is a least favorable pair

(ﬁo,Pl) € Mo x My

Now, it is possible to prove this statement by use of the results of the previous subsections.
Therefore, this proof is independent of Baumann (1968).

Proof: Let ©, 7 and W be chosen as in Theorem 4.23. Then, m; > 0. Furthermore,
7w =0 if and only if a = 0 where a € [0, 00) comes from Lemma 4.24 where 7, =7 .

Let a = 0. Then, for any (Py, P1) € Mgy x M,

—

0 < B(Po, ) < B(Mo, M) D i sup (1—¢(Py)) = 0

€T piem;
where (1) follows from Lemma 4.24 for 7, = 7. That is, every (P, P) is a least
favorable pair in case of a = 0.
Now, let a > 0; i.e., ;g >0 V6 € {0,1}.
[1] Firstly, note that
doco +dicy = doCo + dicy, Co<¢C, €1<0C
implies
Co = Co, 1 = G
for d; € (0,00), ¢c; ER, ¢ € R, i € {0,1}.
[2] According to the proof of Lemma 4.6 (a),

(Po, P1) = R((Po, P1),0,W)

is continuous on the compact Mg x M, for every o € To(X, {0,1}). So, (Denkowski
et al., 2003, Theorem 1.3.11) implies the existence of some (P, P;) € Mgy x M such
that
inf  R.((Py, P1),o,W) =
senitoy T (P i) W)

= su inf R:((Py, Py),0,W 449
POEMQ,gleMl 0'67—0(.)(,{071}) (( 0 1) ) ( )

“In (Baumann, 1968, Korollar 5.6), the bound on the type I error may depend on Py € M, while
the bound « is a constant here. Therefore, (Baumann, 1968, Korollar 5.6) is slightly more general than
Theorem 4.27.

8Recall from Theorem 4.25 that it does not matter whether 3(My, M) is calculated over all gener-
alized or ordinary level-a-tests.
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According to Theorem 4.25, there is a generalized test ¢’ € T(a) which achieves the
infimum in (4.38). A suitable convex combination of ¢’ and

g1 ba(,A) = R, p— pllg]

yields some ¢ € T (a) so that

sup 1 —¢(P) < sup 1—o¢(P), sup ¢(Py) = « (4.43)
PreM;y PreM; PyeMo

That is, ¢ also achieves the infimum in (4.38) and, therefore

sup 1 —o(P1) = [(Mo, M) (4.44)

PreM;
Theorem 4.23 together with Proposition 4.5 implies

sup Rﬂ((Po, P),a, W) =
PyeMg, PLeEM

= inf su R.((FPy, P),o, W 4.45
0'676(‘)(7{071}) PoGMo,}E'le./\/h (( 0 1) ) ( )

where ¢ € 7 (X, {0,1}) denotes the generalized randomization which corresponds to
¢. Next,

Rw((po,pﬁ,&,w) < sup Rﬂ((Po,Pl),(}’W) _
PyeMg, PLEM;
(4.45) )
= inf su R.((Py, P),0,W) =
o€To(X,{0,1}) PoeMo,%eMl ((Po, P1) )
Lemma 4.6 .
o sup inf R.((Py, P),0,W) =
PoeMg, PLeM; 0€To(X,{0,1}) (( 0 1) )
(4.42)

inf Rﬂ((f’o, f’l), o, W)

c€To(X,{0,1})
Hence, according to Proposition 4.1,

R.((Py, P1),6,W) = _inf  R((Ry,Pr),0,W 4.46
((Po, Pr),6,W) Ue%(l%{m}) ((Po, P1),0, W) (4.46)
and ¢ is also optimal in the decision problem where the imprecise model (Po, Py)
is replaced by the precise model (Fy, P1). In the following part of the proof, it is

shown, that its corresponding test ¢ also solves the testing problem where (Py, P1)
is replaced by (P, P;) — that is,

1-o(P) = B(P,Py)

[4] The definition of the Bayes risk and

D P G (4.46) ‘ o
Re((Po, P1),5,W) "= b R((B BoW) o
(( 0 1) o ) 06%327{071}) (( 0 1) g )
(4.42) '
= su inf R.((Py,P),0,W) =
PoEMo,IlgleMl o€To(X,{0,1}) (( 0 1) )
Lemma 4.6 .
= inf su R.((Py, P),oc,W) =
O’E'Z—O(Xv{ovl}) POEM()’I;lEMl (( 0 1) )
(4.45) sup R ((Po, P1),5,W) o

PoeMy, PreMy
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imply
Wo&(ﬁo)[Wg] + 771&(]51)[W1] = T sSup &(Po)[WO] + 7T sup 6’(P1)[W1]
PoeMy PreM;
Hence,
~ = 4.31) _, =~ - 4.43
a(By) "2V a(B)wol & sup a(P)] Y (4.48)
PreM;

where (1) follows from part [1] of the present proof.
Now, let ¢ € 7y be any ordinary test which is not worse than ¢ in testing problem
Py, vs. P
That is,
L—(P) < 1-6(P), ¢P) < a (4.49)

Let 0 € 75(X,{0,1}) be the ordinary randomization which corresponds to the test
@ . Then, it follows from (4.31), (4.32) (4.49) and (4.48) that

a(P)Wh] < G(P)WA],  o(Po)[Wol < &(FPo)[Wol (4.50)
Next, the definition of the Bayes risk imply
R,r((]so, P),o, W) = mo0 (Po)[Wo + mio(P)[Wy] <

(4§0) WQ&(P())[W()] —+ 7T15'<P1)[W1} = Rﬂ((p(h p1)75', W) S

" R((By B, o)
and, therefore,
o0 (o) [Wo] + mo(P)[Wi] = o6 (Fo)[Wol + m6 ()W)
Together with (4.50), this implies
Wla(pl)[Wl] = 7T15(p1)[W1]

according to part [1] of the present proof. That is,

1—g(P) = 1—¢(P)

and, therefore, we have shown that

1—&(161) = 5(P1,P2) (4.51)
Finally,
ﬁ(ﬁﬁ, lf’z) (4.51) 1-— &(151) > Psu/\pil 1— qB(Pl) (444) BMy, My) >
Z /B(pb p2)

(where the last inequality is a trivial consequence of the definitions) implies that
(P1, P») is a least favorable pair.

|



Chapter 5

Natural extensions and the sample
space

5.1 Introduction

It has been detailedly pointed out in Subsection 3.4.1 that sample spaces are mathematical
constructs and that the choice of a concrete sample space (X, .A) in a given application
is usually rather arbitrary. This is true in classical mathematical statistics and decision
theory but it gets even more visible in case of imprecise probabilities. In order to see this,
note that coherent upper previsions are functionals

P: K-> R

which may be defined on any domain K C L, (X,.A) where (X, A) is any sample space.
However, in the mathematical evaluation, we are not tied up with the initial choice of K .
In fact, it is one of the most pleasant benefits of the use of imprecise probabilities that
we can always extend P in a coherent way on larger domains® if this is convenient. This
is possible by applying the method of natural extension developed in (Walley, 1991, § 3).
The method of natural extension undoubtedly is one of the most important cornerstones
of the whole theory of imprecise probabilities due to P. Walley — as stated in (Walley,
1991, p. 121):

“After the ideas of avoiding sure loss and coherence (... ), the most important
concept in the present theory is that of natural extension. It is the fundamental
concept in our theory of statistical inference (...).”

Accordingly, the method of natural extension is contained in every survey of the theory
of coherent lower/upper previsions (e.g. Miranda (2008)). Due to its importance, the
method of natural extension itself is still also a matter of resent research; see e.g. Pelessoni
and Vicig (2005), Miranda and de Cooman (2007) and de Cooman et al. (2008).

However, the generous use of this method raises two questions which have not been con-
sidered so far. Answering both questions is highly appreciable since satisfactory answers
to these questions are of great importance in oder to justify the use of natural extensions.
The first question is concerned with extensions from K to the whole space L (X,.A),

I As will be seen in Subsection 5.3.2, sometimes, it is even possible to restrict P on a smaller domain
without loosing anything.

115
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the second question is concerned with extensions of the sample space (X,.A) to a sample
space (X, A") where A’ D A:

Firstly, let
P: K—-R

be a coherent upper prevision on any set K C L. (&X,.A). The reason for the use of
coherent upper previsions instead of linear previsions or precise probabilities is the fact
that it is far more realistic to give an upper bound on the previsions/expectations/prob-
abilities than to precisely specify these quantities in applications. However, as a matter
of fact, the upper prevision P[f] is again a precise real number and it is suggesting
to state that this number P|[f] is usually not precisely known in real applications. So, a
practitioner will hardly be able to decide if P is the “correct” upper prevision or if another

upper previson o
P : K —-R

is the correct one where
P f]| < € Vfek

for some (very) small ¢ > 0. As long as we only deal with elements f of K, we may
hope that this will only have small effects on the results. However, what happens if we
apply the methods of natural extension in order to deal with functions f ¢ K7 Is the
natural extension of P still close to the natural extension of P? The investigations in
Section 5.2 show that, unfortunately, the answer to this question is not affirmative. Even
more, arbitrarily small changes in P on K can have arbitrarily large effects on its natural
extension in general and, therefore, applying natural extensions may lead to meaningless
results. An example where this happens in given in Subsection 5.2.1. Fortunately, not all
is lost. In Subsection 5.2.2; it is shown that it can be guaranteed in many situation that
small changes in P on K only have small effects on the natural extension. Though these
results are not fully satisfactory, they show that it is possible to derive sensible conditions
which protect from instable natural extensions. Hopefully, these initial investigations
serve as a starting point for more sophisticated investigation into this direction.

Secondly, Section 5.3 is concerned with changes of the sample space: Again, let
P: K—R

be a coherent upper prevision on any X C L (X,.A). Then, P can again be extended to
a coherent upper prevision on the whole sample space (X,.A) so that we get a coherent
upper prevision

P Lo(X, A — R

However, we are not tied up with this choice of the sample space. Let A’ be an algebra
such that A" D A. Then, we can still extend P on the larger sample space (X, A") so
that we get a coherent upper prevision

P: Lo(X,A) - R

Therefore, it seems to be always possible to arbitrarily chose that algebra which is most
convenient. However, at least in decision theory and, especially in statistics, choosing
A or the larger A’ has a fundamental effect on the evaluations. As can be seen from
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the decision theoretic definitions in Chapter 3, the choice of the sample space determines
the (randomized) decision functions which may be applied in the decision problem. In
this way, extending the sample space leads to a larger set of valid (randomized) decision
functions.

Let (Pg)geo be an imprecise model on (X, A), let W be a loss function and let 7 be an op-
timal randomized decision function. That is, 7 minimizes the Bayes risk R((?g)@eg, T, W)
over all randomized decision functions 7 on (X,.A) . By use of natural extensions, (Pj)gco
turns into an imprecise model on (X, A"). After that, 7 still is a valid randomized deci-
sion function and it is easy to see that its Bayes risk is not affected by natural extension.
However, the important question arises if optimality gets lost! This is because natural
extension increases the set of all valid randomized decision functions and it is suggesting
that there might be a randomized decision function on (X, A") which is better than 7. In
this case, natural extension would turn an optimal randomized decision function into a
suboptimal one. Therefore, it seems to be most adequate to pose the following definition
of optimality:

A randomized decision function is otimal if it minimizes the Bayes risk over
all randomized decision function for any natural extension of the model.

This definition is not very comfortable because it actually forces to always consider the
whole power set of X — and the power set may be too large to be handled successfully.
Especially in case of X = R, this would be very cumbersome.

Fortunately, the investigations in Section 5.3 show that such a proceeding is not necessary.
In Subsection 5.3.1, it is proven that — after applying natural extension — there is no
(randomized) decision function on (X, .A’) which is better than the best (randomized)
decision function on (X, .A). The proof of this result turns out to be rather involved and
heavily relies on the previous investigations in Chapter 3 and Chapter 4. Especially, it
requires the general decision theoretic setup developed in Section 3.3 on base of L. Le
Cam’s work, results from Section 4.2 based on topological properties and an application
of the theory of vector lattices.

Next, it is described in Subsection 5.3.2 how the result can also be applied the other
way round: Sometimes it enables to reduce the sample space without loosing anything
because the optimal (randomized) decision function is guaranteed to live on a smaller
sample space.

Chapter 5 closes with an application in Section 5.4 which is based on the answers to both
above questions given in Section 5.2 and Section 5.3. This application lies in discretizing —
a topic which increasingly attracts attention within the theory of imprecise probabilities;
cf. Obermeier and Augustin (2007) and Troffaes (2008). In short, this is done as follows:
Let (P,)gco be an imprecise model such that each

P, : Lo(X,A) = R

is the natural extension of a coherent upper prevision on a finite subset K C L (X, A’).
Firstly, each element of K is discretized such that we get a corresponding set K of discrete
functions which are close to the elements of . Next, it is possible to use K in order
to define an imprecise model on a discrete sample space (X,.A) which is — according to
Section 5.2 — close to the original imprecise model (ﬁ/@)geg . Next, it can be shown that
— according to Section 5.3 — the solution of the discretized decision problem on (X, .A) is
an approximate solution of the original decision problem on (X, A’).



118 CHAPTER 5. NATURAL EXTENSIONS AND THE SAMPLE SPACE

5.2 Instability of the natural extension

5.2.1 A first example

Usually, the sole use of a simple parametric model consisting of precise probabilities is
hardly justifiable in real applications because real data almost never stem from such a
model and, if they would do so, we could not be sure that they really do. It is a well known
fact that small deviations from a precise model can have large effects on the statistical
methods — cf. e.g. Huber (1981). However, a precise model is usually not precisely true.
This is one reason for the use of imprecise probabilities. Of course, it is far more easy
to determine upper and lower bounds for the probabilities than to determine precise
probabilities. Tough it will not be possible to precisely determine correct upper and lower
bounds, small changes in the upper and lower bounds should only have small effects in
the statistical evaluation. This is usually true but, unfortunately, this is not always true.
Arbitrarily small changes in the upper and lower bounds can have arbitrarily large effects
in some cases. This is because the theory of imprecise probabilities commonly uses a
method which is potentially most instable — namely natural extension.

Especially in applications, the method of natural extension is a frequently used comfort-
able tool because it enables to define a coherent upper prevision P on L,,(X,.A) or on a
subset of L..(X,.A) in the following way: An experimenter determines an upper prevision

P: K >R

on some subset L C L(X,A) of L(X,.A) and then extends this prevision to a coherent
lower prevision on a larger set — by means of a natural extension, cf. Section 2.3. For
simplicity of notation, we may assume that he extends the prevision to the whole set

Loo(X,A).

In general, such a proceeding can be very instable and may lead to arbitrary results. To
see this, let us consider the following simple example:

Put X = [0,1] and let A be the Borel-o-algebra of [0, 1]. Put
fo: [0,1] — R, r = x

and K = {fo}. Furthermore, -
Plfo] =0

and _,
Plfol=¢
where 0 < € < 1. Then, the natural extensions are given by

Pf] = sup P[f] = Vfe€Lu(X,A)

PeM
and _,
Pf] = sup P[f] Vfe&Lo(X, A
PreM’
where

M = {Pebal(X,A)| Plfo] =0}
M = {P ebal(X,A) | P[fo] €0}
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For every P € M, it follows from fy > el that
0 = Plfo] > Pleley] = eP[ley] = 0 (5.1)

and therefore, P [1[571]] = 0. Hence,

Plly] =0
Let . be the Dirac measure in e. Then 6.[fy] = ¢ implies 6. € M’ and

1 = sup Iq(z) > sup P’[I[E,l]] > 55[[[5,1]} =1
z€[0,1] PeM’

Hence, _
Pllq] =1

Summing up, we have

. —
P[[[s,lﬂ = xél[%)fl} [[671](33), P [I[e,l]] = Sel[lopl] [[671}(217)

This is, indeed, the worst thing that can happen. The unpleasant message of this example
is:

Determining a coherent upper prevision on some functions K C Loo(X,A) in
a first step and extending the coherent upper prevision (by natural extension)
to some functions f € Loo(X,.A) in a second step may lead to arbitrary results:
Arbitrarily small changes of one upper bound

Plfo]

(where fo € K ) may have arbitrarily large effects on the bounds
P[f], f € Lo(X,A)

Note that the above example is not a pathological one: The sample space is a compact
interval in R, the algebra A is the Borel-o-algebra and the coherent upper prevision on
K is a very easy one because K only consists of one element f, and this f; is a linear
function. It would even have made no difference if we would have taken I to be the linear
space

K = {afo| a € R}
However, the above example, indeed, is somehow special because we have
P[fo] = P|fo]

and this is a precise prevision which is not really what we want in imprecise probabilities.
Nevertheless, the use of such imprecise probabilities where

Plf] = PIf] (5:2)

at least for some (non-constant) functions f € K is not unusual in applications of imprecise
probabilities. Though such precise values (5.2) of imprecise probabilities seem to be
problematic, this problem does not arise in classical probability theory (where upper and
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lower bounds always coincide) because, there, it is not possible to change single values
in the above manner and something like a method of natural extension does not exist
anyway.

One might argue that the coherent upper prevision used in the above example is not a
good one and that it is enough to take a short look at it in order to see this. However, this
example is also an extremely simple one and it is hard to guarantee that such “detecting
bad models by a short look at it” still works for more complicated previsions.

The above example does not show that using natural extensions was indefensible in real
applications but it shows that natural extension should not be used unthoughtfully.

For applications, it would be desirable to have some guidelines which prevent practitioners
from arbitrary results because of an instable natural extension. The following subsection
makes a first attempt in this direction but it certainly does not succeed in giving a final,
satisfactory answer. Hopefully, future research will provide some more insight into this
topic.

5.2.2 Stable imprecise probabilities

The present subsection is concerned with conditions that protect against instable natu-
ral extensions. The example presented in Subsection 5.2.1 shows that it does not seem
to be promising to solely put restrictions on K such as “/C should contain only a small
number of functions”, “C should be a linear space”, “the functions in X should be con-
tinuous/monotone/linear” or something like that.

Instead, it can be seen from Equation (5.1) that Condition

Plfo] = Plfo] (5.3)

is in fact crucial for the instability of the natural extension in the example presented in
Subsection 5.2.1. Therefore, it is suggesting to avoid instability of the natural extension
by avoiding (5.3). This is done in the following proposition:

Proposition 5.1 Let P be a coherent upper prevision on a set K C Loo(X,A) and let

./T = {fl,---,fn} C IC

be a finite subset of IC.

Let P be another coherent upper prevision on K such that

/

P[f] = P[f] VfeK\F
and, for some real numbers 0 <e; <1, i€ {1,...,n},
Pf] < P[] < Plfi)+e(Plfi) - PIf]) Vie{l,...,n} (5.4)

E{Lere P s the coherent lower prevision on K which cgrrespoglds to P.2 Let P, P and
P’ also denote the respective natural extensions of P, P and P on L (X, A).
Then, fore:=¢e1+---+¢e,:

2 P[f] = infpea P[f] ¥V f € K where M is the credal set of P.
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a) Plf] < Pf] < Plfl+e(supf—Plf]) VfeLo(X A

b) If e <1,

(Pf]=Plf]) VI E€Lu(X A

1—-¢
That is, Proposition 5.1 investigates what may happen (or rather what cannot happen) if
some values of a coherent upper prevision P are made slightly larger. “Slightly” means:
a small percentage of P[f] — P[f]. Therefore, P[f] may not be changed if P[f] = P[f] so
that the example in Subsection 5.2.1 is excluded. So, Proposition 5.1 really explains how to

avoid instability of the natural extension by avoiding such bottlenecks (5.3). Nevertheless,
modeler will often create instable coherent upper previsions Py where

Po[f;] — Pyl fi]

is very small or equal to zero for some f; € K. Then, it will often be sensible to turn this
potentially most instable coherent upper prevision into a stable one — not as part of the
decision theoretic evaluation but as part of modeling. A canonical and easy way to do
this is as follows: Take any appropriately small a € (0,1) and use

P,: K — R, f — (1 —a)Py[f]+asupf (5.5)

instead of Py . It is easy to see that P, is again a coherent upper prevision. Furthermore,
we have

Pulfl—=P,f] = (1—a)Po[f]+asupf — (1 —a)Py[f] —ainf f >
> a(sup f —inf f)

for every f € K. Of course, the above example shows that going over to P, can massively
change the results. But, if this happens, it is so much the better to go over to P, because
it is usually impossible to guaranty that the “true” coherent upper prevision is certainly
equal to Py and does not lie somewhere between Py and P,. Furthermore, Proposition
5.1 implies that additional small enlargements of P, will only moderately change the
results.

Proof cif; Proposition 5.1: Let M denote the credal set of P and M’ denote the credal
set of P on L(&X,.A). Note that

-/

M c M hence P[f] > Plf] VfeL(X A (5.6)

[1] Fix any f € Lo(X,A) and any P’ € M'. For every i € {1,...,n}, there is a
P, € M such that P[f;] = B[fi] (cf. Corollary 2.16).
e Put Fj:= P’ and consider the following inductive definitions for i € {1,...,n}:
— In case of P/_[fi] < P[fi] (CASE 1), put a; = 0.
— In case of P/_,[fi] > P[fi] (CASE 2), put

P\ [fi] — Plfi]
P/_\[fi] = B[ fi]

Q; =

Then, put
Pl = (1 - ai)Pi/—l + OéiPi (57)



122 CHAPTER 5. NATURAL EXTENSIONS AND THE SAMPLE SPACE

e By induction, we proof in the following that, for every i € {0,...,n},

peM (5.8)
Pllfi] < Plf]  Vie{l,....i} (5.9)

and
PIf] < P+ 3 e (P = PIf) (5.10)

Obviously, (5.8), (5.9) and (5.10) are fulfilled for i = 0.
Next, let (5.8), (5.9) and (5.10) be fulfilled for ¢ — 1.
— CASE 1: In case of P/ ,[f;] < P[f;], we have a; = 0, P/ = P/, and,
therefore, (5.8) and (5.9) are fulfilled. In addition, (5.10) follows because the
induction hypothesis implies

P[]

IN

LA+ Yo (U - 2LA) <

(5.6)

< Plf] + Zej - (P'[f] - PIf])

— CASE 2: In case of P/_,[f;] > P[fi], it follows from

Plf] = PIf] < PUA < Pl ' PUA+a(PLA - PLA)

that

o Pilfi] = Plfi < 5@'(_F[fz'] — P[fi])
" PLlfl= PRI T P - PLS]
then. Especially, o; € [0,1]. Next, the definition of P/, (5.6) and the induc-
tion hypothesis immediately imply the validity of (5.8) for ¢ and

Pf] < Plf;] Vje{l,...,i—1}

0<a = & (5.11)

Furthermore,
PIfl = (1-a)PLl] +aPlf] =
_ PUI=RIfl L, o PLlfl-PUA 0
= mL- e T B e Y

= P[fi]

That is, we have proven the validity of (5.8) and (5.9) for ¢ so far. In order
to prove (5.10), note that

alfl = P [f]+ (L= ) P [f] + ai B[f] — ca P[] =
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where the last inequality follows from (5.6) and (5.11). Together with the
induction hypothesis, this implies

i—1

Pf] < P+ > e (PIf1-PLA) <

j=1

< PIf] + Zsj - (P'[f] - PIf])

Summing up, we have proven by induction the validity of (5.8), (5.9) and (5.10)
for every i € {1,...,n} so far.

e For i =n, (5.8) and (5.9) imply
P e M
Hence, it follows from (5.10) and the definition of ¢ that

Plf] < Plf] + - (P[] - Plf]) (5.12)
2] It is shown in part [1] of the present proof that (5.12) is valid for every P € M’ and
every f € Lo(X,A). Hence, we have

-/

Pf] < Plfl +e- (Pf] = Plfl) Vf€L(X, A (5.13)

[3] Now, part a) of Proposition 5.1 follows from

— (5.13) ,

< Plfl +e- (Pl1-Plf]) <
< Pl + e (swf—Plf]) Vf € La(X,A)
In case of e =37 g5 < 1 asimple transformation of (5.13) yields
Pf] < Plf)+ - (Plj1- BIf)) V[ € Loo(X,A)

that is Proposition 5.1b).

