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Abstract

Coherent reasoning under uncertainty can be represented in a very general manner by
coherent sets of desirable gambles. In a context that does not allow for indecision, this leads
to an approach that is mathematically equivalent to working with coherent conditional
probabilities. If we do allow for indecision, this leads to a more general foundation for coherent
(imprecise-)probabilistic inference. In this framework, and for a given finite category set,
coherent predictive inference under exchangeability can be represented using Bernstein
coherent cones of multivariate polynomials on the simplex generated by this category set.
This is a powerful generalisation of de Finetti’s Representation Theorem allowing for both
imprecision and indecision.

We define an inference system as a map that associates a Bernstein coherent cone of
polynomials with every finite category set. Many inference principles encountered in the
literature can then be interpreted, and represented mathematically, as restrictions on such
maps. We discuss, as particular examples, two important inference principles: representation
insensitivity—a strengthened version of Walley’s representation invariance—and specificity.
We show that there is an infinity of inference systems that satisfy these two principles,
amongst which we discuss in particular the skeptically cautious inference system, the inference
systems corresponding to (a modified version of) Walley and Bernard’s Imprecise Dirichlet
Multinomial Models (IDMM), the skeptical IDMM inference systems, and the Haldane
inference system. We also prove that the latter produces the same posterior inferences as
would be obtained using Haldane’s improper prior, implying that there is an infinity of
proper priors that produce the same coherent posterior inferences as Haldane’s improper one.
Finally, we impose an additional inference principle that allows us to characterise uniquely
the immediate predictions for the IDMM inference systems.

1. Introduction

This paper deals with predictive inference for categorical variables. We are therefore concerned
with a (possibly infinite) sequence of variables X,, that assume values in some finite set of
categories A. After having observed a number 7 of them, and having found that, say X; = x1,
X9 = x9, ..., X5 = x5, we consider some subject’s belief model for the next n variables
Xi41, -+ - Xpta. In the probabilistic tradition—and we want to build on this tradition in the
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context of this paper—this belief can be modelled by a conditional predictive probability
mass function p”(-|z1,...,25) on the set A™ of their possible values. These probability mass
functions can be used for prediction or estimation, for statistical inferences, and in decision
making involving the uncertain values of these variables. In this sense, predictive inference lies
at the heart of statistics, and more generally, of learning under uncertainty. For this reason,
it is also of crucial importance for dealing with uncertainty in Artificial Intelligence, where
for instance, intelligent systems have to learn about multinomial probabilities, or Markov
transition probabilities, rates of occurrence for phenomena, local probabilities in Bayesian or
credal networks and so on. We refer to the synthesis by Geisser (1993) and the collection of
essays by Zabell (2005) for good introductions to predictive inference and the underlying
issues that the present paper will also be concerned with.

What connects these predictive probability mass functions for various values of n, 7 and
(1,...,x5) are the requirements of time consistency and coherence. The former requires
that when ny < ng, then p™ (-|z1,...,z5) can be obtained from p"™2(-|x1, ..., x;) through the
usual marginalisation procedure; while the latter essentially demands that these conditional
probability mass functions should be connected with time-consistent unconditional probability
mass functions through Bayes’s Rule.

A common assumption about the variables X,, is that they are exchangeable, meaning
roughly that the subject believes that the order in which they are observed, or present
themselves, has no influence on the decisions and inferences he will make regarding these
variables. This assumption, and the analysis of its consequences, goes back to de Finetti
(1937) (see also Cifarelli & Regazzini, 1996). His famous Representation Theorem states,
in essence, that the time-consistent and coherent conditional and unconditional predictive
probability mass functions associated with a countably infinite exchangeable sequence of
variables in A are completely characterised by'—and completely characterise—a unique
probability measure on the Borel sets of the simplex of all probability mass functions on A,
called their representation.?

This leads us to the central problem of predictive inference: since there is an infinity of
such probability measures on the simplex, which one does a subject choose in a particular
context, and how can a given choice be motivated and justified? The subjectivists of de
Finetti’s persuasion might answer that this question needs no answer: a subject’s personal
predictive probabilities are entirely his, and time consistency and coherence are the only
requirements he should heed. Earlier scholars, like Laplace and Bayes, whom we would now
also call subjectivists, invoked the Principle of Indifference to justify using a specific class of
predictive mass functions. Proponents of the logicist approach to predictive inference would
try enunciating general inference principles in order to narrow down, and hopefully eliminate
entirely, the possible choices for the representing probability measures on the simplex. The
logicians W. E. Johnson (1924) and, in a much more systematic fashion, Rudolf Carnap (1952)

1. ... unless the observed sequence has probability zero.

2. Actually, in order to clarify the connection with what we shall do later on, the essence of de Finetti’s
argument is that the representation is a coherent prevision on the set of all multinomial polynomials—or
equivalently, of all continuous real functions—on this simplex (De Cooman, Quaeghebeur, & Miranda,
2009b). As a (finitely additive) coherent prevision, it can be extended uniquely only so far as to the set
of all lower semicontinuous functions, but it does determine a unique (countably additive) probability
measure on the Borel sets of that simplex, through the F. Riesz Representation Theorem (De Cooman &
Miranda, 2008a; Troffaes & De Cooman, 2014).
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tried to develop an axiom system for predictive inference based on such reasonable inference
principles. Carnap’s first group of axioms is related to what we have called coherence, but
as we suggested, these by themselves are too weak to single out a particular predictive
model. His second group consisted of invariance axioms, including exchangeability. He also
included an axiom of instantial relevance, translating the intuitive principle that predictive
inferences should actually learn from experience. His last axiom, predictive irrelevance, was
also proposed earlier by Johnson and called the sufficientness postulate by Good (1965).
Armed with these axioms, Carnap was able to derive a continuum of probabilistic inference
rules, closely related to the Dirichlet multinomial model and to the Imprecise Dirichlet
Multinomial Model (IDMM) proposed by Walley (1996) and Walley and Bernard (1999),
which we discuss in Appendices C and D, respectively.

Our point of view holds the middle ground between the subjectivist and logicist positions:
it should be possible for a subject to make assessments for certain predictive probabilities,
and to combine these with certain inference principles he finds reasonable, or which suit his
purpose for the problem at hand. Indeed, the inference systems we introduce and discuss
in Section 6, and the notion of conservative coherent inference—or natural extension—we
associate with them, provide an elegant framework and tools for making conservative coherent
predictive inferences that combine (local) subjective probability assessments with (general)
inference principles. And our work in Section 15 on characterising the immediate predictions
for the IDMM constitutes an exercise in—or an example for—precisely that.

This idea of conservative probabilistic inference brings us to what we believe is the
main contribution of this paper. It is a central idea in de Finetti’s (1975) approach to
probability—but also of course implicit in the Markov and Chebyshev inequalities—that
when a subject makes probability assessments, we can consider them as bounds on so-called
precise probability models. Calculating such most conservative but tightest bounds is indeed
what de Finetti’s (1975) Fundamental Theorem of Prevision (see also Lad, 1996) is about.
The theory of imprecise probabilities, brought to a synthesis by Williams (1976) and Walley
(1991, 2000), but going back to Boole (1952) and Keynes (1921), with crucial contributions
by quite a number of statisticians and philosophers (Smith, 1961; Levi, 1980; Seidenfeld,
Schervish, & Kadane, 1999), looks at conservative probabilistic inference precisely in this
way: how can we calculate as efficiently as possible the consequences—in the sense of most
conservative tightest bounds—of making certain probability assessments. These may be local
assessments, such as inequalities imposed on the probabilities or previsions of certain events
or variables, or structural assessments, such as independence, or exchangeability.

One advantage of imprecise probability models is that they allow for imprecision, or in
other words, the use of partial probability assessments using bounding inequalities rather
than equalities. Another, related, advantage is that they allow for indecision to be modelled
explicitly: loosely stated, if the imposed bounds on probabilities allow for more than one
probability model as a solution, it may very well be that of two actions, the first has the
higher expected utility for one compatible probability model, and the smaller for another
compatible probability model, meaning that neither action is robustly preferred over the other.
So with this current stated model for his beliefs, a subject is then undecided between these
actions. In Section 2, we give a concise overview of the relevant ideas, models and techniques
in the field of imprecise probabilities. A much more extensive and detailed recent overview of
this area of research was published by Augustin, Coolen, De Cooman, and Troffaes (2014).
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The present paper, then, can be described as an application of ideas in imprecise prob-
abilities to predictive inference. Its aim is to study—and develop a general framework for
dealing with—conservative coherent predictive inference using imprecise probability models.
Using such models will also allow us to represent a subject’s indecision, which we believe is a
natural state to be in when knowing, or having learned little, about the problem at hand.
It seems important that theories of learning under uncertainty in general, and predictive
inference in particular, at least allow us (i) to start out with conservative, very imprecise and
indecisive models when little has been learned, and (ii) to become more precise and decisive
as more observations come in. We shall see that the abstract notion of an inference system
that we introduce further on, allows for—but does not necessarily force—such behaviour,
and we shall give a number of examples of concrete inference systems that display it.

Our work here builds on, but manages to reach much further than, an earlier paper by
one of the authors (De Cooman, Miranda, & Quaeghebeur, 2009a). One reason why it does
so, is that this earlier work deals only with immediate prediction models, and as we shall
see further on, predictive inference using imprecise probabilities is not completely determined
by immediate prediction, contrary to what we can expect when using precise probabilities.
But the main reason is that we are now in a position to use a very powerful mathematical
language to represent imprecise-probabilistic inferences: Walley’s (2000) coherent sets of
desirable gambles. Earlier imprecise probability models (Boole, 1952, 1961; Koopman, 1940)
centred on lower and upper probability bounds for events—or propositions. Later on (Walley,
1991, Section 2.7), it became apparent that this language of events and lower and upper
probabilities is lacking in power of expression: a much more expressive theory uses random
variables and their lower previsions or expectations. This successful theory of coherent lower
previsions is by now quite well developed (Walley, 1991; Augustin et al., 2014; Troffaes &
De Cooman, 2014). But it faces a number of problems, such as its mathematical as well as
conceptual complexity, especially when dealing with conditioning and independence, and
the fact that, as is the case with many other approaches to probability, and as we shall see
further on in Section 2.5, it has issues with conditioning on sets of (lower) probability zero.

A very attractive solution to these problems was offered by Walley (2000), in the form of
coherent sets of desirable gambles, inspired by earlier ideas (Smith, 1961; Williams, 1975b;
Seidenfeld, Schervish, & Kadane, 1995). Here, the primitive notions are not probabilities of
events, nor expectations of random variables. The focus is rather on whether a gamble, or
a risky transaction, is desirable to a subject—strictly preferred to the zero transaction, or
status quo. And a basic belief model is now not a probability measure or lower prevision,
but a set of desirable gambles. Of course, stating that a gamble is desirable also leads to a
particular lower prevision assessment: it provides a lower bound of zero on the prevision of
the gamble. We explain why we prefer to use sets of desirable gambles as basic uncertainty
models in Section 2.

In summary, then, our aim in this paper is to use sets of desirable gambles to extend the
existing probabilistic theory of predictive inference. Let us explain in some detail how we
intend to go about doing this. The basic building blocks are introduced in Sections 2—-7. As
already indicated above, we give an overview of relevant notions and results concerning our
imprecise probability model of choice—coherent sets of desirable gambles—in Section 2. In
particular, we explain how to use them for conservative inference as well as conditioning;
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how to derive more commonly used models, such as lower previsions and lower probabilities,
from them; and how they relate to precise probability models.

In Section 3, we explain how we can describe a subject’s beliefs about a sequence of
variables in terms of predictive sets of desirable gambles, and the derived notion of predictive
lower previsions. These imprecise probability models generalise the above-mentioned predictive
probability mass functions p™(-|x1,...,x;), and they constitute the basic tools we shall be
working with. We also explain what are the proper formulations for the above-mentioned
time comnsistency and coherence requirements in this more general context.

In Section 4, we discuss a number of inference principles that we believe could be reasonably
imposed on predictive inferences, and we show how to represent them mathematically in
terms of predictive sets of desirable gambles and lower previsions. Pooling invariance—or
what Walley (1996) has called the Representation Invariance Principle (RIP)—and renaming
invariance seem reasonable requirements for any type of predictive inference, and category
permutation invariance seems a natural thing to require when starting from a state of
complete ignorance. Taken together, they constitute what we call representation insensitivity.
It means that predictive inferences remain essentially unchanged when we transform the
set of categories, or in other words that they are essentially insensitive to the choice of
representation—the category set. Another inference principle we look at imposes the so-called
specificity property: when predictive inference is specific, then for a certain type of question
involving a restricted number of categories, a more general model can be replaced by a more
specific model that deals only with the categories of interest, and will produce the same
relevant inferences (Bernard, 1997).

The next important step is taken in Section 5, where we recall from the literature (De
Cooman et al., 2009b; De Cooman & Quaeghebeur, 2012) how to deal with exchangeability
when our predictive inference models are imprecise. We recall that de Finetti’s Representation
Theorem can be significantly generalised. In this case, the time-consistent and coherent
predictive sets of desirable gambles are completely characterised by a set of (multivariate)
polynomials on the simplex of all probability mass functions on the category set.? This
set of polynomials must satisfy a number of properties, which taken together define the
notion of Bernstein coherence. Without becoming too technical at this point, the conclusion
of this section is that, in our more general context, the precise-probabilistic notion of a
representing probability measure on the simplex of all probability mass functions is replaced
by a Bernstein coherent set of polynomials on this simplex. This set of polynomials serves
completely the same purpose as the representing probability measure: it completely determines,
and conveniently and densely summarises, all predictive inferences. This is the reason why
the rest of the developments in the paper are expressed in terms of such Bernstein coherent
sets of polynomials.

We introduce coherent inference systems in Section 6 as maps that associate with any
finite set of categories a Bernstein coherent set of polynomials on the simplex of probability
mass functions on that set. So a coherent inference system is a way of fixing completely all
coherent predictive inferences for all possible category sets. Our reasons for introducing such
coherent inference systems are twofold. First of all, the inference principles in Section 4 impose
connections between predictive inferences for different category sets, so we can represent such

3. In contradistinction with de Finetti’s version, our version has no problems with conditioning on observed
sequences of (lower) probability zero.
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inference principles mathematically as restrictions on coherent inference systems, which is the
main topic of Section 7. Secondly, it allows us to extend the method of natural extension—or
conservative inference—introduced in Section 2.2, to also take into account principles for
predictive inference, or more generally, predictive inference for multiple category sets at once.
This leads to a method of combining (local) predictive probability assessments with (global)
inference principles to produce the most conservative predictive inferences compatible with
them.

As a first illustration of the power of our methodology, we look at immediate prediction
in Section 8: what implications do representation insensitivity and specificity have for
predictive inference about the single next observation? We show that our approach allows us
to streamline, simplify and significantly extend previous attempts in this direction by De
Cooman et al. (2009a).

The material in Sections 9-14 shows, by producing explicit examples, that there are
quite a few different types—even uncountable infinities—of coherent inference systems that
are representation insensitive and/or specific. We discuss the vacuous and nearly vacuous
inference systems in Sections 9 and 10, the skeptically cautious inference system in Section 11,
the family of IDMM inference systems in Section 12, the family of skeptical IDMM inference
systems in Section 13, and the Haldane inference system in Section 14. Most of these inference
systems, apart from the IDMM, appear here for the first time. Also, we believe that we are
the first to publish a detailed and explicit—as well as still elegant—proof that the IDMM
inference systems are indeed representation insensitive and specific. It should already be
mentioned here, however, that our IDMM inference systems are based on a modified, and
arguably better behaved, version of the models originally introduced by Walley and Bernard
(see Walley, 1996; Walley & Bernard, 1999; Bernard, 2005); we refer to Appendix D for more
explanation, with a proof that the original IDMM is not specific and that, contrary to what
is often claimed, it does not satisfy the so-called nestedness property.

Our results disprove the conjecture (Bernard, 2007; De Cooman et al., 2009a) that the
IDMM inference systems—our version or the original one—are the only ones, or even the
most conservative ones, that satisfy both representation insensitivity and specificity. But we
do show in Section 15 that the IDMM family of immediate predictions—which are the same
for our version and for the original one—are in a definite sense the most conservative ones
that are representation insensitive and specific, and satisfy another requirement, which we
have called ‘having concave surprise’.

In the conclusion (Section 16) we point to a number of surprising consequences of our
results, and discuss avenues for further research.

In order to make this paper as self-contained as possible, we have included a number of
appendices with additional discussion. To help the reader find his way through the many
notions and notations we need in this paper, Appendix A provides of list of the most common
ones, with a short hint at their meaning, and where they are introduced. Appendix B provides
useful and necessary background on the theory of multivariate polynomials on simplices, and
the important part that Bernstein basis polynomials have there. Our discussion of IDMM
inference systems relies quite heavily on Dirichlet densities on simplices, and the expectation
operators associated with them. We discuss their most important and relevant properties in
Appendix C. Appendix D contains a discussion of the original IDM and IDMM models, as
proposed by Walley and Bernard (see Walley, 1991, 1996; Walley & Bernard, 1999; Bernard,
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2005), where we show that some of the claims they make about this model need to be
more carefully formulated. As we stated above, this is our main reason for introducing, in
Section 12, our own modified version of the IDMM models, which does not suffer from such
shortcomings, and produces the same immediate prediction models as the original version.
Finally, in an effort to make this lengthy paper as readable as possible, we have moved all
proofs, and some additional technical discussion, to Appendix E.

2. Imprecise Probability Models

In this section, we give a concise overview of imprecise probability models for representing,
and making inferences and decisions under, uncertainty. As suggested in the Introduction,
we shall focus on sets of desirable gambles as our uncertainty models of choice.

Let us briefly summarise in the next section why, in the present paper, we work with such
sets as our basic uncertainty models for doing conservative probabilistic inference. The reader
who wants to dispense with motivation can proceed to Section 2.2, where we introduce the
mathematics behind these models. In later sections, we shall of course also briefly mention
derived results in terms of the more familiar language of (lower) previsions and probabilities.

2.1 Why Sets of Desirable Gambles?

First of all, a number of examples in the literature (Moral, 2005; Couso & Moral, 2011; De
Cooman & Quaeghebeur, 2012; De Cooman & Miranda, 2012) have shown that working
with and making inferences using such models is more general and more expressive. It is
also simpler and more elegant from a mathematical point of view, and it has a very intuitive
geometrical interpretation (Quaeghebeur, 2014). We shall see in Sections 2.4 and 3 that
marginalisation and conditioning are especially straightforward, and that there are no issues
with conditioning on sets of (lower) probability zero.

Also, it should become apparent from the discussion in Section 2.2, and has been explained
in some detail by Moral and Wilson (1995) and De Cooman and Miranda (2012), that the
similarity between accepting a gamble on the one hand and accepting a proposition to be true
on the other, gives a very ‘logical’ flavour to conservative probabilistic inference. Indeed, there
is a strong analogy between the two, which connects conservative probabilistic inference—also
called natural extension in the field—with logical deduction: where in classical propositional
logic we are looking for the smallest deductively closed set that contains a number of given
propositions, in an imprecise probabilities context we are looking for the smallest coherent set
of desirable gambles that contains a number of given gambles. In the context of this analogy,
precise probability models are closely related to complete, or maximal, deductively closed
sets—perfect information states. This is a clear indication that precise probability models by
themselves are not well suited for dealing with conservative inference, and that we need the
broader context of imprecise probability models as a natural language and setting in which
to do this. So in summary, working with sets of desirable gambles encompasses and subsumes
as special cases both classical (or ‘precise’) probabilistic inference and inference in classical
propositional logic; see the detailed discussion by De Cooman and Miranda (2012).

Finally, as we briefly explain in Section 5, De Cooman and Quaeghebeur (2012) have
shown that working with sets of coherent desirable gambles is especially illuminating in the
context of modelling exchangeability assessments: it exposes the simple geometrical meaning
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of the notion of exchangeability, and leads to a simple and particularly elegant proof of a
significant generalisation of de Finetti’s (1937) Representation Theorem for exchangeable
random variables.

In summary, we work with sets of desirable gambles because they are the most powerful,
expressive and general models at hand, because they are very intuitive to work with—though
unfortunately less familiar to most people not closely involved in the field—, and, very
importantly, because they avoid problems with conditioning on sets of (lower) probability
zero. For more details, we refer to the work of Walley (2000), Moral (2005), Couso and Moral
(2011), De Cooman and Quaeghebeur (2012), and Quaeghebeur (2014).

2.2 Coherent Sets of Desirable Gambles and Natural Extension

We consider a variable X that assumes values in some finite* possibility space A. We model
a subject’s beliefs about the value of X by looking at which gambles on this variable the
subject finds desirable, meaning that he strictly prefers® them to the zero gamble—the status
quo. This is a very general approach, that extends the usual rationalist and subjectivist
approach to probabilistic modelling to allow for indecision and imprecision.

A gamble is a real-valued function f on A. It is interpreted as an uncertain reward f(X)
that depends on the value of X, and is expressed in units of some predetermined linear utility.
It represents the reward the subject gets in a transaction where first the actual value x of
X is determined, and then the subject receives the amount of utility f(z)—which may be
negative, meaning he has to pay it. Throughout the paper, we use the device of writing f(X)
when we want to make clear what variable X the gamble f depends on.

FEvents are subsets of the possibility space A. With any event B C A we can associate a
special gamble I 5, called its indicator, which assumes the value 1 on B and 0 elsewhere.

We denote the set of all gambles on A by L£(A). It is a linear space under point-wise
addition of gambles, and point-wise multiplication of gambles with real numbers. For any
subset A of L(A), posi(A) is the set of all positive linear combinations of gambles in A:

pOSi(A) = {Z )\kfki fk S A, A € Ryg,n € N} (1)

k=1

Here, N is the set of natural numbers (without zero), and R~ is the set of all positive real
numbers. A convez cone of gambles is a subset A of £(A) that is closed under positive linear
combinations, meaning that posi(A) = A.

For any two gambles f and g on A, we write ‘f > ¢’ if (Vx € A)f(x) > g(x), and ‘f > ¢’
if f>gand f#g. Agamble f > 0 is called positive. A gamble g < 0 is called non-positive.

4. For the sake of simplicity, we restrict this discussion to finite possibility spaces, because this is all we
really need for the purposes of this paper. In a very limited number of remarks further on, we shall have
occasion to mention related notions for infinite possibility spaces, but we will give ample references there
to guide the interested reader to the relevant literature.

5. We want to point out that the notion of strict preference—or preference without indifference—commonly
used in preference modelling, should not be confused with Walley’s (1991, Section 3.7.7) notion of strict
desirability, which is only one of the many ways to construct from a lower prevision a set of gambles that
are strictly preferred to the zero gamble; see also the discussion near the end of Section 2.5. For more
details, we refer to a recent paper by Quaeghebeur, De Cooman, and Hermans (2014).
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L+0(A) denotes the convex cone of all positive gambles, and L<(A) the convex cone of all
non-positive gambles.

We collect the gambles that a subject finds desirable—strictly prefers® to the zero gamble—
into his set of desirable gambles, and we shall take such sets as our basic uncertainty models.
Of course, they have to satisfy certain rationality criteria:

Definition 1 (Coherence). A set of desirable gambles D C L(A) is called coherent if it
satisfies the following requirements:

D1. 0 ¢ D;

D2. Lo(4) C D;

D3. D = posi(D).

D(A) denotes the set of all coherent sets of desirable gambles on A.

Requirement D3 turns D into a convez cone. Due to D2, it includes L~o(A); by D1-D3, it
avoids non-positivity:

D4. if f <0 then f ¢ posi(D), or equivalently L<o(A) N posi(D) = 0.

L+0(A) is the smallest coherent subset of £(A). This so-called vacuous model therefore
reflects minimal commitments on the part of the subject: if he knows absolutely nothing
about the likelihood of the different outcomes, he will only strictly prefer to zero those
gambles that never decrease his wealth and have some possibility of increasing it.

When D; C Do, a subject with a set of desirable gambles D; is more conservative, or less
committal, than a subject with a set of desirable gambles Dy, simply because the latter strictly
prefers to zero all the gambles that the former does, and possibly more. The inclusion relation
imposes a natural partial ordering on sets of desirable gambles, with a simple interpretation
of ‘is at least as conservative as’.

For any non-empty family of coherent sets of desirable gambles D;, i € I, its intersection
Micr Di is still coherent. This simple result underlies the notion of (conservative) coherent
inference. If a subject gives us an assessment—a set A C L(A) of gambles on A that he
finds desirable—then it tells us exactly when this assessment can be extended to a coherent
set of desirable gambles, and how to construct the smallest—and therefore least committal
or most conservative—such set:

Theorem 2 (Natural Extension, De Cooman & Quaeghebeur, 2012). Let A C L(A), and
define its natural extension by:”

Ea=[{DeD(4): ACD}.
Then the following statements are equivalent:
(i) A avoids non-positivity: L<o(A) N posi(A) = 0;

(ii) A is included in some coherent set of desirable gambles;

6. See footnote 5.
7. As usual, in this expression, we let (0 = L(A).
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(i) £4 # L(A);
(iv) the set of desirable gambles €4 is coherent;
(v) E4 is the smallest coherent set of desirable gambles that includes A.

When any (and hence all) of these equivalent statements holds, E4 = posi(Lso(A) U A).
Moreover, A is coherent if and only if A # L(A) and E4 = A.

2.3 Maximal Coherent Sets of Desirable Gambles

An element D of D(A) is called mazimal if it is not strictly included in any other element of
D(A), or in other words, if adding any gamble f to D makes sure we can no longer extend
the set DU {f} to a set that is still coherent:

(VD € D(A)DCD =D =D).

M(A) denotes the set of all maximal elements of D(A). A coherent set of desirable gambles
D is maximal if and only if for all non-zero gambles f on A, f ¢ D = —f € D (see Couso &
Moral, 2011 for the case of finite A, and De Cooman & Quaeghebeur, 2012 for the infinite
case). Coherence and natural extension can be described completely in terms of maximal
elements:

Theorem 3 (Couso & Moral, 2011; De Cooman & Quaeghebeur, 2012). A set A avoids
non-positivity if and only if there is some mazximal D € M(A) such that A C D. Moreover,
Ea=N{DeM(A): ACD}.

2.4 Conditioning with Sets of Desirable Gambles

Let us suppose that our subject has a coherent set D of desirable gambles on A, expressing his
beliefs about the value that a variable X assumes in A. We can then ask what his so-called
updated set D] B of desirable gambles on B would be, were he to receive the additional
information—and nothing more—that X actually belongs to some subset B of A. The
updating, or conditioning, rule for sets of desirable gambles states that:

g € D|B < glp € D for all gambles g on B. (2)

It states that the gamble g is desirable to a subject were he to observe that X € B if
and only if the called-off gamble gl is desirable to him. This called-off gamble ¢lp is the
gamble on the variable X that gives a zero reward—is called off—unless X € B, and in
that case reduces to the gamble g on the new possibility space B. The updated set D|B
is a set of desirable gambles on B that is still coherent, provided that D is (De Cooman
& Quaeghebeur, 2012). See the discussions by Moral (2005), Couso and Moral (2011), De
Cooman and Quaeghebeur (2012), De Cooman and Miranda (2012) and Quaeghebeur (2014)
for more detailed information on updating sets of desirable gambles.

2.5 Coherent Lower Previsions

We now use coherent sets of desirable gambles to introduce derived concepts, such as coherent
lower previsions, and probabilities.

10
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Given a coherent set of desirable gambles D, the functional P defined on £(A) by
P(f) =sup{peR: f—pueD} forall feL(A), (3)

is a coherent lower prevision (Walley, 1991, Thm. 3.8.1). This means that it is a lower
envelope of the expectations associated with some set of probability mass functions,® or,
equivalently, that it satisfies the following coherence properties (Walley, 1991, 2000; De

Cooman & Quaeghebeur, 2012; Miranda & De Cooman, 2014; Troffaes & De Cooman, 2014):
P1. P(f) > min f for all gambles f on A;

P2. P(f+g) > P(f) + P(g) for all gambles f, g on A;
P3. P(Af) = AP(f) for all gambles f on A and all real A > 0.

Here we used the notation min f = min{f(z): x € A}; max f is defined similarly. The
conjugate upper prevision P is defined by P(f) :==inf{u € R: p — f € D} = —P(—f). The
following properties are implied by P1-P3:

P4. max f > P(f) > P(f) > min f for all gambles f on A4;
P5. P(f+u) = P(f) +p and P(f + p) = P(f) + u for all gambles f on A and all u € R.

For any gamble f, P(f) is called the lower prevision of f, and it follows from Equation (3)
that it can be interpreted as the subject’s supremum desirable price for buying the gamble f.
For any event B, P(Ig) is also denoted by P(B), and called the lower probability of B; it
can be interpreted as the subject’s supremum desirable rate for betting on B. Similarly for
upper previsions and upper probabilities.

The lower prevision associated with the vacuous set of desirable gambles £~o(A) is given
by P(f) = min f. It is called the vacuous lower prevision, and it is the point-wise smallest,
or most conservative, of all coherent lower previsions.

The coherent conditional model D|B, with B a non-empty subset of A, induces a condi-
tional lower prevision P(-|B) on L(B), by invoking Equation (3):

P(g|B) :=sup{p € R: g—p € D]B} =sup{p € R: [g — ]l € D}
for all gambles g on B. (4)

It is not difficult to show (Walley, 1991) that P and P(-|B) are related through the following
coherence condition:

P([g — P(g|B)]lp) = 0 for all g € L(B), (GBR)

called the Generalised Bayes Rule. This rule allows us to infer P(-|B) uniquely from P,
provided that P(B) > 0. Otherwise, there is usually an infinity of coherent lower previsions
P(:|B) that are coherent with P in the sense that they satisfy (GBR), or equivalently, that
there is some coherent set of desirable gambles D that leads to both P and P(:|B). Two

8. This statement is valid because we are working with finite A. For infinite A, similar results can be shown
to hold (Walley, 1991; De Cooman & Quaeghebeur, 2012; Miranda & De Cooman, 2014; Troffaes &
De Cooman, 2014), and then the expectations involved are coherent previsions—expectation operators
associated with finitely additive probability measures. See also the discussion in Section 2.6.
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particular conditioning rules, namely natural and regular extension (Walley, 1991; Miranda
& De Cooman, 2014), always produce conditional lower previsions that satisfy GBR, and
are therefore coherent with P. When P(B) > 0—but not necessarily when P(B) = 0—they
always produce the point-wise smallest and largest coherent conditional lower previsions,
respectively (Miranda, 2009; Miranda & De Cooman, 2014).°

Many different coherent sets of desirable gambles lead to the same coherent lower prevision
P, and they typically differ only in their boundaries. In this sense, coherent sets of desirable
gambles are more informative than coherent lower previsions: a gamble with positive lower
prevision is always desirable and one with a negative lower prevision never, but a gamble
with zero lower prevision lies on the border of the set of desirable gambles, and the lower
prevision does not generally provide information about the desirability of such gambles. If
such border behaviour is important—and it is when dealing with conditioning on events with
zero (lower) probability (Walley, 2000; Moral, 2005; Couso & Moral, 2011; Quaeghebeur,
2014)—it is useful to work with sets of desirable gambles rather than lower previsions, because
as Equations (2) and (4) tell us, they allow us to derive unique conditional models from
unconditional ones: with a coherent set of desirable gambles D there corresponds a unique
conditional set of desirable gambles D|B and a unique conditional lower prevision P(-|B), for
any non-empty event B. The smallest set of desirable gambles that induces a given coherent
lower prevision, is called the associated set of strictly desirable gambles (Walley, 1991) and is
given by {f € L(A): f >0 or P(f) > 0}. See the papers by Walley (2000) and Quaeghebeur
(2014) for additional discussion about why sets of desirable gambles are more informative
than coherent lower previsions.

2.6 Linear Previsions and Credal Sets

When the coherent lower and the upper prevision coincide on all gambles, then the real
functional P defined on £(A) by P(f) :== P(f) = P(f) forall f € L(A) is a coherent prevision.
Since we assumed that A is finite,'0 this means that it corresponds to the expectation
operator associated with a probability mass function p: P(f) = > 4 f(z)p(x) = Ep(f) for
all f € L(A), where p(x) == P(l,y) for all x € A. This happens in particular if the lower
and upper previsions are induced by a maximal coherent set of desirable gambles. Indeed, up
to boundary behaviour, the so-called precise probability models P correspond to maximal
coherent sets of desirable gambles; see the discussions by Williams (1975a), Miranda and
Zaffalon (2011, Proposition 6) and Couso and Moral (2011, Section 5) for more information.

For coherent previsions P, the Generalised Bayes Rule (GBR) reduces to Bayes’s Rule:
P(¢glp) = P(B)P(g|B) for all g € L(B), (BR)

indicating that this central probabilistic updating rule is a special case of Equation (2).

9. The conditional lower previsions in Section 12 on the IDMM are produced by regular extension. The
models in Sections 11, 13 and 14 have the same lower previsions amongst them, but in nearly all cases have
very different conditional lower previsions, even though in these cases the natural and regular extensions
coincide—they are vacuous there.

10. As already hinted at in footnote 8, similar things can still be said for infinite A, but this would unduly
complicate the discussion. For more details, see the work by Walley (1991), Troffaes and De Cooman
(2014) and Miranda and De Cooman (2014).
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Because we assumed that A is finite, we can define the so-called credal set M(P) associated
with a coherent lower prevision P as:

M(P)={peXa: (Vf € LIA)Ep(f) = P(f)},

which is a closed and convex subset of the so-called simplex ¥4 of all probability mass
functions on A.!! Then P is the lower envelope of M(P): P(f) = min{E,(f): p € M(P)}
for all f € L(A) (Walley, 1991; Miranda & De Cooman, 2014; Troffaes & De Cooman,
2014). In this sense, such convex closed sets of precise probability models can also be seen
as imprecise probability models, and they are mathematically equivalent to coherent lower
previsions. They are therefore also less general and powerful than coherent sets of desirable
gambles, and also suffer from problems with conditioning on events with (lower) probability

ZeI'O.12

3. Predictive Inference

Predictive inference, in the specific sense we are focussing on here, considers a number of

variables X1, ..., X, assuming values in the same category set A—we define a category set
as any non-empty finite set.'® In what follows, we shall have occasion to use many different
category sets, and we shall use italic capitals such as A, B, C, D, ... to refer to them.

We start our discussion of predictive inference models in the most general and representa-
tionally powerful language: coherent sets of desirable gambles, as introduced in the previous
section. Further on, we shall also pay some attention to more specific derived models, such
as predictive lower previsions, and predictive lower probabilities.

Predictive inference assumes generally that a number 7 of observations have been made,

so we know the values & = (z1,...,2,) of the first 7 variables X7, ..., X;;. Based on this
observation sample &, a subject then has a posterior predictive model Dﬁjdz for the values
that the next 7 variables X;11,..., X;44 assume in A", This D% |# is a coherent set of

desirable gambles f(Xj11,..., Xatn) on A" Here we assume that 7 € N. On the other
hand, we want to allow that n € Ny := NU {0}, which is the set of all natural numbers with
zero: we also want to be able to deal with the case where no previous observations have been
made. In that case, we call the corresponding model Dﬁ a prior predictive model.™* Of course,
technically speaking, n +n < n.

As we said, the subject may also have a prior, unconditional model, for when no ob-
servations have yet been made. In its most general form, this will be a coherent set D of

11. See Section 5.2 for an explicit definition of ¥ 4.

12. Using sets of full conditional measures (Dubins, 1975; Cozman, 2013), rather than sets of probability
mass functions, leads to an imprecise probability model that is related to sets of desirable gambles (Couso
& Moral, 2011), and has no problems with conditioning on sets of lower probability zero either, but we
feel it is less elegant and mathematically more complicated.

13. For formal reasons, we include the trivial case of category sets with a single element, in which case we are
certain about the value that the variables assume.

14. So the terms ‘posterior’ and ‘prior’ in association with predictive models indicate whether or not previous
observations have been made. But, in order to avoid the well-known issues with temporal coherence
(Zaffalon & Miranda, 2013), we are assuming here that the prior and posterior models are based on a
subject’s beliefs before any observations have been made, so the posterior models refer to hypothetical
future situations.

13
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desirable gambles f(X7i,...,X,) on A", for some n € N. He may also have coherent sets DZ
of desirable gambles f(X1,...,X5s) on A" where 7 can be any natural number such that
n < n; and the sets Df}x and D’} must then be related to each other through the following
marginalisation, or time consistency, requirement:'®

f(X1,...,X;) € DY & f(X1,...,X5) € D} for all gambles f on A", (5)

In this expression, and throughout this paper, we identify a gamble f on A™ with its cylindrical
extension f'on A" defined by f/(x1,..., 24, ..., xn) = f(x1,...,24) forall (z1,...,2,) € A™
If we introduce the marginalisation operator marg;,(-) := -N L(A"), then the time consistency
condition can also be rewritten simply as D% = marg,,(D%) = D% N L(A").

Prior (unconditional) predictive models D% and posterior (conditional) ones D% |& must
also be related through the following updating requirement:

F(Xast, -, Xnga) € DhE & f(Xngts- - Xawa) ey (X1, .., X5) € DY
for all gambles f on A™, (6)

which is a special case of Equation (2): the gamble f(Xj41,. .., Xs+4) is desirable after observ-
ing the sample & if and only if the gamble f(Xi11,..., Xata)liz(X1,. .., X5) is desirable
before any observations are made. This called-off gamble f(Xjt1,. .., Xira)lizy (X1, ..., Xa)
is the gamble that gives zero reward—is called off—unless the first n observations are &,
and in that case reduces to the gamble f(X;i1,...,X714) on the remaining variables
Xi+1, .-+, Xarn. The updating requirement is a generalisation of Bayes’s Rule for updating,
and in fact reduces to it when the sets of desirable gambles lead to (precise) probability
mass functions, as described in Section 2.6 and proved in detail by Walley (2000) and also
by De Cooman and Miranda (2012). But contrary to Bayes’s Rule for probability mass
functions, the updating rule (6) for coherent sets of desirable gambles clearly does not suffer
from problems when the conditioning event has (lower) probability zero: it allows us to infer
a unique conditional model from an unconditional one, regardless of the (lower or upper)
probability of the conditioning event. We refer to the work of De Cooman and Miranda
(2012) for detailed discussions of marginalisation and updating of sets of desirable gambles in
a many-variable context.

As explained in Section 2.5, we can use the relationship (3) to derive prior (unconditional)
predictive lower previsions P%(-) on £(A™) from the prior set D’} through:

P(f) =sup{u € R: f—puecD}} forall gambles f on A" and all 1 <7 < n,

and posterior (conditional) predictive lower previsions P%(-|&) on L£L(A™) from the posterior
sets D | & through:

P (f|&) = sup {,u eER: f—pe D’ZJ:E} for all gambles f on A™.

15. See also the related discussion of this notion by De Cooman and Miranda (2008b) and De Cooman and
Quaeghebeur (2012); it should not be confused with the temporal consistency discussed by Goldstein
(1983, 1985) and Zaffalon and Miranda (2013).
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Further on, we shall also want to condition predictive lower previsions on the additional
information that (Xj11,..., Xs,1s) € B", for some proper subset B of A. Using the ideas in
Sections 2.4 and 2.5, this leads for instance to the following lower prevision:

P"(g|&, B") = sup {u eR: [g—pllgn € DZJJG} for all gambles g on B, (7)

which is the lower prevision P%(-|&) conditioned on the event B™.

4. Principles for Predictive Inference

So far, we have introduced coherence, marginalisation and updating as basic rationality
requirements that prior and posterior predictive inference models must satisfy. But it could
be envisaged that other requirements—other inference principles—can be imposed on our
inference models. Because we want to show further on how to deal with such additional
requirements in a theory for conservative predictive inference, we now discuss, by way of
examples, a number of additional conditions, which have been suggested by a number of
authors as reasonable properties of—or requirements for—predictive inference models. We
want to stress here that by considering these requirements as examples, we do not want to
defend using them in all circumstances, or mean to suggest that they are always reasonable or
useful. They are what they are: inference principles that we might want to impose, and whose
implications for conservative predictive inference we might therefore want to investigate.

4.1 Pooling Invariance

We first consider Walley’s (1996) notion of representation invariance, which we prefer to call
pooling invariance. Consider any set of categories A, and a partition B of A with non-empty
partition classes. We can of course consider the partition B as a set of categories as well.
Therefore, in order to streamline the discussion and notation, we shall henceforth denote it
by B—as stated before, we want to use italic capitals for category sets. Each of its elements—
some subset C' of A—corresponds to a single new category, which consists of the original
categories = € C' being pooled—considered as one. Denote by p(z) the unique element of the
partition B that an original category = € A belongs to. This leads us to consider a surjective
(onto) map p from A to B.
We say that a gamble g on A™ does not differentiate between pooled categories when:

g(x) = g(y) for all ¢,y € A" such that (Vk € {1,...,n})p(zr) = p(yk),

which means that there is some gamble f on B" such that:

(Ve € A")g(x) = fp(21), .- -, p(xn)).

The idea underlying this formula—or requirement—is that with a sample « = (z1,...,2,) €
A™, there corresponds a sample px = (p(x1),...,p(z,)) € B" of pooled categories. Pooling
invariance requires that for gambles ¢ = f o p that do not differentiate between pooled
categories, it should make no difference whether we make predictive inferences using the set
of original categories A, or using the set of pooled categories B. More formally, in terms of
predictive lower previsions:
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Pi(f o p) = PE(f) and Pi(f o pl&) = PE(f|p)
for all 7,7 € N considered, all gambles f on B and all & € A",

or alternatively, and more generally, in terms of predictive sets of desirable gambles:

fopeDi e feDiand fope D < feDypE
for all n,n € N considered, all gambles f on B" and all & € A™.

Pooling invariance seems a reasonable principle to uphold in cases where the category
set is not known in full detail. In that case it is useful to start from a limited set of broadly
defined categories, and allow the creation of new ones, by pooling or splitting old categories
as the observations proceed. In this context, recall Walley’s (1996) example: if we have a
closed bag containing coloured marbles, what is the probability of drawing a red marble
from it? With no further information, our subject has no idea about the colours of the
marbles in the bag, making it difficult to construct a suitable detailed category set for
such an experiment. After a few draws from the bag, if the predictive inference model used
respects pooling invariance, the inferences that are made about red marbles when he uses
the category set {red, yellow, blue, other} should be the same as those using the category
set {red, non-red}, where all the colours different from red are pooled together into a single
category. It appears that pooling invariance is a typically useful principle, for instance, in
sampling species problems, when one wants to assess the prevalence of a given species in
certain area.

There is a special case of pooling invariance, called embedding invariance,'® which con-
centrates on the case without prior observations. In terms of lower previsions:

P (fop)=Ph(f) for all 7 € N considered, and all gambles f on B",
or alternatively, and more generally, in terms of sets of desirable gambles:

fope DZ s fe Dg for all n € N considered, and all gambles f on B™.

4.2 Renaming Invariance

Besides pooling invariance, we may also require renaming invariance: as long as no confusion
can arise, it should not matter for a subject’s predictive inferences what names, or labels, he
gives to the different categories.

This may seem too trivial to even mention, and as far as we know, it is always implicitly
taken for granted in predictive inference. But it will be well to devote some attention to it
here, in order to distinguish it from the category permutation invariance to be discussed
shortly, with which it is easily confused if we do not pay proper attention. If we have a
renaming bijection (a one-to-one and onto map) A between a set of original categories A
and a set of renamed categories C', where we clearly distinguish between the elements of
A and those of C, then with a sample © = (x1,...,2,) € A™ of original categories, there
corresponds a sample of renamed categories A = (A(z1),...,A(z,)). And with a gamble

16. Walley calls the underlying requirement that the (lower) probability of an event A should not depend on
the possibility space into which A is embedded, the Embedding Principle (Walley, 1991, Section 5.5.1).
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f on the set C" of renamed samples, there corresponds a gamble f o A on the set A" of
original samples. Clearly, we can then require that it should make no difference whether we
make predictive inferences using the set of original categories A, or using the set of renamed
categories C'. More formally, in terms of predictive lower previsions:

PUi(f o) = P(f) and P(f o N&) = PE(f|A&)
for all n,n € N considered, all gambles f on C" and all & € A",

or alternatively, and more generally, in terms of predictive sets of desirable gambles:

foleDh e feDland fole Dz feDi\&
for all 71,7 € N considered, all gambles f on C™ and all & € A™.

4.3 Category Permutation Invariance

We shall be especially interested in predictive inference where a subject starts from a state of
prior ignorance. In such a state, he has no reason to distinguish between the different elements
of any set of categories A he has chosen. To formalise this idea, consider a permutation
@ of the elements of A.17 With a sample  in A", there corresponds a permuted sample
wx = (w(x1),...,w(xy,)). And with any gamble f on A", there corresponds a permuted
gamble f ow on A". If a subject has no reason to distinguish between categories z and their
images w(z), it make sense to require the following category permutation invariance:'®

Pi(f ow) = Pi(f) and Pi(f o wl|&) = Pi(f|w#)
for all 7, 7 € N considered, all gambles f on A" and all & € A",

or alternatively, and more generally, in terms of predictive sets of desirable gambles:

foweDh e feDhand fowe D& & f e D) |wi
for all 71,7 € N considered, all gambles f on A" and all & € A™.