Remark 5.2

a) Of course, Proposition 5.1a) can be simplified to the weaker bound
Plfl < P[f] < Plfl+e(supf—inff)  V[ELux(X, A

b) Proposition 5.1 is only concerned with the case where the coherent upper prevision is
made slightly larger. This is because Proposition 5.1 has been derived especially for
applications in discretizing and, for this purpose, Proposition 5.1 is indeed suitable;
cf. Section 5.4. Newvertheless, Proposition 5.1 can also be used in order to get a
similar version in that case where the coherent upper prevision is made slightly
smaller. This may simply be done by interchanging the roles of P and P



124 CHAPTER 5. NATURAL EXTENSIONS AND THE SAMPLE SPACE

Now, let P be a coherent upper prevision on IC such that
—

P[f] = P[f] VfeKk\F

and, for everyi € {1,...,n},
Plf] = P[f] = Plf]-«(P1f] - PIf)) (5.14)

Then, for every f € Loo(X,A)

P[f] > P'[f] > P[f] —<(supf—inff) (5.15)

Howewver, this version is not at all as good as the original one because the bound in

(5.14) is based on
instead of

Of course, I_Dl[f] is close to P[f] by assumption but it is not yet assured that P'[f] is

close to P[f]. If F/[f] — P'[f] happens to be small, then this version of Proposition
5.1 15 useless.

As pointed out in Remark 5.2, the above proposition is only concerned with the case
where the coherent upper prevision is made slightly larger. Though this is enough for
applications in discretizing?®, Proposition 5.1 can only serve as a starting point for more
sophisticated examinations of imprecise probabilities which avoid instable natural exten-
sions.

It would be most desirable to derive a result of the following form:

Let Py and Fg be coherent upper previsions on a set K C Lo(X,.A). Then,
for every f € L (X, A),

!/

bi(Po, Py, f)) < PIf] = P[] < ba(Po. Py, f)) (5.16)

where P and P denote the natural extensions of Py and Fg respectively —
and b; and by provide some useful nontrivial bounds.

After talking to Matthias Troffaes about this problem at the Fifth International Sympo-
sium on Imprecise Probability: Theories and Applications in 2007, he gave me the hint
that such problems have already been treated in linear programming. The above problem
can indeed be formulated in terms of linear programming or — more general — in terms
of convex optimization. Since the present subsection deals with (possibly) infinite spaces
and linear programming may only be applied in case of finite spaces, more general convex
optimization is considered now:

Again, let Py and ?g be coherent upper previsions on a set X C Lo(X,A); let P and
P’ denote the respective natural extensions. Then, for every f € Loo(X, A), P[f] is the
optimal value of the convex optimization problem

sup P[f], Pebai(X, A, GP)<0 (5.17)
P

3¢f. Section 5.4
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where G is the function

G: bal(X, A) — {b:KHR‘ sup b(fo)l < oo}
Joek ”fOH

which is given by
G(P)[fo] = Plfo] — Polfo] VP ebaj(X,A) Vfoek
Accordingly, 15/[ f] is the optimal value of a convex optimization problem
sup P[f], Pebal(X,A), G(P)<0 (5.18)

Now, we can formulate our problem in terms of convex optimization:
In how far are the optimal values in (5.17) and (5.18) similar if Py and ?g are
similar?

Answers to this problem are given by the so-called “sensitivity analysis” in convex opti-
mization — cf. e.g. Luenberger (1969) for general convex optimization and Chvatal (1983)
or Jansen et al. (1997) for linear programming.

Using one of the main results of sensitivity analysis in convex optimization?, we get the
following very general theorem:

Theorem 5.3 Let P, and Fg be coherent upper previsions on a set K C Loo(X,A). For
a fized f € Loo(X, A), let pf be a Lagrange multiplier of the convex optimization Problem
(5.17) and let ¢y be a Lagrange multiplier of the convex optimization Problem (5.18).

P and P’ denote the respective natural extensions of Py and FE). Then,

!/

- = _— — — J—
@/f(PO_Po) < Plf]-P[f] < pf(Po—Po)
Proof: This is a direct consequence of (Luenberger, 1969, §8.4). O

Note that such Lagrange multipliers need not exist. However, Lagrange multipliers exist
under the following assumption; cf. e.g. (Luenberger, 1969, §8.3, Theorem 1):

Assume that there are P, P’ € baf(X,.A)) and ¢, & > 0 such that

Plfol+e < Polfo] and P[] +¢ < Py[fy] (5.19)
for every fp € K.

Apparently, this assumption is very similar to the assumptions in Proposition 5.1. It is
always fulfilled if IC is finite and

Polfo] < Polfi],  Polfl < Polfe]  Voek (5.20)
This is the content of the following lemma:

Lemma 5.4 Let Py and ﬁg be coherent upper previsions on a finite set K C Lo (X,.A)
such that (5.20) is fulfilled. Then, condition (5.19) is fulfilled.

Proof: Let M be the credal set of Py. For every fi € K = {fi,..., fa}, there is a
P, € M such that P[f;] = Py[f:]. Then, put

P = %;P] and &= Arrllin (Polfi] = P[fz])

i=1,..., n

and (5.20) guaranties € > 0.
The same proof applies for ﬁ:) . O

4(Luenberger, 1969, §8.4)
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5.3 Extensions and reductions of the sample space

5.3.1 Extension of Algebras and Natural Extension of Previ-
sions

5.3.1.1 Description of the problem

As explained in the introductory Section 5.1, the arbitrariness of the choice of the sample
space becomes apparent in particular in the theory of imprecise probabilities. There, the
sample space may always be extended by the method of natural extension but, e.g. in
case of decision theory, it is not obvious if such extensions does not change the results in
a rather arbitrary way:

Let X be a set with algebras A, A’ such that that
Ac A
Let P be a coherent upper prevision on X with domain £, (X,.A):
P: Lo(X, A — R

By the method of natural extension, P may be extended to a coherent upper prevision
on X with domain £ (X,A"):
/

P: Lo(xA) — R

The credal set of P on (X, .A) is denoted by

M = {Pebaj(X,A)| Plf] <Plf] Vf€ELo(X A} (5.21)
and the credal set of P on (X, A’) is denoted by
M = {P ebaf (X, A)| Pf] <Pf] VfeLo(X, A} (5.22)

Since such a natural extension of coherent upper previsions is always possible, it is stated
in many articles that

“without loss of generality, we may assume that P is a coherent upper prevision
on the larger domain L.o(X,A’)”

where A" commonly happens to be the power set of X'. However, at least in decision
theory, it changes a lot if the sample space is (X, .A) or (X, A") because the choice of the
sample space determines the valid (randomized) decision functions.
Let (D, D) be a decision space. In case of the sample space (X, .A), the valid randomized
decision functions are given by the finitely additive Markov kernels

T: XXD — R, (x,D) — 1.(D)

where the map 7,(D) : = — 7,(D) is assumed to be an element of £, (X,.A) for every
DeD.

However, in case of the larger sample space (X, .A’), the valid randomized decision func-
tions are given by the finitely additive Markov kernels

7. XxD — R, (x,D) — 71.(D)
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where the map 7/(D) : x — 7.(D) is only assumed to be an element of the larger set
Loo(X, A" for every D € D. That is: Extending the sample space leads to a larger set
of valid (randomized) decision functions.

Now, let (Pp)geo be an imprecise model on (X, A), let
W : ©xD — R, (0,t) — Wy(t)

be a loss function and let 7 be an optimal randomized decision function. That is®, in
case of the sample space (X,.A), 7 minimizes the Bayes risk R((ﬁg)geeﬂ', W) over all
randomized decision functions 7 such that 7, € L(X,.A). By use of natural extensions,
(Py)oco turns into an imprecise model (P))gce on (X, A’). After that, 7 still is a valid
randomized decision function and it is easy to see that its Bayes risk is not affected by
natural extension — i.e.

R((Py)oce, 7 W) = R((Py)sce, 7, W)

However, the important question raises if optimality gets lost. This is because natural
extension increases the set of all valid randomized decision functions: Every finitely ad-
ditive Markov kernel 7" such that 7/ € L (X, A") is a valid randomized decision function
now and it is suggesting that there might be a randomized decision function on (X, .A’)
such that

R((F/9>9€@7T/7W) < R(<F;)9€@7727W) (523)

In this case, natural extension would turn an optimal randomized decision function into
a suboptimal one. Since it is one of the fundamental properties of imprecise probabilities
to extend the sample space whenever convenient, it seems to be most adequate to pose
the following definition of optimality:

A randomized decision function is optimal if it minimizes the Bayes risk over
all randomized decision function for any natural extension of the model.

This definition is not very comfortable because it actually forces to always consider the
whole power set of X — and the power set may be too large to be handled successfully.
Especially in case of X = R, this would be very cumbersome.

Fortunately, such a proceeding is not necessary! This is shown by the main theorem,
Theorem 5.6, of the present subsection. It states that (5.23) does not happen:

If T minimizes the Bayes risk R((?g)(;e@,r, W) over all randomized decision
functions T such that 7, € Loo(X,A), then there is no natural extension
(Fg)ge@ of the model and no randomized decision function 7' on the larger
sample space such that

R((F;)Hé@u TI? W) < R((F;)Qeea 7:7 W)

A mathematical rigorous formulation of this theorem is contained in the following sub-
section. Its proof turns out to be rather involved because it requires the general decision
theoretic setup developed in Section 3.3 on base of L. Le Cam’s work, important topolog-
ical results from Section 4.2 and a strong result from the theory of vector lattices©.

5cf. Section 3.2
6a Hahn-Banach-type theorem for M-Spaces; cf. Lemma 5.11
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5.3.1.2 Main results and outline of the proof

Throughout this subsection, © is any index set, X is a set with algebras A and A’ such
that
A c A

II is a coherent upper prevision on L., (0, 2°) with credal set P .

(Py)gco is an imprecise model on (X, A) where (Mg)geo is the corresponding family of
credal sets. For every 0 € O, F; denotes the natural extension of Py on L (X, A") and
M}, denotes its credal set on (X, A’).

Finally, (D, D) is a decision space and

W: exD — R, (0,t) — Wh(t)

is a loss function such that (Wy)peco C Loo(D, D).
Recall from Section 3.1 that the Bayes risk of a randomized decision function 7 on (X, .A)
is denoted by

R ((Po)oco, 7, W)

and the Bayes risk of a randomized decision function 7" on (X, A’) is denoted by

Riy((Py)oce, T, W)
The following lemma exposes a simple but important fact:

Lemma 5.5 FEvery randomized decision function T on (X, A) is also a randomized deci-
sion function on (X, A") and

Riy((Pp)oco, 7, W) = Ry((Pyloco, 7. W)
Proof: Let 7 be a randomized decision function on (X,.A). Put
nh . X = R, r — 1lh] = /Dh(t)Tx(dt)
for every h € Lo(D, D). Since

TIp] € Lo(X,A) C Loo(X,A) VDeD

7 is also a randomized decision function on (X, .A") and

Rﬁ((ﬁ/@)ge@,T, W) = sup/@ sup /XTx[Wg] Py(dz")y w(df) =

m€P JO PjeM,

= SHP/@_Pg [T[WHH m(df) = SHP/@_Pe [T[WGH m(df) =

meP weP
= sup/ sup /Tm[Wg] Py(dx)m(df) =
meP JO PpeMg J X

= Ri((Po)oco,m, W)
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According to Subsection 3.3.1, the randomized decision functions on (X,.A) correspond
to the ordinary randomizations from (X, A) to (D, D). So, 7y(X, D) may also denote the
set of all randomized decision functions on (X, A). Accordingly, 7/(X,D) may denote
the (larger) set of all randomized decision functions on (X, .A").

Now, we can state the main theorem of the present subsection:

Theorem 5.6 Assume that © is a finite set. Then:
a) [T-minimax]

inf Rﬁ((?;)eeea T,W) = inf Rﬁ((ﬁ;)%@v W)

T'eTy(X,D) T€To(X,D)

Furthermore, a randomized decision function on (X, A) which is T'-minimaz over
all randomized decision functions on (X,.A) is also I'-minimaz over all randomized
decision functions on (X, A’) .

b) [E-admissibility] Take any T € To(X, D) so that there is some m € P where

R ((Po)oeo, 7. W) = Te7ibr(l£(,JD>) R ((Pg)oco, 7, W)
Then, _, .
Rﬂ' ((P9)9€@7 7:7 W) = T’E'Zi'OI'l(f.;(,D) RTI' ((P9)9€@7 7—/7 W)

That is, a randomized decision function on (X, A) which is E-admissible over all
randomized decision functions on (X,A) is also E-admissible over all randomized
decision functions on (X, A’) .

As already stated above, the proof of Theorem 5.6 is rather involved. Nevertheless, it is
based on a simple idea, which is presented in the following:

Let T: Loo(X, A) = Lo(X, A) be a map so that
e 7T is linear
e T ispositive: T(f')>0 Vf >0

and so that
e T(f)=f V[fELX,A) CL(XA)

Such a map does not always exist, but for a start, let us assume that such a map T
would exist. Example 5.9 below presents a situation where T exists and can explicitly be
specified. Furthermore, it contains an example where T' cannot exist.

Now, let 7" be a randomized decision function
7 XxD — R, (x,D) — 71.(D)

such that 7/(D) : x — 7.(D) is an element of L,,(X, A’). By use of T', it is easy to show,
that there is a randomized decision function

T: XXxD — R, (x,D) — 1.(D)
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such that 7,(D) : x +— 7,(D) is an element of L, (X,.A) and
R((Py)eco, 7, W) < R((Pyloco, . W) (5.24)
To this end, note that T" defines a finitely additive Markov kernel x in the following way:
k: XAxA — R, (z, A") — K (A) = T(Ia)(x)

Next, put

7T: XxD — R, (x,D) — 7,(D) = /XT',(D) Ko (dz")

x

It is easy to see that 7 is a (finitely additive) Markov kernel 7 : X x D — R such that

(D) = T(rl(D))(z) VzeX, VDeD

and, therefore, 7,(D) :  +— 7,(D) is an element of L,,(X, A) for every D € D. Hence, 7
is a randomized decision function on (X, .A).
That is, T turns a randomized decision function 7" on (X, .A’) into a randomized decision

function 7 on (X, A) It only remains to proof that the Bayes risk of 7 is not larger than
the Bayes risk of 7/ —i.e. (5.24):

Note that
/ / F(@) ro(de') P(dz) = P[T(f")]

VI eLo(X,A), VPebal(X, A
leads to a well defined map
p : bal(X,A) — baj(x, A

such that
Plf] < Polf]  VfeLo(X A
implies
p(P)If] < Polf] VI € Lu(X, A)

In other words, we have
Py e My = p(Pp) € M, (5.25)

where M, denotes the credal set of P, and M, denotes the credal set of ?/9 )
Finally,

sup //Wg 7.(dt) Py = sup //Wg ) T2 (dt) Py(dx)
PjeMy PyeMg

= o |, / Walt) 0t ) Pfd) —
= sup / Wo(t) 7, (dt) [p(Py)](da') <

PyeMy
(5.25)

2 sup / Wa(t) 2 (dt) Py(da’)
PjeMy
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implies (5.24). That is, we have already proven Theorem 5.6a) — under the assumption
that the map T exists. Unfortunately, 7" does not need to exist. Indeed, it is enough to
consider A = B as shown by Example 5.9b). Example 5.9 a) presents a concrete example
where T' does exist.

In view of Subsection 3.3.1, T defines — if it exists — an ordinary randomization p. As
we will see below, the key result in the proof of Theorem 5.6 is the fact that a suitable
generalization of T' — namely a generalized randomization — always exists. This is the
content of Lemma 5.11 below, which is strongly based on the theory of vector lattices.

One may wonder if the undesirable assumption that © has to be a finite set in Theorem
5.6 is necessary. Essentially, this assumption is not necessary but it makes it possible to
formulate Theorem 5.6 in terms of randomized decision functions (i.e. ordinary decision
procedures) which certainly is more comfortable for most readers. The reader who is in
complete accordance with L. Le Cam and thinks that generalized decision procedures are
just as well (cf. also Section 3.4) may dispense with any assumption on ©. This can be
seen by the following Theorem 5.7. In fact, we will use Theorem 5.7 in order to proof
Theorem 5.6.

Theorem 5.7 Let © be any index set. Then:

For every generalized decision procedure o' € T'(X,D), there is a generalized decision
procedure o € T (X, D) such that the risk function of o is not larger than the risk function
of o’ in every § € © — i.e.

sup o(Py)[Wy] < sup o (Py)[We] Vo eo

PyeMy PjeM,,

In accordance with 7o(X,D) and 7)(X,D) from above, 7(X,D) denotes the set of all
generalized decision procedures in case of the sample space (X, .A) and 7'(X, D) denotes
the set of all generalized decision procedures in case of the sample space (X, A’). Risk
functions for generalized decision procedures have already been defined in Subsection
3.3.1.2.

Another possibility to get rid of the assumption that © has to be finite is to assume that
A is finite. This is because the map T always exists if A is finite. Especially, this case is
relevant for discretizations; cf. Section 5.4.

Theorem 5.8 Let © be any index set and let A be finite. Then:

For every randomized decision function ™" € Tj(X,DD), there is a randomized decision
function T € To(X, D) such that the risk function of T is not larger than the risk function
of T in every 0 € © — i.e.

sup /X / Wo(t) mo(dt) P(dz) < sup /X / Wy(t) 71 (dt) Py(dz)

PyeM, PyeM,

for every 6 € ©.

The present subsection closes with the repeatedly mentioned example concerning exis-
tence of the map T'. The following subsection is concerned with the proofs of the above
theorems.

Example 5.9
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a) Take X = R, A = B and let A be the o-algebra which is generated by the sets
[k,k+1), k € Z. Then,

Tif/H’EZf%ﬂmmn

keZ

is a linear, positive map T : Loo(X, A') — Lo(X, A) such that T(f) = f for every
fELLX,A) CL(X,A).

b) Take X =R, A =B and let A" be the power set of R. Then, such a map T as in
a) cannot exist.

In order to see this, note that L (X, A) and L (X, A") are M-spaces. Furthermore,
Loo(X, A") is Dedekind complete. Now, assume that T would exist and let F' C
Lo(X,A) be a majorized subset of Loo(X, A) —i.e. Tfo € Loo(X,A) ©  f <
fo Vf € F. Hence, F is also a majorized subset of Lo(X,A") and Dedekind
completeness of Loo(X, A") implies the existence of a supremum h' € Loo(X, A") of
F. Next, put h =T (h') and it follows from positivity of T that h is a supremum of
Fin Loo(X,A).

As a consequence, existence of T would imply that L.(X,A) was order complete,
too. However, L,(X,A) is not order complete.”

5.3.1.3 Proof of the main result

Let X again be a set with algebras A and A’ such that A C A’. As presented in the
previous subsection, the proof of Theorem 5.6 would be rather clear if a certain map

T i Lo(X,A) — Lo(X,A)

would always exist. Though this is not possible, Lemma 5.11 states that a suitable
generalization of T' does always exist. Since T' corresponds to an ordinary randomization,
it is not surprising that the generalization is given by a generalized randomization. This
generalization is called extending transition in Definition 5.10.

Definition 5.10 A map
p : ba(X, A) — ba(Xx, A

is called extending transition from A to A’ if
e p s linear
e p is positive: p(u) >0 Yu>0
and
p(f] = ulfl  VfeLu(X A), Vueba(X, A (5.26)

"In order to see this, take any B’ C R such that B’ ¢ B = A and put

F={Iy | =€ B}

F is majorized by fo =1 Assume that A would be a supremum of F' in L., (X,B). Then, it follows that
h is an indicator function — i.e., there is a set B € B such that h = Ig. Next, B’ ¢ B implies B’ C B.
Take any 2 € B\ B’ and put h = Ig\{z} € Loo(X,B). Then, h is a majorant of F such that h < h.
Hence, h is not a supremum.
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It is easy to see that an extending transition is in fact a transition according to Definition
3.34:
Assertion (5.26) implies that

p(Wllx] = pllx]  Vp € ba(X,A)

and, therefore, p is a generalized randomization from (X,.A) to (X, A’). According to
Proposition 3.36, the generalized randomizations from (X, A) to (X, .A’) are precisely the
transitions from ba(X, A) to ba(Xx, A").

Furthermore, (5.26) says that p(u) is always an extension of y from A to A’. This justifies
the term “extending transition”.

In contrast to T, an extending transition p does always exist:

Lemma 5.11 There is an extending transition
p: ba(X, A) — ba(X,A)

The proof of Lemma 5.11 is strongly based on the theory of vector lattices. For the theory
of vector lattices, confer e.g. Schaefer (1974) and Section 8.1 in the Appendix.
Proof:
[1] Firstly, it is shown that there is a positive linear operator S : L. (X, A) —
(ba(X,.A))" so that
SUf)=47r  VieLlu(X A, 15]] =1

where Af[u] = pu[f] Vu € ba(X, A) and (ba(X,.A))" denotes the dual space of ba(X, A) :

Gy = L(X, A) is a Banach sublattice of the Banach lattice G := L (X, A’). According
to (Schaefer, 1974, p. 114), ba(X, A) is an abstract L-space. So, it follows from Schaefer
(1974, Prop. 5.5 and Prop. 9.1) that E := (ba(X7A))* is an order complete M space
with unit.

Note that Sy : Gy — E, f +— A is a positive linear operator where ||Sy| = 1.
According to Schaefer (1974, Cor. 7.10.3), Sy can be extended to a positive linear operator
S on G such that ||S|| = ||So|| = 1. Hence, [1].

[2] Next, it is shown that p: ba(X,A) — ba(X, A"), u — p(n) where

plf] = Skl V[ € Lo(X, A)

is an extending transition:

The properties of S imply that p is a linear, positive operator. Furthermore,

p()f] = S(f)lu] = So(f)lu] = ulf]  Vf € Lo(X,A), Vi€ ba(X,A)

Now, it is possible to proof Theorem 5.7.