Formally, this requirement closely resembles renaming invariance, but whereas the latter is
a trivial requirement, category permutation invariance is a symmetry requirement between
categories that can only be justified when our subject has no reason to distinguish between
them, which may for instance be justified when he starts out from a state of prior ignorance.
To draw attention to the difference between the two in a somewhat loose manner: category
permutation invariance allows for confusion between new and old categories, something which
renaming invariance carefully avoids.

To see why such a principle could be reasonable, recall Walley’s (1996) bag of marbles
example, introduced above when discussing pooling invariance. Since, before having drawn any

17. This permutation w of the elements of A, or in other words of the categories, should be contrasted with
permutations 7 of the order of the observations, i.e. of the time set {1,...,n}, considered in our discussion
of exchangeability, further on in Section 5.

18. This requirement is related to the notion of (weak) permutation invariance that De Cooman and Miranda
(2007) have studied in much detail in a paper dealing with symmetry in uncertainty modelling. It goes
back to Walley’s (1991, Section 5.5.1) Symmetry Principle.
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marbles from the bag, our subject has no idea how the marbles are coloured, he is in a state
of complete prior ignorance. Therefore, if he starts out with the sample space {red, non-red},
and observes the outcomes of a few draws, say twice non-red, he can consider the probability
of obtaining a red marble on the next draw. But due to the symmetry originating in complete
ignorance, if he were to permute the categories, calling the red marbles ‘non-red’ and the
non-red ones ‘red’, the situation he is now looking at is completely the same as before, and
therefore his probability of obtaining a non-red marble on the next draw after observing
twice red, must be the same as that for observing a red one, after observing non-red twice.
This principle is reminiscent of the Axiom A8 proposed by Carnap (1952) for his system of
inductive logic. Of course, this is not a reasonable principle when our subject has some prior
knowledge about the problem that would, for instance, allow him to impose an ordering on
the categories.

4.4 Representation Insensitivity

We shall call representation insensitivity the combination of pooling, renaming and category
permutation invariance. It means that predictive inferences remain essentially unchanged
when we transform the set of categories, or in other words that they are insensitive to
the choice of representation—the category set. It is not difficult to see that representation
insensitivity can be formally characterised as follows. Consider two category sets A and
D such that there is a so-called relabelling map p: A — D that is onto, i.e. such that
D = p(A) = {p(x): © € A}. Then with a sample = in A", there corresponds a transformed
sample px = (p(x1),...,p(zy)) in D". And with any gamble f on D" there corresponds a
gamble f o pon A"

4.4.1 REPRESENTATION INSENSITIVITY

For all category sets A and D such that there is an onto map p: A — D, all n,n € N
considered, all & € A" and all gambles f on D™:

Pi(fop) = Pp(f) and P(f o pl&) = P} (f|pi), (RIT)
or alternatively, and more generally, in terms of predictive sets of desirable gambles:
fopeDh o feD}and fope D« feDhpi. (RI2)

There is also the weaker combination of pooling, renaming and category permutation
invariance for models with no prior observations.

4.4.2 PRIOR REPRESENTATION INSENSITIVITY

For all category sets A and D such that there is an onto map p: A — D, all n € N considered
and all gambles f on D™:

Pi(fop) = Ph(f), (EI1)

or alternatively, and more generally, in terms of sets of desirable gambles:

fopeDh < feDy. (EI2)
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4.5 Specificity

We now turn to another, rather peculiar but in our view intuitively appealing, potential prop-
erty of predictive inferences. Assume that in addition to observing a sample of observations
@& of n observations in a category set A, our subject comes to know or determine in some
way that the n following observations will belong to a proper subset B of A, and nothing
else—we might suppose for instance that an observation of (Xj41,..., Xs4+4) has been made,
but that it is imperfect, and only allows him to conclude that (X1, ..., Xpin) € B™.

We can then impose the following requirement, which uses models conditioned on the
event B". Such conditional models have been introduced through Equations (2) and (4); see
also the discussion leading to Equation (7), near the end of Section 3.

4.5.1 SPECIFICITY

For all category sets A and B such that B C A, all 7,7 € N considered, all & € A" and all
gambles f on B™:

PA(f|B") = Pj(f) and Ph(f|&, B") = Pj(fl&lp), (SP1)
or alternatively, and more generally, in terms of predictive sets of desirable gambles:
flga € D% & f € DY and flga € DY |& < f € DY |2, (SP2)

where &/ 5 is the tuple of observations obtained by eliminating from the tuple & all observa-
tions not in B. In these expressions, when &/ 5 is the empty tuple, so when no observations in
@& are in B, the ‘posterior’ predictive model is simply taken to reduce to the ‘prior’ predictive
model.

Specificity means that the predictive inferences that a subject makes are the same as the
ones he would get by focussing on the category set B, and at the same time discarding all the
previous observations producing values outside B, in effect only retaining the observations
that were inside B! It is as if knowing that the future observations belong to B allows our
subject to ignore all the previous observations that happened to lie outside B. The term
specificity in this context seems to have been proposed by Bernard (1997, 2005), based on
work by Rouanet and Lecoutre (1983). In a so-called specific inference approach, for questions,
inferences and decisions involving only a restricted number of categories, a more general
model can be replaced by a more specific model that deals only with the categories of interest,
and if specificity is respected, the general and the specific models will produce the same
inferences. Specificity seems to be a relevant principle when analysing categorical data that
can be described by tree structures, as in the case of, for instance, patients that are classified
according to symptoms (Bernard, 1997).

To give a very simple example involving, once again, Walley’s bag of marbles, our subject
may have observed, after some drawings, green, red, blue and white marbles. He is asked for
his probability of drawing a red marble next, but some other observer has already seen what
it is, and informs us that it is either green or red—perhaps due to bad lighting conditions or
because she’s colour blind. If the subject uses a specific inference model, he can disregard
the previous observations involving other colours than green and red.
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4.6 Prior Near-Ignorance

We use the notion of near-ignorance as defined by Walley (1991, p. 521) to give the following
definition of prior near-ignorance in our context of predictive inference; see also the related
discussions by Walley (1991, Section 5.3.2), Walley (1997, Section 3) and Walley and Bernard
(1999, Section 2.3). We also refer to the paper by Piatti, Zaffalon, Trojani, and Hutter (2009)
for an interesting discussion of why prior near-ignorance may produce undesirable results in
certain contexts.

4.6.1 PRIOR NEAR-IGNORANCE

The prior model for any single variable X} assuming values in some arbitrary category set A
is vacuous, so for any category set A, any n € N considered, any 1 < k < n and all gambles
f on A:

P (ext}(f)) = min f,

or alternatively, and more generally, in terms of sets of desirable gambles:
ext(f) € D% = f >0,

where ext’,}( f) denotes the cylindrical extension of f to a gamble on A™. It is defined by
ext?(f)(x1,...,25) = f(xg) for all (z1,...,25) € A" A perhaps more intuitive, if less
formally correct, notation for this gamble is f(X}).

Theorem 4. Prior representation insensitivity implies prior near-ignorance.

This simple result implies that no model all of whose predictive previsions are precise can
be prior representation insensitive, let alone representation insensitive, as its prior model
for immediate predictions should then be vacuous. We shall see in Section 14 that it is
nevertheless possible for representation insensitive coherent inferences to deploy precise
posterior predictive previsions.

5. Adding Exchangeability to the Picture

We are now, for the remainder of this paper, going to add two additional assumptions.

The first assumption is that there is, in principle, no upper bound on the number of
variables that we can take into account. In other words, when we are considering n variables
X1,...,X,, we can always envisage looking at one more variable X, ;. This effectively
means that we are dealing with a countably infinite sequence of variables Xy,..., X, ...
that assume values in the same category set A.

For our predictive inference models, this means that there is a sequence D’} of coherent
sets of desirable gambles on A™, n € N. This sequence should of course be time-consistent in
the sense of Requirement (5), meaning that

(Vni,ne € N)(n1 < ng = D)} = marg,, (D'}*) = D> N L(A™)).

The second assumption is that this sequence of variables is exchangeable, which means,
roughly speaking, that the subject believes that the order in which these variables are observed,
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or present themselves, has no influence on the decisions and inferences he will make regarding
them. !

In this section, we explain succinctly how to deal with these assumptions technically, and
what their consequences are for the predictive models we are interested in. For a detailed
discussion and derivation of the results presented here, we refer to the papers by De Cooman
et al. (2009b) and De Cooman and Quaeghebeur (2012).

We begin with some useful notation, which will be employed numerous times in what
follows. Consider any element o € R4, We consider a as an A-tuple, with as many (real)
components «, € R as there are categories x in A. For any subset B C A, we then denote by
QB =) ,cp 0 the sum of its components over B.

5.1 Permutations, Count Vectors and the Hypergeometric Distribution

Consider an arbitrary n € N. We denote by @ = (x1, ..., 2, ) a generic, arbitrary element of A™.
P™ is the set of all permutations 7 of the index set {1,...,n}. With any such permutation 7,
we can associate a permutation of A™, also denoted by 7, and defined by (7)) = Tr(k), OF
in other words, 7(x1,...,%n) = (Tx(1);- - -, Tr(n))- Similarly, we lift 7 to a permutation 7t of
L(A™) by letting 7t f := fox, so (' f)(z) = f(nx).

The permutation invariant atoms [x] := {7mx: m € P"}, x € A™ are the smallest permu-
tation invariant subsets of A™. We introduce the counting map T: A" — N7} : x — T(x),
where the count vector T'(x) is the A-tuple with components

T.(x) =|{ke{l,...,n}: xp = z}| for all z € A4, (8)
and the set of possible count vectors for n observations in A is given by
Z:z{mGNézmA:n}. 9)

So T,(x) is the number of times the category z appears in the sample x. If m = T'(x), then
[x] = {y € A™: T(y) = m}, so the atom [x] is completely determined by the single count
vector m of all its elements, and is therefore also denoted by [m].

We also consider the linear expectation operator Hy’; (-|m) associated with the uniform
distribution on the invariant atom [m]:

Hy'i(fIm) = |[Tn1]] Z f () for all gambles f on A", (10)
€[m]

where the number of elements v(m) = |[m]| in the invariant atom [m] is given by the

multinomial coefficient:
ma n n!
o= () = () = m

This expectation operator in Equation (10) characterises—or is the one associated with—
a (multivariate) hyper-geometric distribution (Johnson, Kotz, & Balakrishnan, 1997, Sec-
tion 39.2), associated with random sampling without replacement from an urn with n balls

19. Exchangeability was also assumed by Carnap—his Axiom A7—and Johnson (1924), who named it the
“permutation postulate”.
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of types z € A, whose composition is characterised by the count vector m. This is borne out
by the fact that, for any y € A" with 0 < n’/ <n and m’ = T(y),

vim—m/)/v(m) ifm'<m
Hy"i (I 1 |m) =
Villgym) {0 otherwise
is the probability of randomly selecting, without replacement, a sequence of n’ balls of types
y from an urn with n balls whose composition is determined by the count vector m. See
also the running example below for a more concrete illustration.

This hyper-geometric expectation operator can also be seen as a linear transformation
Hy'} between the linear space £(A™) and the generally much lower-dimensional linear space
L(N7}), turning a gamble f on A™ into a so-called count gamble Hy"y(f) == Hy'i(f]-) on
count vectors.

Running Example. In order to make our argumentation, and the notions we introduce and
discuss, more tangible and concrete, we shall use a very simple running example, to which
we shall come back repeatedly in a number of sections. The notations and assumptions made
here will be maintained throughout the series.

Consider a (potentially infinite) sequence of coin flips, whose successive outcomes we
denote by the variables X, Xo, ... X,, ... assuming values in the category set {H, T'}. To
make this somewhat more interesting than the usual run-of-the-mill example, assume that at
each step—for each coin flip—Nathalie selects a coin from a bag of three coins, and hands it
to Arthur, who then proceeds to flip it. The coin is then put back into the bag for the next
step. The subject whose beliefs we are modelling, may or may not know something about
the nature of the coins, or about how Nathalie is choosing the coins for the subsequent flips:
she might choose them completely at random, or she might have a specific deterministic
mechanism for selecting them, or ...

Consider the sequence & = (H, T, H, H) of the first 7 = 4 observed coin flips. The count
vector T'(&) that corresponds to this sequence is given by its components

Ty((H,T,H,H))=3and Tr((H,T,H,H)) =1,

and we will denote it by m = (3,1), letting the first component always refer to H, from now
on. The corresponding permutation invariant atom is

(H,T,H,H)| =[3,1)]={(T,H H H),H,T,H H),H H T H),(H HHT)}

and it has v((3,1)) = 3‘,1—1, = 4 elements. The set of possible count vectors is given by N, ?H =
{(0,4),(1,3),(2,2), (3,1), (4,0)}. Consider the event HT = {(H, T), (T, H)} x {H, T}? of

two different outcomes for the first two observations, then
A 1 1
is the probability of observing two different outcomes in two random draws without replace-

ment from an urn containing three balls marked H and one ball marked 7', and whose
composition is therefore determined by the count vector (3,1). O
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5.2 The Multinomial Distribution

Next, we consider the simplex >4 of all probability mass functions 6 on A:

Yq = {9 eERY: 0>0and O, = 1} , where, as before: 04 := 2930. (12)
€A

With a probability mass function 8 € ¥4 on A, there corresponds the following multinomial
expectation operator Mn';(-@):2°

W(f16) =Y f(a) ] 07-® for all gambles f on A", (13)

reA™ z€A

which characterises the multinomial distribution, associated with n independent trials of an
experiment with possible outcomes in A and probability mass function €. Observe that

M) = Y (s 3 ) Jutem) T o2

meN’y a:e [m] z2€A
= > Hyi(flm)v(m) [ 62 = CoMu’;(Hy%(f)(6).
meN? z€A

where we used the so-called count multinomial expectation operator:2!

CoMn’y(g]0) = Z g(m)v(m) H 07"+ for all gambles g on N. (14)
meN? z€A

Running Example. Consider n = 4 independent trials of an experiment with possible outcomes
in the category set {H, T'} and probability mass function 8 = (6g,07). Then

Muj oy (| (O, 07)) = 205607 + 403,07 + 20307 = 20507 (0 + 07)* = 20507,

gives the probability of the event HT. Observe, by the way, that Mn?H’T}(]Iﬁ](H m,0r)) =
20401 for all n > 2.

With the gamble f77 =I5
a count gamble gz = Hy‘{LH’T}(ffﬁ\') given by:

on observation sequences (X7, ..., Xy), there corresponds

1 2 1
977(0,4) = 0 and g7=(1,3) = B and g7%(2,2) = 3 and g7%(3,1) = 3 and g7=(4,0) =0,

and

1 2 1
CoMn{y 7y(9/(0,07)) = 54@9% + 569%{927, + 540?;(% = 20507

leads to the same polynomial as before, as it should. %

20. To avoid confusion, we make a (perhaps non-standard) distinction between the multinomial expectation,
which is associated with sequences of observations, and the count multinomial expectation, associated
with their count vectors.

21. See footnote 20.
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5.3 Multivariate Polynomials

Let us introduce the notation N, = (J,,en N 4" for the set of all possible count vectors
corresponding to samples of at least one observation. In Equation (9), we can also let n = 0,
which turns Ng into the singleton containing only the null count vector 0, all of whose
components are zero. Then (J,,,cn, N4 = Na U {0} is the set of all possible count vectors.

For any such count vector m € N4 U {0}, we consider the (multivariate) Bernstein basis
polynomial B 4 m, of degree my on X 4, defined by:

Bam(0) :=v(m) [] 07 = (”Z:‘) [] 67 for all 6 € 2. (15)

z€A z€EA

In particular, of course, B4 o = 1.

Any linear combination p of Bernstein basis polynomials of degree n > 0 is a (multivariate)
polynomial on X 4, whose degree deg(p) is at most n.22 We denote the linear space of all these
polynomials of degree up to n by V"*(A). Of course, polynomials of degree zero are simply real
constants. We have gathered relevant and useful information about multivariate polynomials
in Appendix B. It follows from the discussion there that, for any n > 0, we can introduce a
linear isomorphism CoMn'j between the linear spaces L(N7}) and V"(A): with any gamble g
on N}, there corresponds a polynomial CoMn';(g) := CoMn';(g|-) = Zme/\/g g(m)B4 m in
V"(A), and conversely, for any polynomial p € V"(A) there is a unique gamble by on N7}
such that p = CoMn’j (b7").%* Observe that in particular, for any n > 0 and m € N}

CoMn’j ({m}|6) = B4 m(0) for all 0 € X 4. (16)

We denote by V(A) := (J,,cn, V" (A) the linear space of all (multivariate) polynomials on X4,
of arbitrary degree.

A set H, C V(A) of polynomials on ¥4 is called Bernstein coherent if it satisfies the
following properties:

B3. posi(H,) = H,.

Here, V1 (A) is the set of Bernstein positive polynomials on X 4: those polynomials p for which
there is some n > deg(p) such that b > 0. It follows from Proposition 28 in Appendix B
that V*(A) is a subset of the set VT (A) of all polynomials p such that p(8) > 0 for all 8
in the interior int(X4) := {0 € ¥ 4: (Vx € A)f, > 0} of ¥ 4. As a consequence of B1-B3, we
find for the set V; (A) := —VT(A) of Bernstein negative polynomials that:

Bd. Vy(A)NH,=0.

22. The degree may be smaller than n because the sum of all Bernstein basis polynomials of fixed degree is
one. Strictly speaking, these polynomials p are restrictions to ¥4 of multivariate polynomials ¢ on R4,
called representations of p. For any p, there are multiple representations, with possibly different degrees.
The smallest such degree is then called the degree deg(p) of p.

23. Strictly speaking, Equation (14) only defines the count multinomial expectation operator CoMn’; for
n > 0, but it is clear that the definition extends trivially to the case n = 0.
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Finally, every Bernstein coherent set H 4 of polynomials on ¥4 induces a lower prevision
H 4 on V(A) defined by:

Hy(p) =sup{ueR:p—peHy} forallpe V(A). (17)

This lower prevision is coherent, in the mathematical sense that it satisfies the coherence
requirements P1-P3.%4

5.4 Exchangeability and the Representation Theorem

We are now ready to deal with exchangeability. We shall give a definition for coherent sets of
desirable gambles that generalises de Finetti’s (1937, 1975) definition, and which allows for a
significant generalisation of his Representation Theorem.

First of all, fix n € N. Then the subject considers the variables Xi,..., X, to be
exchangeable when he does not distinguish between any gamble f on A™ and its permuted
version 7 f, or in other words, if the gamble f — 7! f is equivalent to the zero gamble for—or
indifferent to—him. This means that he has a so-called set of indifferent gambles:

Ih = {f—n'f: fEL(A") and T € P"}.

If the subject also has a coherent set of desirable gambles D'}, then this set must be compatible
with the set of indifferent gambles Z7, in the sense that it must satisfy the rationality
requirement DY + 17 = D'; see the detailed explanations and justifications by De Cooman
and Quaeghebeur (2012) and Quaeghebeur et al. (2014) of this so-called desiring sweetened
deals requirement. We then say that the sequence Xji,...,X,, and the model D, are
exchangeable.

Next, the countably infinite sequence of variables X1,..., X, ... is called exchangeable if
all the finite subsequences X1, ..., X,, are, for n € N. This means that all models D}, n € N
are exchangeable. They should of course also be time-consistent.

We can now formulate a powerful generalisation of de Finetti’s (1937, 1975) Representation
Theorem, which is a straightforward compilation of various results proved by De Cooman
and Quaeghebeur (2012):

Theorem 5 (Representation Theorem, De Cooman & Quaeghebeur, 2012). The sequence
of sets D' of desirable gambles on A™, n € N is coherent, time-consistent and exchangeable
if and only if there is a Bernstein coherent set H 4 of polynomials on ¥4 such that for all
f €N, all gambles f on A", all h € Ny and all & € [rn):

feDh < M(f) € Hy and f € D& < Mn'y(f)Bam € Hy. (18)
In that case this representation H 4 is unique and given by H 4 = J, ey Mn'4 (D).

It follows from Condition (18) that H , completely determines all predictive inferences about
the sequence of variables X1,...,X,,..., as it fixes all prior predictive models Df}l and all

24. Actually, a suitably adapted version, where the underlying possibility space need no longer be finite
(Walley, 1991; Troffaes & De Cooman, 2014), and where the domain is restricted to the polynomials on
Y4 (De Cooman & Quaeghebeur, 2012).
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posterior predictive models Dﬁjaﬁ.zg’ This tells us that the representation H , is a set of
polynomials that plays the same role as a probability measure, or density, or distribution
function, on ¥ 4 in the precise-probabilistic case.

Indeed, the corresponding coherent lower prevision H 4, on V(A) is given by Equation (17),
and it can be shown to determine a convex closed (compact) set

M(H 4) = {Ha: (Vp € V(A))Ha(p) = H,(p)}

of coherent previsions Hy on V(A) (Walley, 1991; De Cooman et al., 2009b; De Cooman &
Quaeghebeur, 2012; Troffaes & De Cooman, 2014). As we pointed out in footnote 2—and
will come back to further on in footnote 36—each such coherent prevision H4 uniquely
determines a o-additive probability measure on the Borel sets of 34, and therefore the set of
polynomials H 4, via 9(H 4 ), uniquely determines a set of such probability measures. But, as
we have argued before, H 4 is more informative than H 4, and 9(H 4), and has no problems
with conditioning on sets of lower probability zero: a Bernstein coherent set of polynomials
H 4 determines a unique lower prevision H 4, and therefore through 9t(H 4) a unique set of
probability measures—and densities if they are absolutely continuous—on the simplex > 4,
but the converse is not necessarily—and usually not—the case. A set of probability densities
can be used to define a coherent set of polynomials—we provide an example of how to do
this in Section 12—but there will generally be more than one coherent set of polynomials
that leads to this same set of densities, and the updating behaviour for these different sets of
polynomials can be different on conditioning events of lower probability zero.

Condition (18) also tells us that the posterior predictive models D% | only depend on
the observed sequence @& through the count vector m = T'(&): count vectors are sufficient
statistics under exchangeability. For this reason, we shall from now on denote these posterior
predictive models by D% |1 as well as by D% |&. Also, every now and then, we shall use
D" |0 as an alternative notation for D% .

An immediate but interesting consequence of Theorem 5 is that updating on observations
preserves exchangeability: after observing the values of the first n variables, with count
vector m, the remaining sequence of variables Xj11, X742,... is still exchangeable, and
Condition (18) tells us that its representation is given by the Bernstein coherent set of
polynomials H 4 |1 defined by:

Hylm ={p€V(A): Bamp € Ha}. (19)

If we compare this with Expressions (2) and (6), this tells us that, essentially, Bernstein
basis polynomials serve as likelihood functions for updating sets of polynomials. We use
H 4(-|m) to refer to the coherent lower prevision on V(A) derived from # 4 |7 by means of
Equation (17). For the special case m = 0, we find that H 4]0 = H , and H 4(-|0) = H 4.
Observe that H 4, and H 4(-|rn) are related through the following version of the Generalised
Bayes Rule:

Hallp— Hapli)]Bam) =0 for all p € V(A). (20)

Clearly, H 4 Jm is completely determined by H 4. One can consider H 4 as a prior model on
the parameter space X 4, and H 4 | plays the role of the posterior that is derived from it.

25. This should be contrasted with the usual precise-probabilistic version, where the posterior predictive
models are only uniquely determined if the observed sequences has non-zero probability; see also footnote 3.
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We see from Condition (18) and Equation (19) that—similarly to what happens in a precise-
probabilistic setting—the multinomial distribution serves as a direct link between on the one
hand, the ‘prior’ H 4 and its prior predictive inference models Dﬁ and, on the other hand,
the ‘posterior’ H 4 |r and its posterior predictive inference models DZJTh. Recalling our
convention for m = 0, we can summarise this as follows: for all 7 € N and all rn € N4 U{0}:

Di i = {f € £(A™): Mufy(f) € Halrin} (21)
and, as an immediate consequence:
P (f]m) = sup {M cR: Mn?(f) —p e HAJr'n} for all f € L(A™) (22)

or, equivalently: A A A
Pi(flm) = H,(Mnli(f)|rn) for all f € L(A"). (23)

From a practical point of view, Equation (23) will often be easier to work with than Equa-
tion (22), because as we shall see further on, H 4(-|m) will often admit a simpler expression
than H , |m; compare Equations (45), (54), (61) and (69) with Equations (49), (55), (65)
and (73), respectively. But, H 4(-|7h) is not always uniquely determined by H 4: the rela-
tion (20) only allows us to determine H 4(-|ri) uniquely from H , if the prior lower probability
H ,(Bam) of observing 1 is non-zero. Therefore, the sets of polynomials # 4 are the more
fundamental models, as they allow us to determine the H 4 |7 uniquely. As a quite dramatic
illustration of this, we shall further on in Sections 11, 13 and 14 come across a number of
quite different inference systems—with different H ,—that give rise to the same prior H 4
but different posterior H 4(+|172)!

Running Example. We now assume that our subject assesses the sequence of coin flips to be
exchangeable, and that he finds desirable any gamble of the type a —1Iy H}(Xn), for some fixed
a € (0,1]; so his upper probability for observing heads on any coin flip is at most a. Since
we infer from Equation (13) that for any N > n, MniVHj}(]I{H}(Xn)W) = 0y, we infer from
Theorem 5 that this assessment corresponds to the following coherent set of polynomials:

Heo = {)\1p+ + )\2(0[ — HH): p+ € V+({H, T}), AL, A9 € Rzo and max{)\l,)\g} > 0} R

which is the smallest Bernstein coherent set of polynomials that contains the polynomial
a — O ; for more explanation, see also the discussions by De Cooman et al. (2009b) and
De Cooman and Quaeghebeur (2012). It then follows—after some manipulations—from
Equation (17) and Proposition 28 that the corresponding lower prevision on V({H, T'}) is
completely determined by the following optimisation:

H,(p) =sup min [p(@)+ A(0x — )]
A>00€Z 1y

Hence, the lower probability of the event HT is given by

H,(20p67) = sup min [22(1 —z) + Az — a)] = 0,
A>0 =€[0,1]

and its upper probability by

H,(20p07r)=—H, (—2007) = ;\g%;en[%ﬁ]@x(l —1z) — Az — a)]
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% otherwise.

B {204(1—04) if o < 3

This tells us that exchangeability alone already guarantees that the upper probability of HT
is at most % If all three coins in the bag are assumed to be biased towards heads, so a < %,
this upper probability drops below % O

To finish this section on representation, we want to stress that the polynomials on X 4
should not be given a behavioural interpretation as gambles that may or may not be desirable:
they are merely mathematical and representational tools that help us characterise which
gambles on observation sequences are desirable.?6 Similarly, the set of polynomials H 4 and
the lower prevision H 4, are merely mathematical tools that allow for a more convenient
representation of predictive models on observation sequences.

Running Example. To illustrate why the polynomial representation is so much more convenient
and efficient, recall that if we want to make inferences about a sequence of coin flips of
length n, we need to work with sets of desirable gambles on {H, T'}", or in other words,
with cones in a 2™-dimensional space. If we work with their polynomial representations,
we are led to consider cones of polynomials of degree up to n, which constitute a linear
space that is spanned by the n 4+ 1 Bernstein basis polynomials of degree n, and is therefore
only n + 1-dimensional. Working with these polynomial representations therefore leads to a
dramatic—exponential—reduction in complexity. O

6. Reasoning about Inference Systems

We have seen in the previous section that, once we fix a category set A, predictive inferences
about exchangeable sequences assuming values in A are completely determined by a Bernstein
coherent set ‘H 4 of polynomials on ¥ 4. So if we had some way of associating a Bernstein
coherent set H 4, with every possible set of categories A, this would completely fix all predictive
inferences. This leads us to the following definition.

Definition 6 (Inference Systems). We denote by F the collection of all category sets, i.e. finite
non-empty sets. An inference system is a map ® that maps any category set A € F to some
set of polynomials ®(A) = H 4, on X 4. An inference system @ is called coherent if for all
category sets A € F, ®(A) is a Bernstein coherent set of polynomials on ¥ 4.

So, a coherent inference system is a way to systematically associate coherent predictive
inferences with any category set. Since the inference principles in Section 4 impose connections
between predictive inferences for different category sets, we now see that we can interpret
these inference principles—or rather, represent them mathematically—as properties of, or
restrictions on, coherent inference systems. This is what we shall do in Section 7, and
it provides one important motivation for our introducing such systems. Another, equally

26. It makes no operational, behavioural sense to consider the notion of ‘accepting a polynomial’, or finding it
‘desirable’. This is very much like the classical case, where for de Finetti (1975) the probability distributions
on the simplex ¥ 4 are only to be used as as mathematical representations, but have no direct behavioural
meaning—although some Bayesians less careful about foundations than de Finetti might not care to make
this distinction.
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important reason for doing so, is that it allows us to extend the method of natural extension—
or conservative inference—introduced in Section 2.2, to also take into account inference
principles for predictive inference, or more generally, predictive inference for multiple category
sets at once.

To see how this comes about, let us show how we can do conservative reasoning with
inference systems. For any two inference systems ®, and ®o, we say that ®; is less committal—
or more conservative—than ®o, and we write &1 C ®o if

(VA € F)®;(A) C By(A).

This simply means that the predictive inferences for each category set A are less committal
for the first than for the second inference system. If we denote by S the set of all inference
systems, then clearly this set is partially ordered by C. Actually, it is a complete lattice,
where the infimum and supremum of any non-empty family ®;, ¢ € I are given by:

<12§ @i) (A) = iolq)i(A) and (Sllel? CIJZ-) (A) = iELJI(I)i(A) for all category sets A.

We denote by C the set of all coherent inference systems:
C:={®eS: (VA ecF)®(A) is Bernstein coherent} . (24)

Then it is clear that C is a complete meet-semilattice, meaning that it is closed under arbitrary
non-empty infima:?”

(Vi e I)®; € C = inf ®; € C. (25)
el

The bottom of this structure—the most conservative coherent inference system—is called
the vacuous inference system ®v, and it is the coherent inference system given by:

®y(A) = VT (A) for all category sets A.

We shall come back in some detail to this vacuous inference system in Section 9.

The property (25) allows us to do conservative reasoning with coherent inference systems.
Suppose, for instance, that for some collection of category sets F C F, we have assessments
A in the form of a set of polynomials Ay C V(A), A € F. Then, if it exists, the most
conservative coherent inference system ® 4 that is compatible with these assessments is given
by:

Oy y=inf{PecC: (VAe F)As C P(A)}.

And, of course, it will exist if and only the set of polynomials A4 is included in some
Bernstein coherent set of polynomials H 4 on A, for all A € F. In that case, it is not difficult
to see, given the discussion in Section 5.3, that ® 4 (A) = posi(V*(A) UA,) for A € F and
D (A)=VH(A) for AT\ F.

27. It is not necessarily closed under suprema, however, as the union of Bernstein coherent sets of polynomials
need not be Bernstein coherent.
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7. Representation Insensitivity and Specificity under Exchangeability

Let us now investigate what form the inference principles of representation insensitivity (RI2)
and specificity (SP2) take for predictive inference under exchangeability, when such inference
can be completely characterised by Bernstein coherent sets of polynomials. This will allow us
to reformulate these principles as constraints on—or properties of—inference systems.

7.1 Representation Insensitivity

We recall the notations and assumptions in Section 4.4. With the surjective (onto) map
p: A — D we associate the surjective map R,: R4 — RP by letting:

R)(a), = Z o, forallaeRA andall z € D. (26)
z€A: p(x)==2

This map allows us to give the following elegant characterisation of representation insensitivity.

Theorem 7. A coherent inference system ® is representation insensitive if and only if for
all category sets A and D such that there is an onto map p: A — D, for all p € V(D) and
allm € Ny U{0}:

(po Rp)BAm €EP(A) & PBD,Rp(m) € (D). (RI3)

Running Example. Assume now that the coins in the bag are actually rather thick, implying
that there is a non-negligible chance that they do not fall on one of their flat sides, but
remain upright. If we denote this new ‘up’ state by U, then we have a new category set
A={H, T, U}. If we also consider a new ‘flat’ state F', meaning either heads or tails, then
we can also consider, instead of A, the category set D := {F, U} that does not distinguish
between heads and tails. The relabelling map p with p(H) := p(T) := F and p(U) = U
identifies the proper relations between the categories in A and D.

Suppose now that we want to say something about the lower probability of the event
UF of observing U on one flip and H or T on the other, immediately after observing the
sequence (H, U, H, T) with count vector m = (2,1, 1)—the last count in three from now on
refers to the number of Us in the observation sequence. In the A-domain, the gamble I

can be expressed by the polynomial ¢ = MH?H,T U}(Hﬁ), f > 2 given by:%®
q(0) =20y +07)0y for all @ € Z{H,T,U}'

So we want to find out whether polynomials of the type [2(0g +07)0y — u]126%0 70 belong
to ®({H, T, U}); see Equation (18).

On the other hand, as we have seen previously, in the D-domain, the gamble I75 can
be expressed by the polynomial p given by p(9) = 20p0y for all ¥ € X(p 173. Observe that
g =po R, The count vector m = (2,1,1) in the A-domain corresponds to a count vector
R,(m) = (3,1) in the D-domain, where the first component refers to the number of F's and
the second to the number of Us. So here, we need to check whether polynomials of the type
2050y — pl49%59 1 belong to ®({F, U}).

28. As before in similar contexts, it is easy to check that this polynomial remains the same for all 1 > 2.
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The nice thing about representation insensitivity is that it makes checking whether
polynomials of the type [2(0g + 07)0y — u]120%070y belong to ®({H, T, U}) in the A-
domain equivalent to checking whether polynomials of the type [20p9y — M]40:]'}19U belong
to ®({F, U}) in the D-domain. O

Very interestingly, representation insensitivity is preserved under taking arbitrary non-
empty infima of coherent inference systems, which allows us to look for the most conservative
representation insensitive coherent inference system that is compatible with an assessment A
on F, in a way that is a straightforward extension of the discussion near the end of Section 6.

Theorem 8. Consider any non-empty family ®;, i € I of representation insensitive coherent
inference systems. Then their infimum inf;c; ®; is a representation insensitive coherent
inference system as well.

7.2 Specificity

Next, we turn to specificity, and recall the notations and assumptions in Section 4.5. Let us
define the surjective restriction map rg: RY — R by:

rp(a), == a, for all @ € R* and all z € B, (27)

so in particular, rg(m) is the count vector on B obtained by restricting to B the (indices of
the) components of the count vector m on A. We also define the one-to-one injection map
ia: RE = RA by:

. if B
igla)y = {a e ] for all @ € RP and all z € A. (28)
0 otherwise

This map can be used to define the following one-to-one maps I; 4: V(B) — V(A), for any
r € Ny, as follows:

B.AD) = Z bgeg(p)”(n)BA’iA(n) for all polynomials p in V(B). (29)

ne Ngeg(P)+T
They derive their meaning from the following observation. A polynomial p on ¥p can be
equivalently represented in any Bernstein basis on X p of degree deg(p) + r. But when we
interpret these different representations as polynomials on ¥4, they are no longer equivalent,

and lead to different polynomials I'; 4(p), r € No. The following propositions clarify what
exactly the effect of the operator I’y 4 is.

Proposition 9. For any polynomial p on Xp and any r € No: Iz 4(p) 0ia = p.

We introduce the following notation, for any @ € ¥4 such that 05 > 0: 8|} == rp(0)/0p.
Observe that 8|} € X whenever 65 > 0.

Proposition 10. Consider any polynomial p on Xp, any r € Ny and any @ € 4. When
deg(p) +r =0 then p=c € R, and Iy 4(p|0) = c. Otherwise, when deg(p) +r > 0:

OIEPAT 615 if 6 >0

0 otherwise.

B,4(p|0) = {

31



DE CoomaN, DE Bock, & DINIZ

The maps Iz 4 allow us to give the following elegant characterisation of specificity:

Theorem 11. A coherent inference system ® is specific if and only if for all category sets A
and B such that B C A, for allp € V(B), all m € Ny U {0} and all r € Ny:

5 4(P)Bam € ©(A) < pBp,pm) € ©(B). (SP3)

Running Example. Suppose, as before, that we have made the observation (H, U, H,T),
with count vector m = (2,1,1). We are interested in the posterior lower probability of the
event ﬁ, where somebody has told us that neither of the two subsequent coin flips—after
the first four—resulted in U. In a specific inference system, we are allowed to consider this
predictive inference problem in the reduced category space B = {H, T'}, rather than in the
category space A = {H, T, U}. But then, in the B-space, we have to use the reduced count
vector rp(m) = (2, 1), obtained by leaving out the number of observed Us. The polynomials
we are lead to consider here, are therefore of the type [20g9 1 — ,LL]319%[19T7 for which we want
to know whether they belong to ®({F, U}).

In the A-space, the polynomial p(¥) = 2¥y¥r — u, whose degree is deg(p) = 2, is
transformed into the polynomials

, 0n  Or
O +0r 0y + 07

I 4(p]0) = pl (On +07)*" = [20107 — p(0n + 07)*)(0n + O7)"
for r € Ny. It follows from the argumentation in the proof of Theorem 11 that the original
problem requires us to check whether polynomials of the type

120107 — (0 + 07)%](0g + 07)"120%0160y

are in ®({H, T, U}). Specificity allows us to look at the problem in the B-space, which is
easier. o

Observe the close formal similarity between the conditions (RI3) and (SP3). It should
therefore not surprise us that specificity, too, is preserved under taking arbitrary non-empty
infima of inference systems.

Theorem 12. Consider any non-empty family ®;, i € I of specific coherent inference systems.
Then their infimum inf;c; ®; is a specific coherent inference system as well.

Let us denote by C,4 the set of all coherent inference systems that are both representation
insensitive and specific. It follows from Theorems 8 and 12 that C,, like C, is closed under
arbitrary non-empty infima, so we can perform conservative reasoning, in very much the
same way as we discussed near the end of Section 6.

8. Immediate Prediction

If we have an inference system ®, we can look at the special case of immediate prediction,
where for a given category set A, after observing a sample of 7 > 0 variables with count vector
m € Nf{, we want to express beliefs about the value that the next observation X1 will
assume in A. So this is the specific case of predictive inference with 7 = 1, and Condition (18)
can now be simplified somewhat, as for all gambles f on A and all rh € N7

feDY < Sa(f) € ®(A) and f € DY < BamSa(f) € ®(A),
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where we let the so-called sampling expectation Sa(f) be the linear polynomial on ¥ 4 given
by SA(f]0) == ,ca f(x)0; for all 6 € X 4.

The reason for this is that N} = {e”: z € A} where e? is the count vector corresponding
to a single observation of category z, or in other words, eZ = §,, for all z € A [Kronecker
delta]. Hence, for all x € A and any 6 € ¥ 4:

ya(fle”) < ) > f(z) = f(x) and By e )_<;>H9;§_

z€[e®] 2€A
leading to:
A(f18) = Y Hyh(fle")Baes(8) = D f(x)0, = Sa(/]6). (30)
e?eN} z€A

It is a matter of straightforward verification that, due to the Bernstein coherence of H 4, the
so-called immediate prediction model D}ufn is a coherent set of desirable gambles on A, for
every count vector mn € N4 U {0}. It induces the following predictive lower previsions:

PL(f|m) = sup {aeR: f-ac D}4J’I’h}
=sup{a € R: [Sa(f) —a|Bam € ®(A)}. (31)

Immediate prediction in the context of exchangeable imprecise probability models has
been studied in some detail by De Cooman et al. (2009a). Lower previsions, rather than
sets of desirable gambles, were the model of choice in that paper, and because of that, the
authors encountered problems with conditioning on sets of (lower) probability zero. In fact,
it is these problems that provided the motivation for dealing with the much more general
problem of (not necessarily immediate) predictive inference using sets of desirable gambles
in the present paper. In this section, we want to illustrate how many of the results proved
there can be made stronger (and with easier proofs, as is borne out in Appendix E.3) in the
present context.

The requirement (RI2) for representation insensitivity reduces to the following simpler
requirement on immediate prediction models: for all category sets A and D such that there
is an onto map p: A — D, for all gambles f on D and all m € N4 U {0}:

fopeDy|m s feDpR,(m). (RI4)

Similarly, the requirement (SP2) for specificity reduces to the following simpler requirement
on immediate prediction models: for all category sets A and B such that B C A, for all
gambles f on B and all m € Ny U {0}:

fIg € DY|m < f € DE|rp(m). (SP4)

Let us now show that there is a simple characterisation of the immediate prediction
models that satisfy representation insensitivity. To get there, observe that we can consider
any gamble g on a category set A as a (surjective) pooling map from A to the finite subset
g(A) of R—also a category set. The corresponding R,: R — R4 is given by:

Ry(a), = Z ay for all r € g(A).
z€A: g(x)=r
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This simple idea allows for an intriguing reformulation of the representation insensitivity
requirement on immediate prediction models:

Proposition 13. The immediate prediction models associated with a coherent inference
system are representation insensitive if and only if for all category sets A, all gambles g on
A and all count vectors m € Ny U {0}:

g € DyJm & idya) € Dy 4y Ry(mn). (RI5)

Here, for any non-empty set B, we denote by id g the identity map on B, defined by idg(z) = 2
for all z € B.

Proposition 13 tells us that whether a gamble is desirable depends only on the values it
assumes—and not on where they are assumed—and on the number of times each of these
values has been observed in the past—or rather would have been if we had been observing
the g(X}) rather than the Xj.

Let us now focus on what happens for events. Consider any event B C A that is non-
trivial—meaning that B is neither empty nor equal to A. Then for any real u the gamble
Ip — p assumes two values, 1 — y and —p, so we see after applying Proposition 13 that for
all m € Ny U{0}:

Ip—peDylmeidy_, € Dh_u,_u}J (mp, ma\B)
and therefore
PlL(Blm) =sup{pu € R: Ip — u € D}y |m} (32)
= sup {u eR:idy_py_yy € D%lfuﬁ#}j(mg,mA\B)} = p(ma,mp), (33)

meaning that, by representation insensitivity, the predictive lower probability for a non-trivial
event B depends only on the number of times mp that it has been observed in the past
experiments, and the total number of observations m 4. The same thing holds for its predictive
upper probability 1 —¢(ma, ma—mp). For precise predictive probabilities, a similar property
is known as Johnson’s sufficientness postulate (Johnson, 1924; Zabell, 1982).

So for any representation insensitive coherent inference system, we see that we can define a
so-called lower probability function ¢: {(n, k)eN2: k< n} — [0, 1] through Equation (33),
which completely characterises the ‘one-step-ahead’ predictive lower and upper probabilities?”
for all non-trivial events and all count vectors. We shall now use the representation insensitivity
and specificity requirements to try and say more about this lower probability function. The
following theorem strengthens, simplifies, and extends similar results by De Cooman et al.
(2009a).

Theorem 14. Consider a representation insensitive coherent inference system ®. Then the
associated lower probability function ¢ has the following properties:

L1. ¢ is bounded: 0 < o(n, k) <1 for all n,k € Ny such that k < n.

L2. ¢ is super-additive in its second argument: p(n,k + £) > o(n,k) + ¢p(n,l) for all
n,k,0 € Ny such that k + £ < n.

29. ... but not necessarily the predictive lower and upper previsions ...
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L3. ¢(n,0) =0 for all n € Ny.
L4. o(n,k) > kp(n,1) and np(n,1) <1 for all n,k € Ny such that 1 < k <n.

L5. ¢ is non-decreasing in its second argument: p(n,k) < ¢(n,t) for all n,k,¢ € Ny such
that k < ¢ < n.

L6. p(n, k) > on+1,k)+en,k)pn+1,k+1)—p(n+1,k)] for all n,k € Ny such that
k<n.

L7. ¢ is non-increasing in its first argument: p(n + 1,k) < @(n, k) for all n,k € Ny such
that k <mn.

L8. Suppose that p(n,1) > 0 for all n € N, and let s, = w(i 5 — n, or equivalently,
p(n,1) = n+lsn' Then s, >0 and $p11 > Sn.

If ® is moreover specific, then ¢ has the following properties:

L9. Consider any real v € (0,1) and suppose that ¢(1,1) > a, then p(n,n) > =24~ for

all n € Ng. As a consequence, consider any s > 0 and suppose that p(1,1) > 1%—5’ then
p(n,n) > 1= for all n € Ny.

We know from Theorem 4 that representation insensitive coherent inference systems are
near-ignorant, meaning that they are vacuous and therefore completely indecisive about any
single observation when no prior observations have been made. This is also borne out by
Theorem 14.L3. Let us define the imprecision function by

tn,k) =1—p(n,n—k)—@(n,k) for all n,k € Ny such that & < n. (34)

It is clear that ?L(Bhn) — PL(B|m) = «(ma, mp) is the width of the probability interval
for an event B that has been observed before mpg out of m 4 times. For a representation
insensitive coherent inference system whose imprecision function ¢(n, k) satisfies the following
property:

tn+1,k) < u(n, k)

for all 0 < k < n, 35
L(n+1,k+1)§¢(n,k)} oralismen (35)

the imprecision does not increase as the total number of observations increases. This suggests
that such representation insensitive coherent inference systems will display some of the
desirable behaviour mentioned in the Introduction: they are conservative when little has been
learned, and they never become less precise as more observations come in. In the following
sections, we intend—amongst other things—to take a closer look at whether this behaviour
is present in a number of such systems.