134 CHAPTER 5. NATURAL EXTENSIONS AND THE SAMPLE SPACE

Proof of Theorem 5.7: For every generalized randomization ¢’ € 7'(X,D), put o :=
o’ o p where p is the extending transition from A to A’ according to Lemma 5.11. Then,
o € T(X,D) because p is a generalized randomization from (X, A) to (X, A’). Fix any
6 € ©. Since ?/@ is the natural extension of Py, the credal set of F; is given by

My = {Fpebal (X, A) | Plf] < Polf] VfeLu(X A}
according to Proposition 2.13. Therefore, assertion
Py € My = p(Pg) S ./\/tig (527)

follows from

p(Ro)lf]1 = Blf] < Polf] VS € Lo(X, A

Finally,
sup o(Pp)[Wy] = sup o o p(Py)[Wy] = sup 0"(p(Pg))[W9] <
PyeMy PyeMy PyeMy
(5.27)
< sup o' (Py)[Wp]
PyeM;

Next, Theorem 5.6 is proven by use of Theorem 5.7:

Proof of Theorem 5.6: For every m € P,

Re((Pyloco, o', W) = Y w({0}) sup o' (Py)[Wy]

/ !
0cO PyeMj

is the Bayes risk of a decision procedure o’ € 7'(X', D) with respect to the (precise) prior
7. It follows from Theorem 5.7 and Lemma 5.5 that

inf ﬁ’ ’ _ nf F/
”'G'ZI'I’I(X,D) R ((Pgoco,a’, W) UE’ZI'I(IX,D) R ((Py)oco, o, W)

Hence, Proposition 4.5 implies

inf  R.((Pploco, ™, W) = inf  R.((Py)sco,, W) (5.28)

T'eTj(X,D) T€To(X,D)

for every m € P.
a) Put
D(m,7) = =R ((Poloco. 7. W) = = w({6}) sup 7(Pp)[Wy]
) PoeMo
for every m € P and every 7 € 7o(X, D).

Hence, 7 +— T'(, ) is concave for every m € P and P is L,.(0,2°) - compact accord-
ing to Corollary 2.16. Furthermore, 7 — I'(7, 7) is convex and L.,(©, 2°) - continuous
for every 7 € 7y(X, D). Hence

sup inf I'(w,7) = inf sup T'(m,7)
TET(X,D) TEP m€P reTy(X,D)
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according to Fan (1953, Theorem 1). That is,

inf sup R, ((P .7, W) = su inf R.((P, W
T€To(X,D) ﬂeg (( 9)96@ ) neg reTH(X,D) (( 9)96@ )

An analogous proof for A" shows

inf supR,r((F;)(;e@,T',W) = sup inf RW((?;)%@,T',W)

T'e€Ty (X D) recp rep T'ET(XD)

Finally, Part a) follows from the latter equations, (5.28) and Lemma 5.5.
b) This is a direct consequence of (5.28).

Finally, it only remains to proof Theorem 5.8.

Proof of Theorem 5.8: According to Definition 3.6, the randomized decision functions
correspond to ordinary randomizations. Therefore, the proof may be formulated in terms
of ordinary randomizations.

Firstly, we have to show that a map T as discussed in Subsection 5.3.1.2 exists.
Since A is finite, there is a partition {A;,..., An} C A of X so that A; # (0 Vj =

1,...,m and so that every A € A is a union of some elements of {4;,...,A,,}. For
every j = 1,...,n, choose any x; € A;. Next, put
T Lo(X,A) = Lo(XA),  f = T(f) =) flay) Iy
j=1

Obviously, T is linear and positive. In addition,
T(f) = f VfeLo(X, A CL(X,A)

is fulfilled because every function f € L, (X,.A) is of form
f:ZQjIAj, Ay ..., 0y e R
i=1

According to Proposition 3.11, T" defines an ordinary randomization
p: ba(X, A) — ba(X, A),  p — pp)
via p(p)[f'] = p[T(f")] for every f' € Loo(X, A') and p € ba(X, A).

Obviously, p is an extending transition. Therefore, the remaining part of the proof is
very similar to the proof of Theorem 5.7:

For every ordinary randomization 7" € 7/(X,D), put 7 := 7' o p. Then, it follows from

Proposition 3.11¢) that 7 € 7o(X, D). Fix any 6 € ©. Since ﬁ; is the natural extension
of Py, assertion

Py € M, = p(Pg) S Mlg (529)

follows from

p(Fo)lf] = Polf] < Polf] V€ Lo(X,A)
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Finally,
sup o(Py)[We] = sup o' op(Py)[Wy] = sup o' (p(Fy))[We] <
PyeMy PyeMy PyeMa
(5.29)
< sup o' (Py)[Wp]
PjeM,

5.3.2 Reduction of the sample space

The results given in Subsection 5.3.1.2 shows that it is not necessary to extend a decision
problem to a larger sample space in order to check optimality of a decision procedure. In
addition, the results offer the opportunity to reduce the sample space in some cases. In
this way, the results may be used to simplify some decision problems drastically.

In the following, two examples are discussed where this is possible:

Let © be an index set, let X be a set with algebra A’ and let (P,)geo be an imprecise
model on (&, A").
Let II be a coherent upper prevision on £, (0,29), let (D, D) be a decision space and

W: exD — R, (0,t) — Wh(t)

a loss function.
1. Assume that © is finite and that there is a set K C L,(X,.A’) such that the credal
set of FIQ is given by

My = {Py e bal (X, A) | Flf] < Polf] V[eK}

The task is: Find an optimal randomized decision function 7/ on (X', A’).
So far, this is a standard situation in decision theory under imprecise probabilities. Next,
let A be the smallest algebra on X' such that

feLo(X,A) VfekK

If K is not too large, A may be considerably smaller than A’. Then, it follows from
Theorem 5.6 that it is enough to consider randomized decision functions on the smaller
sample space (X, A).

For example, assume that /C is a finite set of simple functions on (X, A’). Then, A is
always a finite algebra. Therefore, the infinite sample space (X, .A") may be reduced to
a finite sample space® (X,.A) in this case — and the decision problem is accessible for
methods concerning finite spaces such as linear programming! Especially, this example
applies for discretizations; confer Section 5.4.

2. Now, assume that the credal set of ?; is given by

My = {Pgebaff(X,A/H Py(Cy) < Po(Cy) Vjied{l,...,m}}

8Finiteness of A implies that the sample space (X,.A) may be considered as a finite one because, in
this case, Lo (X, A) =2 R"™ for some suitable n € N.
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where C4,...,C,, € A", m € N. Of course, this assumption is very restrictive. However,
this is an important model which is frequently used in the theory of imprecise probabilities.
Then, let A be the smallest (o-)algebra which contains Ci,...,C,, and it follows that
A is finite. Therefore, Theorem 5.6 applies and we may — without loosing anything —
work with the finite sample space (X, .A) instead of the (possibly) infinite sample space
(X, A).

5.4 Application: Discretizations

5.4.1 The meaning of discretizing in (statistical) decision theory

Though the theoretical evaluations of Section 5.2 and Section 5.3 both are independently
interesting on its own, together they lead to important tools in applications. As already
mentioned in the introductory Section 5.1, the results of Section 5.2 and Section 5.3 are
the cornerstones of discretization in applications of (data-based) decision theory.

Discretization is a crucial topic in the theory of imprecise probabilities which has recently
been considered in Troffaes (2008) and Obermeier and Augustin (2007). The fundamen-
tal importance of discretization in the theory of imprecise probabilities is explained in
(Obermeier and Augustin, 2007, p. 327):

“Classical statistical models typically are based on parametric, absolutely con-
tinuous probability distributions on the real line. Handling extensions of these
models in the imprecise probability framework, quite often becomes very de-
manding from the computational point of view, and then approximative tech-
niques are the best one can hope for, the more as also in classical statistics
many integrals of less smooth functions can be only obtained numerically. A
natural idea in this context is discretization, in order to make available power-
ful algorithms (...) that explicitly rely on finite spaces to obtain approximate
solutions in this generalized setting. However, such discretizations need some
care; for more than hundred years, since the work of Sheppard (...) [Shep-
pard (1898)] at the end of the nineteenth century, statisticians have been well
aware that analysis based on rounded data may be severely biased, and so
discretization by mere rounding or other ad-hoc techniques is a bad advice.”

While Troffaes (2008) and Obermeier and Augustin (2007) consider decision theory which
is not explicitly data-based, the following evaluation is probably the first one which deals
with discretizations in decision theory (under imprecise probabilities) which is explicitly
data-based. Accordingly, Troffaes (2008) and Obermeier and Augustin (2007) consider
discretizations of © whereas the following evaluation is mainly concerned with discretiza-
tions of the sample space (X, A"). Discretizing O is a fundamental topic in general decision
theory. However, if we focus on applications in statistics (i.e. in the special case of statis-
tical decision theory), discretizations of the sample space seem to be even more important
than discretizations of ©:

Most part of statistics is about testing and estimating. In case of testing, discretizing ©
is not necessary (because © = {0; 1} already is discrete) but discretizing the sample space
is a crucial issue.

In case of estimating, the set of all decisions D is equal to © and choosing decision ¢ = 0
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means that our estimation for the true parameter 6 ist = 0. Now, what does discretizing ©
mean in this case? For example, take © = [0, 1] and consider the equidistant discretization

o= {04 (o Bl Gl -5 (1]

Such a discretization changes the set of parameters and precisely means that we do not
want to estimate the true # any more but we want to estimate the interval

H = (k]

10 ’ 10

[~
[r

=]

which contains the true parameter 6. Accordingly, the set of all decisions is equal to H
now.

In order to explain the meaning of discretizations of O, (Troffaes, 2008, § 1) states:

“(...) we must resort to computers, and these cannot handle gambles on
infinite spaces, let alone arbitrary infinite sets of probabilities. Hence, in
that case we must approximate our infinite sets by finite ones. By taking
the finite sets sufficiently large, hopefully the approximation reflects the true
result accurately.”

This is true for the setup used in Troffaes (2008) but it does not apply for estimating. In
Troffaes (2008), © is discretized but the set of all decisions is not changed. By discretizing,
Troffaes (2008) wants to approximately solve the original decision problem. In contrast,
if © is discretized in a statistical estimation problem, not only the parameter space gets
coarser but also the decision space (since the decision space is equal to the parameter
space). In this way, discretizing © implies that also our decision theoretic purpose gets
“coarser”: Now, we do not want to estimate the true 6 but the true “discretized 6”.
This is something different. We do not want to approximately solve the original decision
problem now but we do want to exactly solve a coarser decision problem. So, in a sense,
discretizing © may be considered rather as part of modeling than as part of solving an
estimation problem.

By discretizing ©, an estimating problem gets easier in two aspects:

e Discretizing enables the use of “finite methods” such as linear programming so that
the problem gets tractable by computers.’

e As a side effect, the estimating problem gets easier in the sense that coarser param-
eters such as intervals H = (’“1;01 ; 1—]‘6} can be estimated more efficiently than precise
parameters such as § € © = [0,1].

For example, consider the most extreme discretization of ©, namely H = {©}. Un-
doubtfully, the only remaining parameter H = © may be estimated in an exceedingly

efficient way.

Usually, © is a subset of R or R¥ so that discretizing © will often lead to a parameter set
which consists of intervals (or hyperrectangle in R¥). This fits very well into the theory
of imprecise probabilities because such interval valued parameters naturally avoid over-
precise estimations. Even statisticians which do not agree with imprecise probabilities are

90f course, this does not mean that computers are always able to solve the problems within human
time scales. It only means that, in principle, computers can solve such problems.
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aware of the fact that estimating should not be done in an over-precise way. This becomes
apparent because statisticians usually refuse to record the outcome of an estimation with
the highest accuracy computers can provide. Instead, the outcomes of estimations are
“reasonably” rounded and this essentially means that only interval valued estimations are
commonly accepted.

Since the focus of the present book lies on applications in statistics and, there, discretiz-
ing O is often not necessary (testing) or strongly interrelated to modeling (estimating),
discretizations of © are hardly considered in this book. Instead, it is often assumed in the
following that © already is a finite set. Of course, this is a restrictive assumption but the
above reasoning may justify it at least to some extend. Subsection 6.2.2 only provides an
ad hoc method for discretizing © in a certain estimation problem if © happens to be not
discrete and it would be desirable to develop more sophisticated methods in the setup of
Subsection 6.2.2.

As mentioned above, discretizing the sample space (X, A’) is a crucial issue in statistical
applications. Here, we require indeed that, by “taking the finite sets sufficiently large,
hopefully the approximation reflects the true result accurately.”!? And, as already stated
in (Obermeier and Augustin, 2007, p. 327), such discretizations have to be done carefully
since simple rounding of the data may lead to bad results. It is the purpose of the following
subsection to derive a well justified and practicable method for disrectizing (X, .A’") which
is based on the theoretical evaluations of the preceeding sections.

5.4.2 A method for discretizing sample spaces

Setup and assumptions:

It is assumed that, for every § € ©, there is a finite subset Ky C Lo (X,.A") such that
the credal set of F; is given by

My = {Pjebal (X, A) | PlfI <Pylf] VfeKe} (5.30)
Furthermore, it is assumed that

K = U Ko is a finite set (5.31)

Finally, it is assumed, that, for every fixed f € IC, there is a dy > 0 such that

P,lf] - Pylf] > dy for every 6 € © where Ky > f (5.32)

Assumption (5.30) is crucial and rather restrictive — nevertheless, such imprecise models
are quite important for practical applications as explained below.

The index set © is not assumed to be finite here. Instead, the considerably weaker
Assumption (5.31) is sufficient. Of course, (5.33) is fulfilled if © is finite but it is also
fulfilled if Iy does not depend on 6§ € ©.

If © is finite, then Assumption (5.32) coincides with the assumption

Pylf] # Pylf] VfeKy (5.33)

10(Troffaes, 2008, §1)
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In addition to Assumption (5.30), Assumption (5.33) is not restrictive at all because
Section 5.2 tell us: Using models of form (5.30) which violate (5.33) is dangerous be-
cause these models are potentially most instable. Therefore, those models which violate
(5.33) generally should be avoided anyway. If modeling led to a coherent upper prevision
which violates (5.33), it should be replaced by a more cautious and stable coherent upper
prevision according to (5.5).

For practical applications, it is important that the validity of these assumptions can easily
be checked:

Usually, the validity of (5.30) and (5.31) directly results from modeling: A practitioner
specifies concrete upper previsions for a finite number of functions f € L,,(X, A’) in order

to get coherent upper previsions
/

P, : Ky — R, 0eco (5.34)

Next, these coherent upper previsions are extended on L., (X, A") by the method of natural
extension and this leads to an imprecise model which fulfills (5.30) and (5.31).

If © is infinite, then the infinite number of upper previsions in (5.34) has been specified
by analytical arguments and, therefore, the validity of (5.32) has to be checked also by
analytical arguments.

If © is finite, then the following proceeding can be applied:

For every f, € K take a partition {By,..., By} of X and put

k
f o= Z sup'f(xj)~IBj Viek

For every 6 € © such that ICy > fj, solve the following linear programm:

(= fob1), oo s =Folbr)) -p — max (5.35)
where B B -
(f(bl)’af(bk))p < P@[f] VfEICg

and
peRF, p; >0 Vie{l,....k}, m+ .o +pe = 1

If the optimal value [y, ¢ is not larger than —P,[f], start again with a finer partition.
If the optimal values Iy, o are larger than —F;[ fo] for every 6 € ©, put

dg, = min{Py[fo] + 10| 0€0 : Ko> fo

Assumption (5.30) is fulfilled, if this procedure ends up with positive numbers d;, f € K.
This is a consequence of the following proposition which states that ﬁ; [f]+1s0 is a lower
bound on P,[f] — P4[f]. Of course, the finer partition {By, ..., B} is, the better lower
bound Py[f] + lse usually is.

Proposition 5.12 For a fized fo € K and a fived 0 € © , let Iy, 9 be the optimal value in
the linear program (5.35). Then,

Pylfol + o < Pylfol — Phlfol
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Proof: Put
My = {Byebal(X,A) | B [F]<P,lf] Vfeks}

The construction implies that the optimal value [y, ¢ in the linear program (5.35) is equal
to

Lo = sup Pyl — fo]
PjeM,

Note that f < f for every f € K. Hence, M) C M), and, therefore,
0 0

o = sup B[ —fo] = — inf B[ f] < —Py[fo] < —Pylfol
PyeM; PyeMy

Proceeding of the discretization

Recall the notation from the previous subsection and assume that (FIQ)%@ is an imprecise
model on the sample space (X, A’) such that (5.30), (5.31) and (5.32) are fulfilled. Let
f1, -+, fn be elements of L (X, A’) such that

{f17-~7fn} = K = UICG

0cO

and put Z, := {ie {1,...,n} ‘ fiE,Cg} Vo eo.
Proceed in the following way for any fixed ¢ € (0,1).

STEP 1: For every i € {1,...,n}, take d; = dy, from (5.32) and put

i —inf f; ; — 1 j
T T . L AmLLLE (5.36)

i -
v jEZQ J

Note that the validity of

Z sup f; — inf f; S s sup f; — inf f;
d; -~ d;

ensures 0 < eg; <e < 1. Thereis a M € N such that

M-1< S <M (5.37)

)

For every i € {1,...,n}, put

bz(j) = inf f; + L (sup f; — inf f;) vjie{0,1,2,... M}

K3 7

and ALY = 17 (", 5V]) and

A9 ff1<(b§j‘1)7b§j)]> e A Vje{2.. . M} (5.38)

7
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Then, put

M
s; 1= Zbl(-j)IA@ and note that f; < s; < f; +¢&;d; (5.39)
=0

Let A be the smallest o-algebra which contains Al(j ) for every j € {1,..., M} and every
i € {1,...,n}. Note that there is a finite partition

A, oo, A (5.40)

of X' such that every element of A is the union of some elements of the partition Ay, ..., A, .

STEP 2: For every 6 € ©, let @, be the coherent upper prevision on L. (X, .A) which
corresponds to the credal set

Ny = {Qoebai(X, A) | Qulsi] < Pylfil +eidi VieTy) (5.41)

Values of @, can be calculated by linear programms. To this end, choose any x;, € Ay, for
every k € {1,...,r}. Then:
For any f € L, (X,.A), consider

(flz1), ... flz)) ¢ — max

where
(fi(xl), ,fz(xr)) - q S ﬁlg[fz] +5z‘dz’ VZ EI@

and
qeR", >0 Yke{l,...,r}, g+ ...+q =1

The optimal value of this linear program is equal to Q,[f] .

STEP 3: Instead of the original imprecise model (1_3/9)969 on the (infinite) sample space
(X, A’), consider the imprecise model (()y)geco on the finite sample space (X, .A) and solve
the corresponding decision problem.

The following notation is used:

Notation 5.13 Let (D, D) be a fized decision space and let W be a fized loss function.

At first, (F;)gee is our imprecise model on the sample space (X, A"). The task is to find a
randomized decision function on (X, A") which is optimal™ over all randomized decision
functions on (X, A"). This decision problem is called original decision problem.

Let the index set ©, the decision space (D, D) and the loss function W remain unchanged.
But, now, let the imprecise model be (Q,)g9eco on the finite sample space (X,A) where
(Qg)oco and A are constructed by the above discretization procedure. Then, the task is
to find a randomized decision function on (X, A) which is optimal over all randomized
decision functions on (X, A). This decision problem is called (e—)discretized decision
problem.

"UHere, the word “optimal” depends on the chosen optimization criterion such as I'-minimaxity, E-
admissibility, ...
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Theoretical properties of the discretization method

The theoretical properties of the discretization method presented above are summarized
in the following theorem. It implies that the original decision problem may in fact be
approximately solved by the discretized decision problem. For the optimization criterion
[-minimaxity , this is explicated in Corollary 5.15 below.

Theorem 5.14 Consider the setup of the present subsection. Then:

a) For every randomized decision function 7 on (X, A), the risk function with respect
to the discretized decision problem is approximately equal to the risk function with
respect to the original decision problem — more precisely:

sup //We(t)Tx(dt)Qg(dx) — e(supWy —inf Wy) <
QocNg JX JD

< s [ [wnn P <

PyeMy Jx Jp

< sup //Wg(i)%(dt)@e(dﬂf)

QoeNo Jx JD

for every 6 € © . Especially, the risk function with respect to the discretized decision
problem is an upper bound for the risk function with respect to the original decision
problem.

b) For every randomized decision function 7' on (X, A"), there is a randomized decision
function T on (X, A) such that the risk functions of T and 7' satisfy

sup / / Wo(t) 72 (dt) Qo(da) <

QoENy

sup //Wg 7 (dt) Py(dz) + e(sup Wy — inf Wp)
PjeM;

for every 6 € ©.

Proof: For every 8 € ©, let Q, be the natural extension of Q, on Lo (X, A').
Accordingly, N} denotes the credal set of Qy on (X, A’) .

(a) Take any 6 € © and recall the definitions in STEP 1 of the proceeding of the
discretization.

Then, for every P € Mj, the definition of s; implies
Pylsi] < Pel|:fi+5idi] = Pyfi] +eid;i <

for every 1 € Zy and, therefore, the definition of @/9 implies P} € N . Hence,
Pylf] < Qolf] VI € Lu(X, A) (5.42)
Next, consider the coherent upper prevision @6 on L (X, A") defined by
Qp € bat (X, A)),
Qolfi] < Qulfi] Vied,

Qolf] = sup{ Qylf]
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for every f' € L (X, A’). Together with (5.42), we have

Pylf] < Qulf] < Qulf]  V/f €Lo(X A) (5.43)

and

Qulfi] = Qlfl  VieT (5.44)
Next, it follows from the definition of d; that

/ (544)

Qolfi] Qe[fz] < @;[51] < ﬁle[fi]+€idi <
Polfi) +ei(Plf]l = Pylf])  VieT

Pyl fi]

IA A

and from an application of Proposition 5.1 for ?/9 and @g that
Polf] < Qolf] < Polf1+e(supf/ —inf f') V[ € Loo(X,A)

because @g is the natural extension of a corresponding coherent upper prevision on
Ko and the definitions ensure } ;. &; < e. Hence, (5.43) implies

Pylf'] < Qylf') < Pylf') +<(sup f —int f') (5.45)
for every f' € Lo(X,A"). Finally, part a) follows from (5.45).

(b) Let 7" be a randomized decision function on (X,.A’). Then, an application of
Theorem 5.8 for the imprecise model (Qg)geco on (X,.A) and its natural extension

(@;)969 on (X, A’) implies the existence of a randomized decision function 7 on
(X, A) such that

sw//m@mwwmsSw//m ! (dt) Q) (d)

QoENo J X JD QLEN}

for every § € ©. Then, it follows that

sw//mwMM@w>g

Qo€ENy
sup //Wg 1(dt) Qy(dz) <
QueN}
(545
sup //Wg 2 (dt) Py(dz) + e(sup Wy — inf Wp)
PyeMy

for every 0 € 6.
O

The following corollary states that an approximately I'-minimax randomized decision
function in the original decision problem can be found by searching for a I'-minimax
randomized decision function in the discretized decision problem. Here, 7(X, D) denotes
the set of all randomized decision functions on (X, .A) and 7 (X', D) denotes the set of all
randomized decision functions on (X, A’).
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Corollary 5.15 In the setup of the present subsection, let I1 be a coherent upper prevision
on L.(0,2°) with credal set P . Let T minimize the upper Bayes risk in the discretized
decision problem, i.e.

Ri((Qg)oce, 7, W) = Te%)r(lfcm) Ri((Qg)oco, 7, W)

Then, T is a randomized decision function on (X, A") and approximately minimizes the
upper Bayes risk in the original decision problem, i.e.

R ((Py)oco, 7, W) < . }1;1(2 . R ((Py)oco, 7, W) + e(sup W — inf W)
T 0 s

Proof: Take any 7/ € 7j(X,D).
According to Theorem 5.14 b), there is some 7 € 7o(X, D) such that

sup /X / Wo(t) 7, (dt) Qoldz) < (5.46)

QoENy

< sup / / Wi(t) #.(de) Py(da) + e(sup Wi — inf W)
piemy, Jx Jp

for every 6 € ©. Hence, the definition of the upper Bayes risk (Section 3.2) implies

R ((Qgloco, 7, W) < (5.47)
< Ry((Pyloco, 7, W) + e(sup W — inf W)

By use of Theorem 5.14 a), it follows that

sup /X / Wo(t) 7(dt) Pj(dz) < sup /X / Wy(t) 7 (dt) Qo(dz)

PieM), QoENp

and, therefore,

R((Pyloco, 7. W) < R((@p)oco, 7, ) (5.48)

Assertions (5.47) and (5.48) and optimality of 7 imply

< Ry((Pyoco, 7, W) + e(supW — inf W)

This proves Corollary 5.15 because (5.49) is true for every 7/ € 7/(X,D). O

Though Troffaes (2008) is concerned with discretizing ©, the setup of the present subsec-
tion is closely related to the setup in Troffaes (2008).