Immediate prediction is very important for predictive inference with precise probabilities,
as the Law of Total Probability guarantees that it is completely determined by its immediate
predictions. Perhaps surprisingly, this is not the case for predictive inference with imprecise
probabilities: Appendix D provides a counterexample. This also points to some of the
limitations in scope of the earlier work by De Cooman et al. (2009a). For this reason, we now
leave immediate prediction models for what they are, and in the rest of this paper concentrate
on the more general notion of an inference system.
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9. The Vacuous Inference System

In this and the following sections, we provide explicit and interesting examples of represen-
tation insensitive, and of specific coherent inference systems. We begin with the simplest
one: the vacuous inference system ®v, which we introduced in Section 6 as the smallest,
or most conservative, coherent inference system. It associates with any category set A the
smallest Bernstein coherent set @y (A) = Hy 4 := VT (A) containing all the Bernstein positive
polynomials—the ones that are guaranteed to be there anyway, by Bernstein coherence alone.
We deduce from Proposition 30 in Appendix B that:

Hyalm=Hya= VT (A) for all h € Ny U {0},
and from Proposition 28 in Appendix B that:

Hy (plrn) = Hy 4(p) =sup{a e R: p—a e V(A)}
= minp = mi 0) for all p e V(A).
minp = min p(6) for all p € V(4)
The predictive models for this inference system are now straightforward to find, as they

follow directly from Equations (21) and (23). For any 7 € N and any m € N4 U {0}, we
deduce that:

D 4 = Dl alrin = { f € £(A"): Mui(f) € VF(A4)} (36)
and ) ) ) )
Py a(f) = By a(flrin) = min Mo (f]8) for all f € L(A"). (37)
In particular:
Dy = Dy almh = Lxo(A), (38)
Py A(f) = Py a(fl) = min f for all f € L(A), (39)
and
ev(n, k) =0 for all n, k € Ny such that & < n. (40)

These are the most conservative exchangeable predictive models there are, and they arise from
making no other assessments than exchangeability alone. As we gather from Equations (36)—
(40), they are not very interesting, because they involve no non-trivial commitments, and
they do not allow for learning from observations. This is also borne out by the corresponding
imprecision function, which is given by:

tv(n, k) =1 for all n, k € Ny such that k& < n.

Running FExample. We have seen before that MH?H,T} (Ii7710) = 2007 for all 2 > 2, and
therefore

Py (r.my () = B3 g 1y (Ll 3, 1)) = pcin Mnfy 7y (I5710) = pin 207 =0

and

. . 1
Py o, my(gg) = Py o,y (Igzl(3,1) = 06%1{352} Mnfy 7y (I7160) = 06%1{?2} 2007 = 3
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This shows that the vacuous inference model does not produce completely vacuous inferences:
it allows us to find out the consequences of making no other assessments than exchangeability.
But it does not allow us to change our lower and upper probabilities and previsions when
new observations come in. O

Even though it makes no non-trivial inferences, the vacuous inference system satisfies
representation insensitivity, but it is not specific.

Theorem 15. The vacuous inference system ®v is coherent and representation insensitive.

Let us show by means of a counterexample that ®v; is not specific,

Running Example. Let us go back to inferences about the category space A = {H, T, U} and
the reduced category space B = {H, T'}. Consider the polynomial p(9) = 93, — dgd7 + 9%
on Yy ry. This polynomial is Bernstein positive—so p € VY({H, T})—because

p(9) = (9} — IgVr +9%) Iy + 1) = 9% + 9%

has an expansion in the Bernstein basis of degree 3 that is positive. But let us now consider
the corresponding polynomial on X¢p 7 py:

q(0) =13 4(p|6) = 07 — OuOr + 67 (41)
This polynomial is not Bernstein positive: it is easy to see that for every n € Ny,
q(0) = (0% — 007 + 6%) (0 + 07 + 0p)"

will always have a term —0y07607,. So ¢ = I%A(p) ¢ V*({H,T,U}), and we infer from
Theorem 11 that ®v cannot be specific. O

In the following sections, we shall prove that there are an infinity of more committal,
specific and representation insensitive coherent inference systems. We begin by introducing
a slightly modified version of the vacuous inference system that is coherent, representation
insensitive and specific.

10. The Nearly Vacuous Inference System

Let us introduce the mearly vacuous inference system ®yy—the reason for its name will
become clear presently—Dby:

(I)Nv(A) = HNV,A = V++(A) = {p < V(A) (VG S int(EA))p(e) > O}
for all category sets A.
Since V1 (A) consists of all the polynomials that are positive on int(X,4), we deduce from
Proposition 28 in Appendix B that, for any m € Ny U {0}: Hnv alm = Hay a = VTT(A)
and that:

Hyvy a(plm) = Hyy a(p) = eeigtl(fmpw) = 52151, p(0) for all p € V(A).

37



DE CoomaN, DE Bock, & DINIZ

Since we know from Proposition 28 in Appendix B, and the counterexample following it, that
generally speaking V*(A) C VT (A), we see that this inference system is less conservative
than the vacuous one. As was the case for the vacuous inference system, the predictive models
for this nearly vacuous inference system are straightforward to find, as they follow directly
from Equations (21) and (23). For any 7 € N and any m € N4 U {0}, we deduce that:

Dty = Ditv.altin = { f € £(A™): Muf(f) € VFT(4)],

and
PRy.a(f) = PRy.a(fIm) = min Mu(f]6) for all f € L(A").

In particular:

Div.a = Diy.alm = Lo(A),
Py a(f) = Phy 4(f|m) = min f for all f € L(A).

We see that the immediate prediction models, and the predictive lower previsions, for this
inference system are exactly the same as the ones for the vacuous inference systems.3? They
too do not allow for learning from observations.

Interestingly, and in contrast with the vacuous inference system, the nearly vacuous
inference system is specific, which already tells us that C,s # 0.

Theorem 16. The nearly vacuous inference system ®Nvy is coherent, representation insensi-
tive and specific: Ony € Cis.

11. The Skeptically Cautious Inference System

We now construct a rather simple inference system that is quite intuitive and slightly more
informative than the vacuous and nearly vacuous ones. Suppose that our subject uses the
following system for making inferences based on a sequence of 7 > 0 observations with count
vector 1, in a category set A. He is ‘skeptical’ in that he believes that in the future, he will
only observe categories that he has seen previously, so only categories in the set:

Almn] = {x € A: 1y, > 0}. (42)

But he is also ‘cautious’, because his beliefs about which of these already observed categories
will be observed in the future, are ‘nearly’ vacuous. To explain this, assume first that in
particular, for nn future observations, he has vacuous beliefs about which count vector he will
observe in the set

{m e N (Vy € A\ Alri))in, = o} = N

of those future count vectors m that he holds possible after observing the count vector m,
namely those count vectors with no observation outside A[r2].3! By Lemma 47 in Appendix B,

30. This is a first example that shows that the immediate prediction models do not completely determine the
inference system. We shall come across another example in Appendix D.

31. The last equality in the equation above is actually a device that allows us to identify the count vectors on
A whose components outside A[rn] are zero, with count vectors on A[rn]. We shall be using it repeatedly,
without explicit further mention, in the rest of this paper.
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this would lead us to associate the following set of polynomials with any count vector m € N ,:

V[J,,rn] (A) = {p € V(A): (In > deg(p)) bZWX[m] > 0}
_ {p EV(A): Py € v+(A[m])} .

But, because we already know that the vacuous models VT (A) do not lead to specific systems,
whereas the nearly vacuous models V1 (A) do, we will modify this slightly, and rather
associate the following set of polynomials with any count vector m € N ,:

[m]

Vit (A) = {p €V(A): P € v++(A[m])} .

++
[m]

count vector m, so we infer from Equation (19) that the subject considers as ‘desirable in
representation’ all polynomials in:

The polynomials in VT (A) are ‘desirable in representation’? after observing a sample with

Vi (A)Bam = {pBA,m: pe V**(A)} .

[m]

We are thus led to consider the following assessment:

Asca= |J Vi (A)Bam,
meN,

and the set of all its positive linear combinations:

L

HSC,A = posi (-ASC,A) = {ZPkBA,mk: feN,n, € N,my € ./V:Zk,pk S V[—:T;](A)}. (43)
k=1

The following proposition guarantees that the sets Hsc, 4 are the appropriate most conservative
models that summarise the exchangeable inferences for our skeptically cautious subject.

Proposition 17. Hgc, 4 is the smallest Bernstein coherent set of polynomials on X4 that
includes Asc,a.

This also shows that the inference system ®gc, defined by ®gc(A) == Hsc, 4 for all category
sets A, is coherent. We shall call it the skeptically cautious inference system.

We now want to find out how updating works in this system. To this end, we introduce a
slight generalisation of the set defined in Equation (43). Consider any m € N4 U{0}, and let

L

Hsc,Am = {kzlpkBA,mkl ¢ eN,ny € Ng,ma+ng >0,my € Ny* p, € V[:Lmk](A)},

(44)
so we see that, in particular, Hsc,4 = Hsc,a,m for m = 0.
The sets Hsc,4,m have the following interesting characterisation:

32. As stated before, polynomials have no direct behavioural but only an indirect representational meaning,
as conveniently condensed representations for desirable gambles on observation sequences. Hence our
caution here in using the term ‘desirable in representation’.
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Proposition 18. For all m € Ny U{0}:
Hsc,am = {p € V(A)\ {0}: (VK € min Sam(p))ps, € VT (K)}, (45)

where

Samp) ={0# K CA: Alm] C K and ps,, #0}. (46)

By min S4 m (p) we mean the set of all minimal, or non-dominating, elements of Sy m, (p),
so min Sgm(p) = {C € Sam(p): (VK € Sam(p))(K C C = K = C)}. We formally extend
Equation (42) to include the case m = 0,s0 A[0] = 0 and Sa0(p) = {0 # K C A: Pisg 7 0}.

Proposition 19. For all m € Ny U {0}: Hsc.alm = Hsc,Am.-

By combining this result with Equation (21), we can derive—admittedly rather involved—
expressions for the predictive sets of desirable gambles for the skeptically cautious inference
system. For all n € N and mh € N4 U {0}:

Dic.alm = { f € £(A"): Mu}(f) € Hscoam | - (47)
For immediate prediction, these expressions simplify significantly. For any m € N ,:
D§c,a = L>0(A) and D¢ a]mi = {f € L(A): flapm) > 0} U Lo(A). (48)
The lower previsions that are derived from Hgc 44 are more tractable. For any m € N ,:

Hge 4(p) = minp(63) and Hge 4(plrn) = min p(0) for all p € V(A), (49)
’ €A ’ 0 Apn)
where, for any z € A, 6, is the degenerate probability mass function on A that assigns all
probability mass to z.
The predictive lower previsions for the skeptically cautious inference system are now
easily obtained by combining Equations (49) and (23). For any 7 € N and any r € N ,:

Plo 4(flm) = min Mn’(f|@) for all f € L(A™) (50)
’ GGEA[m]
and A
P a(f) = ngﬂf(m,x, ...,x) for all fe L(A"). (51)
In particular:
Pl a(f) = min f and Py 4(f|rh) = min f(z) for all f € £(4). (52)
’ ’ z€A[mn

The lower probability function is given by:

1 ifk=n>0
wsc(n, k) = ' n for all n,k € Ny such that k < n,
0 otherwise

and the corresponding imprecision function by:

1 ifn=0o0r0<k
Lsc(n,k):{ tn=0orsh<n o alln, k€ Ny such that k < n.

0 otherwise
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Running Example. As before, Mn?H 1y (Ig710) = 20507 for all i > 2. If we also take into
account that {H, T'}[(3,1)] = {H, T}, we get:

Pl 1.y (gp) = Péo g, my(I7|(3,1)) = min - Mn(y 7 (I75(0) = min 205607 =0

GEE{H’T} GGE{H,T}
and
—h —h A 1
Psc u,my(Igz) = Psc,qu,ry(Igzl(3,1) = ee%{ixﬂ Mnfy 7y (Iz7160) = ee%l{ixﬂ 20107 = 5.

Because all categories are observed for the count vector (3, 1)—meaning that {H, T}[(3,1)] =
{H, T'}—we find the same inferences as for the vacuous inference system. O

Interestingly, the coherent inference system ®gc also satisfies both representation insensi-
tivity and specificity.

Theorem 20. The skeptically cautious inference system Pgc is coherent, representation
insensitive and specific: Pgo € Cys.

12. The IDMM Inference Systems

Imprecise Dirichlet Models—or IDMs, for short—are a family of parametric inference models
introduced by Walley (1996) as conveniently chosen sets of Dirichlet densities dig(-|a) with
constant prior weight s:

{dia(-]o): @ € K3}, with K == {a € R4,: aq = s} ={st:teint(Xa)}, (53)

for any value of the (so-called) hyperparameter s € R+ and any category set A. The Dirichlet
densities dig(-|a) are defined on int(X4); see Appendix C for an explicit definition and
extensive discussion.

These IDMs generalise the Imprecise Beta models introduced earlier by Walley (1991). In
a later paper, Walley and Bernard (1999) focussed on a closely related family of predictive
inference models, which they called the Imprecise Dirichlet Multinomial Models—or IDMMs,
for short.3> We refer to these papers, and to a more recent overview paper by Bernard
(2005) for extensive motivating discussion of the IDM(M)s, their inferences and properties.
For precise Dirichlet models and their expectations, and the related Dirichlet multinomial
models, we have gathered in Appendix C the most important facts, properties and results,
necessary for a proper understanding of our present discussion of the IDM(M)s in the context
of inference systems.

One of the reasons Walley (1996) had for suggesting the IDM as a reasonable model is
precisely that it satisfies the pooling®* invariance properties we discussed in Section 4.1. This
is also discussed with more emphasis by Walley and Bernard (1999) and Bernard (2005), but
we know of no detailed and explicit formulations of these properties in the literature, and
the proofs we have seen are fairly sketchy. Bernard (1997, 2005) also suggests that the IDM

33. In the later paper, Walley and Bernard (1999) clearly distinguish in name between the parametric IDMs
and the predictive IDMMs, while in the earlier paper by Walley (1996), both types of models are referred
to as IDMs.

34. Walley uses the term ‘representation invariance’ rather than ‘pooling invariance’.
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and the underlying precise Dirichlet models satisfy a so-called ‘specificity’ property, which
we have tried to translate to the present context of predictive inference in Section 4.5.

In the present section, we use the ideas behind Walley and Bernard’s IDM(M)s to construct
an interesting family of coherent inference systems, and we give a detailed and formal proof
in Appendix E of the fact that these inference systems are indeed representation insensitive
and specific. Interestingly, we shall need a slightly modified version of Walley’s IDM(M)
to make things work. The reason for this is that Walley’s original version, as described by
Expression (53), has a number of less desirable properties, that seem to have been either
unknown to, or ignored by, Walley and Bernard. We describe these shortcomings in some
detail in Appendix D. For our present purposes, it suffices to mention that, contrary to what
is often claimed, and in contradistinction with our new version, inferences using the original
version of the IDM(M) do not necessarily become more conservative (or less committal) as
the hyperparameter s increases.

In our version, rather than using the hyperparameter sets K?% , we consider the sets

A5 = {a € Réo: ay < s} for all s € Ryg.
Observe that

{s't s € Rsp,8 < sandtc€int EA U KS
0<s'<s

For any s € Ry, and any category set A, we now consider the following set of polynomials
p, with positive Dirichlet expectation Dig(p|a) for all hyperparameters o € A%:

Hipmoa = {p € V(A): (Yo € Aj) Dia(plar) > 0} .

We shall see further on in Theorem 21 that this set is Bernstein coherent. We call the inference
system @7, defined by:

Dipm(A) = Hipyp 4 for all category sets A,

the IDMM inference system with hyperparameter s > 0. The corresponding updated models
are, for any m € Ny U {0}, given by:

Hipaalm = {p € V(A4): (Va € A%) Dia(p|m + a) > 0} (54)

and
Hipy a(plm) = iGnAfs Dig(plrm + «) for all p € V(A). (55)
Loy

Using these expressions, the predictive models for the IDMM inference system are straight-
forward to find; it suffices to apply Equations (21) and (23). For any 7 € N and any
m € Ny U{0}:

a i = { £ € £(A"): (Vo € A%) Dia (M (f) i+ @) > 0}, (56)
and

Piiw, A(f|m) ienAfS Dia (Mo (f)|r + ) for all f € L(A™), (57)
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where, using the notations introduced in Appendix C:
Dia(Mnfi(f)|rn + a) = DiMu} (Hy's ()| + a)
fL N 1 'fL - mz
> mi(fln) o () T e )™ (s8)

) y m
meN?

(mA+aA) zeA

In general, these expressions seem forbidding, but the immediate prediction models are
manageable enough. For any mh € A4 U {0}:

Digalm = {1 € £(4): £> 1 3 flayma . (59)
z€EA
Pl alflim) = = > sy + S minf forall f€ L(A), (60)
and
©ipm(n, k) = . for all n, k € Ny such that k < n.

The corresponding imprecision function is given by:

S

tipm(n, k) = for all n, k € Ny such that £ < n,

n+s
and it is decreasing in its first and constant in its second argument, which implies that it
satisfies Condition (35). This suggests that IDMM inference systems are conservative when
little has been learned, and become more precise as more observations come in.
Running Example. As before, with Mn?Hj} (I750) = 20407 for all f > 2, we find that,
using the results in Appendix C:

2acgar
(ag +ar)(ag +ar + 1).

Dign, 1y (MD?H,T}(]I}/{?’O)‘O‘) =

It is then not very difficult to verify using Equation (57) that for any 0 < s:

_1 S
2145

S,7 - —S,M
BIDM,{H,T}(Hﬁ) = 0 and Py a1y (Igz)
After observing the count vector (3, 1), we find after some manipulations that:

s . 2(3+40) 2(3+s)
P ) ]I/\ 1 — f =
—IDM,{H,T}( HT‘(?’a )) Ogé<s (4+0)<5+0) (4—}-8)(54—8)7

and similarly:

1+s .
—  if s <2
—s,R _ (4+s)(5+s)
Prom,ga,my gzl (3,1) =
14+ s .
— if s > 2.
25+s
Observe that for infinitely large s, we recover the inferences for the vacuous system. %
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Interestingly, the immediate prediction models for our version of the IDMM inference
system coincide with those of Walley’s original version. Hence, in the many practical appli-
cations that are concerned with immediate prediction only, both approaches yield identical
results.

The IDMM inference systems constitute an uncountably infinite family of coherent
inference systems, each of which satisfies the representation insensitivity and specificity
requirements.

Theorem 21. For any s € Rsq, the IDMM inference system ®jp,, is coherent, representation
insensitive and specific: Piny € Crs.

Since C, is closed under non-empty infima, the infimum ®,; of all ®fHy, s > 0 is
still coherent, representation insensitive and specific, and more conservative than any of the
IDMM inference systems. It is given by:

Bai(4) = VIHH(A) = {p € V(A): (v € R2)) Dia(plar) > 0} .

and although this set generally strictly includes the sets VT (A) and V1 (A), the associated
immediate prediction models and predictive lower previsions can be shown to coincide with
the ones for the vacuous and nearly vacuous inference systems.

13. The Skeptical IDMM Inference Systems

We now combine the ideas in the previous two sections: we suppose that our subject uses
the following system for making inferences based on a sequence of n > 0 observations with
count vector rn, in a category set A. As before in Section 11, he is skeptical in that he
believes that in the future, he will only observe categories that he has seen previously, so only
categories in the set A[rn|. But rather than being cautious in having completely vacuous
beliefs about which of these already observed categories will be observed in the future, he
uses an IDMM-like inference for them, as described in Section 12.

It turns out this can be done quite simply by replacing, in the characterisation (45) of
the sets Hsc, a,m of the skeptically cautious inference system, the nearly vacuous models
V11 (K) by the appropriate IDMM models HfDM,KJTK(m)- So we define, for any category
set A, any m € Ny U {0} and any s € R+, the following set of polynomials:

Hipam = {p € V(A)\{0}: (VK € min Sam(p))pis, € Hipmxlrx(m)}, (61)

where we recall that if K € minSam(p), then A[m] C K and therefore K[rg(m)] =
Alm] N K = Alm], so m and rx(m) are essentially the same count vectors. We also let
HEy 4 = M 4 m for m =0, or in other words:

He 4= {p e V(A)\{0}: (VK € minSa0(p))pis, € Hibmk ) -

where, again, Sao(p) = {0 # K C A: DI F 0}. In the remainder of this section, we show
that the sets of polynomials Hg; , indeed lead to the definition of a reasonable and potentially
useful type of inference system. We begin with coherence.

Proposition 22. Hg; 4 is a Bernstein coherent set of polynomials on X 4.
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This shows that the inference system ®§;, given by ®§;(A) = My a for all category sets A,
is coherent. We call ®¢; the skeptical IDMM inference system with hyperparameter s.

We now want to find out how updating works in this inference system. The following
proposition should not really come as a surprise.

Proposition 23. For any m € Na U {0}: Hg; 4]m = HEj 4 -

By combining this with Equation (21), we obtain the following—again, rather involved—
predictive sets of desirable gambles for the skeptical IDMM inference systems. For any n € N
and any m € Ny U{0}:

Dy I = { f € £(A™): Mo (f) € M amm - (62)

Although the expressions for HEp, 4Jm are rather abstract, this is not the case for the
corresponding lower previsions. For any m € N ,:

Hg; a(p) = minp(8;) for all p € V(4) (63)

and
Hgy 4(plmn) = aei&lff[m] Di g rm) (P[5 gy 7 A} () + @) (64)
= Hipn, apri) (P15 gy | T ) (1)) for all p € V(A). (65)

Combining this with Equation (23), we immediately obtain the following predictive lower
previsions for the skeptical IDMM inference systems. For any 7 € N and any m € N :

P',(f) = min f(z, ... o) for all f € £(A)

and

SI A(f|m) eiAnSf DiA[m}(MDZ[m](f\A[m}ﬁ)’TA[m} (m) + )

Al
= Pt apn) (F  apy [T 4 (1)) for all f € L(A™). (66)

The immediate prediction models of the skeptical IDMM inference systems are surprisingly
more manageable:

Dy = L>0(A) and PG ,(f) = min f for all f € L(A)

and, for any m € N :

Djoalm = {f € L(A): flapm) > —% > f(x)mx} U Lx0(A) (67)

z€A[rn]

e x&l[rrln f(z) for all f € L(A). (68)

y 1 §
P = =L S .+
x€A[rn]
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The lower probability function is given by:

k .
fk =0
©&1(n, k) = nts 1 smorn for all n, k € Ny such that k£ < n,
1 itk=n>0

and the corresponding imprecision function by:

= ifn=00r0<k<
y(n k)= ts BT " for all n,k € Ny such that k < n.
0 otherwise
When we consider the case n > 0, we see that (§;(n,n) =0 but ¢§;(n+1,n) = s > 0,80

this imprecision function does not satisfy Condition (35).