In the above described discretization method, the discrete sample space (X, .A) is gen-
erated by some simple functions s where every simple function s corresponds to some

f € Ky such that

sup|f(z) — s(z)| = maxsup|f(z) —s(z)| < e(sup f —inf f)
T€EX €A 2€A
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This is denoted by
f ~e S

in Troffaes (2008). Furthermore, (Q4)sce is an imprecise model on (X, A) where (N)ee is
the corresponding family of credal sets on (X, .A). It can be read off from the construction

of (Q)geo and from the proof of Proposition 5.1 that

inf — Pl < 2 Y Qp € N;
PélélMéHQe ol < Qo 9

and
inf ||P)— Q|| < 2¢ VP, e M,
oveN, 15 ol < 9 9

for every # € © .12 13 This is denoted by
MI@ ~2e NG

in Troffaes (2008). Furthermore, adopting the terminology from Troffaes (2008), Corollary
5.15 may be reformulated in the following way:

Every randomized decision function on (X, A) which is optimal in the dis-
cretized decision problem is e-optimal in the original decision problem.

Accordingly, Corollary 5.15 corresponds to (Troffaes, 2008, Theorem 6). However, note
that Corollary 5.15 is concerned with discretizing the sample space (X, A’) whereas (Trof-
faes, 2008, Theorem 6) is concerned with discretizing © .

Applicability of the discretization method

The above presented discretization method can be applied step by step. Especially, every
value which has to be calculated can in principle be calculated by linear programming.
However, rigid applications may in general be handicapped — or even made impossible —
because of exceedingly high computational costs. This is again similar to the results in
Troffaes (2008) and we may derive upper bounds for the size of the discretized sample

2| || denotes the operator norm in ba® (X, A), i.e.
Qolf] — Bylf
1Qo—Fyl = sup Qo Lol

FeLo (X, A) [Fal

13In addition, this is a direct consequence of the following fact:

Let P; and Py be coherent upper previsions on (X,.4) with credals sets M; and My
respectively. Then,

|P1[f] — Ps[f]|

sup —————"— = max{dy, I}
FEL(X,A) I£1l
where
01 = su inf ||P — P and 0o = su inf ||P,— P
1= s ind [P — P 2 S i [Pz — P

The proof of this fact arose from a discussion of Damjan Skulj and the author at the Workshop on
Principles and Methods of Statistical Inference with Interval Probability, Durham, 12-16 May 2008. A
publication containing this proof will follow.
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space which generally holds but which are, in general, much too large in order to be of
any practical value:

As stated before, there is a finite partition {Aj, ..., A,} of A such that every element of
A is the union of some elements of the partition {4, ..., A,}. The size of this partition —
i.e. the number » € N — precisely corresponds to the size of the discretized sample space:
r is the number of possible (discrete) observations after discretizing.

According to the definition of A, the partition { A1, ..., A,} is the coarsest partition which
is finer than every partition

(AW AN ie{l,...,n}

where AY is defined in (5.38) for every i € {1,...,n} and j € {1,...,M}.
Therefore, an upper bound on r is given by

1
r < M" < <1+—-sup (5.50)

€ 0eO *
J

sup f; — inf f]-)n
€T, d;

where the last inequality follows from (5.36) and (5.37).

This number is extremely large — even if © is a small set and, for every 8 € ©, Ky only
contains a few elements. For example, let © contain 10 elements, and, for every 6 € O | let
each Ky also contain 10 elements such that Iy, , ..., Ky,, are pairwise disjoint. Therefore,
we have n = 100. Furthermore, assume for simplicity that

Pylfl = Pylf] = 0.1-(supf —inf f)  VfeKy VOe€O
Then, for e = 0.1, the number in (5.50) is

) 100 > 10300

1 1

(1+55-10- 55

However, this number usually decreases immensely: It is unrealistic to assume that

Koy, .., Ky, are pairwise disjoint in applications. In most applications, Ky will not de-
pend on 6 so that we have

K = Ky Vo eo

In this case, n does not increase with the number of elements of © and we would get
n = 10 in the above example. This leads to the number

(1+5-10-45)° ~ 10%

which still is a great deal too large. However, (5.50) only is a very crude upper bound which
does not assume any additional properties of the functions f € K. Such assumptions may
drastically decrease the bound as can be seen by Proposition 5.16.

Proposition 5.16 Let X be an interval in R and assume that every f € KC fulfills one of
the following properties:

(a) f is the indicator function of a set A’ € A" which is the union of no more than

1—}—1-Sup Zsupfj—mff]

€ d;
0cO = j

ntervals
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(b) f is conver.
(c) f is concave.

Let r be the number of elements of the partition {A;, ..., A.}. Then,

| _inf f;
r < 4n-(1—|——-sup Zw) (5.51)

€ d;
0co JET j

Proof: Recall that £ = {f1,..., f,} and recall that {AZ(-l), . ,AZ(-M)} is the partition
defined by (5.38) for every i € {1,...,n}.

Firstly, it is shown for every i € {1,...,n} that there is a partition {C’Z»(l), o ,C’Z»(QM)} of
X such that

C’Z-(j) is an intervall in R for every j € {1,...,2M} and
— the smallest o-algebra generated by {Ci(l), e CZ-(2M)} contains {Agl), . ,AEM)} .

For any i € {1,...,n} such that f; fulfills (a), this follows immediately from (5.37).
Now, take any i € {1,...,n} such that f; fulfills (b). Then, the definition of AEJ) and

convexity of f; implies that A§j ) is the union of two intervals C’i(j ) and Ci(Qj ) for every
je{l,...,M}. The same is true in case of (c).

Next, note that the number of elements of each partition {C’i(l), e 702(21\4)} is bounded
by

1
2M < 2-[1+ —-sup
€ 0€o

sup f; —inf f;
d;

€7y

Finally, Proposition 5.16 follows from the following simple fact:
Let Dgl), e ngl) and Dél), o Démz’) be two partitions of an interval in R such that

every ng ) is an intervall. Then, there is a partition Dy, ..., D, such that every ng ) is
the union of some elements of {D;, ..., D,»} and the size 1’ of this partition is not larger
than m; +2-ms. O

In the situation of the above example with n = 10, this leads to the upper bound

4-10- (14+57-10-57) ~ 4-10°
which is a more reasonable size than the above ones. In particular, bound (5.51) has the
remarkable property that it increases only linearly(!) in n, the number of functions. On
the one hand, Proposition 5.16 itself covers many situations in real applications. On the
other hand, it demonstrates, that applying the presented discretization procedure will
often lead to a reasonable size r of the discretized sample space.

Furthermore, there is another way to reduce the size of the discretized sample space

(X,A), which is different from the others and relates to the results of Section 5.2. In the
presented discretization method, an imprecise model (Qy)geo is constructed such that

Pilf] < Q)lfi] < Pylfil+ (supfi—inff)  Vie{l...n} (5.52)
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However, ¢ can be large and then, it will not be possible in most applications to specify
the “correct” coherent upper prevision in such a great precision that the value

gid; = E(SUP fi— il’lffz‘)
c

becomes meaningful in (5.52).
Therefore, it may be justified to relax (5.52) to

F;[fi] < Qulfi] < ?;[fi] +e(sup f; — inf f;) Vie{l,...,n} (5.53)

This means, that M is not chosen in order to fulfill (5.37) in the discretization method.
Instead, M has to be chosen so that

1
M-1 < - < M
g

Then, analog to (5.51), an upper bound on the size r would be

4on. (1 i é) (5.54)

and the above example would lead to
4-10- (14 55) = 440

This is a reasonable size with which computations should be tractable. Note that bound
(5.54) does not depend on the size of © and only depends linearly on the number of
elements in IC. Therefore, also larger problem than the above example should be tractable.
Relaxing (5.52) to (5.53) can often be justified and leads to more conservative results.
However, note that, by doing this, e-optimality is not guaranteed anymore according to
the results in Section 5.2.
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Chapter 6

Application: Minimum distance
estimation

6.1 Introduction

The present chapter is concerned with an application of statistical decision theory —
namely estimating, which is, in addition to hypothesis testing, one of the most important
issues in statistics. While hypothesis testing under imprecise probabilities has been ex-
tensively studied — especially by T. Augustin in (Augustin, 1998) and (Augustin, 2002) on
base of the Huber-Strassen theory !, estimating a parameter has hardly been considered
explicitly within the theory of coherent upper previsions so far. There are a few articles
which are concerned with it in Bayesian models (primarily associated with Walley’s Im-
precise Dirichlet Model), e.g. Walley (1996), Quaeghebeur and de Cooman (2005), Hutter
(2008) and Walter and Augustin (2008). In addition, there are a few articles which ad-
dress very special applications, e.g. Kriegler and Held (2003) (climate projections) and
Bickis and Bickis (2007) (prediction of the next influenza pandemic). However, there does
not seem to be any publication which is concerned with general frequentist estimation of a
parameter using coherent upper/lower previsions. > Therefore, the present chapter cannot
be restricted to the sole investigation of the proposed minimum distance estimator but
also has to develop some fundamentals of (frequentist) estimating under coherent upper
previsions at first. This is necessary the more so as the minimum distance estimator
is associated with the empirical process (which needs a somewhat more elaborated set-
ting) and is justified by asymptotic arguments (but an elaborated asymptotic theory of
imprecise probabilities is still missing).

In the spirit of Wald (1950), an estimation problem may be defined in the following way:

Take the decision space to be equal to
(]D> D) = (@a 26)

and let X R
W : 0x06 — R, (0,0) — Wy(0)

Isee also Augustin (2002) for a review of the work following Huber and Strassen (1973)

’In a somewhat different setting, Cozman and Chrisman (1997), Fierens and Fine (2003) and Régo
and Fine (2005) also consider estimation problems where coherent upper previsions are interpreted in an
objective, frequentist way. However, they do not consider the estimation of a parameter in an imprecise
model (Py)geco but the estimation of a totally unknown credal set M .

151
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be a loss function such that (Wp)seo C Loo(©,2°). Then, a decision t = § € © =D is
called estimation of the true parameter 0 ; (randomized) decision functions on (X, A’) are
called estimators and the performance of estimators is evaluated by their risk functions.

Though statistical evaluations are usually not based on one single observation x but on
several or even many observations ¥, ..., ¥, , this is also covered by the above formaliza-
tion. In mathematical statistics, all observations are commonly treated as one observation
by putting

T = (y17-~~7yn)

Accordingly, it is assumed that X is a suitable product space
X =)y, y; €Y Vie{l,...,n}
and that the (precise) distribution of the data is a product probability measure
7= Qp

In this way, it is often possible to treat several observations as one single observation.
Therefore, it is enough without loss of generality to take only one single observation into
account. An analog proceeding is also possible in case of imprecise probabilities:

To this end, let the coherent upper prevision ), be the imprecise distribution of the
observation y; € ) and let Ny denote its credal set. Then, there are several different
possibilities of defining independent products of coherent upper previsions Q5. One of the
most common definition of such a product is the so-called type-1 product. According to
this definition given by (Walley, 1991, §9.3.5), the product is the coherent upper prevision
ﬁ; which corresponds to the credal set

My = clco{Q1®--®Q, | QieNy Vie{l,... ,n}} (6.1)

By doing this, estimation problems under imprecise probabilities may simply be treated
as special cases of data-based decision theory under imprecise probabilities. This is true
from a theoretical point of view but severe problems will arise in applications because
the complexity of the above credal set M), drastically increases with the number of ob-
servations. Therefore, Mj may be computational tractable for n = 10 but it will rarely
be tractable for n = 50 or larger numbers of observations. In case of hypothesis testing,
this has already been discussed in (Augustin, 1998, §4.1.4 and §6.1.2). At least in case
of hypothesis testing, this problem can sometimes be avoided: In the presence of globally
least favorable pairs, the complexity of the testing problem does not increase with the
number of observations; cf. (Rieder, 1974, Satz I1.B.4), (Witting, 1985, Satz 2.57) and
(Augustin, 1998, §6.1.2). Least favorable pairs have attracted much attention after the
publication of Huber and Strassen (1973). However, it has also been shown in Huber and
Strassen (1973) that globally least favorable pairs only exist in case of two-alternating
capacities which are very special cases of imprecise probabilities. Confer Augustin (1998)
and Augustin (2002) for a detailed review (including many references) of this so-called
“Huber-Strassen theory”. In case of more general imprecise probabilities, Augustin (1998)
considers local least favorable pairs.®> Though this local concept is similar to the global

3The least favorable models considered in Chapter 4 are a generalization of these local least favorable
pairs.
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one, it is not known if and in how far it can be used in order to reduce the increase of the
computational effort relating to the type-1 product

p = clco{Q® - ®Q, | QieNy Vie{l,....,n}}

if the sample size n increases. * 3

Instead of the type-1 product, the type-2 product is used in the following. Here, X

is not assumed to be a product space X = Y". Accordingly, = does not represent all

observations but z is really only one single observation which is distributed according to
-/

some coherent upper prevision P,. If we have a number of such observations

xle)(,...,xne)(

we have to consider the product space X" . Using the type-2 product corresponds to the
assumption that the vector (z1, ..., x,) containing all observations is distributed according
to some

Pp®---® P, P, e M,

where M), denotes the credal set of ?lg .5 Imprecise probabilities may be interpreted in
different ways but note that the type-2 product is only compatible with the interpreta-
tion of sensitivity analysts. Accordingly, the type-2 product is commonly used in robust
statistics.

The definition of the type-2 product is recalled and reformulated in terms of random
variables in Subsection 6.2.1. Such a reformulation is necessary because the proposed
minimum distance estimator is associated with the empirical process. Therefore, the
investigations need a rather elaborated setting which is based on random variables and
image measures. These are fundamental concepts in classical statistics which, initially,

4See (Augustin, 1998, p. 238ff).

5In addition to this problem, the use of the type-1 product in estimation problems is also handicapped
by some more issues:

A lot of current research in statistics is based on simulations. Though simulations are completely
useless in order to assure good properties of statistical methods, they can often provide valuable insight
and intuition into the behavior of the statistical method in real applications. However, it is not clear
what simulating means within the theory of imprecise probabilities. Especially, this seems to apply to
the above product model. Theoretical investigations and a practicable guideline for “good” simulations
are still missing at the moment. Such simulations should be able to broadly cover the manifold aspects of
the above product model — otherwise they will commonly fail at providing valuable insight. The meaning
of simulating within the theory of imprecise probabilities has also been discussed in a session at the
Workshop on Principles and Methods of Statistical Inference with Interval Probability, Durham, 12-16
May 2008.

Next, asymptotic properties are also important criteria for the evaluation of statistical methods but
an asymptotic theory of imprecise probabilities which applies to the above product model has not been
developed yet.

Finally, at least for sensitivity analysts, the so-called type-2 product seems to be a better approximation
of the real world in most applications than the type-1 product.

Of course, the latter point depends on the situation and touches philosophic discussions. Note that the
other points do not argue against type-1 products in general! Instead, they are intended to indicate that
a lot of research has to be done before statistical methods based on type-1 products can be developed,
proven to have good theoretical properties and applied in real applications with reasonable numbers
of observations. However, these things seem to be already possible for type-2 products — which is the
purpose of the following Sections.

6Cf. e.g. (Walley, 1991, §9.3.5) and (Couso et al., 1999, §3.6).
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should be carried over to statistics with imprecise probabilities. After this, Subsection
6.2.2 is concerned with an ad hoc method of discretizing the parameter space © which
may serve as a “less-than-ideal solution” if modeling yields an inifinte parameter space ©
— confer Subsection 5.4.1.

The minimum distance estimator is defined in Section 6.3. In short, the estimator is based

on the following simple idea: The data =z, ..., x, — which are independent identically
L . o= . ..

distributed according to a coherent upper prevision P, — are used to build the empirical

measure
1 n
P — — O,

Then, the minimum distance estimator is that 6 € © such that P™ lies next to Mg where
My, denotes the credal set of F; for every 0 € ©.

Though such minimum distance estimators can be defined for any coherent upper previ-
sions, the investigations in the present chapter are based on the following crucial assump-
tion on the credal sets: It is assumed that every credal set is given by

My = {Pjebal(X,A) | PfI<Pylf] Vfek}, 0€0

where K C Loo(X,A) is a finite subset of L (X, .A") which does not depend on 6.

On the one hand, such credal sets are important in practical applications (cf. p. 161). On
the other hand, this assumption guarantees good asymptotic properties of the estimator
(Section 6.4) and enables an efficient implementation (Section 6.5).

In fact, the asymptotic properties turn out to be even better than in case of precise
probabilities: Though the total variation norm is used, it is shown in Section 6.4 that —
based on this norm — the distance between the empirical measure and the correct impre-
cise probability converges to zero. This is not necessarily true for precise probabilities.
Furthermore, it is shown that the rate of convergence is at least of order

0 (ln In n)
Vn

— a rate which is known in connection with the strong law of large numbers for precise
probabilities. It follows from these results that the proposed minimum distance estimator
is consistent.

Next, Section 6.5 is concerned with the implementation of the estimator. In Subsections
6.5.1 and 6.5.2, an algorithm for calculating distances between the empirical measure and
coherent upper previsions is developed and its correctness is proven. These evaluations
rely on the results obtained in Chapter 5. It is shown, that — after a suitable discretization
— the distance can be calculated by a linear program. Fortunately, this linear program only
modestly increases with the number of observations and, as a consequence, the minimum
distance estimator can also be calculated for many observations. E.g. in Section 6.6,
the estimator is applied in a simulation study with 500 runs and 10000 observations in
every run. The estimator has been programmed in R and is already publicly available
as R package “imprProbEst”; cf. Hable (2008a). Section 6.6 presents applications of
the estimator in three different models and the numerical results demonstrate that the
minimum distance estimator is practicable (due to often exceedingly high computational
costs, this is not self-evident within imprecise probabilities) and yields good results in
comparison with estimators developed for precise probabilities.
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The present chapter shows that it is possible to successfully work with the imprecise mod-
els (6.1) even though these models are quite extensive. In particular, these models are
much more extensive than parametrically generated imprecise models. It is not investi-
gated here in how far the complexity of models (6.1) can be reduced by applications of
the concept of “sufficiency” defined in Subsection 3.3.2. Though it has been shown in
Subsection 3.3.2.2 how sufficiency can be used in order to deal with parametrically gen-
erated imprecise models, more advanced applications would have been out of the scope
of the present book as the definition of sufficiency only resulted as a welcomed byproduct
from the investigations in Chapter 3.

Minimum distance estimators have already attracted attention in robust statistics 7 but
our setup considerably differs from those ones usually used in robust frequentist estima-
tion. In particular, the credal sets in (6.1) are not in accordance with common neighbor-
hood systems. There, it is assumed that the observations are approximately distributed
according to a known ideal precise model. As a consequence, concepts which are common
in robust statistics (e.g. influence functions) cannot be applied ofthand in the theory of
imprecise probabilities.

6.2 Estimation in an imprecise probability model

6.2.1 Independent observations and random variables

In a classical estimation problem, we have a parametric family (P;)gce of precise proba-
bility distributions on a sample space (X,.A"). The task is to estimate the true parameter
0y € ©. Most often, it is assumed that the estimation can be based on a whole set of
data

X1, oo, Ty € X

which are independent identically distributed according to the true distribution P . That
is, the vector x = (z1,...,x,) consisting of all observations is distributed according to
the product measure Pj " .

In a (more realistic) imprecise probability setup, it is natural to replace the precise model
(P})pco by an imprecise model (F;)Qee which consists of coherent upper previsions FIQ.
Hence, it is assumed that the data

X1, oy Ty € X

are independent identically distributed according to the true F/@O or — in other words —
the vector x = (z1,...,x,) consisting of all observations is distributed according to a

coherent upper product prevision I_Dlefn .

As stated in the introductory Section 6.1, there are several different ways to define such
products of coherent upper previsions. In the following, the type-2 product® is used which
corresponds to a strict sensitivity analyst’s point of view. This product prevision is defined
to be that coherent upper prevision

—/Qn

P, EOO(X”,A@H) — R

_ "See e.g. Parr and Schucany (1980), Millar (1981), Donoho and Liu (1988), (Rieder, 1994, §6) and
Oztiirk and Hettmansperger (1998)
8cf. (Walley, 1991, §9.3.5)
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which has credal set
cleo{ P} | Ppe My}

where Mj denotes the credal set of ﬁ; .

Though this definition of the type-2 product is commonly used, it is not enough elaborated
for the following investigations. This is because the minimum distance estimator is based
on the empirical measure and, therefore, we have to deal with stochastic processes. In this
context, a detailed mathematical formulation of the setup is necessary. This is done by use
of random variables and image measures in classical probability theory and mathematical
statistics. In the following, it is shown how this formalization can be adopted for imprecise
probabilities.

Firstly, let us recall the classical setup: There, a random observation or data point xy in
a set X is mathematically formalized by a map

Xo: Q = &, w — Xo(w)

where (2 is a fixed set which is rarely specified more closely. There are a fixed o-algebra F
on 2 and a fixed o-algebra A’ on X and it is assumed that X, is measurable with respect
to these o-algebras. Xy is called random variable.

Next, it is assumed that an unspecified event w has randomly happened which, by (de-
terministic) physical principles, has led to the observation

o — Xo(u})

The events w € 2 are distributed according to a (precise) distribution U or a (precise)
distribution Uy on (2, F) where 6 is an unknown parameter.

Let A" € A’ be a measurable subset of X. Then, the probability that the observation xg
lies in A" is equal to

Up({w € Q| Xolw) € A})

That is, xq is distributed according to the precise probability measure
PoA 0,1, A Ug({w € Q| Xo(w) € A’}) (6.2)

This defines a (precise) statistical model (Pj)gce for the observation zy. P, defined by
(6.2) is called image measure of Uy under X, and is denoted by Py = X,(Up) .
A whole set of observations/data w1, ..., x,, is modeled via several random variables

X, Q- X, ied{l,...,n}

Accordingly, it is assumed that the (unspecified) event w € Q has led to the observa-
tions/data

r, = Xl(w), e, Iy = Xn<W)

The random variables
X, Q- X
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are called independent identically distributed with respect to Uy if their joint image measure
is equal to the product of the single image measures and these image measures coincide:

X1
W) = XiU) @@ X (Up) = B
Xn
Now, let us turn over to imprecise probabilities again: Due to our sensitivity analyst’s
point of view, it is assumed in the imprecise probability setup that there is a coherent
upper prevision Uy and the distribution Uy of the events w €  is unknown and can be
any element of the credal set Uy of Uy .

Analogously to the ordinary image measure, we can define the image of a coherent upper
prevision:

Definition 6.1 The upper coherent prevision F; on Loo(X, A") which corresponds to the
credal set

M/9 = {Xo(Ug) } Uy GU@} (63)
is called image of Uy under X and is denoted by
Py = X(Uy)

Lemma 6.2 below shows that this is defined well. That is, the image of a coherent upper
prevision is again a coherent upper prevision. This provides a nice generalization of
classical probability theory which is based on the fact that the image of a probability
measure is again a probability measure.

In this way, we get an imprecise model (F/@)ge@. Since Uy is any element of the credal
set Uy , the distribution of the observation xy modeled by the random variable X is any
element of the credal set Mj . The essential difference to the precise setting is the that,
given @, the true Uy € Up and, accordingly, the true Py € M} are totally unknown.

Lemma 6.2 M, defined by (6.3) is a credal set on (X, A’).

Proof: The map
E: ba(QF) — ba(X,A), v &)

defined by

EW)(A) = v(X5'(A))
is linear and continuous with respect to the L£,(£2, F)-topology on ba(2, F) and the
Lo (X, A')-topology on ba(X, A’). Together with

g(baq(ﬂ,f)) C bat(x,A)

this implies that &(Up) is a convex and L, (X, A’) - compact subset of ba® (X, A"). Ac-
cording to Corollary 2.16, £(Uy) is a credal set and the definitions imply

EUs) = My
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Just as in the precise case, it is assumed that the random variables
X, Q- A, ie{l,...,n}

are independent identically distributed. That is, the joint distribution of observations is
equal to

X1
: Us) = Xi(Up) @+ @ Xa(Up) = B
Xn
Since Uy may be any element of Uy, the distribution of the vector x = (z1,...,z,) con-

taining all observations may be any element of
Ny = {P"| Pje My}

This set of product probabilities defines a coherent upper prevision

Py Lo (XA - R, ¢ —  sup B[]

PyEmeN;
According to Proposition 2.15, the credal set of this coherent upper prevision is equal to
cleo{ P} | Pje My}

so that, in fact, we end up with the usual type-2 product of coherent upper previsions
again.

Note that the credal sets Mj may also contain probability charges which are not o-
additive. Products of probability charges such as Pe’®" are defined according to (Konig,
1997, Proposition 20.4). However, these products are not defined on the product o-algebra
A"®" but on the (usually) smaller product algebra denoted by A’®". This is the smallest
algebra on X" which contains all rectangles

Al x ..o x A c a" where A, oo A e A

That is, F’fm is defined on the product algebra A’ o at first. Next, F;(m can be extended
to a coherent upper prevision on the usual product o-algebra A’®" by natural extension.

6.2.2 Discretizations in estimation problems

As argued in Subsection 5.4.1, discretizing the parameter space © may be considered as
part of modeling in estimation problems because coarsening © also means to change the
purpose of the estimation problem and this change of the purpose is desirable from the
point of view of the theory of imprecise probabilities; confer Subsection 5.4.1.

Modelers will nevertheless often produce an infinite parameter space © . Therefore, an ad
hoc method for discretizing © is developed in the following:

Let © be any index set and (Pj)gco be an imprecise model on a sample space (X, A').

For every § € O, let Mj, be the credal set of P, on (X, A).
In order to discretize O, let

H = {H, ..., Hy}
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be a finite partition of ©®. Now, the parameter set in our estimation problem is H and
we want to estimate the true H € H. This is the set H € ‘H in which the true parameter
0 lies. That is, we do not want to discriminate between different elements #; and 6y of
one H any more. In this sense, the estimation problem gets coarser. The (upper) risk
function depending on H € H is canonically defined by

H — R, H +— sup sup //Wg(é) 7.(d0) Pj(dx) (6.4)
xJe

0€H PjeM,,

where (Wp)geo C Loo(O,2°) is a loss function and 7 is a (randomized) decision function,
i.e. an estimator. Since we do not want to discriminate between different elements 8, and
05 of one H, it is natural to choose a loss function which does only depend on H and not
on the specific 6; that is, we have a loss function

(Wr)aen C Lo(H, 2H)

Furthermore, the decision space changes from © to H and the risk function becomes

H — R, H — sup sup //WH(f[)Tx(df[)Pe’(dx) (6.5)
x Jn

0eH Pjc M
for an estimator 7. Next, put

MYy, = cleo UM;, VHcH

0cH

where clco denotes the convex Lo (&X,.A’)-closure. That is, M’ is the credal set of the

coherent upper prevision ﬁIH defined by

F;{ : Lo(XA) - R, f sup]_D;[f]

0cH

According to Lemma 8.29, the risk function defined by (6.5) is equal to

H >R, He sup /X /H Wi (H) 7 (dE) P(dz) (6.6)

PyeMy

ag/i this function exactly coincides with the usual risk function defined in Section 3.2 if
(P ) mer is our imprecise model. That is, discretizing © naturally leads to the imprecise

model (P;I) Hen , where H is a finite index set.

Of course, a thoughtless application of this discretization may lead to very bad results.
This is because discretizing © means that we do not want to discriminate between different
elements 0; and 6, of one H and, therefore, it is crucial to choose a sensible partition of ©
in order to get sensible results — the more since choosing a partition of © means choosing
the statistical purpose.

So far, this method can be justified well. However, problems arise in applications since it
is a necessary assumption for the applications presented in the present book that credal
sets are given by a finite number of restrictions; cf. e.g. (5.30). However, even if there is
a finite set K C Loo(X, A’) such that

My = {Pyebal (X, A)| BIf] <Pylf] V[ek}
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it does not seem to be clear if assumption (5.30) is fulfilled for M’; which would be
necessary to successfully work with M/, in our applications. An ad hoc solution of this
problem is to use the credal set

My = {Py e bal(X, A) | Pylf] < Pylf] VfeKk}
as an “approximation” of My . It is easy to see that
My c My

After that, (X, A’) may be discretized according to Subsection 5.4.2 where the index set
is given by H.

6.3 A minimum distance estimator for imprecise mod-
els

In short, we are faced with a random sample
L1y «ovy T

from a precise distribution Pj which is unknown. It is only known that P} is contained in
a credal set Mj,. The parameter 6 is also unknown and should be estimated.
The idea of the presented minimum distance estimator is very simple:

The data x1, ..., x, are used to build the empirical measure

n) __ 1 -
P()_ﬁ;(sxi

Then, the minimum distance estimator is that 6 € O such that P™ lies next
to Mj. That is, we calculate the distance between P™ and M), for every

0 € © and pick that 6 where the distance is minimal.

This estimator will not be optimal in the general decision theoretic setup and the present
section fails to proof any optimality result — the present section even does not make any
attempt to derive such an optimality result. Admittedly, this is criticizable since, as a
rule, every promoted statistical procedure should be justified by an appropriate optimality
criterion.

On the other hand, even small numbers of observations (e.g. n = 10) usually lead to
models which are so extensive that calculating optimal estimators is excluded because
of exceedingly high computational efforts — at least as measured by the present state of
research. So, the best that we can hope for at the moment are optimal estimators which
cannot be calculated or estimators which can be calculated and behave reasonably well.
The purpose of the present section is to develop such an estimator which can be calculated
in real applications. The proposed minimum distance estimator fulfills this practical need
in many situations. Furthermore, the asymptotic results of Section 6.4 confirm that the
estimator behaves reasonably well in terms of asymptotic statistics, and the simulation
study in Section 6.6 demonstrates its applicability.
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In order to define the estimator in a mathematical rigorous way, the setup developed in
Section 6.2 is used:

Let Q be a set with o-algebra F and X be a set with o-algebra® A’. Let © be any index
set. There is no need to assume finiteness of © at the moment — such an assumption will
only be used for concrete computations in Section 6.5.

Let (Ug)geo be an imprecise model on (€2, F) with corresponding family of credal sets

(Up)pco - The observations xy, ..., x, are modeled via random variables
X, Q — X, ied{l,...,n}
It is assumed that X, ..., X, are independent uniformly distributed with respect to an

unknown probability charge Uy € Uy .
Therefore, we have an imprecise model (Pj)pco on (X, A") with corresponding credal sets

My = {X(Up) | Up €Uy}, HcoO;

and the random variables
X17 cee Xn ~iid. Pel

are independent identically distributed according some precise distribution P, which may
be any element of the credal set of F; . The task is to estimate the unknown parameter

feco.

The following fundamental assumption is made:

Assumption 6.3 There is a finite subset K = {f1,..., fs} C Loo(X, A") such that
My = {Fjebal(X, A)| Ff]<Pf] V[ek} (6.7)
for every 6 € © . Furthermore, it is assumed that

Pylf] = Pylf] > 0 Viek (6.8)

where P}y is the corresponding lower coherent prevision. '°

Such assumptions have also been made in Subsection 5.4.2. As has already been stated
there, these assumptions can be justified as follows: Practitioners will very often only
be able to specify concrete upper previsions for a finite number of functions and this
directly leads to models satisfying Assumption (6.7). In particular, this will often be true
for expert systems. There, it is a natural proceeding to ask some experts about their
prevision (or expectation) on some specific events, experiments, gambles, assets etc. —
and this can only be done for a finite number of such objects.

Furthermore, Section 5.2 tell us that using models of form (6.7) which violate (6.8) is
dangerous because these models are potentially most instable. Therefore, those models
which violate (6.8) generally should be avoided anyway.

9In order to derive asymptotic results later on, some parts of the investigations are concerned with
o-additive probability measures and, therefore, we have to consider o-algebras. This does not provide
difficulties because an imprecise model on an algebra can always be extended to an imprecise model on
a o-algebra by means of a natural extension.

0 That is, Py[f'] = inf Pj[f
at is, Py[f] PélélMé of']
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Note that these assumptions rule out classical probability measures. One of the main
goals K. Weichselberger had when he developed his theory of imprecise probabilities (F-
probabilities) was: “As a special case, classical probability must fit into this theory.”
' This means that — as a fundamental property — every probability measure is also an
F-probability (and a coherent upper prevision). However, F-probabilities and coherent
upper previsions which fulfill the above assumptions cannot coincide with probability
measures. Accordingly, the following investigations do not apply to classical probability
theory as a special case. That is, we deal with a strictly imprecise setup. As will be
seen, this turns out to be an advantage here because the minimum distance estimator
is based on the total variation distance. While working with total variation distances
provides some difficulties in classical probability theory these difficulties cannot occur in
our strictly imprecise setup; cf. Section 6.4.

Now, it is possible to define the empirical measure in this setup. The empirical measure
P(™ is the map

1 n
P — baj(x, A PO = = Oy
- al( 7“4 ) ) w = I, n ; Xi(w)
where ¢,, denotes the Dirac measure in x; € X'. Note that
. 1 < 1<
EO] 2 Q= R, we =) ] =~ f(Xw)
i=1 i=1

is a (bounded) random variable for every f’ € L, (X, A’) and
Ax A - R, (w,A4) — P[]

is a Markov kernel.
The following notation will also be used: For every z = (x1,...,x,) € X", the probability
measure on (X, A’) defined by

PO = LS () VF € Ll X, A)
=1

is denoted by P .

In order to define a minimum distance estimator, we have to choose a suitable notion of
—
“distance” between a measure Pj and a coherent upper prevision P on (X, .A’) now.
Appropriately to the sensitivity analyst’s point of view, the distance will be defined as
inf d(P}, P’

PleM (Fo, P')
where d is a suitable metric on ba® (X, A’).
Since bounded charges 1/ € ba(X,.A") are mainly regarded as bounded linear operators
on L (X, A") within the theory of imprecise probabilities, it seems to be most natural to
choose the operator norm for d; that is,

P/ n _ P/ 1
d(P,,P) = |P,—P| =  sup | B3l f'] / 1]
FrELoo(X,A) 11

1 (Weichselberger, 2000, p. 149f)
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and we put

v P I pl
|B =Pl = it 15— P| (6.9)
Though this is not a norm (because of the different roles of P} and F,) this notation is

sensible. Particularly, in the special case that Pisa precise prevision (i.e. a probability
charge), the definition in (6.9) reduces to the usual operator norm in ba(X’, A’).

Next, the minimum distance estimator can be defined: The minimum distance estimator
0 is

. i (n) _ P

g, X" — 0, T argrerélg”]P’m” P(,H
Recall from Section 2.3 that the operator norm in ba(X’, A’) is equal to the total variation.
Therefore, the minimum distance estimator is based on the total variation norm. As
shown in the following section, the annoying properties of the total variation norm with
respect to the empirical measure in classical statistics completely disappear in the above
developed setup based on imprecise probabilities.

6.4 Asymptotic properties of the estimator

The setup and the notations of Section 6.3 are still valid. The present Section pro-
vides some theoretical justification of the minimum distance estimator defined in Section
6.3. This justification solely relies on asymptotic arguments. In order to apply such
arguments, o-additivity becomes important. Therefore, it would be desirable that the
coherent upper previsions were even upper expectations because, for upper expectations,
considering o-additive probability measures is sufficient in most situations; confer Section
2.4. Fortunately, coherent upper previsions which fulfill (6.7) and (6.8) are always upper
expectations (cf. Section 2.4). This is the content of the following proposition:

Proposition 6.4 Let Py be the lower coherent prevision which corresponds to F;. As-
sume (6.7) and (6.8).
Then, F; s an upper expectation, i.e.

My Necat (X, A)
is dense in My with respect to the Loo(X, A") - topology.

Proof: Fix any P € M}, any f) € L(X,A") and any € > 0. Then, it is enough to
show that there is a P, € MjNcaf (X, A’) such that

FPLfol > Flfol —¢ (6.10)
because this implies
sup { Pyl fol | Py € Myncal (X, A)} = Pylfy]

See also Proposition 2.21.

Put
K = {fla"'?fs}
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Assumption (6.8) implies that, for every i € {1,..., s}, there is some P/ € Mj such that
Ff] < Pylf]] (6.11)

7

Put
P, = (1-a)P)+ ZP’

for a = ANl e (0,1].
Al (©.1]

Of course, convexity of My implies P., € M} but, even more,
Filfil = (1-a)Rlfi]l+ ZP’ i
SR AT +;<P;[fj] (s - 1>F;[fj1) <
(6.11) — QO [—r — —
< =Pl + (Pl + (s = DPIA]) = Pl
Hence,
co = min{ =, Pylfil = PAlA), ., PRl = PilA] ) > 0

Furthermore,
P =Bl < ol RN+ 5 SoIRL] <

(6.12)

Do ™

a S
< allfell + - X Ifell = 20l ) <
j=1

For every j € {1,...,s}, put
Aj : ba(X,A) — R, W= ]

and put
Ao : ba(X, A) — R, 4 w— J[f]

Since these maps are L, (X, A’) - continuous,
— ﬂA;1<( — 00, P[fj] +eo)) N A61<(P(;[f0’] — €0, oo))
j=1

is an L (X, A")-open neighborhood of P! and, therefore, Theorem 2.11b) implies the
existence of some
P! € Byncal(Xx,A)

Hence, it follows from

PIf] < Pif)+eo < P+ (Polfy) — PLf)) =

— i
= Pylfj] Vied{l,... s}
that P, € M, Ncaf (X, A"). Furthermore,
17 op! /Tl (6.12) 7ol € € 17l
Pllfo] > Pilfol —e0 > Po[fo]_§_§zpo[o]_5
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The following example shows that assumption (6.8) cannot be omitted:

Example 6.5 Put X = (0,1] and let A’ be the Borel-o-algebra on (0,1]. Let K = {fi}
where
fi: (0,1] — R, r — fi(z) =2

and take .,
Polfi] =0
It is not obvious that this is defined well because this is equivalent with the existence of a
probability charge P} € bal (X, A’) such that
Blfi] = 0 (6.13)

and (6.13) is very strange — at least for readers who are used to o-additive probability
measure — because fy is strictly positive! In particular, note that (6.13) implies

Py((e,1]) =0 Ve>0 but Py((0,1]) =1

So, where does Py put its mass on?

It is shown now, that such a probability charge Py really does exist. Obviously, P, cannot
be o-additive. According to (Hoffmann-Jorgensen, 1994a, p. xzzvii), the existence of a
probability charge on a o-algebra which 1s not a o-additive probability measure is equivalent
to a certain form of the axiom of choice and, therefore, it is clear from the first that the
following proof will need this form of the axiom of choice.

It 1s easy to see that
T: {afi| aeR} - R, f = T(f) =0
is a (norm-)continuous linear operator such that

T(f") < supf’ Vf’e{a-f1|a€R}

Therefore, it follows from the Hahn-Banach Theorem (Dunford and Schwartz, 1958, The-
orem I1.3.10) that T' may be extended to a continuous linear operator on Lo (X, A") such
that

T(f) < supf' V[ € Loo(X, A

and Theorem 2.4 implies the existence of a bounded charge 1/ € ba(X, A’) such that
Wi = T VI € Lo(X,A)

FEspecially, p'[fi] = 0. It only remains to show that p is even a probability charge. This
follows from

/L(Al) = —T(—[A/] Z —sup(—IA/) Z 0 VAIEA/
and
1 = —SUP(—[X) < —T(—Ix) = p(X) = T(lx) < suply =1
That is, Py = w is a probability charge which fulfills (6.13).

Though the above mentioned certain form of the axiom of choice is not visible in the proof,
it has nevertheless been used — it is associated with the Hahn-Banach Theorem.
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As already mentioned in Section 6.3, the use of the total variation norm together with
the empirical measure is not unproblematic in classical statistics. For example, consider
a random sample from a standard normal distribution

X1y ooy X ~ia N(O, 1) =P
Recall the notations
P = liax. and PM = 1i5X.( ) Ywen
n =1 l ? n =1 o

for the empirical measure. Then, several distances d provides the desirable property that

d(PM,P) —— 0  P(dw) — as. (6.14)
This is e.g. true for the Kolmogorov-Smirnov distance and the Cramér-von Mises distance;
however, it is not true for the total variation norm. In order to see this, fix any w €
and put

f X — R, T +— I{Xl(w) ,,,,, Xn(w)}(x) - IX\{Xl(w) ,,,,, Xn(w)}@)
Then, we have P [f] =1 and P[f] = —1 and, therefore,
|P™ —P|| = 2 VneN Vwe

which is the worst possible violation of (6.14). However, Theorem 6.6 below states that
this annoying difficulty totally disappears in the imprecise probability setup summarized
in Section 6.3. If we replace P by a coherent upper prevision P satisfying assumptions
(6.7) and (6.8), we get

[P -PF|| —— 0 P —as’ (6.15)

n—oo

for every probability measure P in the credal set of P. In (6.15), writing a.s.* instead
of a.s. indicates that there may be some problems concerning measurability because, in
general, the map

_ P[] — Pf
w HIP’L(U”)—P/H = inf sup } ] - [fH
PleM’ prep (X, A 1]
is not measurable.

In order to stay mathematically rigorously, consider the following notations which are in
accordance with the setup in Section 6.3:

Let Uy be a probability measure on (€2, F) and let
X, Q— X, ied{l,...,n}

be random variables which are independent identically distributed with respect to Uy . It
is assumed that the image
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is any element of the credal set M’ which belongs to a coherent upper prevision P on
Loo(X,A"). Of course, Py does not depend on i then. Again, we assume the validity of
(6.7) and (6.8). That is, the credal set M’ is given by
M = [P ebaf(x,A)| P[f]<P|f] VfeK} (6.16)
where K = {f1,..., fs} is assumed to be a finite subset of L..(&X,.A’") and
Plfl-FPlf] >0  Vfek (6.17)

More precisely, (6.15) means

B P || —— 0 Up(dw) — as. (6.18)

where w — ||]P>5,") - FIH denotes the map

_ Sy [(X(w)) — P[f
Q — R, w +— inf sup

PleM’ prep  (x,A) 1]

Taking the measurability issues indicated by the asterisk in a.e.* into account, (6.18)
precisely means:

There is a sequence of A’/R - measurable random variables

A, Q — R, w — Ay (w)

such that
[P —P|| < Au(w) VYweQ VneN
and
A, —— 0 Uy — a.s.

Confer e.g. (van der Vaart, 1998, §18) or (van der Vaart and Wellner, 1996, §1.9) for this
definition of almost sure convergence of unmeasurable maps.
Now, the already pronounced theorem can be formulated:

Theorem 6.6 In the setup of the present section, assume that

Uy € cal(9,F) (6.19)
Let P be a coherent upper prevision with credal set M’ such that

Py = Xi(Uy) € M

Assume that M' fulfills (6.16) and (6.17).
Then,
HPSJ") —F’” — 0 Up(dw) — a.s.”

n—oo
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The proof of Theorem 6.6 needs some preparations which are even interesting from its
own: Lemma 6.7 provides a different description of the distance

IS — P

and Proposition 6.8 provides a bound on this distance which does only depend on the
values

PSP and PUA] for i€ {L,...,s)
This is a nice property for practical applications because these values are already known
or can easily be calculated. In particular, Proposition 6.8 is important for the practical
implementation of the minimum distance estimator because it will follow from Proposition
6.8 that the proposed algorithm is correct.

Lemma 6.7 Let Q) be a coherent upper prevision on L (Y, B) with corresponding credal
set N on (Y, B) and let Qg be a propability charge on (Y, B) .
Let G be a subset of Loo(V,B) such that

o (I is convex
e g G = —geG

e G is bounded: supl|g| < oo
geG

Then,
C5nf sup |Qo[g] — Qlg]| = sup Qolg] — Q[g] (6.20)
geG geqG
In particular, B
foo-0ll = _sp Q-2
9€Loo(V,B) g

That is, the distance HQO — @H exactly coincides with the operator norm if we consider

Eoo(y78) - R, g = QO[Q] _Q[g]
as a (non-linear) operator.

Proof of Lemma 6.7: Equation (6.20) obviously coincides with

énf Sup‘Qo Q[g” = sup 1n/fv Qolg] — Qlg] (6.21)

N geG geG Qe

In (6.21) the inequality “>7” is trivial and, therefore, it only remains to proof the in-
equality “<” in (6.21).

In order to prove this, firstly, fix any @ € N and any gy € G. In case of Qg[g0] > Q|g0],
we have

‘Qo[go] - Q[QOH = Qolgo] — Qlgo] < sup Qolg] — Q9]

geG

and in case of Qo[go] < Q|go], we also have

‘Qo[go] — Qlgo]| = Qol—g0] — Ql—g0] < sup Qo[g] — Qlg]

geG
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since —gp € G . Hence, it follows that

énf SUP‘QO Q[QH = mf sup Qolg] — Qlg] (6.22)
EN geG QEN geG

In order to show that inf and sup may be interchanged in (6.22), a minimax theorem
is applied for

I' : NxG — R, (Q,9) — Qolg] — Qlg]

To this end, note that N is L. (Y, B) - compact and, for every g € G, Q — TI'(Q, g)
is convex and L. (Y, B)-continuous. In addition, g — I'(Q,g) is concave for every
Q € N. So, it follows from the minimax theorem (Fan, 1953, Theorem 2) that

inf sup I'(Q,g9) = sup Hlf ['Q,9)
QEN geG QGG

Together with (6.22), this implies (6.21) and (6.20).

In particular, for

= {9€ LoV, B)]| |gll <1}
it follows that

6.20

J@ -l = nfsup|Qulg] - Qlol| 2" sup Qulg] - Qlo] =
QGG geG
_ Qolg] — Qlg]
= up B L S
9€Lo(V,B) gl
O
Proposition 6.8 Let Q be a coherent upper prevision on Ls (Y, B) with credal set
{Qebal(¥,B)] Qg <Qly] Vgeq} (6.23)
where G = {g1,...,9s} is a finite subset of Loo(Y,B). Assume that
Then, for every probability charge Qo € ba® (Y, B),
-0 < 2oy (G20 (629

Proof of Proposition 6.8 If there is any i € {1,...,s} such that Qog:] — Qlgi] >
Qlgi] — Qlgi] then (6.25) is trivially fulfilled and nothing remains to be proven.