Running Example. Because {H, T'}[(3,1)] = {H, T}, we infer from Equation (66) that the
inferences about the event HT are the same as for the IDMM inference systems. %

All the coherent inference systems ®¢; also satisfy both representation insensitivity and
specificity.

Theorem 24. For each s € Ry, the corresponding skeptical IDMM inference system is
coherent, representation insensitive, and specific: ®g; € C.

Since C,s is closed under non-empty infima, the infimum ®& of all ®;, s > 0 is still
coherent, representation insensitive and specific, and more conservative than any of the
skeptical IDMM inference systems. It can be shown that the associated immediate prediction
models and predictive lower previsions coincide with the ones for the skeptically cautious
inference system.

14. The Haldane Inference System

We already know from our discussion of near-ignorance following Theorem 4 that no represen-
tation insensitive coherent inference system can be fully precise, as its immediate prediction
models before observations have been made, must be completely vacuous. But we can ask
ourselves whether there are representation insensitive (and specific) inference systems whose
posterior predictive lower previsions become precise (linear) previsions. This is the problem we
address in this section. We shall first construct such an inference system, and then show that
this system is, in some definite sense, unique in having linear posterior predictive previsions.

We use the family of all IDMM inference systems ®7p\;, s € R>g, to define an inference
system @y that is more committal than any of them:

Py (A) =Hua = U Hipm,a = U Oipy(A) for all category sets A.

SER>0 SER>0

We call this &y the Haldane inference system, for reasons that will become clear further on
in this section.

Theorem 25. The Haldane inference system ®y is coherent, representation insensitive and
specific: Py € Cg.
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Due to its representation insensitivity, the Haldane system satisfies prior near-ignorance.
This implies that before making any observation, its immediate prediction model is vacuous,
and as far away from a precise probability model as possible. But we are about to show
that, after making even a single observation, its inferences become precise-probabilistic: they
coincide with the inferences generated by the Haldane (improper) prior.

To get there, we first take a look at the models involving sets of desirable gambles. For
any m € Ny U {0}:

Hualmh = {p € V(A): (3s € Rug)(Va € AY) Dia(plrn + a) > 0} = ] Hipw alh.
s€R>o (69)
The corresponding predictive models are easily derived by applying Equation (21). For any
n € N and any m € Ny U {0}:

Diy.alrin = { f € £(A"): (35 € Rug) (Yox € A%) Dia(Muh (f)lrin + ) > 0}

= U ,DIS]’)TALM,AJm' (70)

SER>0
The immediate prediction models are obtained by combining Equations (70) and (59). For
any m € N ,:

Dipa = L50(A) and Dy 4] = {f € L(A): Z f(z)mg > o} U Lso(A).

T€EA

It turns out that the expressions for the corresponding lower previsions are much more
manageable. First of all, we find for any m € Ny U {0}:

Hy alplm) = lim alenAf; Dia(pl +a) = lim Hipya(plrh) for all p € V(4). (1)
In particular, for 1 = 0, this simplifies to:
Hy, 4(p) = minp(6;) for all p € V(A), (72)

whereas for any m € N, we find linear previsions:3°

EHA(p]m) = FHA(p"ﬁl) = Hy a(p|m) = Dia(p|m) for all p € V(A). (73)

The corresponding predictive models are easily derived by applying Equation (23). For any
7 € N and any m € Ny U {0}:

Pl a(fm) = lim, inf Dia(Muf(f)frm+ ) = lim Pi 4(7lm) for all f € £(A").
(74)

In particular, for v = 0O:

P (f) = miglf(x,z:,...,:z:) for all f € L(A™),
’ TE

35. The Dirichlet expectations Dia(-|a) are strictly speaking defined for a € R, but as we argue in
Appendix C, they can be continuously extended to e with some components zero, and the others strictly
positive.
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and for any m € N,

Plha(flm) = Pha(flm) = Fia(fim) = 3 i) (7 ) Bt o)

neN? A

For the immediate prediction models, we find that for any m € N ,:

Py 4(f) = min f and Py 4(flrn) =) f(z)—= for all f e L(A),
€A

and the lower probability function is given by:

k .

2 ifn>0

en(n, k) =<¢" 1n for all n, k € Ny such that k£ < n.
0 ifn=0

The corresponding imprecision function is given by:

1 ifn=0
i, k) = nn for all n, k € Ny such that k < 7,
0 ifn>0

and it satisfies Condition (35), which suggests that also the Haldane inference system displays—
albeit in an extreme and not very interesting manner—the desirable behaviour mentioned in
the Introduction: it is conservative when little has been learned, and it never become less
precise as more observations come in.

Running Example. We can use Equation (74) and the results previously obtained for the
IDMM inference systems to find that

A 3
—H,{H,T}(Hﬁ) PH AH, T}( 77) =0 and PH {H, T}( 77l(3,1)) = 10

We want to point out that the first equalities do not contradict the prior near-ignorance of
the Haldane inference system, as that only pertains to immediate predictions: predictions
about single future observations. %

The precise posterior predictive previsions in Equation (75) are exactly the ones that
would be found were we to formally apply Bayes’s rule with a multinomial likelihood and
Haldane’s improper prior (Haldane, 1945; Jeffreys 1998; Jaynes, 2003), whose ‘density’ is a
function on int(¥4) proportional to [, 4 1. This, of course, is why we use Haldane’s name
for the inference system that produces them. Our argumentation shows that there is nothing
wrong with these posterior predictive previsions, as they are based on coherent inferences. In
fact, our analysis shows that there is an infinity of precise and proper priors on the simplex
YA that, together with the multinomial likelihood, are coherent with these posterior predictive
previsions: every coherent prevision on V(A) that dominates the coherent lower prevision
Hy; 4 on V(A).%6 For binomial parametric inferences under the Haldane prior, Walley (1991,
Section 7.4.8) comes to a related conclusion in a completely different manner.

36. It is an immediate consequence of the F. Riesz Representation Theorem that each such coherent prevision
is the restriction to polynomials of the expectation operator of some unique o-additive probability measure
on the Borel sets of ¥ 4; see for instance the discussion by De Cooman and Miranda (2008a) and also
footnote 2.
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There is a simple argument to show that these Haldane posterior predictive previsions
are the only precise ones that are compatible with representation insensitivity. Indeed, it
can be shown that for any representation insensitive coherent inference system with precise
posterior predictive previsions, the lower probability function must satisfy ¢(n, k) = k/n for
n>0and 0 < k < n,?" and then it is straightforward to prove, using Bayes’s Theorem to go
from immediate prediction to more general predictive inference, that the posterior predictive
previsions must be Haldane’s.

15. Characterisation of the IDMM Immediate Predictions

The lower probability function ¢(n, k) for a representation insensitive coherent inference
system gives the lower probability of observing a non-trivial event that has been observed k
times before in n trials.

Now suppose that a subject specifies a single lower probability, namely the value of
©(1,1) € [0,1]: the probability of observing something (again) that has been observed (once)
in a single trial. Then we can ask ourselves what the most conservative consequences of such
an assessment are, if we take representation insensitivity and specificity for granted. In other
words, what is the most conservative representation insensitive and specific coherent inference
system that has (at least) this given value p(1,1) for its lower probability function? This
question makes sense because the representation insensitive and specific coherent inference
systems constitute a complete meet-semilattice by Statement (25) and Theorems 8 and 12.38

Clearly, if ¢(1,1) = 0, this is the smallest representation insensitive and specific coherent
inference system, which as we know from the discussion in Sections 9 and 10, must have the
same immediate prediction models and predictive lower previsions as the (nearly) vacuous
inference system. We consider the case that 0 < ¢(1,1) < 1,3 or in other words, to use a
parametrisation that will turn out to be more convenient for our purposes, that:

e(1,1) = for some positive real number s := ——— — 1. (76)

1
1+s v(1,1)
Let us denote this most conservative inference system by ®° and its lower probability
function by ¢®, then by assumption ¢*(1,1) > 1—J1rs It now follows from Theorem 14.19 that
¢*(n,n) > = for all n € No. But since for the IDMM inference system ®{p,;, Equation (60)
tells us that iy (n,n) = I, and since by assumption pipy(n, 1) > ¢*(n,n), we conclude
that:

n

©*(n,n) = eipm(n,n) = s for all n € Ny. (77)

It has been surmised (Bernard, 2007; De Cooman et al., 2009a) that the IDMM inference
system with hyperparameter s could be the smallest, most conservative, representation
insensitive and specific coherent inference system with a given value ¢(1,1) = %Jrs In
fact, trying to prove this was what made us start research on the present paper. But

this conjecture turns out to be false: apart from the lower bound (77) on the ¢(n,n),

37. It suffices to exploit the additivity of precise probabilities and the symmetry implied by representation
insensitivity; for an explicit proof, see the paper by De Cooman et al. (2009a, Thm. 7).

38. See the discussion near the end of Section 7.

39. We surmise, but do not prove here, that the most conservative representation insensitive and specific
coherent inference system corresponding to ¢(1,1) = 1 might be the skeptically cautious one.
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representation insensitivity and specificity impose no lower bounds on the ¢(n, k) for k < n.
To see this, consider the inference system ®3; = inf{®gc, ®{py}, which by Statement (25)
and Theorems 8, 12, 20 and 21 is coherent, representation insensitive and specific: ®3;~ € Cs.
Its lower probability function ¢f;- satisfies:

min{l, A=} = ifk=n>0

Sic(n, k) = min n, k), oipm(n, k) =
Prc( ) {escl( ), Piom( )} {min{o,nis}:O otherwise,

substantiating the claim we made above. See also Figure 1, where we have depicted lower (and
upper) probability functions for the Haldane system ®y, the IDMM system @y, ®3ic and
the inference system inf{®df, @5, }. The latter three all share the same value s for (n, n),
n > 0. We conjecture that ®§;~ could be the smallest, most conservative, representation
insensitive and specific coherent inference system with a given value (1,1) = =, but offer

I+s?
no proof for this.

p(n, k)

1+

n
n+s | 7

s
/ e
-~

_—
nts T /

@]
—
N
S

|
—_

S

Figure 1: Lower and upper probability functions: ¢y for the Haldane system (dark grey,
A), pipy for the IDMM system with hyperparameter s (blue, ), min{yd&;, iy}
(orange, O) and @3 = min{ysc, pipy ) (red, ©). This specific plot was made for
n =10 and s = 2.

This means that if we want to characterise the IDMM inference systems in any way as
the most conservative ones, we need to add, besides coherence, representation insensitivity
and specificity, another requirement that is preserved under taking infima. One possible
candidate for this, which we shall prove does the job and is inspired by Figure 1, is the
following requirement.

Let us define the subject’s surprise of an event as his supremum rate for betting on the
opposite event, or in other words, his lower probability for the opposite event. This surprise
is high—close to one—when the subject believes strongly that the event will not occur, and
low—=close to zero—when the subject has no strong beliefs that it will not occur.
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This allows us to associate a so-called surprise function ¢(n,k) = p(n,n — k) with a
lower probability function, where ¢(n, k) is the subject’s surprise when observing a non-trivial
event that has been observed k out of n times before.

It follows from Theorem 14.L5 that for any representation insensitive system, the surprise
function is non-increasing in its second argument:

Ag(n, k) =c(n,k+1)—s(n, k) =pn,n—k—1)—pn,n—k) <0for 0 <k <n-—1.

This is a fairly intuitive property: the more often an event has been observed before, the
smaller the surprise is at seeing it again.
We shall say that a representation insensitive system has concave surprise if

A%(n, k) = Ag(n, k +1) — Ag(n, k) <0 for 0 <k <n—2,

where, of course, A%¢(n, k) = ¢(n,n — k —2) —2¢p(n,n — k — 1) + ¢(n,n — k). It is not
difficult to see that having concave surprise is preserved under taking non-empty infima
of inference systems, so it makes sense to go looking for the smallest (most conservative)
coherent representation insensitive and specific coherent inference system that has concave
surprise, and satisfies some additional local assessments, such as (76).

Looking at Figure 1 makes us suspect that the IDMM inference system ®f,; might be
this system, but again, we offer no proof for this conjecture. We can however provide a proof
for the following, related but (probably) weaker, statement, which focusses on immediate
prediction only:

Theorem 26. The immediate prediction models P (-|m), m € Na U {0} for the smallest
(most conservative) coherent representation insensitive and specific coherent inference system
O that has concave surprise and satisfies (76), coincide with the ones for the IDMM inference
system ®fp\ with hyperparameter s.

16. Conclusion

We believe this is the first paper that tries to deal in a systematic fashion with principles for
predictive inference under exchangeability using imprecise probability models. Two salient
features of our approach are (i) that we consistently use coherent sets of desirable gambles as
our uncertainty models of choice; and (ii) that our notion of an inference system allows us to
derive a conservative predictive inference method combining both local predictive probability
assessments and general inference principles.

The first feature is what allows us, in contradistinction with most other approaches in
probability theory, to avoid problems with determining unique conditional models from
unconditional ones when conditioning on events with (lower) probability zero. A set of
polynomials H , completely determines all prior and posterior predictive models Dﬁjrh and
P (-]m), even when the (lower) prior probability P%([m]) = H 4(Bam) of observing the
count vector 1 is zero. An approach using only lower previsions and probabilities would make
this much more complicated and involved, if not impossible. Interestingly, we can provide
a perfect illustration of this fact using the results in Sections 11, 13 and 14.%° The three

40. Something similarly ‘dramatic’ happens in Sections 9 and 10: the inference systems there have the same
immediate prediction models and the same (predictive) lower previsions, but one is specific and the other
is not.
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inference systems that are described there—the skeptically cautious, the skeptical IDMM and
the Haldane systems—have, for any given category set A, three different sets of polynomials
H 4. Nevertheless, as we can gather from Equations (49), (63) and (72), they have the same
lower prevision H 4 and therefore the same prior predictive models B’;}x. And any count vector
m € N, has the same prior lower probability:

Pi([m]) = Ha(Basm) = min Bam(0;) = 0.

This zero lower probability makes sure that the posterior lower previsions H 4(-|rn) and the
posterior predictive models Eﬁ(h’n) are not uniquely determined by the prior lower prevision
H 4: we infer from Equations (49), (65) and (73) that they are indeed very different for these
three types of inference systems. We fail to see how we could have come up with—Ilet alone
proved the necessary results for—these three systems relying only on lower prevision or credal
set theory.

We can—and must—take this line of argumentation even further. By Theorem 4, any
inference system that satisfies (prior) representation insensitivity has near-vacuous prior
predictive models, and therefore, by time consistency and coherence [monotonicity|, we see
that its prior predictive lower previsions must satisfy H 4(Basm) = P ([mm]) = 0 for any
m € N, as well. This simply means that it is émpossible in a (prior) representation insensitive
coherent inference system for the lower prevision H 4 to uniquely determine the conditional
lower previsions H 4(-|7). And therefore any systematic way of dealing with such inference
systems must be able to resolve—or deal with—this non-unicity in some way. We believe
our approach involving coherent sets of desirable gambles is one of the mathematically more
elegant ways of doing this.

The second feature has allowed us, as an example, to characterise the IDMM immediate
predictions as the most conservative ones satisfying a number of inference principles. The
approach we follow can—at least in principle—also be used for other types of inference
systems and other inference principles. The key requirement for an inference principle to
make it amenable to our approach is that, when formulated as a property of an inference
system, it should be preserved under taking arbitrary non-empty infima. The three inference
principles that we have been considering above—representation insensitivity, specificity and
having concave surprise—have this property, but there is nothing that prevents our analysis
and approach from being extended to any other inference principle that has it too. The only
complications we see, at this point, are of a technical mathematical nature. The reader will no
doubt have noticed that our proofs for the results in the later sections are quite involved and
technical, and rely quite heavily on properties of polynomials on a simplex. We feel that in
the present paper we have made some headway into this mathematical territory, for instance
with our new discussion about the Bernstein positivity of polynomials near Proposition 28
in Appendix B. In the Conclusions of a paper by De Cooman and Quaeghebeur (2012), a
characterisation of Bernstein positivity was mentioned as an open problem with interesting
practical applications in doing inference—natural extension—under exchangeability. But
much remains open for further exploration, and a more determined study of the mathematical
structure and properties of such polynomials would certainly help in alleviating the technical
difficulties of working with inference principles in inference systems.

While this paper has only just opened up what we feel to be an interesting line of
research into the foundations of predictive inference, it nevertheless has provided answers to
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a number of—if not all—open problems formulated in the Conclusions of an earlier paper by
De Cooman et al. (2009a), who tried to deal with representation insensitivity in immediate
prediction. As a first example: it was asked there whether there are representation insensitive
coherent inference systems whose lower probability functions are not additive in the second
argument? It suffices to look at Figure 1 to see that the answer is, clearly, yes. Another
question was: are there representation insensitive coherent inference systems that are not
mixing predictive systems?*! It follows from Equation (68) that the answer is yes: each of
the skeptical IDMM inference systems provides an example. Finally, we can use the infimum
O3 of the skeptically cautious inference system ®gc and an IDMM inference system ®fny;,
mentioned briefly in Section 15, to answer two more questions. Are there representation
insensitive coherent inference systems for which the inequality in Theorem 14.L6 is strict?
And are there representation insensitive coherent inference systems whose behaviour on
gambles is not completely determined by their lower probability function? The inference
system @3~ provides a positive answer to both questions.

Most of the inference systems mentioned above, apart from the IDMM and the Haldane
systems, appear here for the first time. Some of them may appear contrived and perhaps
even artificial, but we have found them to be most useful in constructing (counter)examples,
shaping intuition, and building new models, as Figure 1 and the argumentation above clearly
indicate. We might also wonder whether there are other representation insensitive and/or
specific coherent inference systems, which cannot be produced as appropriately chosen infima
of the examples we have introduced here. We suggest, as candidates for further consideration,
the inference systems that can be derived using Walley’s (1997) bounded derivative model,
and inference systems that can be constructed using sets of infinitely divisible distributions,
as recently proposed by Mangili and Benavoli (2013). The framework provided here, as well as
the simple characterisation results of Theorems 7 and 11, should be quite useful in addressing
this and similar problems.

To end, we want to draw attention once again to a simple and direct, but quite appealing,
consequence of our argumentation in Section 14: there is an infinity of precise and proper
priors that, together with the multinomial likelihood, are coherent with the Haldane posterior
predictive previsions. So, there is no need for improper priors to ‘justify’ these posteriors, as
there are proper priors that will do the job perfectly well. This (precise-)probabilistic conclusion
follows easily when looking at the problem using the more general and powerful language
of imprecise probabilities. Moreover, we have seen that properties such as representation
insensitivity cannot be satisfied by precise probabilistic models. Finally, the entire framework
of conservative predictive inference using inference principles would be impossible to develop
within the more limitative context of precise probabilities. This shows that there are distinct
advantages to using imprecise probability models for dealing with predictive inference.
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Appendix A. Notation

In this appendix, we provide a list of the most commonly used and most important notation,
and where it is defined or first introduced.

notation

A B, C, D
I
X, Xp,

)

V(4)

meaning

category sets, events

indicator of an event B

variable, variable at time n

number of already observed variables
number of to be observed variables
cone generated by A

set of all gambles on A

set of all positive gambles on A

set of all non-positive gambles on A
observed sample

observed count vector

prior predictive set of desirable gambles
for category set A and 7 future observations

posterior predictive set of desirable gambles
prior predictive lower prevision

posterior predictive lower prevision

pooling map or relabelling map

renaming bijection

category permutation

sample with observations outside B eliminated
counting map

set of count vectors for n observations

set of all count vectors, with zero
hypergeometric expectation operator
multinomial coefficient with count vector m
multinomial expectation operator

simplex of all probability mass functions on A
sum of components 6, of 8 over x € B
Bernstein basis polynomial

set of polynomials of degree up to n on ¥4
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introduced where

Section 1
Section 2.2
Section 1
Section 1
Section 1
Equation (1)
Section 2.2
Section 2.2
Section 2.2
Section 3
Section 5.4
Section 3

Section 3
Section 3
Section 3
Sections 4.1&4.4
Section 4.2
Sections 4.3
Section 4.5
Equation (8)
Equation (9)
Section 5.3
Equation (10)
Equation (11)
Equation (13)
Equation (12)
Equation (12)
Equation (15)
Section 5.3



subscript v
subscript nv
subscript sc
subscript 1pm
subscript g1
subscript y
subscript o1
Alrn]
Vi)
dia(-a)
Dia(-|e)
DiMn’} (-|ex)
bp

set of all polynomials on Y4
set of Bernstein positive polynomials on X4

set of polynomials on X4
that are positive on int(X4)

representing set of polynomials
updated representing set of polynomials
lower prevision induced by H 4

lower prevision induced by H 4 |

set of all category sets

inference system

set of all coherent inference systems

set of coherent inference systems that are
representation insensitive and specific

extended relabelling map

restriction map

injection map

extended injection map

sampling expectation

lower probability function

imprecision function

surprise function

related to vacuous inference system

related to nearly vacuous inference system
related to skeptically cautious inference system
related to IDMM inference systems

related to skeptical IDMM inference systems
related to Haldane inference system

related to original IDMM inference systems
categories in A already observed

set of polynomials on X4

that are positive on int(% gpm)

Dirichlet density

Dirichlet expectation operator

Dirichlet multinomial expectation operator

expansion of polynomial p
in Bernstein basis of degree n

Appendix B. Multivariate Bernstein Basis Polynomials
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Section 5.3
Section 5.3
Section 10

Theorem 5
Equation (19)
Equation (17)
Equation (20)
Definition 6
Definition 6
Equation (24)
Theorem 12

Equation (26)
Equation (27)
Equation (28)
Equation (29)
Section 8
Equation (33)
Equation (34)
Section 15
Section 9
Section 10
Section 11
Section 12
Section 13
Section 14
Appendix D
Equation (42)
Section 11

Appendix C
Appendix C
Appendix C
Appendix B

With any n > 0 and m € N} there corresponds a (multivariate) Bernstein basis polynomial
of degree n on X4, given by Ba m(0) == v(m) ], c4 07, 6 € 4. These polynomials have a
number of very interesting properties (see for instance Prautzsch, Boehm, & Paluszny, 2002,

Chapters 10 and 11), which we list here:

BBI1. The set {B4m: m € N} } of all Bernstein basis polynomials of fixed degree n is linearly
independent: if ZmeN;{ AmBam =0, then Ay, = 0 for all m in N7},
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BB2. The set {Bam: m € N}} of all Bernstein basis polynomials of fixed degree n forms a
partition of unity: ZmeNg Bam =1
BB3. All Bernstein basis polynomials are non-negative, and strictly positive on the interior

int(EA) of X 4.

BB4. The set {Bam: m € N}} of all Bernstein basis polynomials of fixed degree n forms a
basis for the linear space of all polynomials whose degree is at most n.