Therefore, it can be assumed that

Qolgi] — Qlgil < Qlgi] — Qlgil Vie{l,..., s} (6.26)

Without loss of generality, we may assume that the elements of G are indexed in such a
way that there is a r € {0,..., s} such that

Qolg:] > Qlgi] Vi< and Qolg:] < Qlgs] Vi>r
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Putting

Vi<r, (6.27)

(6.26) implies 0 < g; < 1 for every i € {1,...,r}.

Let @, be the coherent upper prevision with credal set

Ny = {Q@ebat.B)| Qlg < max{Qlg], Qulgl} YgeG}
Then, it follows from @y € My and N C N, that

Qolg] = max{Qlg], Qolg]} Vgeg

and, together with (6.27), this implies

Qlgi] < Qolgs] = Qlgi] +&i(Qlasl — Qlasl)  Vi<r
and
Qlgs) = Qolgil  Vi>r

Since @ and @, may be considered as natural extensions of coherent upper previsions
on G, Proposition 5.1 is applicable and yields

Qlg] < Qolg] < Qlg] +e(supg —infg) < Qlg] +2¢|lgl] VgeLu(V,B)

for e =g +--4+¢ >0.

Put
— {geL.(V.B)]| gl <1}

Then, Lemma 6.7 implies

Qo — Q| = sup Qolg] — Qly] < sup Qulg] — Qlg] <

geG geG
< squ[gH?ngH—Q[g] < sup 2el|g]| =
ge

- Qo @
S e Z o ]D

|

Of course, (6.23) is, in general, a very bad bound. However, if () is equal to the empirical
measure P and the true distribution lies in the credal set of Q = FI, then the law of
large numbers yields

(Qo[gi]—@[gi]f — 0

n—oo

Therefore, bound (6.23) provides valuable information for increasing numbers of observa-
tions. Since Theorem 6.6 is about the asymptotic behaviour of the distance ||P™ — F/H :
bound (6.23) serves as the cornerstone of the proof.
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Proof of Theorem 6.6 For every w € €1, an application of Proposition 6.8 yields

By - P < Z _P/[[}fl]]) (6.28)

The map

]P)(n ) / ) +
0 - E WHQZ f] ,[f])
is measurable with respect to F and B .
For every i € {1,...,s}, the strong law of large numbers (Hoffmann-Jgrgensen, 1994a,

§4.12) and the transformation theorem (Hoffmann-Jgrgensen, 1994a, §3.15) implies the
existance of a Uy-set N; € F such that

P[] = %ZszXj(w) —— inoXl(w)Uo(dw) =
j=1
~ [s@ P = Bl < Pl Ve e 2\N,
Therefore .
UNz e F

i=1
is a Uy - set such that

2 Z /[fl]) 0 VweQ\N
= P [fz] n—00
Together with (6.28), this proves Theorem 6.6. O

Theorem 6.6 states that the distance between the empirical measure and the coherent
upper prevision converges to 0. However, the techniques developed for the proof can also
be used to make some assertions about the rate of convergence:

Theorem 6.9 Under the assumptions of Theorem 6.6, it follows that

Inlnn

a) H]P‘(U”)—I_D/H = O( ) Up(dw) — a.s.”

n

b) In addition, assume that

Pfil < Pyf] Vie{l,... s} (6.29)
Then,

lim U ({w ca| [y -7 > 0}) _ 9
In part b), using the outer measure U] instead of Uy is due to the fact that the set
{weal o -7 > o}

will, in general, not be measurable.
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Proof: For every i € {1,...,s}, put

N
Plfi] = P'[fi]
According to Proposition 6.8,
0 < B -P| < 2 (PU[h]-Plh))" VYweQ (6.30)
i=1

a) Note that, for every ¢ € {1,...,s} and for every w € 2,

(B[] - Plhd)" < (BPW] - F[])" < [P R] - Fifh]| =

(B o X, ) = Filn])

S|

Jj=1

Since

/thoXj(w) Uo(dw) = PBylhi]

the law of the iterated logarithm (Hoffmann-Jgrgensen, 1994b, §10.25) yields

LS (o Xy - Ripn) | - 0( lnln”) Uo(dw) — as.

n

and, therefore,

(P&”)[hi] —?,[hi])+ = O( lngln) Up(dw) — a.s.”

Together with (6.30), this implies the validity of part a).

b) For every n € N, put

Ap = {weal P2 -P| > o}

AQ = {w € Q‘ Z (P® (k] — P'h))" > o}

n
=1

and, for i € {1,...,s},

Bi,n =

Then, we have
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where AS?), Bi,n,..., Bs, € F. Finally,

U (AL) }:% in) —— 0

n—oo

because
UO(Bi,n) — 0 Vz’e{l,...,s}

follows from the strong law of large numbers (Hoffmann-Jorgensen, 1994a, §4.12),
assumption (6.29) and the fact that almost sure convergence implies convergence in
probability; cf. (Hoffmann-Jgrgensen, 1994a, §3.25). O

Now, let us turn over to consistency of the minimum distance estimator

0 : X" — 0, T argggg”ﬁ” F;H

In order to stay mathematically rigorous, it is more convenient to work on (€2, ) than
on the sample space (X", A’ ®”) . Therefore, we most often consider the maps

0, : Q — O, w o HA;(Xl(w),...,Xn(w))
instead of ¢/, . That is, we use the notation

0 = 0(X1,...,X,) = P™ — P,

b = 0(X1,.., Xa) = argmin [PV — Pyl
R_efzall the setup presented in Section 6.3 now. That is, we have an imprecise model
(Py)eco on the measurable space (X, .A") with corresponding credal sets (Mj)peco . With
respect to a (fixed but totally unknown) probability measure Uy on (£, F), the random

variables
/
Xl 9ttty Xn ~iid. P9

are independent identically distributed according some precise distribution

B

0

, € My, forsome 6,€©
The true Py, € My, is totally unknown and we only want to estimate ). A true parameter
0y is any 2 6, € © such that

P, € My,

In case of a finite set of parameters ©, a sensible estimator 6,, should — at least for large
sizes of n — lead to small error probabilities

Ui (P ¢ M;)

0

so that
Ui(REM;,) —— 0
n n— oo
The minimum distance estimator fulfilles this requirement as stated in the following the-
orem. Again, using the outer measure U] instead of Uy is necessary because we do not
assume

{wEQ‘ PoQMg(w}

to be measurable.

120, is not assumed to be unique.
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Theorem 6.10 In the setup of the present section, assume that
Uy € cat(Q,F) (6.31)

Let (Py)oeo be an imprecise model on the measurable space (X, A') with corresponding
family of credal sets (My)peco . The index set © is asumed to be finite. With respect to

Uy, the random variables
Xl 9 ottty Xn ~iid. PQIO

are independent identically distributed according some precise distribution Py such that
P, € Mg, for some 6y € ©
Assume that My, fulfills (6.7) and (6.8) for every 6 € © .

Then,
Proof: Firstly, fix any n € N. For every 6 € ©, put
n n -/ n -/
AP = {w € ’ W — P, < || — B, | }
Note that the definition of én implies
w € Ag”)(w) VweN (6.33)
Put ©y := {§ €O | Pj € Mj}. Then, the following relations are valid for every
we:
~ (6.33) n
P &M ., = bweorve, = we (J Al
0 € ©\Og
Therefore,
Us( P g M) < Us(AY) (6.34)
6 ©\0

For every 0 € ©\ Oy, it follows from Py, & Mj that there is a gy > 0 such that
sup (P LA = PolA))- AN > e (6.35)
Then, for every w € Q and for every § € O\ Oy,

B —Py|| > inf  sup [PO[A] - BLA- AT >

PyeMy 1€{1,...,s}

> sup it (BUIA = BlA]) A1 =

ie{1,...,s}
. n _ —=/ _
> it (RO = B AIAIT + sup (Ba sl = PolA]) 1Al
ie{l,...,s} €{1,...,s}
(6.35)

>0 nt (B = BRI + <
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Put

Zw) = [PS =P — _inf (BOUI-PLIAIAIT Veeq

and note that, for every 0 € 0\ 0y,
Zn(w) > eq Yw € Aé”)

Therefore, it follows from (6.34) that

U(Ph g M) < > Us(Za > =) (6.36)

0 € ©\Og

Next, Theorem 6.6 and the strong law of large numbers (Hoffmann-Jgrgensen, 1994a,
§4.12) yield
Z —— 0 Uy — as.”

n—oo

According to (van der Vaart and Wellner, 1996, Lemma 1.9.2), Uj-a.s.* - convergence
implies convergence in Uj - probability. Hence,

(6.36)
Ui( P g M) < > Up(Ze > =) —— 0

n—oo
0 € ©\6g

6.5 Implementation and application of the estimator

6.5.1 Discretization

As seen in the previous section, it is not necessary to discretize the sample space in
order to define the minimum distance estimator based on the total variation norm in a
sensible way. Since this is not possible for precise probabilities, going over to imprecise
probabilities turns out to be a simplification.

Of course, if we want to calculate the estimator by use of computers, the sample space has
to be discretized — at least implicitly. However, it is one of the most striking properties of
the above presented minimum distance estimator, that this is only a practical need which
is irrelevant for theoretical investigations. In case of precise probabilities, discretization
would even be part of the definition of the minimum distance estimator.

Again assume that we have an imprecise model (F;)gee on a measurable space (X, A"
such that assumptions (6.7) and (6.8) are fulfilled. That is, there is a finite subset K =

{fi, -, fs} C Loo(X, A") such that, for every 6 € O, the credal set of ﬁ; is given by
M, = {Fjebal(X, A)| B <Pfl Vfek}
and _
Polf] = Pylf] > 0 Viek

where P} is the corresponding lower coherent prevision. In addition, assume that © is a
finite index set.
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Then, we are in the situation of Subsection 5.4.2 and we can apply the method of dis-
cretizing for some fixed £ > 0 presented therein:

Asin (5.40), let {Ay, ..., A, } be the partition of X which generates the finite o-algebra A .
For every i € {1,...,s}, let s; be the A-simple function which corresponds to f; according
to (5.39). For every § € O, let Q, be the coherent upper prevision on L. (X,.A) which
corresponds to the credal set

Ny = {Qoebal(X,A) | Qulsi] < Pylfi] +edi VieTy}
— confer (5.41). Recall from (5.32) that, due to finiteness of ©, d; may be defined to be

R
di = dy = T(}élélpe[fi]—ﬂé[fi] > 0

for every i € {1,...,s}.

Now, let
X1, -, Ty, € X
be some observations and let
1 n
]P:(En) = EZI(SIZ’ r = ($1,...,l'n) S Xn,
1=

be the empirical measure. Then, the minimum distance estimator is
)/ — ; (n) _ P
0 (r) = arg min H]P’m” Py
In order to calculate this estimator by computers, it would be desirable that

_ P [f] - QI |
pln) _ — inf ki
[P =@l = jinf swe

was approximately equal to ||[PY" — Pj]|. Theorem 6.11 below shows that this is true.
Theorem 6.11 In the setup of the present subsection,

B~ < B9 -yl < B -Qfl+2e  voeco
for every x € X™.

Proof: Fix any z = (z1,...,2,) € X" and any ¢ € ©. Let @; be the natural extension
of Qy on Loo(X,A"). Then,

. P(n) [f’] . Q/[f/] ’
P —Q,ll = inf [P
1B =@l = gl s 7

Note that the assumptions in the present subsection guarantee the validity of (5.45).
That is,

Pylf] < Qolf'] < Pylf] +e(sup f/ —inf f) V[ € Lo(X, A)
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Next, a twofold application of Lemma 6.7 implies

P [f] — Pyl f]

P — Pl =
[P =Foll = o =07
and ® _,
- Pxn n _ /
H]Pa(cn) - Q;H _ sup [f] : Qe[f]
J1€Loo (XA 11l
Hence,
[P @yl < [P~ Py <
P[] = (Qolf) —=(sup £/ —inf 1))
= et 71 =
feELo(X,A)
r s /
< [P —Qyl| + 2 sup M <
FELoo (X A7) I1£]]
< [l - @l +2¢
Hence,

[P -l < [P = Poll < [[PEY — @l + 2

and it only remains to proof

P& - Q|| = [P — Q| (6.37)

The inequality “>7 is trivially fulfilled in (6.37). In order to prove the inequality “<”
it is enough to show

Mren A 1 (n)
sup P27 [f'] — Qqlf'] < sup P2 [f] — Qqlf]
F1ELoo (XA 11l FELoo(X,A) [bal

(6.38)

according to Lemma 6.7. That is, it only remains to prove (6.38) in the following:

To this end, choose any a; € A; for every element A; of the partition {A;,...,A,} of
X . Furthermore, put
N; = {ie{l,....n}| z; € A}

and let n; be the number of elements in N; for every j € {1,...,r}. In addition, put
Jo={je{l.....r}| ny=0} and 7 = {je{l,....r}| n; >0}

In particular, this means

(T1, oz} VA, = 0 Yied (6.39)
and
Z[Aj(l'k) = n; Vieh (640)
k=1

Applying these settings, we can define the map
1 Lo(XA) = Loo(X,A), = &(f)
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where
) = S flagly, + Y <ni Zfz(xi)>l/4j (6.41)
i€do jeqn N 7 ien;

Note that this map is defined well and that J,NJ; = (0. Then, it is an immediate con-
sequence of the definitions that ¢ is linear, positive (£(f’) > 0V f* > 0) and normalized
(&(Ix) = Iy ). Therefore, the adjoint of £

p o ba(X,A) — ba(X, A),  p— p(u)

— defined by p(u)[f] = p[é(f))] Vi € ba(X, A), V[ € Lo(X, A) —is an ordinary
randomization; confer also Proposition 3.11. Especially,

Q) € bal(X, A)  VQebal(X,A)
Note that every f € L.(X,.A) may be written as
fo=Doaila = D osla, + 3 agla,
Jj=1 j€Jo JjeNn

for some suitable real numbers ay, ..., a, . Then, it follows from the definition (6.41) of

¢ that
Ef) = f VieLo(X, A C Lo(X,A)

Therefore, p(Q) is an extension of @) to a probability charge on (X, A’) for every @ €
ba® (X, A). Since Qj is the natural extension of @, this implies

p(Qo) € N VQo € Ny (6.42)
where Ny is the credal set of @; . In addition, the following calculation shows that
p(BlY) = B (6.43)

This is because

JjeT 1EN. ) k=1

(6.40) 1 1 , 1 ,

= — > Fw)) o) = =3 > flw) =
JjeT 7 ien. JET PEN;

= Y ) = B V€ Loo(X, A)

Finally, fix any f' € Lo(X,A) \ {0}. Then,
eI < 171 (6.44)
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and
PO - Q] ean o pBP)F - QL]
171 Q)eN; 171 =
(n) / / (n) / /
o0 e pEN =@ e PU[EU] - Qofe(s)
QoENy ||f,|| QoeNp ||f/||
If £(f") = 0, this implies
PY (') — Qylf] P (1] — Qyllx] P [f] — Qylf)

< 0= < sup
£l [ 1x]] FELoo(X,A) 1Al

and, if £(f’) # 0, this implies

ch”) [f/] _ @/e[f/] ]P);(,;n) [5(]”)] - Q@ [é.(f,)}

< inf <

177 2 77 B
6o PELE)] = Q6] PE )] = Qol€(r)] -

QuENy €] (]

(n) 0O

e PG

fELo(X,A) il

Therefore, (6.38) follows. O

So, Theorem 6.11 justifies the following proceeding;:

e An application of Subsection 5.4.2 turns the imprecise model (?;)969 on (X,A")
into a discretized model (Qp)pco on (X, .A).

e (Calculating HIP’;(En) — @9H yields an approximation of HIngn) — F;H .

Although (X, .A) is a finite space, it is still an issue how to calculate

(e _
[ Y S i el (6.45)

QoeNy fer(x,A) /1]

since Ny and L£(X, A) still are infinite spaces. As done in Troffaes (2008), it would — in
principle — be possible to discretize these sets as well. However, this would not lead to an
applicable method because of exceedingly high computational costs. Instead, the value of
the distance can be calculated by means of linear programming as shown in the following
subsection.

Since we are not really interested in HIP’(xn) — @9“ but in
g juf B~ 3
the following question arises: Can this arginf be calculated by calculating

e [E1f] ~ Qolf]]
arg inf inf sup
06 QoeNo jex I1£1l

(6.46)
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where the infinite set L, (X,.A) is replaced by the finite set K 7 If this was possible,
calculating the minimum distance estimator would become much more easier. However,
this is not possible as can be seen from the following example. So, we cannot avoid
calculating (6.45) in this simple way.

Example 6.12 Toke X = {1,2,3,4} and assume that we have n = 4 observations:
r1=1, 29=2, x3=3, x4=14

That is P& = iél + 5(52 + %(53 + i54. Furtheremore, take IC = {Iy, Iy, Izy} and

consider the coherent upper previsions Q, and Q, on K defined by

Qolly] = 1 —3a, Qylliy] = {-3a, Qylliy] = {+a

and

Qi) = §—4a, Qlliy] = [+4a, Qi = -«

for any real number 0 < a < 5. That is © = {0,1} . Then, the arginf in (6.46) would
be 6 =0. But, B B
P — Q|| = 120 > 100 = [PV — Q||

where HIP’;‘L) — QOH and HIP’Ef) — @OH can be calculated according to the methods presented

in the following subsection.

6.5.2 Calculation by linear programming

This subsection is concerned with the question how to calculate

_ P[] = Qolf]
pn) _ —  inf L
[P =@l = jinf, sup

(6.47)

where @, is the coherent upper prevision with credal set
Ny = {Qoebal (X, A) | Qolsi] < Pylfi] +erd ¥k €Ty}

— confer (5.41) — on the finite sample space (X, A). Furthermore, x = (z1,...,2,) € A"
is the vector of all observations
T1, ..., Ty

That is, we have to minimize the convex function

(M)rer
P - 1]
FeL(. A 171l

However, we do not need any results of convex optimization in order to do this. Linear
optimization is enough — as a matter of fact, the value in (6.47) may be calculates by one
single linear program.

To this end, recall the following definitions from the proof of Theorem 6.11:

Let again {Aj,...,A,} C A be the partition of X such that every A € A is the union
of some elements of {A;,...,A,}. For every j € {1,...,7}, choose any a; € A;, put

N; = {ie{l,...,n}| zi € A}
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and let n; be the number of elements in /N;. Furthermore,
%:{jE{l,...,T}‘anO} and jlz{je{l,...,r}|nj>0}
In addition, put

ék = Skdk Vke {17...,8} (648)

Now, consider the following linear program:

Z ¢ —7 — max! (6.49)
JETL
where
g =1 (6.50)
j=1
and
S aisula;) < Polfil +4  YhkeT (6.51)
j=1
and
7’Lj .
g —7 < - Vieh (6.52)
for the variables
(¢1,...,q) € R, ¢ >0 Vjie{l,...,r}, (6.53)
and
(Vi)jem, CR, 4,20 Vjeh (6.54)

Let 3y be the optimal value of the above linear program. Then, Proposition 6.13 shows
that

P = Qo] = 2- (1= 5)

Hence, it is, in fact, enough to solve one single linear program in order to obtain the
distance HIchn) — QGH . Of course, this was useless in applications if this linear program
would tend to be unsolvable because of exceedingly high computational costs. So let us
take a closer look on the size of the above linear program:

Since the number of elements in J; is not larger than 7 An = min{r,n}, we have the
following upper bounds:

Number of variables: r+rAn

Number of inequalities: 2 + #(Ky) + rAn
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According to Subsection 5.4.2, r can — in general — exceed beyond all reasonable bounds
(e.g. r = 10%%) but will stay within a reasonable order of magnitude in most applications;
confer e.g. Proposition 5.16.

Though the number n of observations may be very large, it will hardly reach astronomical
orders of magnitude in real applications.

The size of the number of elements in Iy (i.e. the number of elements in Zy) will usually
be negligible.

In the example presented in the end of Subsection 5.4.2, we have the following upper
bounds if the assumptions of Proposition 5.16 are fulfilled:
n =100 n=1000 n = 10000 n > 50000
Number of variables: 40140 41040 50040 80180
Number of inequalities: 112 1012 10012 40052

Solving such linear programs will usually be possible within a reasonable time frame —
the more so as a large number of observation leads to a sparse matrix of coefficients in
the linear program since nearly all inequalities are given by (6.52) then. In case of such
sparse matrices, algorithms are available which can solve huge problems very efficiently.
Furthermore, note that the last column of the above table gives bounds which do not
depend on the number of observations any more. That is, the size of the linear program
stays constant if the number of observations grows to infinity. If r is not too large, then
the estimator can be calculated for any number of observations.

A very large r will usually result from small values e;d;. However, as already stated on
page 149, F; cannot be specified so accurately in applications that too small values e.dy
are meaningful. Such small values €;dj, indicates that the imprecise model (F;)Qe@ is
in danger of being instable — confer Section 5.2. This justifies the alternate proceeding
presented on page 149 where (5.52) is relaxed to (5.53). Firstly, this means that we have
to take
& = 5(sup fr —inf fk)

instead of &, = exdy in (6.51) of the linear program. Secondly, this means that M is not
chosen in order to fulfill (5.37) in the discretization method presented in Subsection 5.4.2.
Instead, M has to be chosen so that

M-1 < < M

3

Then, analog to Proposition 5.51, an upper bound on the size » would be

1
4~5~<1+—)
9

Hence, we end up with a linear program of a very small size which will nearly always be
solvable. But, by doing this, it is not guaranteed that HIP’;") — Q| still is an approximation

of ||]P’£C") — ]_3:9||. On the other hand, this proceeding is more conservative and, if small

changes '3 of ]_3/,9 have large effects on ||]P’g(gn) —]_3,9||, it is a good idea to be more conservative
because this may save from arbitrary results.

13That is, changes which are small but not as small as e;,d;, which is assumed to be very small here.
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The following proposition says that ||IP’§;") — Q|| can indeed be calculated by solving the
linear program given by (6.49) - (6.54):

Proposition 6.13 Let (g be the optimal value of the linear program given by (6.49) -
(6.54). Then,

P =@l = 2 (1=5)

Proof:
[1] Firstly, it is shown that
+
PO QI = 23 (PO(4y) - Q(Ay)) YQEN, (6.55)
JEN

To this end, fix any Q € Ny and note that — due to finiteness of A — the total variation
distance is equal to

IBE = QI = > |PI(A)) - QA)| (6.56)
j=1
Since {Ay,..., A, } is a partition of X', we have

0 = PO - Q) = 3 BP(A) - QA =

S (F(4)) - Q(4))) " - > (P4 - Q(4y))

J=1 J=1

Hence,

. (6.56) .
P — @ "= Y P4y - Q4] =
j=1

_ Z (p;n)(Aj) — Q(Aj)>+ + i: (P(xn)(Aj) - Q(Aj)> =

<

= 23 (PO - Q)

j=1

Then, (6.55) follows from the following assertions:
+
JER = POMA)=0 = (PP(4)-Q4)) =0

[2] Secondly, it is shown that, for every Q € Ny and every j € 7,

(B4 - Q(A) " = it BO(A}) — Q(A}) 4 (6.57)
7 €T;(Q)
where
[Q) = {yeR| >0, QA4;)—v < PMA4)}

In case of P&n)(Aj) > Q(A4;), it is easy to see that the infimum is attained in 7; =
0 € I';(Q) and, therefore, (6.57) is fulfilled.