Property BB4 follows from BB1 and BB2.42 It follows from BB4 that:

BB5. Any polynomial p has a unique expansion in terms of the Bernstein basis polynomials—
also called Bernstein expansion—of fixed degree n > deg(p),

or in other words, there is a unique count gamble b; on N7 such that:
p(6) = > bi(m)Bam(0) for all @ € T4 (78)
meN?

This tells us [also use BB2 and BB3] that each p(0) is a convex combination of the Bernstein
coefficients bj;(m), m € N} whence:

min b, < minp < p(@) < maxp < maxb), for all @ € X 4. (79)
The following proposition adds more detail to this picture.
Proposition 27. For any polynomial p on ¥ 4:

. . n o B
ngr}rqoo [min b, max b;] = [min p, max p] = p(X4).
n>deg(p)
Proof of Proposition 27. Since by converges uniformly to the polynomial p as n — 400
(Trump & Prautzsch, 1996), in the sense that
() =) =o.

n

lim max
n—+o0o pueN?,
n>deg(p)

we find that

. . n o . n .
ngrfoo min b, — minp = ngrfoo “Hel/l\rflz [bp () — minp)
n>deg(p) n>deg(p)

. . u
> T — =
- ngrfoo urgjl\rf% |:bp (N> P <n>}

n>deg(p)

> — lim max
n—+o0o pueNy
n>deg(p)

p (&) - pw)| =0

n

and therefore lim,, , | o »>deg(p) Min by > min p. Furthermore, by Statement (79), we see that
lim,, s 4 o n>deg(p) Min by < min p. Hence indeed limy, _, | o n>deg(p) Min b, = minp. The proof
for the other equality is completely analogous. O

42. To see how: clearly all polynomials are by definition linear combinations of Bernstein basis polynomials,
of possibly different degrees. For each of the terms, use BB2 to raise the degree to a common higher
degree n—multiply it by an appropriate version of 1. This shows that the Bernstein basis polynomials of
fixed degree n are generating for all polynomials of lower degrees. They are also independent by BB1.
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Using the above results, we can prove a number of useful relations between the Bernstein
positivity of a polynomial and its positivity on (the interior of) the simplex. They are related
to a property first proved by Hausdorff in the univariate case (Hausdorff, 1923, p. 124).

Proposition 28. Let p be any polynomial on X 4. Consider the following statements:
(i) (V0 € X4)p(0) > 0;
(i)

(iii) p € VYT (A), meaning that (V0 € int(X4))p(0) > 0;
v)

(i
Then (1)=-(ii)=-(iii)=(iv).

p € V(A), meaning that there is some n > deg(p) such that by > 0;
(V0 € ¥4)p(0) > 0.

Proof of Proposition 28. The first implication is a direct consequence of Proposition 27: we
infer from (i) and the continuity of p that minp > 0 and therefore, by Proposition 27, that
limy, 4 oo p>deg(p) Min b = minp > 0, which implies (ii).

To prove that (ii)=>(iii), assume that there is some n > deg(p) such that b > 0, and
consider any 0 € int(3X4). Then since B4 m(0) > 0 for all m € N7} [BB3|, and since by
assumption by > 0 and bjy(u) > 0 for some p € N}, we see that

= ) 0p(m)Bam(0) > bp(1)Bau(6) > 0.
meN%

The third implication is an immediate consequence of the continuity of p. O

The following counterexample shows that not necessarily V*(A4) = V1 (A).
Running Example. We go back to the polynomial ¢ on ¥y 7 1y defined in Equation (41):

q(8) = 03 — 001 + 6% = (0g — 01)° + O for all 6 € Sy 1 1y

We have already argued that this polynomial is not Bernstein positive. Nevertheless, it is
obviously positive on the interior of ¥y 7 1. %

It is also quite easy to trace the effect on the Bernstein expansion of multiplying with a

Bernstein basis polynomial:

Proposition 29. For all polynomials p on X4, all natural n > deg(p), all m € N4 U {0}
and allm € N:ZerA :

n+m4 (,n) — an >m

pBA,m .
0 otherwise.

Proof of Proposition 29. Observe that:

PBom = ( 3 b;;m)BA,u)BA,m = Y B()BauBAm

HENT HENT
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Z bn Vi + ) —————BAutm,
pen v(p)v(m)

and use the uniqueness of the (Bernstein) basis expansion. O
This allows us to prove the following simple but interesting result about Bernstein positivity:

Proposition 30. Consider any m € N4 U{0} and any polynomial p on X 4. Then:
PBam € VT(A) & p e VT(A).

Proof of Proposition 30. First, assume that pBa m, € VT (A), so there is some natural n >
deg(p) such that bzgfi > 0. Then it follows from Proposition 29 that also by > 0, and

therefore p € VT (A).
Assume, conversely, that p € V(A), so there is some n > deg(p) such that b > 0. Then

it follows from Proposition 29 that also b”+mA > 0, and therefore pB4 , € VT (A). O

Appendix C. The Dirichlet Distribution
The density dia(-|a) of the Dirichlet distribution with hyperparameter a € R4, is given by:

r
dig(f|la) = (aa) H 0%~ for all @ € int(X,),

erA F( xeA

and for any polynomial p on ¥4 we define the corresponding expectation as:43

Dia(ploy) = /Z p(a)HF:F(% H 6=~ de.

In particular,

DiA(BA,m\a)—/ ( )Hem xeAP( )Hggrlda

z€A

B <:z> F(i(f_“;)A) 11 F(Tg?at)%) - ( ) [T o) 0)

T€EA T€EA

using the ascending factorial o(") = Fgo(‘;t)r) =ala+1)...(a+7r—1), with @« € R and
r € Ny.

The Dirichlet distribution can be used as a prior in combination with a multinomial
likelihood, leading to the so-called Dirichlet multinomial distribution, which can be described
as follows. The probability of observing (a sample with n > 0 observations with) count vector
m € N4 U{0} in a multinomial process with Dirichlet prior density dia(-|c) is given by:

DiMn’} ({m}|«) ::/Z CoMn'y ({m}|0)dia(0|cx) dO

43. The integrals in this section can be interpreted as multiple Riemann integrals.
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—/ BAjm(H) diA(Gfa) do = DiA(BA7m|a),
DI

where the second equality follows from Equation (16). Therefore, more generally, if we take
the expansion of the polynomial p in Bernstein basis polynomials of degree n > deg(p):

Dia(ple) = Y bp(m) Dia(Bamla) = > by (m) DiMn (I (/)
meN?y meNy
= DiMn’} ( > b;}(m)ll{m})a> = DiMn’4 (by|ev),
meN”

which is the Dirichlet multinomial expectation of the count gamble by. This is the general
and useful relationship between the Dirichlet expectation of a polynomial p, and the Dirichlet
multinomial expectation of its Bernstein expansion by. Although these expectations are
strictly speaking only defined for o € R’;‘O, we can extend their definition continuously to
elements a of R4 \ {0} by taking appropriate limits, as Equation (80) indicates.

C.1 Special Properties of the Dirichlet Distribution

We now recall a few interesting properties of the Dirichlet distribution. We begin with the
updating property:

Proposition 31 (Updating). For any category set A, any polynomial p € V(A), any count
vector m € Ny U{0} and any o € R4,

DiA(pBA,m’a) = DiA(BA7m|a) DiA(p]m + a).

Proof of Proposition 31.
DiA(pBom|a) = / P(6)B A (6) i (6]ar) A6
YA

_ /Z A <mA> Hamw (ax Heaz 140

T€A LUEA
_(ma I'aa) ['(mg + o) ol o
_<m>r<mA+aA>£ T(as) /EAP(”)““" +a)do

= Dia(Bam|er) Dig(plm + ),
where the last equality follows from Equation (80). O

Next, we turn to the so-called renaming property:

Proposition 32 (Renaming). For any category sets A and C' such that there is some bijective
(one-to-one and onto) map \: A — C, any polynomial p € V(C) and any o € Réo:

Dis(p o Ry|a) = Dic(p|Ra(ev)).
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Proof of Proposition 32. Due to the linear nature of the Dirichlet expectation, it clearly
suffices to prove the property for the Bernstein basis polynomials p = B¢ m, where m €
NcU{0}. Observe that Ry is a bijection too. Then, using Equation (80), if we let 3 := Ry ()
and n = R;l(m), 80 B = ay-1(;) and m; = ny-1(;) for all z € C, and ag = Bo and
ng = mg, we get:

Dic(Bom|Ra(e)) = Dig(Bem|B) = <mc> I'(Bc) I L(m. + 8,)

m ) U(me + Bc) o, T(B2)

_ (m) [(aa) I L(ny-1(z) + ax-102)
n ) T(na+aa) Dlay-1(2))

zeC

_ <nA> o ['(oa) H L(ng + az) = Dig(Ban|a),

n na—+ ay) A I(ay)

and if we take into account that for all 8 € int(X4):
(Beim © Rx)(0) = Bom(RA(6))
_ mc my __ mc M2 _ mc n)\*l(z)
e () - (e

zeC zeC
n
— ( 7:‘) 1 62 =Ban(6),

€A
we see that indeed Dic(Bem|Ra(ar)) = Dia(Bom © Ry|o). O
The so-called pooling property generalises the renaming property:

Proposition 33 (Pooling). For any category sets A and D such that there is some onto
map p: A — D, any polynomial p € V(D) and any o € R4,

Dig(p o Ryla) = Dip(p|Ry(c)).

Proof of Proposition 33. Due to the linear nature of the Dirichlet expectation, it again suffices
to prove the property for the Bernstein basis polynomials p = Bp ,, where m € Np U {0}.
Also, if we take into account the renaming property of Proposition 32, it is enough to consider
the following special case, where we have some non-empty set D, and different categories b,
¢ and d not belonging to it, let A :== D, U {b,c} and D := D, U {d}, and define p by letting
p(z) =z if x € D, and p(b) = p(c) == d.

Then on the one hand, taking into account Equation (80), letting 8 := R,(c) :

Dip(Bp,m|Ry(a)) = Dip(Bpm|B) = <mD> X I'(Bp) H L(m. + 6,)

m mp + fp) seD ['(B)
_ <mD> I'(Bp) T(mg+ Ba) H T(m. + B:)
m ) I'(mp+ Bp)  T'(Ba) NG .

(81)
ZEDO

On the other hand,
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Dia(Bp,m o Ry|cx)

_ /ZA <TZf)(9b+90)md< 11 9;%) di(6]c) do

ZEDO

T
_ <mD> (aA) / (eb_'_ec)mde?bflggc—l H egnz—f—az—l de
I1 A

m z€EA F(ax) 2€D,
_ <MD> F(OZA) % (md> 9k+ab719md—k+ac—1 H emz—i-az—l de
m ) 1 Leallow) G\ F /) Jz, ' ) D,

— (mD> HF(CW gd: (md> L(k + )T (mg — k4 ac) [1ep, T(m: + az) |

m vea (o) =0 k L(mp + aa)

So, if we compare both results and recall that p = a4, a, = 8, for z € D, and 85 = ap + a,
we see that we must prove that:

F(md—i-ab—i—ac)_ 1 Jid myq o . — o
- (ac)];o<k>r(k+ p)T(mg — k + ac)

Iy + ac) INGTIN

or equivalently, using ascending factorials:

md
(o + o)™ = (md> M (ma=h), (82)

k
k=0

So we see that proving the pooling property is essentially equivalent to proving Equation (82),
which is the ‘binomial theorem for ascending factorials’. This is a well-known result, and it
follows from the fact that ascending factorials are Sheffer sequences of binomial type (Sheffer,
1939). For completeness, we give a proof for it here, which is now very easy, because we have
just shown that it will hold if we can prove the pooling property in the particular case that
D, = {a}, where a is a category different from b, ¢ and d. So A = {a,b,c} and D = {a,d},
and in this case we can rewrite Equation (81) as:

Dip(Bp,m|R,(x))
B <ma + md> F(ag + ap + ) L'(mg + ap + ac) I'(mg + )
= N

Mg, Mg + My + g + ap + QC) F(ab + Oéc) F(aa)

whereas

T
Dia(Bp.m o Ryla) = <ma + md> (g + o + o)

()T ()T ()

Mg,

where we let

1 1-0,
I:= / (/ (1= 0,)™ 405> (1 — 0, — Op) e~ Lgmataat d6b> dd,
0 0
1 1_9a
= /0 (1— ea)mdeya+aa—1</o 0 (1 — 0, — Oy) > d9b> db,
1 1
:/ (1- ea)md+ab+ac—19ya+aa—1</ (1 - t)ac_ldt> db,
0

0
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L(mg + aq)l'(mg + ap + o) I'(ap)I(ae)
T(mg +mg+ ag +ap + ae) T(ap + ae)’

= B(mg + ag,mg + ap + ac) B(ap, ac) =

using the well-known evaluation of the Beta function in terms of Gamma functions. O
Finally, we look at properties related to restriction.

Proposition 34 (Restriction). For any category sets A and B such that B C A, any
polynomial p € V(B), any a € R4, and any r € Ny:

I(an) I'(deg(p) + r + aB)

['(deg(p) +7 + aa) T(ap) Dig(p|re(a)).

Dia(Tp 4 (p)l) =

Proof of Proposition 34. Let n = deg(p) + r, then due to the linearity of the Dirichlet
expectation operator, and Equations (29) and (80):

Dia(Tp 4(p)le) = Y 0p(n) Dia(Ba,(mlc)
neNp

_ n ['(aa) H:UEB I'(ny + ag) cheA\B [(a)
— Z b < ) F(n+aa) Jlepl(az) H;reA\B NG

nE/\/’"
B n INGTY) I(ngy + ag)
- 2 hi () ey I Eaven

= 3 B ey T DiEBanlrae)
neNp

- F(aA) F(n—l—aB) .
- F(TL—FOZA) F(OéB) DlB(p|7"B(O()),

concluding the proof. O

Appendix D. The Original IDMM Inference System by Walley and
Bernard

The IDMM inference system ®fp,;, as we introduced it in Section 12, differs from the one
originally proposed by Walley and Bernard (1999).44 In this appendix, we discuss the original
IDMM inference system, which we denote by ®¢;, explain how it is related to ours, and
illustrate some of the advantages our version has over the one by Walley and Bernard.

D.1 Defining the Original IDMM Inference System
For any s € R+, and any category set A, consider the following set of polynomials:

Moy s = {p € V(A): (Yo € K%) Dialpla) > 0}
={peV(A): (Vt € int(X4))Dia(p|st) > 0} .

44. Strictly speaking, Walley and Bernard did not propose an inference system in our sense, but rather a
collection of prior and posterior predictive lower previsions for each category set A. The inference system
we call ‘the original IDMM inference system’ is one that produces these predictive lower previsions.
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For reasons that should become clear shortly, we call the inference system ®g); defined by
O1(A) = Hy 4 for all category sets A,

the original IDMM inference system with hyperparameter s > 0. Updating is done in much
the same way as for the inference system ®j,, in Section 12. For any € N4 U {0}:

Horalm ={p e V(A): (Vt € int(X4)) Dia(plm + st) > 0},

and this should be compared with Equation (54). We leave it as an exercise to the reader to
check that ®¢); is coherent and representation insensitive.*® However, as illustrated by the
counterexample in Section D.3, ®¢); is not specific.

The predictive models of ®¢; are easily derived by mimicking the approach used in
Section 12 to derive the predictive models of ®fy,; see Equations (56) and (57). For any
i € Ng, 1 € N and any € N7

Dyl = {f € £(A™): (¥t € int(Z4)) Dia (M4 (f)lrio + 5t) > 0}, (83)
and
OIA(f|m) . 1n(fE )DiA(MnZ(fﬂrh + st) for all gambles f on A" (84)
€int(X 4

The latter expression motivates why we refer to ®¢); as the original IDMM inference system:
its predictive lower previsions coincide with those proposed by Walley and Bernard (1999).
Using Equation (83) for 7 = 1, and mimicking the argument in the proof of Equation (59) in
Appendix E.7, we see that

DBII,AJm = {f €L(A): f> —% Zf(x)mw} = belM,AJm for all m € Ny U {0}.

z€EA

This tells us that the IDMM and the original IDMM have the same immediate prediction
models. The corresponding immediate predictive lower previsions for the original IDMM are
well-known and are of course identical to the ones produced by our version of the IDMM
inference system, as given by Equation (60). However, as the examples in the next section
illustrate, this equality does not extend beyond immediate prediction: the IDMM and the
original IDMM are different coherent inference systems, which leads us to the general and
important conclusion that coherent inference systems are not completely determined by their
immediate prediction models.

Nevertheless, both approaches are closely related; by comparing Equations (84) and (57),
we see that for any 1 € Ny, n € N and any m € /\/'Z

IDMA(f’m) . inf BsolinA(fhh) for all gambles f on A™. (85)
<s'<s ’

45. The proof is very similar to the one for ®7py; [see Theorem 21].
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D.2 The Original IDMM Inference System Is Not Monotone in s

The hyperparameter s of the original IDMM inference system is usually interpreted as
a degree of caution. Higher values of s are often claimed to produce inferences that are
more cautious and less informative. The following quote from Walley and Bernard (1999,
Section 2.4) makes this explicit:

“If B is any event concerning future observations, the IDMM(s) produces intervals
of posterior probabilities [P(B|z), P(B|x)] which are nested and become wider as
s increases. This means that the inferences produced by two IDMMs with different
values of s are always consistent with each other, and the effect of increasing s is
simply to make inferences more cautious and less informative.”

Similar statements can be found in related papers by Walley (1996, Section 2.5) and Bernard
(2005, Section 4.6). Although this is indeed true for many inferences, including many important
ones—for example, the immediate predictions—, it does not hold for “any event concerning
future observations”, as illustrated by the following example, where the lower probability of
an event concerning two future observations is shown to initially increase with s.

Example 1. Consider a situation where the possibility space A consists of two elements
only, say heads (H) and tails (7T'), each of which has been observed once, so 7 = 2 and
m = (mg,mr) = (1,1). We are interested in the predictive lower probability that during the
next two trials, heads and tails will each be observed once: so 7 = 2 and we are looking for the
predictive lower probability of the event [rn] = {(H,T), (T, H)}, with m = (mg,mr) = (1, 1).
For the original IDMM inference system, the following formula provides a closed-form
expression:

P Iy ) = teiril?(sz) Dig (Mo (I )[R + st) = teniq?(fz,q) Dig(Ba | + st)

1 n .
= 1 _— % (m‘E)
inf <A> || (g + sty)

tEint(ZA) (fL + S)(ﬁ)

€A
— it 21+ st)(1+s(1 —1)) _ 2(1+s) ' (86)
0<t<1 (2+5s)(3+s) (2+5)(3+s)
We conclude that B‘B? 4Ly [ ) initially increases with s; see also Figure 2. O

For our version of the IDMM inference system, the statement made in the aforementioned
quote does hold for “any event concerning future observations”. This follows trivially from
Equation (85). We illustrate this in our next example.

FExample 2. Consider again the problem in Example 1. This time, we solve it using our version
of the IDMM. The result is also depicted in Figure 2, as a function of the hyperparameter s.
In contrast with Bng(]I[mHﬁ’L), £f§M7A(H[m} |rn) is a non-increasing function of s. Indeed,

1

S/

P ) SI,I%BOi,A(H[mHm) =3 ifo<s<1
Liny alpmy|m) = ) 201+ 8)
PS,TL H N “ _ o erTme) 'f > 1
—OI,A( [m]|m) 2+5)3+5) if s >
is the closed-form expression we find by combining Equations (85) and (86). O
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Figure 2: Lower probability of observing two different outcomes during the next two experi-
ments, given that the possibility space consists of two categories, each of which
has already been observed once: solutions according to ®¢; (solid line) and ®fpy,
(dashed and solid line); see Examples 1 and 2 for more information.

Clearly, the inferences for ®¢); and ®f,; can differ: it suffices to compare the results in
Examples 1 and 2; see Figure 2 as well. Therefore, it seems clear that Walley’s (1996, p. 51)
statement that “[...| s can be allowed to vary between 0 and 5, and this produces exactly
the same inferences as the IDM with s =5.” or equivalently, that ®¢); and ®f,; produce the
same inferences, should be taken to apply to immediate prediction only.

D.3 The Original IDMM Inference System Is Not Specific

As announced in Theorem 21, our version of the IDMM inference system is specific. We now
show that, at least for some values of the hyperparameter s, this is not true for the original

version.
Consider any 7 € Np, # € N and any rm € N%. Then for all A D B and all f € £(B"):

flga € DgﬁA Jig(mh) < (VE € int(S4)) Dia(Mn?(fIga)|ia(i) + st) > 0
& (Vt € int(X4)) Dig(Mn%(f)|m + srp(t)) > 0,

where the last equivalence is a consequence of Propositions 41 and 34 and the fact that
rp(ia(m)) = rn. If in particular B C A, it is not hard to see that A% = {srp(t): t € int(X4)},
which implies that:

flga € DL 4lia(1h) & (Yo € A%) Dig(Mnj(f)|1m + o) > 0 & f € Dify plrin,
and therefore also:

Py 4(flia(m), B") = inf Dig(Mnj(f)lri + o) = Pigy p(flm).

B
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On the other hand, due to Equation (SP1), if ®; were specific, we would have that:

P31 A(flia(m), B") = P&} 5 (flrp(ia(m))) = PS{ p(flmm).

Hence, in order for ®¢; to be specific, it is necessary for POI g(:|m) and BfSM,B('|m) to
coincide. As illustrated by the examples in the previous section, this is not necessarily the
case. Therefore, ®¢); is not always specific. In the counterexample we have provided, the
difference occurs for s < 1 only, whereas in practice, s is usually chosen to be either 1 or
2 (Walley & Bernard, 1999, Section 2.4). It would be interesting to see whether similar
counterexamples can be constructed for s > 1.

That the original IDMM inference systems are not specific, apparently contradicts Theo-
rem 11 by De Cooman et al. (2009a), which seems to state that they are. But in fact, what
that theorem states is that the original IDMM immediate prediction models satisfy a weaker
specificity condition, tailored to immediate prediction only. Since the immediate prediction
models for the original IDMM and the IDMM coincide, there is no contradiction.

Appendix E. Proofs and Additional Results That Are More Technical
E.1 Proofs of Results in Section 4

Proof of Theorem 4. For the sake of notational simplicity, we use the intuitive notation f(Xp)
for ext};‘( f). We give the proof for the most general definition, in terms of sets of desirable
gambles. The proof for lower previsions then follows immediately.