In case of PY" (A;) > Q(A,), it is easy to see that the infimum is attained in 7, =
Q(A)) — IP’,S;")(A]-) € I';(Q) and, therefore, (6.57) is again fulfilled.
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[3] Finally, put

M = {(Q,’y) € No xRV | vy = (9;)je, 1 €L5(Q) Vi€ jl}

Then, it follows from part [1] and part [2] that

inf [P0 — @ T ing 237 inf PO(A;) — Q(A;) + 7
int B - Q) 2D B4 - QL)+

xT

= 2-inf inf Y PIM(A) - Q(4) +; =

= 2 inf POV (A4;) — Q(A)) + (6.58)

The definition of J; implies that

D OP(4) = 1

JjeTN
Hence,
inf [P — | =Y 2-(1 inf —Q(4; ) -
ant, IFs” = @l o Q)+
JjET
= 2 (1- s Q) -
(Qv’Y)eMjejl

For every j € {1,...,r}, identify QQ(A;) with the variable g; in the linear program.
Then, it follows from the definitions of My and M that

sup > Q(A) =y = By

and, therefore,
inf [P — = 2-(1—
dnf |5 — Q| (1= 5o)

6.6 Simulation study

In order to demonstrate the applicability of the minimum distance estimator, this section
presents a simulation study consisting of three different models.

As stated in the introductory Section 6.1, the estimator is based on a rather simple
idea. This conceptual simplicity enables many possible applications as can be seen in
the following. Model 1 of the simulation study is a first example which shows that the
minimum distance estimator can also be used for large sample sizes and that going over
to an imprecise model does not necessarily mean to loose much efficiency. Model 2 is
an application based on normal distributions which is motivated by the popular chi-
square test. Model 3 shows how the estimator can be used for linear regression where the
(imprecisely known) error distribution does not need to be symmetric.
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6.6.1 Model 1: A first example

Model 1 is intended to demonstrate two aspects of the proposed estimator:

Firstly, the estimator can really be calculated even for large numbers of observations —
something which is not self-evident for imprecise probabilities. In the simulation study,
the estimator is applied for the following sample sizes:

n =30, n = 100, n = 1000, n = 10000

For each number of observations, the estimator is evaluated 500 times.

Secondly, the estimator can provide good results even though it is developed for the rather
large imprecise models given by (6.7). In order to demonstrate this, the imprecise Model
1 contains a nice precise parametric model so that the estimator can be compared with
a maximum likelihood estimator. While the maximum likelihood estimator is applied by
using complete knowledge of the precise parametric model, our minimum distance esti-
mator is only based on the knowledge of a large imprecise model. Since the simulated
data exactly stem from the ideal parametric model, this is a rather unequal situation
which favors the maximum likelihood estimator and, therefore, the maximum likelihood
estimator should clearly beat our estimator. Nevertheless, the performance of our esti-
mator appears to be almost as good as the one of the maximum likelihood estimator in
the simulation study. In this way, it can be seen that going over to a large imprecise
model does not necessarily mean to loose a lot of efficiency even if the ideal parametric
model was precisely true. Model 2 and Model 3 below demonstrates what happens in
more realistic situations where data do not precisely stem from such an ideal parametric
model.

Here is a detailed description of Model 1:

The sample space is (X, A") where X is equal to [0, 1] and A" is the Borel-o-algebra. The
precise parametric model (Py)geo is given by

dP, = pyd\, 0 e 0:=[-22]
where the Lebesgue-densities pj, are
py(z) = 1+0(z—0.5)Ijp05(x) + 0(0.75 — ) [0.51)(x) Vael0,1]

Despite of this confusing formula, the densities pj, are very simple and natural as can
be seen from Figure 6.1 which shows the graphs of pj for # = 0 (this is the uniform
distribution), 8 = 1.5 and # = —0.5. In order to define the imprecise model, the parameter
set © is discretized as suggested in Subsection 6.2.2 by putting

Q= {0€O| 0 =-2+01k—-005, ke{l,... ,40}}

That is, 0y € © corresponds to the interval (6y — 0.05, 6y + 0.05] with center §,. In
accordance with Assumption (6.7), the imprecise model (Pj)gee, is given by credal sets

My = {Qy| Qlfl <Pylfl Vfek} voeo,

Here, I is the finite set
K = {fi,---, fu}
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1.0
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0.0
1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 6.1: Graphs of pj, for § = 0 (the uniform distribution), # = 1.5 and § = —0.5 in
Model 1
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which consists of the (rather arbitrarily chosen) functions f; : [0,1] — R, z — f;(z)
given by

fs(x) = vV, folo) =z +30p @), ful) = 4z —2%)

and the upper previsions on these functions are defined by

Pl = s /f Dph() A\dz) Vje{l,.. . 10} (6.59)

0€[0p—0.05, 0p+0.05]

for every 6y € ©p. Though there are some similarities, note that this imprecise model
(F;)geeo is not parametrically generated in the sense of Definition 3.24 because (6.59)
is not valid for all functions in L. (X,.A") but only for the small number of functions in
K. This makes a great difference; as a consequence, My is a very large credal set while
parametrically generated previsions have rather small credal sets.

As already mentioned above, the simulation study consists of 500 runs with different sam-
ple sizes n = 30, 100, 1000 and 10000. The data xy,...,x, are independent identically
distributed by the ideal probability measure P} which is equal to the uniform distribution
Unif([0,1]). That is, we have

X1, X o~ Py where P, = Unif([O, 1])

and € = 0 is the true parameter which has to be estimated.

For the estimation, the proposed minimum distance estimator and the maximum likeli-
hood estimator are applied.

The actual calculation of the proposed minimum distance estimator slightly differs from
the one presented in Subsection 6.5.2: As suggested on page 149 and page 182, &, = erd;
is replaced by a larger value in the discretization. This is justified by the fact that too
small values &, = e,d; are not meaningful in applications since the values ?/9 cannot be
specified with such an accuracy. Instead of £, = epd, the value £ = 0.0005 has been
taken which is still quite small. Recall that going over to this value corresponds to a more
cautious proceeding.

The maximum likelihood estimator is defined to be

en,MaxLikehhood(lUl, ce >5Un) = arg eg[laQXm Hpo l'z

Note that — due to the discretization of ©® — our minimum distance estimator does not
specify a precise value € as an estimation but an interval [fy — 0.05, 8y + 0.05]. In order
to compare the results between both estimators, these intervals [¢y — 0.05, 6y + 0.05] are
recorded by their center 6 .

Table 6.1 shows the empirical mean squared error (MSE)
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Figure 6.2: Boxplots of the estimations obtained in 500 runs for each number of observations
in Model 1

n | MinDistance MaxLikelihood
30 1.29943 1.35598
100 0.59675 0.49674
1000 0.06753 0.04692
10000 0.00711 0.00482

Table 6.1: Empirical mean squared error calculated over the estimations obtained in 500 runs
for each number of observations in Model 1
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Figure 6.3: Densitiy of the normal distribution N(3.25,2); the sample space is divided into
segments of width 0.5.

of the estimations é,(f ) calculated over all runs 7 =1,...,500 for the proposed minimum
distance estimator (MinDistance) and the classical maximum likelihood estimator (Max-
Likelihood); these values are similar for both estimators. Figure 6.2 shows the boxplots
of the estimations. These results demonstrate that, in Model 1, the maximum likelihood
estimator is not much better than the minimum distance estimator even though the un-
equal situation of Model 1 highly privilege the maximum likelihood estimator as explained
above.

6.6.2 Model 2: Approximate normal distributions

After considering the rather artificial Model 1 which should demonstrate that the es-
timator really works, we may turn over to a practical example now. Many statistical
evaluations are based on the assumption that the data stem from a normal distribution.
Though it is not possible to statistically assure the validity of this assumption, it is often
tried to do this by a chi-square test. In order to do this, the sample space X = R is
divided into segments as shown in Figure 6.3. Since the chi-square test only takes the
probabilities of such segments into account, the test is far away from covering all aspects
of the normal distribution. Therefore, this situation does not cope with the strict assump-
tion of a precise normal distribution but exactly corresponds to partially determinated
F-probabilities (cf. Subsection 2.4.5). This motivates the following definition of Model 2.
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The sample space (X, A’) is equal to (R,B). It is divided by
a0:—10, aj :—95, a2:—9, ey ak:—10+k05, ey a40:1()
into the segments

(—oo,ao), (ao,al], (al,aﬂ, cee (a39,a40] ) (a40700)

That is, we consider the set of functions

K = {anfl’f27"’7f407f41}

where
Jfo = I—soa Ju1 = a0

and
e = Loy van) Vke{l,...,40}

According to the above motivation, we want to deal with a family of normal distributions
on (R,B)

P} = N(u,0?) where 0 = (u,0) for —5<pu <5, 04 <0 <2
That is, the index set is'4
0 = 0W x0® = [-55] x[0.4,2]

For the definition of the imprecise model, © is again discretized:

— 5402k —01, k e{1,....50},
@0 = (uo,UO)E(—)‘ H’O ! ! { }
oo = 04402 -k —0.1, ky € {1,...,8}

That is, (p,00) corresponds to the rectangle (po — 0.1, po + 0.1] x (09 — 0.1, 09 + 0.1]
with center (uo,00). Based on this discretization and the normal distributions, we can
define the following upper previsions for the segments of the sample space:

F/Go[fj] = (1 - 002) ’ sup fj dN(M,O‘z) + 0.02
p€(o—0.1,u0+0.1] YR
c€(00—0.1,00+0.1]

for every j € {1,...,40} and (po,00) € Op. The value 0.02 leads to more imprecision
in the imprecise model — that is, to a more cautious proceeding. Roughly speaking, 0.02
can be interpreted as the probability that the data stem from any distribution which can
be totally different from normal distributions. This proceeding is very similar to the use
of the contamination neighborhoods in robust statistics. The credal sets of the coherent
upper previsions are given by

b = {Q0 | Qulfil < Pylfy) Vie{l,.... 401} V6 €6y (6.60)

14This considerable restriction of the index set is not crucial for the calculation of the minimum distance
estimator because its implementation guaranties that the computational effort increases at most linearly
with the size of the index set. However, this makes the simulation study easier which consists of two
times 500 runs.
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Note that these credal sets are much larger than contamination neighborhoods of nor-
mal distributions with radius 0.02 because, in (6.60), only the probabilities of the above
segments are associated with normal distributions.

The simulation study has two parts where each part consists of 500 runs with sample size
n = 100. In the first part, the data x1, ..., z, are independent, identically distributed by
the ideal probability measure Pj = N (p,0?) with 6 = (pu,0) = (—4,1.4). That is,

Xl,...,Xn ~iid. N(M,O])

where y = —4 and o = 1.4 are the true parameters which have to be estimated. In the
second part, the data x1, ..., x, are independent, identically distributed by the probability
measure P} = 0.7 - N(u,0?) 4+ 0.3 - Cauchy(—4,1) where again 0 = (u,0) = (—4,1.4).
That is,

X1, Xy ~iia. Q@ where Q@ = 0.7-N(—4,1.4%) 4 0.3 - Cauchy(—4, 1)

and p = —4, 0 = 1.4 are the true parameters which have to be estimated. Numerical
calculations show that, in fact,

Q/ c M/(7471.4) (661)

even though )’ consists of a very strong — 30 per cent (!) — contamination with a Cauchy-
distribution. On the one hand, this demonstrates that the credal sets Mj are much
larger than usual contamination neighborhoods with radius 0.02. On the other hand,
this demonstrates that the use of such a (strongly contaminated) distribution @)’ is not
unreasonable because (6.61) implies that the Cauchy-distribution is extremely similar to
the normal distribution — at least with respect to the probabilities of the above segments;
and such probabilities are the only aspects of the normal distribution which are often
taken into account e.g. by chi-square tests.

In the simulation study, our minimum distance estimator is compared with the classical
estimators for ;1 and o, the mean

8|
[
I

8

and the empirical standard deviation

=1

Since the parameter set © is restricted, estimations which exceed the bounds of © are not
reasonable. Therefore, the classical estimators are truncated by the bounds of ©. For
example, the result T = 5.7 leads to the (truncated) estimation g1 = 5.

Table 6.2 shows the (empirical) mean squared errors for both estimators in part 1 (“ideal
situation”) and part 2 (“real situation”) of the simulation study. These values demonstrate
that our minimum distance estimator behaves reasonable well in both cases while the
classical estimators are quite perfect in the “ideal situation” but lead to unreliable results
in real situations. This is also made visible by the boxplots shown in Figure 6.4. In
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MinDistance Classical

ideal situation 0.10504 0.02818
real situation 0.10965 2.42263

Table 6.2: Empirical mean squared error calculated over the estimations obtained in 500 runs
for each part of the simulation study in Model 2

particular, it can be seen that the classical estimation of the standard deviation o breaks
down in the “real situation” — only the bounded parameter set and the implemented
truncation prevent it from exploding estimations. The contamination with a Cauchy
distribution does not have any essential influence on our minimum distance estimator.
This is not surprising at all because the minimum distance estimator does not really
keep an eye on the normal distributions. It is only concerned with the probabilities of
some segments and, with respect to these probabilities, normal distributions and Cauchy
distributions are nearly the same.

6.6.3 Model 3: Linear regression

In order to demonstrate that the proposed minimum distance estimator can be applied
in many different situations, Model 3 is concerned with linear regression where the error
distribution is not symmetric and not even has mean 0. This flexibility of the estimator
is due to its conceptual simplicity. 1°

In Model 3, we have two explanatory variables z(!) € [0,1] and 2(?) € [0, 1]; the response
variable is y € R. That is, the observations are

r, = (yi,21) = (yi,(zi(l),zi@))) € Rx[0,12, ied{l,...,n}
and we have
Y = Zi(l)el +ZZ-(2)(92—|—€Z‘, 1€ {1,,71}
where
0 = (01) € 0 := [-55] x [-1,1]
02

is an unknown two-dimensional parameter and ¢; is an unobservable random error.

In the classical setup, it is most often assumed that the distribution of the errors ¢; is
a normal distribution or, at least, that the distribution is symmetric around 0. Though
the latter assumption is reasonable in many situations, this is certainly not always true.
Positive errors may be more likely than negative errors (or vice versa) in many situations.
So, the errors may, for example, be independent identically distributed according to the
precise distribution Sy which is a shifted log-normal distribution with Lebesgue-density

dS, 2 o(m(ate02))”
-2 R 0 —

d\
15Skewed distributions are also considered e.g. in the theory of generalized linear models; cf. McCullagh
and Nelder (1983).
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Figure 6.4: Boxplots of the estimations of both parameters obtained in 500 runs for each part
of the simulation study in Model 2
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That is, the log-normal distribution Log—N(u,0?) with g = 0 and o = 0.5 is shifted by
e"~" to the right so that the mode is equal to 0. The density of Sy is pictured in Figure
6.6. Of course, assuming that the errors would precisely be distributed according to such
an ideal distribution is as hazardous as assuming a normal distribution. Therefore, we go
over to the upper coherent prevision

S Lo(RB) — R, h+— S[h
which is based on the probabilities of some segments of the real line as follows: Put
ho = I(—oo—1ys h1 = L1075, - 5 hj = LC11025(-1),-140.255] s -+ »

hir = I(3,00)
The credal set N of S consists of all probability charges S on R such that

S[ho] S (1 — ’I“)So[ho} + r, S[h17] S (1 — T)So[hn] +7r

and
(1 —=7)Solh;] < Slhi] < (1 —7)Solhj] +7 Vi e{l,...,16}

where
r = 0.05

Though the credal set AV defined in this way is seemingly very similar to an ordinary
contamination neighborhood used in robust statistics, A" is much larger than such a
neighborhood because, as in Model 2, the definition of N takes only the probabilities of
some segments of the real line into account.

The parameter set © is again discretized:

0, = —5+0.1-k —005, ky € {1,...,100},
O, = (91,02)69‘ ! ! red }
By = —1+0.1-ky—0.05, ky € {1,...,20}

That is, 0y = (61, 02) corresponds to the rectangle (6; —0.05, 1 +0.05] x (02 —0.05, f2+0.05]
with center 6y = (01, 6,) .

The coherent upper prevision S would define an imprecise model for the distribution of
(y,2) via

Pylfos] = Slhy)
where

foi(y,z) = h;j <y _ 21(1)91 _ 252)92)

However, we do not assume stochastic explanatory variables — just as done in classical
linear regression where the observed data z, ..., z, for the explanatory variable are used
to build the design matrix. That is, the observed data zi,..., z, are not treated as data
but determine the model. In order to adopt such a proceeding here, the imprecise model
(?’9)96@ has to be defined in the following way:

For every 6y = (61,02) € ©g and every j € {0,...,17}

foj + RxAL....n} — R, (y,9) — hj<y—z,-(l)91—z§2)€2)
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‘MinDistance LeastSquares

empirical MSE ‘ 0.1472056 0.2055727

Table 6.3: Empirical mean squared error calculated over the estimations obtained in 100 runs
in Model 3

Then, the credal set Mj  of F’go consists of all probability charges P’ on R x {1,...,n}
such that

P'[fo0] < Slhol, P'[foon7] < Slhir]

and
S[hy] < P'[fop] < Slhy] vjed{l,... 16}

where S is the coherent lower prevision which corresponds to S'.

In this way, the observed explanatory variables zi, ..., z, determine the model and the
according data in this model (where the explanatory variables are not assumed to be
stochastic entities) are

(ybl)a o (ymn)

and our minimum distance estimator can be applied on these data in the imprecise model
—
(P 90)90690 :

This has been done for sample size n = 250 in the simulation study. The errors stem from
the shifted log-normal distribution Sy . So, the error distribution is neither symmetric nor
has mean zero. The true parameter is § = (—4,0.5) . Our minimum distance estimator is
compared to the classical least-square estimator. Due to rather high computational costs,
only 100 runs have been made for this model.

The boxplots in Figure 6.5 demonstrate that the applied error distribution leads to a
considerable bias of the least-squares estimator whereas the minimum distance estimator
is not biased. However, the variance of the minimum distance estimator is still quite
large. This is because the imprecise model is only based on the probabilities of some very
few segments of the real line so that the imprecise model is rather nonparametric than
parametric. In order to obtain better results of our minimum distance estimator, the
sample size n has to be increased in this nonparametric situation. Of course, increasing
the sample size does not improve the results of the least-squares estimator. Table 6.3
shows that the empirical MSE of the minimum distance estimator is considerably smaller
than the one of the least-squares estimator.
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Figure 6.5: Boxplots of the estimations of both parameters obtained in 100 runs in Model 3
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2 6—2(ln (x-l—e’o'%) ) 2

Figure 6.6: Densitiy z +— of the error distribution which is a shifted

/21
log-normal distribution
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Chapter 7

Conclusion and outlook

The present book is concerned with data-based decision problems under imprecise proba-
bilities. Using imprecise probabilities in decision problems is advisable in many situations
because the arising uncertainties are often much too complex to be adequately modeled
by classical precise probabilities. On the one hand, this leads to more realistic models
and more reliable results. On the other hand, this increases the mathematical input for
solving decision problems. This is true the more so as going over to imprecise probabilities
in a frequentist setting makes it necessary to consider decision problems with an explicit
data-based formulation as explained in Vidakovic (2000) and Augustin (2003). Neverthe-
less, this topic has hardly been investigated before even though many recent publications
are concerned with data-free decision problems under imprecise probabilities. Therefore,
the present book cannot provide a final disquisition on this new topic but may serve as a
sound starting point for further research.

Accordingly, the book starts with some basic groundwork: First of all, topological prop-
erties of different concepts of imprecise probabilities are investigated and compared to
each other. This is most fundamental with respect to their application in decision theory
because, there, using minimax theorems which rely on topology is essential. As a result,
the concept of coherent upper previsions turns out to have such topological properties
which are more desirable than the ones of F-probabilities. These investigations also lead
to the first explicit treatment of F-probabilities on Polish spaces and compact Hausdorft
spaces. Since F-probabilities are consciously developed in the style of classical measure
theory, using these classical setups of topological measure theory is suggesting. As an
intermediate step between coherent upper previsions and F-probabilities, upper expecta-
tions are considered which have original been defined by Buja (1984) in robust statistics
but have not been considered within the theory of imprecise probabilities before. There
is only one difference between upper expectations and coherent upper previsions: While
upper expectations rely on o-additivity the concept of coherent upper previsions dispenses
with o-additivity. However, it is shown in the present book that every coherent upper
prevision can be represented by a (canonical) upper expectation on a compact Hausdorff
space. This offers an interesting tool for future research on coherent upper previsions:
Dispensing with o-additivity makes it hard or even impossible to carry over concepts of
classical probability theory which rely on o-additivity. Now, this representation provides
a possibility to come around this problem in a canonical way. This may, in particular, con-
tribute to investigations on conditional imprecise probabilities — a topic in which searching
for suitable definitions is still a matter of research. Since coherent upper previsions are
mathematically equivalent to risk measures in mathematical finance, these results can

199
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also be used to represent risk measures by sets of o-additive probability measures. Such
representations have recently received considerable attention in mathematical finance, cf.
for example Delbaen (2002), Follmer and Schied (2004) and Kratschmer (2005).

After this comparison of different concepts of imprecise probabilities, an extended decision
theoretic framework under imprecise probabilities is developed. This framework contains
several decision theoretic tools which are essential for many results obtained in the present
book. Therefore, it seems to be most likely that they can profitably be used in the
theory of imprecise probability further on. This is also indicated by the fact that these
tools are mainly based on concepts developed by L. Le Cam in order to deal with large
models — and imprecise probabilities, in fact, lead to large models. For example, as
a welcomed byproduct, the present book suggests a definition of sufficiency in case of
imprecise probabilities for the first time. Though elaborated applications would have
been out of the scope of the book and are a matter of future research, it is demonstrated
how sufficiency can be used in order to deal with parametrically generated imprecise
models. In this way, the proposed notion of sufficiency could also be applied in the
popular Imprecise Dirichlet Model.!

Since Buja (1984) is concerned with a very similar setup — namely data-based decision
theory where uncertainties are modeled by upper expectations, this article is revised within
the only recently available theory of imprecise probabilities. It is shown that, due to an
erroneous statement, the results of Buja’s article are only assured in case of an undesirable
extra assumption. It is proven that such an extra assumption can be avoided by going
over to the setup used in the present book. Here, the desirable topological properties
of coherent upper previsions pays off. This leads to a generalization of results within
the Huber-Strassen theory: A necessary and sufficient condition for the existence of least
favorable models is given. This offers a general tool which makes it possible to reduce the
computational effort in data-based decision theory under imprecision. However, further
research has to be done for using it in concrete problems: As in Huber and Strassen
(1973), this result is only concerned with the existence of least favorable models but an
algorithm for calculating least favorable models has not yet been developed. After Huber
and Strassen (1973), a lot of work was done to construct least favorable pairs in hypothesis
testing (confer e.g. Rieder (1977), Osterreicher (1978), Hafner (1992), Augustin (1998)).
In the more general case of the present book, this is a matter of further research.

Nevertheless, results obtained by these investigations are applied afterwards in order
to justify the use of the method of natural extension, which is fundamental within the
theory of imprecise probabilities, in data-based decision problems. It is shown by means
of the theory of vector lattices that applying the method of natural extension in decision
problems does not affect the optimality of decisions. However, it is also shown that, in
general, the method of natural extension suffers from a severe instability: Arbitrarily
small changes in coherent upper previsions can have arbitrarily large effects on their
natural extension and, therefore, applying natural extensions may lead to meaningless
results. This is unfortunate the more so as imprecise probabilities are intended to prevent
from such unreliable results. However, not all is lost since it can be guaranteed in many
situation that small changes in the coherent upper previsions have small effects on the
natural extension. However, these results are not fully satisfactory; hopefully, these initial
investigations serve as a starting point for future research into this direction.

For the Imprecise Dirichlet Model, confer e.g. Walley (1996), Bernard (2005) and the forthcoming
special issue of the International Journal of Approximate Reasoning on the Imprecise Dirichlet Model.
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The book closes with parameter estimation as an application in statistics. This is a topic
which has hardly been considered explicitly within the theory of coherent upper previ-
sions so far. Since we are not yet able to calculate optimal estimators within this setup, a
minimum distance estimator is developed which is proven to have some good properties.
An algorithm for calculating the estimator is given which is based on linear programming
and the applicability of the estimator is verified by a simulation study. In particular, the
simulation study shows that the proposed estimator can even be used for large sample
sizes and may, in fact, lead to good results in realistic situations. This meets objections
that imprecise probabilities could not be used for practical purposes. Due to the present
state of research, this work cannot be restricted to the sole investigation of the proposed
estimator but also has to develop some fundamentals of (frequentist) estimating under
coherent upper previsions at first. This is necessary the more so as the minimum distance
estimator is associated with the empirical process (which needs a somewhat more elab-
orated setting) and is justified by asymptotic arguments (but an elaborated asymptotic
theory of imprecise probabilities is still missing). In doing so, the work also provides a
base for future research about estimating under imprecise probabilities. In particular,
it would be desirable to develop alternative estimators so that the proposed minimum
distance estimator can be compared to other estimators under imprecise probabilities.
Furthermore, the simulation study presented in this book is only intended to demonstrate
the applicability of the proposed minimum distance estimator but it would have been out
of the scope to investigate more advanced applications in involved statistical models. For
example, robust statistics is already able to deal with involved semiparametric regression
models such as the Cox model in survival analysis (cf. e.g. Sasieni (1993), Bednarski and
Nowak (2003) and Hable et al. (2008)) but Model 3 in the simulation study of the present
book is only concerned with two-dimensional linear regression. Nevertheless, the simu-
lation study indicates that the flexibility of the proposed minimum distance estimator
enables future applications in more advanced models. In order to encourage this, the
estimator has been programmed in R and has already been made publicly available as
(open source) R package “imprProbEst”; cf. Hable (2008a).
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Chapter 8

Appendix

8.1 Vector lattices

This section presents the basics of the theory of vector lattices and is mainly based on
(Bhaskara Rao and Bhaskara Rao, 1983, Section 1.5). Important notions related to vector
lattices are bands and L-spaces.

Definition 8.1 Let V' be a vector space which is endowed with a partial ordering < such
that

z,2yeV, x<y = r+z2<y+z VzeV
ryeV, <y = cx <cy VYece[0,00)

Then V' is called an ordered vector space.

Definition 8.2 Let V' be an ordered vector space. Forx,y € V , an element z with v < z,
y < z and the property

zeV, <z y<z = z2 <z

15 called supremum of x and y. It is denoted by x V y .

If the supremum of x and y exists, it is unique. An infimum of x and y is analoguously
defined. It is denoted by x N\ y.

w €V is called magorant of a subset S CV if s <w Vse&S. S is called majorised or
order bounded then.

A magorant w € V of S C 'V is called supremum of S if

wevV, s<w VseSs = w < W

Definition 8.3 A wvector space V is called vector lattice if it is an ordered vector space
so that, x Vy and x Ny exist for every x,y € V.

Let V be a vector lattice. For x € V', 2™ := 2V 0 is called positive part of z, = := —(zA0)
is called negative part of x and |z| := ™ 4+ 2~ is called modulus of z. The following
assertions are valid for every x € V:
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lz| =2t Vv

x,y € V are called orthogonal, if || A |y| = 0. Orthogonality of z and y is denoted by
x Ly.

Definition 8.4 A sublattice W of a vector lattice V' is a vector subspace of V' so that
xVy,zAy € W Ye,ye W.

Definition 8.5 A subset B C V of a vector lattice V is called band if
(i) B is a sublattice of V,
(i) s € BO<|y|<|t| = ye B

(iii) each nonempty subset of B that has a majorant in V also has a supremum, which
belongs to B.

Definition 8.6 A vector lattice V' is called order complete or Dedekind complete or
boundedly complete if every majorised subset of V has a supremum in V.

Remark 8.7 The intersection of arbitrarily many bands is again a band. Every subset
S CV of a Dedekind complete vector lattice V' has a smallest band containing S.

For a subset S C V of a vector lattice V, define
SL:{Z'EV‘ xls VSES}

Proposition 8.8 Let S C V' be a subset of a Dedekind complete vector lattice V. Then,
St is a band.

Corollary 8.9 Let S C V be a subset of a Dedekind complete vector lattice V. Then,
(S1)*+ is the smallest band containing S.

Theorem 8.10 (Riesz Decomposition Theorem) Let B be a band in a Dedekind
complete vector lattice V. Then,
V =Ba&B"

i.e.: for every element x €V, there is a unique ¥’ € B and a unique " € B* so that

r =12 +a" (8.1)
The maps
7g: V=B, z—2a2 and gL V=Bt z—a”
have the following properties:
e 7p and mgi are linear.
o () =42 VieB, mpi(a”) = 2" Va” e Bt

e >0 = mgx) >0, wp(r)>0

e = = mwg(x)+ mpi(x) VeeV
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If x >0, then 2’ = mg(x) is the supremum of {b €B | 0<bh< a:} . Therefore,

mp(z) = \/ (z A sl)

seS

Generally, mg(x) =nmg(x™) —7wg(z™) for z € V.

Definition 8.11 A wvector lattice V' provided with a norm || - || is said to be a normed
vector lattice if the norm is compatible with the modulus | - |, i.e.:
vy eV o[ <yl = |zl <yl

If, in addition, V is a Banach space, then it is also called a Banach lattice.

The norm of a normed vector lattice V' induces the norm-topology on V.

Proposition 8.12 Let V' be a normed vector lattice. Then, the maps
(v, y) —xVy,  (z,y) —zAy

are norm-continuous. For every subset S C V, St is norm-closed. Every band B C 'V is
norm-closed.

Definition 8.13 An L-space V' is a Banach lattice where

nyeV, ©20,y20 = |z+yl =z +]yl
Theorem 8.14 Every L-space is Dedecind complete.*
Remark 8.15 FEvery band B C 'V in an L-space V 1is itself an L-space.
Definition 8.16 An M-space V' is a Banach lattice where

vyeV, z20,y20 = fzvyl=lzVyl

Definition 8.17 Let V and W be vector lattices. A map ¢ : V. — W is called vector
lattice isomorphism or isomorphism of vector lattices if it is

e linear

e bijective

o plxNhy)=p@)ANoly), @lEVy =e@)Vely), VYryeV
o vl wAz)=p H w)ApTH2), ¢ HwVz)=9p w)Ve(z),
Vw,z € W

Definition 8.18 Let V and W be Banach lattices. A map ¢ : V. — W is called Banach
lattice isomorphism or isomorphism of Banach lattices if it is

e a vector lattice 1somorphism and

o isometric: ||p(z)|| = ||z VzeV

LConfer e.g. (Schaefer, 1974, Proposition 8.3(ii))
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Definition 8.19 Let V and W be Banach lattices. A Banach lattice isomorphism ¢ :
V — W s called

a) L-space isomorphism or isomorphism of L-spaces if V' and W are L-spaces.

b) M-space isomorphism or isomorphism of M-spaces if V' and W are M-spaces.

Proposition 8.20 2 Let V and W be vector lattices. A map ¢ : V. — W is a vector
lattice isomorphism if and only if it is

e [inear
e bijective

e >0 & o(x) >0

Proposition 8.21 Let V and W be L-spaces. A map ¢ : V — W is an L-space isomor-
phism if and only if it is

e a vector lattice isomorphism and

e normalized: ||p(z)|| = ||z|| V2 >0, zeV

Proof: Let ¢ be a normalized vector lattice isomorphism. Then, for every x € V,

le@ll = e = l(e)" + (w@) || =
= [[e@) "Il + Ie@) " = el + el =
= [l + e = e +a7]l = [lel]] = ll=]
because in a normed vector lattice is || [#] || = ||z|| (cf. (Schaefer, 1974, p. 81)), i.e. ¢ is
isometric.
The converse statement is trivial. O

Proposition 8.22

a) The dual space of an L-space is an M-space. The dual space of an M-space is an
L-space.

b) Let ¢ : V — W be an M-space isomorphism. Then, the adjoint of ¢
1s an L-space isomorphism.

For part a), confer (Schaefer, 1974, Proposition 9.1); part b) is an easy corollary then.

2¢f. (Constantinescu et al., 1998, Proposition 1.5.6 (c))
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8.2 Weak topologies

This section introduces (a special case of) weak topologies following the lines of (Dunford
and Schwartz, 1958, §V.3). Examples of such topologies which appear in this book are
the weak*-topology on ba(2,.4) and the weak topology of probability measures.

Let 2 be a set and L(£2) be the Banach space of all bounded functions f : © — R with
norm || f|| = supgeq |f(w)]. Let I' C L(2) be a linear subspace. Furthermore, let M be
a linear subspace of the dual space I'*. So, every u € M is a continuous, linear funktional

pi TSR, [ ]
For every f € T', put

Ap o M — R, o= Ap(p) = plf]
which is a continuous (in the norm-topology), linear functional on M.

Definition 8.23 The I'-topology on M is the weakest topology on M such that every Ay
is continuous (in this topology) for every f € I.
That s, the I'-topology on M 1is the weakest topology on M such that the sets

AJTI(B), fer, BCRopen
are open.

Now, M has two different topologies, namely the norm-topology and the (weaker) I'-
topology. To make clear what topology is used, topological terms such as compact, open,
closure etc. usually are denoted by norm-compact, I'-open, norm-closure etc.

According to (Dunford and Schwartz, 1958, Definition V.3.2 and Lemma V.3.8), the sets

N(p, Fie) = {v| |p(f) —v(f) <e, feF}

where
we M, Fisa finite subset of I', >0

form a base of the I'-topology

The next theorem sumarizes some common properties of the I'-topology according to
(Dunford and Schwartz, 1958, p. 420f).

Theorem 8.24
a) M is a locally convex linear topological (Hausdorff) space in its I - topology.

b) A net (ug)sep converges to p in the I' - topology if and only if limg pg(f] = p[f] for
every f € T

c) The linear functionals on M which are T'-continuous are precisely the functionals
Ay plf], fel.

Lemma 8.25 characterizes the subspace topology on My C M generated by the I'-topology
on M.
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Lemma 8.25 Let My be a linear subspace of Loo(S2) such that My C M. Then, the
subspace topology on My C M generated by the I'-topology on M 1is equal to the I'-topology
on M.

Proof: Let (13)sep be a net in My and p € M. Then,
s ? i € My in the subspace topology on My C M
& g ? 1w € My in the I'-topology on M

& pglf] - plfl] vferl

& ug ? 1w € My in the I'-topology on My
O

Just for a moment, put M = ba(Q,A) and I' = L(2,.A4). Then, the lower envelope
theorem (Walley, 1991, Theorem 2.6.3 (b)) states that

F[f] = Sup,u[f], VfEEOO(Q,.A)

ney

defines a coherent upper prevision for V C ba(f2,.A) and the weak*-compactness theorem
(Walley, 1991, Theorem 3.6.1) implies that the credal set of P is equal to the convex
L(€2, A) - closure of V.

The following theorem is a generalization of this result for arbitrary linear subspaces
['C Lo(2) and M C IT'*. — It is needed for upper expectations and F-probabilities where
weak topologies on ca?(f2,.4) are considered.

Theorem 8.26 Let V C M be any subset of M. Put

Pf] = suppulf], VfeT

ma%

Then, the convex T - closure of V' is
clreo(V) = {pe M| ulf)<P[f]VfeTl} =M

Proof: If P[f] < oo, put Iy = (— oo, P[f]]; if P[f] = oo, put Iy =R.

Since every Ay : p— p[f] is I'-continuous and each interval I; is closed in R,

M = (A7 (L)
re I'-closed

is I'-closed. That is, M is a I'-closed convex set which contains V' and, therefore,
clrco (V) Cc M.

Conversely, take any p € M such that p ¢ clrco (V) M is a locally convex linear
topological space in the I'-topology (Theorem 8.24), c/rco (V) is a I"-closed convex subset
and {p} is a I'-compact convex subset such that {u} N clreo (V) = 0. According to
(Dunford and Schwartz, 1958, Theorem V.2.10), there is a I-continuous linear functional
T : M — R such that

sup T(v) < T(n) (8.2)
veclreo (V)
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Next, Theorem 8.24 ¢) implies existence of some f € I' such that Ay = T". Hence,
(8.2)

Plf] < sup v[f] < plf]
veclreo (V)

That is, 4 & M. Hence, M \ clrco (V) = 0. O

8.3 Some technical lemmas

Lemma 8.27 Let = be a Polish space with Borel-o-algebra B and let P be a probabil-
ity measure on (2,%8). Then, for every f € Lo(Z,B), there is a sequence of upper
semicontinuous functions (fn)nen C Loo(Z,B) such that

h LS fal .. < f and Plf.] / Plf]

Proof: According to Lusin’s Theorem (Bauer, 2001, Theorem 26.7), there is a sequence
of compact subsets (K, )nen of Z such that
1
P(E\Kn) < = VneN
n

and the restriction of f on K, is continuous for every n € N. It is easy to see that each
map

inf f 4+ (f —inf f) Ik,
is upper semicontinuous. Since the maximum of a finite number of upper semicontinuous
functions is again upper semicontinuous, the functions

fo = max <inff+(f—inff)[Kn>, neN

ie{l,...,n}

are upper semicontinuous. Furthermore,

h<hSfs< . < f

and
2
0 < tmsup PLf,] ~ PIf] < lmsup P(E\ K,) -2 /]| < limsup—||f]| = 0
O

Lemma 8.28 Let B be an algebra on a set Y, let D be an algebra on a set Z and
U : B — D an algebra homomorphism. Put

CUp) = lym for every B € B

C(Z bj[Bj) = Z bjly (s, for every simple function on (), B)
j=1 j=1

and
((9) = lim ((s,)  for every g € Loo(Y,B)

n—oo
where each s, is a simple function and ||s, — g|| — 0.
Then,

¢ LV, B) = Lo(Z2,D), g = ((9)

18 a well defined map which is
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e [linear
e positive: £(h) > 0 VYh>0
e normalized: £(Iz) = Ig

Proof: Note that U(0)) = () and ¥(Y) = Z.
Then, ¥ defines a map

ZxB — R, (z2,B) +— I\I,(B)(z) (8.3)
such that

e the function z — Iyp)(2) is an element of L(Z, D) for every B € B.
e (.: B Iy(p)(z) is a probability charge on B for every z € Z .

The first statement is obvious. The second statement is an easy consequence of the
properties of U:

and for every By, B, € B such that BjN By = 0,

éz(BIUBQ) = lymus,)(2) = I\lf(Bl)U\Il(Bg)(Z) =
= Ty (2) + lu(p,)(2) = CG(B1) + (. (B2)

Since C; is a probability charge for every z € Z, we can define the map

9): 2 =R,z ({9 (8.4)

for every g € L(Y, B) where
(o) = [aw)iday  Viez,  ge LB (55

Then, for every simple function > 7", b;Ip, on (¥, B),

6(26@) Zb [ 1ot ) &) Zbﬂp (3.6)

is a simple function on (Z,D). Now, take any g € Lo(Y, B). Then, there is a sequence
of simple functions s,, such that ||s, — g|| — 0 and

sup| {(s)(2) = C(9)(2) | < Sup/||8n—9!\§z(dy) = llsn =gl — 0 (8.7)
This implies that ((g) is bounded and ((g) € Loo(Z,D).
Hence,

é D LoV, B) — Lo(Z2,D), g = é(g)

3The map defined by (8.3) essentially behaves like an ordinary Markov kernel. However, it is not
exactly a Markov kernel because B is, in general, not a o-algebra but an algebra.
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is a well defined map which is obviously linear, positive and normalized.

Finally, it follows from (8.5) and (8.7) that

(g) = Clg) Vg€ LV, B)

For ease of reference, the following lemma is proven:

Lemma 8.29 Let X be a linear topological space and ¢ : X — R a linear, continuous
function. Then, for any subset A C X,

sup { () | e A} = sup {p(z) ‘ x € cleo(A)}

where clco(A) denotes the closed convex hull of A in X .

Proof: According to (Dunford and Schwartz, 1958, Theorem V.2.1 (a)), the closed convex
hull ¢fco(A) is equal to the closure of the convex hull co(A) of A, i.e.

cleo(A) = cl(co(A))
Hence, it suffices to show

sup {¢(z) | ve A} > sup{p(z) | z € co(A)} > sup {p(x) ‘ z € cl(co(A))}

The first inequality follows from linearity:

@(Z)\kfﬂk) = ZAk@(fk) <

for any convex combination of z1,...,z, € A.

sup (1) < supp(r)
k=1,....n €A

The second inequality follows from continuity according to (Denkowski et al., 2003,
Theorem 1.1.29):

p(xg) = limp(z,) < sup ¢(z)
€D z€co(A)

for every accumulation point xg of co(A). O

Lemma 8.30 Let V) and V5 be L-spaces. Let By C Vi be a band in Vi and By C V5 be a
band in Vy such that By # {0}. Then:

a) Every transition & : By — Va can be extended to a transition o : Vi — Va such that
o(by) = a(by) for every by € By .

b) For every transition o : Vi — Vs, , there is a transition & : Vi — By such that

o(x1) € By, mm €V, = o(xq) = o(xq) (8.8)

Proof:
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a) Fix any o € V5 such that o > 0 and ||ao|| = 1. Then,

p(a1) = (a7l = [l ) - 72 Vo €Vi

defines a transition p : V; — V5. Let m; be the projection of V; onto the band By and
71 be the projection of V; onto the band Bi-. Some simple calculations show that

o(x1) = dom(xy) + pomy(xy)

defines an extension of & to a transition o : V; — V5.

b) Let 75 be the projection of V; onto the band By and w5 be the projection of V5 onto
the band By-. Fix any by € B, such that by > 0 and ||by|| = 1. Then,

fa(s) = ma(wn) + (Imy ()| = I (22)]) - b2

defines a transition 7y : Vo — By such that 5(by) = by for every by € By . Finally,
G = 79 00 defines a transition 5 : V; — By which fulfills (8.8).

O
Lemma 8.31 Let € and €y be sets with algebras Ay and A, respectively. Let
o: ba(Q, A1) — ba(Qs,A4s)
be a restricted randomization. Then, there is a finitely additive Markov kernel
T i x A — R, (w1, A2) — 7, (A2)
such that
T(wi, A) = Y ag,(w1) 0z,(A2)  Vwr €D, Ay €A
268
where Qy C Qy is a finite set,
Az, >0, ag, € Loo(2,A2) Vi € Q, and Z ag, =1 (8.9)
D260
and, in addition,
Vi, €Qy 3Ay € Ay such that AyNQy = {@y) (8.10)

Proof: It only has to be shown that  can be chosen in the definition of restricted
randomizations in such a way that (8.10) is additionally fulfilled.

According to the definition of restricted randomizations, there is a a finitely additive
Markov kernel

T: i x A — R, (w1, As) — 7, (A2)
such that

T(wr, A) Z ﬁw wi) Az) Vw; €y, Ay e A

whe,
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where ), C Q, is a finite set,

6@)’2 2 07 ﬁd)é S Eoo(QQ,A2> V E Q/ and Z ﬁ‘bé =1

According to finiteness of Q’Z, it is easy to see that there is a subset Qy C Q’Q and a family
of sets

such that

e the sets fl@ are disjoint for @y € Qs ,
e () € /L;,Z for every ws € QQ
o for every &, € Y, there is some &y € Qy such that @) € Ag,

o &, € A, implies that the following assertion is valid for every A, € A, :
Wy € AQ = (:Jé S AQ (811)

To say it in other words: The elements of Q’Q are separated by some sets fl‘gz e Ay as far
as possible. If two elements of Y, cannot be separated by As, one element is too much
and this redundant element is thrown away.

Next, put

az, = Y By (8.12)

Then, (8.9) and (8.10) are fulfilled. Furthermore, (8.11) and (8.12) imply

w17A2 Z AQ) = Z a&2(w1)'5@2("42)

e, 02€Qy

for every wy; € ; and A; € A,. ]

Lemma 8.32 Assume that S is a probability charge on (U,C) so that S[ip] = % Vo eoO
where + : U — R denotes the projection of u onto the 0-component uy of w. Then,
Sp : h+— S[nwh] defines a precise model (Sp)oco on (U,C) and

pe?i’*l%zg,n)) R((So)o, p, W) = S[K(W)] (8.13)

for every decision space (D, D) and every loss function
W: 0xD — R, (0,1) — Wo(t); (We)oco € L(D, D)

K (W) is defined as in (4.7).

Proof: Obviously, (Sg)gco is a precise model on (U,C). Statement (8.13) is proven by
two steps:
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[1] Let W : (6,t) — Wy(t) be a loss function such that each Wy € Loo(D, D) is a simple
function. Since © is finite, there is a finite subset D := {t1,...,t,} C D so that

{16y | t€ D} = {(W6) e

Let the elements of the set A be the families (oy)iep C Loo(U,C) where D is a finite
subset of D, ay >0 Vte D and ), oy =1.
Put T'y(u ZTLTFQW@ Jeg(u), thus inﬂf)FT = K(W)
TE
€0
For j € {1,...,m}, let V; be the set of elements v € U so that I'y;(u) =
inf ep 'y (u),

teD}

Uj —V\(UV) and &, = Iy, j=1...,m

Note that U; € C. The definition of {t1,...,t,,} ensures that (U;),;=
of . Hence, » ,.pd& = 1and (&), € A. Furthermore,

" u(w)Ti(u) = inf To(u) (8.14)

teD

m 1S a partition

.....

Let p be the restricted randomization which corresponds to (é¢),.q € A. Then,

S map(Sa) 1) L / inf I (u) S(du) = S[K(W)] (8.15)
bco e
So, (8.13) follows from (8.15) and
2 Prop. 4.1 o
pETl*nZED Zmp (Se)[We] = ) tEDeAZm)Sg [tGZDWg O‘ti| =
= lnf /Zat du) =
(aehen€A J 327
> inf inf I' du) = inf I' d
> (at)ltréseA/}'IElD T(U);at(w S(du) /;IEID ~(u) S(du)

=1

2] Fix any € > 0. Then, for every 6 € ©, there is a simple function W, e L (D, D) so
that Wy —e < Wy < Wyp+e VO € O;ct (2.6). That is, W : (0,t) — Wy(t) is a
loss function as in [1]. Hence,

inf Zﬂ'gp(Sg)[Wg] < ( inf Zm;p (Se)| W9]>+€ =

€7.(U,D €7.(U,D)
PET( )969 P

w S[K(W)] +e = S[ilelﬂf)znﬁewe(ﬂbe} +e <
0o

< [mfzmgwg }+2s - S[K(W)} pe

- TeD

and, analogously, inf Zw@p(Sg)[We] > S[K(W)} — 2.
ISC)

p€T (U,D)

Since ¢ > 0 was arbitrarily chosen, (8.13) follows. O
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