Consider any category set A, any 7 € N, any 1 < k < 7 and any gamble f on A such
that f(Xy) € DZ—we may assume without loss of generality that A is not a singleton. This
already implies that f £ 0, by coherence |D4]. Hence in particular f # 0 and max f > 0.
Assume ez absurdo that f # 0, then there must be some a € A for which f(a) < 0. Define
the gamble g on A by letting g(a) == f(a) and g(x) := max f > 0 for all x € A\ {a}. Then
g > f and therefore g(Xy) > f(X}), which implies, by coherence [use D2 and D3|, that also
g(Xy) € D%. If we now let \ := max f — f(a) > 0 and 6 := —f(a)/\ > 0, and define the
gamble h = g/\ = —0 + I 4\{4}, then also, by coherence [D3], h(X},) € D", because A > 0.

Now consider any natural number N > 2, then it follows from repeatedly applying pooling
and renaming invariance in an appropriate manner that — + H{al}(Zk) € D?ah...,azv}’
Z} is any variable that assumes the value a; when X # a and that assumes some value in
{aa,...,an} when X} = a. By repeatedly applying category permutation invariance, we find
that —0 + I3 (Zy) € D? for all £ € {1,...,N}. Coherence |D3] then tells us that

ai,..,an’}

—Ni+1= Zévzl[—é + Loy (Z1)] € ,D?al,.‘.,aN}' This leads to a contradiction with coherence
[D4] if we choose N large enough. O

where

E.2 Proofs of Results in Section 7
Proposition 35. For alln € N and © € A": T(px) = R,(T(x)).

Proof of Proposition 35. Consider any z € D, then

T.(px)=|{k e {1,....,n}: p(ag) = 2z} = Z Kk e{l,...,n}: zx = y}|

yEA: p(y)=2
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concluding the proof. O

Lemma 36. For alln € N, allm € N} and all y € D™:

1 1
W ez[:]]l{pw}(y) = WH[RP(M)] (y).
Proof of Lemma 36. Consider the map M,,: D™ — R defined by M,,, = Zme[m] I¢pzy- Then
for any permutation 7 of the index set {1,...,n} and any y € D", we see that
Mup(ry) = > Lpey(my) = D L2y ()
zE€[m] z€[m]
= Z H{p$} (y) = Z H{pm}(y) = Mm(y)7
TEE[m] ze[m]

which tells us that M, is permutation invariant and therefore constant on the atoms
[n], n € NJ}. This means that, with obvious notations, My, = EneNg M (1)l Now
M (y) > 0 implies that there is some x € [m] such that y = pzx, and therefore, by
Proposition 35, T'(y) = T'(px) = R,(T(x)) = R,(m) and therefore y € [R,(m)]. This tells
us that Mm(n) = 0 unless n = R,(m) and therefore My, = My (R,(m))[g,(m)- Now if
we plug f =1 into Equation (87), we see that

vim)= > Mny)= Y Mu(Ry(m)g, (m)(¥) = Mm(Ry(m))v(Ry(m)). O
yeDn yeDn
Lemma 37. For alln € N and allm € NJ}:
BpnoR,= > Bam
meNy: Ry(m)=n

Proof of Lemma 37. For any 6 in ¥4, we have that

(Bom o Ry)(0) = (Z) I < 2 9)

z€p~t({z})

n Ny mZ
_ (n) n > <m> 1 o
2E€DmreNTZ z€p~t({z})

() > () ()

meN?: Ry,(m)=n

- ¥ (i) [Te== > Baml).

meN?: Ry,(m)=n z€A meN?: Ry,(m)=n

concluding the proof. O
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This lemma allows us to prove two related propositions.
Proposition 38. For alln € N and all gambles f on D™: Mn"(f o p) = Mn',(f) o R,,.

Proof of Proposition 38. First of all, we have for any count vector m in N} that

HyA(f o plm) = Z flp Z > ety

e[m :ce [m] yeD™
= Z fly Z {ﬂw} (87)
yeD” ace [m]
fly ,m)] (Y)
y;n Rp DR, () el (Y
:V(R:(m)) ST fly) = Hyb(fIR,(m)),

YE[R,(m)]

where the fourth equality follows from Lemma 36. Therefore indeed:

Muj(fop)= Y Hyh(foplm)Bam= Y Hyh(f|IR,(m))Bam

meN meN?
= > Hyb(fln) > Bam
neNp meN?: R,(m)=n
= Z Hyp(f[n)(Bpn o Ry) = Mnp(f) o Ry,
neNp
where the fourth equality now follows from Lemma 37. O

Proposition 39. For all polynomials p on ¥p and all n € Ny such that n > deg(p):
b;oRp =byoR,.

Proof of Proposition 39. We find after expanding p in the appropriate Bernstein basis:

poRp:(Zb“ BDn>oRP—Zb” )(BpmoR,)

neNp neNp
=2 %M Y Bam= > U(R(m)Bam
neNp meN7,: Ry(m)=n neNE meN?: Ry(m)=n
= Y (b} oR,)(m)Bam,
mENZ

where the third equality follows from Lemma 37. The desired result now follows from the
uniqueness of an expansion in a (Bernstein) basis. O

Proof of Theorem 7. Fix any category sets A and D such that there is an onto map p: A — D,
any 7,7 € N, any & € A" and any gamble f on D". We use the notation H , :== ®(A) and
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Hp = ®(D), and we transform Condition (RI2) using the equivalence in Condition (18). On
the one hand, letting m = T'(&):

fopeDf e Mnj(fop)€Hye Mnh(f)oR, € Hy

fop€Di]E e BamMuji(fop) € Hae Bam(Mnp(f)oR,) € Hy,
where the second equivalences follow from Proposition 38. On the other hand, recalling that
T(p&) = R,(T(x)) = R,(m) by Proposition 35:
feDh < M) (f) € Hp
f € DppE < Bp,r,m) Mup(f) € Hp.
This tells us that the equivalences in Condition (RI2) can be rewritten as:
Mnj(f) o Ry € Hy & Mufy(f) € Hp

Bam(Mnp(f) o Ry) € Hy & Bp g, (m) M (f) € Hp.
The proof is complete if we observe (and recall from the discussion in Section 5.3 and
Appendix B) that by varying # € N and f € £L(D"), we can let p := Mn’(f) range over all

polynomials on ¥p, and that by varying 7 € N and & € A", we can let ™ := T(&) range
over all count vectors in N ,. O

Proof of Theorem 8. Let, for ease of notation ® := inf;c; ®;, then ® is coherent using Equa-
tion (25). Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D) and any m € N4 U {0}. Then, using the representation insensitivity of the
coherent ®; and Theorem 7:

(poR,)Bam € ®(A) < (Viel)(poRy))Bam € ®i(A)
< (Vi € )pBp R, (m) € ®i(D) < pBp r,(m) € (D),
and this concludes the proof. O
Proposition 40. For all x € A", T(xlg) = rg(T(x)).

Proof of Proposition 40. Immediate, since x|y is a sample whose components all belong to
B, and for each category in B, the number of times it occurs in x| p is exactly the same as
the number of times it occurs in . O

Proof of Proposition 9. Consider any ¥ € Y., and let, for simplicity of notation 8 = i4 ().
Then since for any n € N3, with n := deg(p) +r

B (®) =, 7)) T = () IT 02 = Ban(o),

€A TzEB

we see that indeed:

T a(pl0) = > 0 (n)Baim)(8) = > bi(n)Bpa(¥) =p®). O
neNp neNp
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Proof of Proposition 10. When deg(p) +r = 0, then » = 0 and p = ¢ € R, and trivially
B.A(D|O) = 1%714(0)(0) = c. So let us assume that deg(p) + r > 0. First of all, observe that

for all n € No5P™" and all 6 € ¥ 4:

By (@) = (E0 ) [T o = (O T o

€A zEB

gle®FTR L (@1F)  iffg > 0
:{B Bn(0|5) ifOp > (88)

0 otherwise.

It therefore already follows from Condition (29) that I 4(p|€@) = 0 if 05 = 0. Let us therefore
assume that fp > 0. Then Condition (29) and Equation (88) tell us that:

Tpa(pl0) = > 0B (n)Ba, ) (6)
RENEP

— Z bgeg(p)w (n)gdBeg(p)HBBm (9|E)
nENgCg(P)+T

_ edBeg(p)-H’ Z bdeg( p)+r ( )BBn(BlB) deg(p)-‘rr (9‘.1_

neNdeE@)+r
which concludes the proof. O
Proposition 41. For alln € N and all gambles f on B™:
M (flpn) = Tp A(Mn(f)), where r = n — deg(Mn}(f)).

Proof of Proposition 41. First of all, we have for any count vector m in N} that—with some
slight abuse of notation:

By (o im) = s 3 (Mon)@) = s > (@)

xc(m)] xE[m]NB"

is zero unless m = i4(n) for some n € N. In that case, since then obviously v(m) = v(n),
and x € [ia(n)]| N B" & x € [n]—again with some slight abuse of notation:

HyA(flpnlia(n = Hyz(f|n).

me[n

Therefore, if we recall Condition (29):

Mk (fIpn) = > Hyi(fIge|ia(n)Bai,m) = > HyB(fIn)Ba,,m)
nENg ne/\/g

=I5 4a(Mng(f)),

where r :=n — deg(Mn';(f)). O
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Proof of Theorem 11. Fix any category sets A and B such that B C A, any n,n € N, any
& € A" and any gamble f on B™. We use the notation H 4 = ®(A) and Hy = ®(B), and
we transform Condition (SP2) using the equivalence in Condition (18). On the one hand,
letting m = T'(&) and r := n — deg(Mn'5(f)):
Jlpa € D 4 Moy (flpa) € Ha & I 4 (Mnj(f) € Hy
flgn € Dii]& < B M’y (fIpa) € Ha < Bamlp A(Mnh(f)) € Hy,
where the second equivalences follow from Proposition 41. On the other hand, recalling that
T(#lg) =rp(T(&)) = rg(m) by Proposition 40:
J € Dy = Mn(f) € Hp
feDhlaly & BBrg(mm) Mn}(f) € Hp.

This tells us that the equivalences in Condition (SP2) can be rewritten as:

BAMDE(f)) € Ha & Muk(f) € Hy
Bamlp a(Mng(f)) € Ha < Bpryen) Mng(f) € Hp.
The proof is complete if we recall from the discussion in Section 5.3Aand Appendix B that
by varying 7 € N and f € £L(B"), we can let p := Mn;(f) = CoMn's(Hy’,(f)) range over

all polynomials on ¥ and r = 7 — deg(Mn(f)) range over all elements of Ny, and that by
varying 7 € N and & € A", we can let 7h :== T(&) range over all count vectors in N. O

Proof of Theorem 12. Let, for ease of notation ® := inf;c; ®;, then ® is coherent using
Equation (25). Consider any category sets A and B such that B C A, any p € V(B), any
m € N4 U{0} and any r € Ny. Then, using the specificity of the ®;:

B.a(P)Bam € ®(4) & (Vi € DI 4(p)Bam € ®i(4)
< (VZ € I)pBB,rB(m) S (I)’L(B) <:>pBB,7”B(Tn) € (I)(B)’

which concludes the proof. O

E.3 Proofs of Results in Section 8
Proof of Proposition 13. For sufficiency, fix a category set A, a gamble g on A, and a count
vector m € Ny U {0}. Condition (RI4) with D = g(A), p == g, f = idp yields Condi-
tion (RI5).

For necessity, fix category sets A and D such that there is an onto map p: A — D, a
gamble f on D, and a count vector m € N4 U{0}. Observe that (fop)(A) = f(D) and that
for all r € f(D)

Rop(m), = Z my = Z Z My

z€A: (fop)(z)=r z€D: f(z)=rzcA: p(z)=

= > R,(m).=Ry(R,(m)),,

zeD: f(z)=r
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so Ryop, = Ry o R,. We now infer by invoking Condition (RI5) twice that:

fope D}ﬂm = id(fop)(A) S D(lfop)(A)JRfOp(m)
& idy(p) € D}y | Ry(Ry(m)) & f € Dh|Ry(m),

concluding the proof. O

Proof of Theorem 14. The arguments in this proof rely heavily on the following expression
for the lower probability function:

o(n, k) = sup {a eER:Ijyy —a€ D%a’b}j (k,n— k)}
= sup {a eR: 050" [0, — o] € 3({a, b})} (89)

and other related expressions that are equivalent to it by representation insensitivity and
Bernstein coherence [B3]. Both expressions follow from Equations (32) and (33), Bernstein
coherence [B3| and representation insensitivity in its form (RI4).

L1. Immediate from Bernstein coherence and the fact that ¢(n, k) is a lower probability:
use Equation (89), B2 and B4.

L2. Fix any non-negative integers n, k and £ such that k + ¢ < n. Consider any real
a < p(n, k) and B < p(n, £), then it follows from applying Equation (89) and Condition (RI4)
that both 050592"“_6[% —a] € ({z,y, z}) and 959592‘k4[9y — 0] € ®({z,y, z}), whence,
by Bernstein coherence B3], 9];9592_k_£[(0x +60y) — (o + B)] € ®({x,y,2}). Applying
Equation (89) and Condition (RI4) again tells us that 8507 =*=¢[0, — (o + B)] € ®({u, 2}),
whence a + 8 < p(n, k + ).

L3, L4 and L5 are immediate consequences of L1 and L2.

L6. Consider the category set A := {a,b} and the count vector m with m, = k and
my, == n — k. Define the gamble g on A by g(a) = ¢p(n+ 1,k + 1) and g(b) :== ¢(n + 1, k).
Then g(a) > g(b) by L5, and therefore the coherence [P5 and P3| of the predictive lower
prevision PY(-/m) tells us that P (g|m) = g(b) + [g(a) — g(b)| Py ({a}lm) = p(n + 1, k) +
o(n,k)[e(n+1,k+1) —o(n+1,k)] [see also Equation (33)]. So it clearly suffices to prove
that P (glm) < p(n, k) = P4({a}|m). Consider any oo < P} (g|m), then it follows using
Equation (31) that:

0507 g(a)0a + g(b)0y — o] € B(A). (90)
Also, for any € > 0, both 0541070, — g(a) + €] € ®(A) and 050770, — g(b) +¢] € B(A),
and therefore, by coherence [B3], and recalling that 6, + 0, = 1,
©(A) 3 0571077 0 — g(a) + €] + 656,17 [0, — g(b) + €]
= 0560, (00 — 9(a)0a — g(b)0y + €. (91)
Combining Statements (90) and (91) using coherence [B3], this leads to 0’;927’“[0@ —a+e€ €
®(A), whence ¢(n, k) > a — ¢, and this completes the proof.
L7. Use L1 and L5 to find that p(n,k)[p(n+1,k+1) —¢(n+1,k)] > 0, and then use L6.

L8. That s, > 0 follows from L4, so we only need to prove that s,+1 > sy, or equivalently,
that p(n,1) > ¢(n + 1,1)[1 + ¢(n,1)]. Indeed:

QO(TL, 1) > (,O(TL +1, 1) + QO(TL, 1)[@(” +1, 2) - Qp(n +1, 1)}
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> on+1,1)+pn,1)2e(n+1,1) —(n+1,1)]
=pn+1,1)+¢(n,pn+1,1),

where the first inequality follows from L6 with k£ = 1, and the second from L4 and L1.

L9. The inequalities hold trivially for n = 0, due to L1. So consider any n € N, and
category sets A := {x,y} and B = {z1,22,...,2n,y}. Let 0 < e < o and f:=a —€ > 0.
Since ¢(1,1) > B, we see that 0,0, — 8] € ®(A), or equivalently, 6,[6,(1 — ) — 80,] € ®(A),
since 0, + 6, = 1. Representation insensitivity [use Equation (89) and Condition (RI4)| then
tells us that ¥, [, (1 — B) — pVY,] € ®({xk,y}), and specificity [use Theorem 11] allows us
to infer from this that ([[;_; ¥z, ) [V, (1 — B) — BYy] € ®(B), for all k € {1,...,n}. Now
infer from coherence [B3| that ([[p_; Y2,)[> peq V2 (1 — B) — npv,] € ®(B), and apply
representation insensitivity to get to 67[0,(1 — 3) — np6,] € ®(A). Since 6, = 1 — 0,, this
is equivalent to 07[0,(1 — 8+ nB) — np] € ®(A). This shows that ¢(n,n) > %, using
Equation (89). The rest of the proof is now immediate. O

E.4 Proofs of Results in Section 9

Proof of Theorem 15. That ®v is coherent is obvious, because for each category set A € I,
Py (A) = VT (A) is a Bernstein coherent set of polynomials on X 4.

To prove representation insensitivity, we use Theorem 7. Consider any category sets A
and D such that there is an onto map p: A — D, any p € V(D) and any m € N4 U {0}.
Then indeed

(9o Rp)Bam € VF(A) & po R, € V5 (4) & p € V(D) & pBp p (m) € VH(D),

where the first and last equivalences follow from Proposition 30, and the second one from
Lemma 48 with K = A. O

E.5 Proofs of Results in Section 10

Proof of Theorem 16. That ®v is coherent is obvious, because for each category set A € F,
Py (A) = VT (A) is obviously a convex cone that includes V*(A) [Proposition 28] and does
not contain the zero polynomial: V++(A) is therefore a Bernstein coherent set of polynomials
on Xg4.

To prove representation insensitivity, we use Theorem 7. Consider any category sets A
and D such that there is an onto map p: A — D, any p € V(D) and any m € N4 U {0}.
Then indeed

(po Rp)Bam € VT (A) & (VO € int(T4))p(Rp(0))Bam(0) > 0
& (VO € int(X4))p(R,(0)) >0
& (VI e 1nt(ED p(9
& ( (

Rp(m) (’19) >0& pBD,Rp(m) S V++(D),

where the second and fourth equivalences follow from the Bernstein positivity of the Bernstein
basis polynomials and Proposition 28, and the third one from Lemma 48 with K = A.
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To prove specificity, we use Theorem 11. Consider any category sets A and B such that
B C A, any p € V(B), any m € Ny U{0} and any r € Ny. Then indeed:

I's 4(p)Bam € VT (A) & (VO € int(X4))l p|0)Bam(0) >0

< ( ( Al

& (VO € int(X4))I5 4(p|€) >0
< (VO € int(Xp))p(9)

& (V9 € int(25))p(9)Bp g (m)(P) > 0 pBppm) € VTH(B),

where the second and fourth equivalences follow from the Bernstein positivity of the Bernstein
basis polynomials and Proposition 28, and the third one from Lemma 52 with K = A. O

E.6 Proofs of Results in Section 11

Below, we use the convenient device of identifying, for any proper subset B of A, an element
¥ of ¥p with the unique corresponding element 8 = i4(9) of ¥4 whose components outside
B are zero:

(Vx € B)0, =19, and (Vx € A\ B)#, = 0.

Also observe that, using this convention, we can identify int(¥ 4(n,,)) with a subset of ¥4, and
then characterise it as follows:

for any 6 € X 4: 0 € int(X gp)) & (Vo € A)(0 > 0 & my > 0).

Proof of Proposition 17. It clearly suffices to prove that V1 (A4) C Hgc 4 and 0 ¢ Hgc 4.

The first statement is easy to prove because Agc, 4 trivially includes all non-constant
Bernstein basis polynomials, by Proposition 28. Since V1 (A) consists of finite, strictly positive
linear combinations of these non-constant Bernstein basis polynomials, we immediately have
that V*(A) C Hsc 4.

To prove the second statement, suppose ez absurdo that 0 € Hgc 4. This implies that
there are finitely many ny > 0, count vectors my, in Ny* and py € V[:;: ](A) such that
0 = > . pBam,. It is always possible to find (at least) one such count vector, m; say,
for which A[my] ¢ A[m;] for all k. In other words, we have either A[my] = A[m;] or
Almy] \ Almy] # 0. Now consider any 6 € int(Xpy,)). If Almyg] \ Almq] # 0, then
Bam,(0) = 0. If Ajmy] = A[m;], then By p,, (6) > 0, and moreover, since py € V[mk](A),
pr(0) > 0. Hence 0 = ", pr(0)Ba,m, (0) > 0, a contradiction. O

Lemma 42. Consider any m € Ny U {0} and p € Hsc, Am, so there are L € N, nj, € Ny
such that ma +ni > 0, my € Ny* and py, € V[m+m }(A) such that p = Zizl PEBAm, -
Then

Sam(p) ={K C A: Aim + my) C K for some k € {1,...,(}}
and therefore

min Sgm(p) = min{Alm +my]: ke {1,...,0}}.

Proof of Lemma 42. The second statement is trivial, given the first. So we restrict our
attention to proving the first statement.

Assume first that A{m + m,] C K C A for some r € {1,...,¢}. Then clearly K # 0,
since m4 + n, > 0. We may assume without loss of generality that A[m + m,] is a minimal
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element of the set {A[m +my]: k € {1,...,£}}. Consider any 0 € int(2 4ym1m,)), Whence
also @ € Y. Now for all & € {1,...,¢} such that A[m 4+ my] = Alm + m,]—and there
clearly is at least one such k—we see that both pi(0) > 0 since p; € V[J;;:m }(A), and
BAm, (0) > 0, whence (pxBam,)(0) > 0. For all other k& we must have that Am + my] \
Alm + m,] # 0, and therefore (pyBam,)(0) = 0 since B4 m, (0) = 0. This guarantees that
p(0) = Zi:l(pkBA,mk)(o) > 0, whence indeed K € Sy m(p), since we already know that
0 Xk, Aim] C Aim +m,] C K and K # 0.

Assume, conversely, that K € Sy m(p), which implies that §) # K C A and Ajm| C K,
and that there is some ¥ € ¥k such that p(9¥) # 0. Observe that A[m + my] = Alm]UA[my],
and assume ez absurdo that Alm + my] ¢ K and therefore Ajmy]) ¢ K forall k € {1,...,¢}.
Fix any k € {1,..., ¢}, then there is some z € A[my] such that x ¢ K, and therefore ¥, = 0,
whence B 4y, () = 0. This shows that p(¢) = Zf;:l(PkBA,mk)(ﬂ) = 0, a contradiction. [

Lemma 43. Consider any m € N4U{0}, any p € V(A) and anyn € N such that n > deg(p).
Then for all p € Ny:

b2 (1) £ 0 = (AK € min S m(p) K\ Alm] C Alp].

Proof of Lemma 43. Fix any p in N}. We prove the contraposition, so suppose that for
all K in min Sy, (p), we have that K \ Alm] ¢ A[u] and therefore K ¢ A[m + p], since
Alm + p] = A[m] U A[p]. Hence, Alm + u] ¢ SA,m( ) Since moreover () # Alm + p| and
Alm] C A[m + p], we infer from Equation (46) that p;5, = 0, where we let, for ease of
notation, B := A[m + p]. We can rewrite this as [see also Lemma 47]:

0=psx, = Z by (MBams, = Z by (MBans, = Z bp (1) BB -

neNy neNE neN}

Due to the uniqueness of the Bernstein expansion, this is only possible if by (n) =0 for all

neNy . This concludes the proof since, clearly, u € Ng[m e O

[m+u]
Proof of Proposition 18. First, assume that p € Hsc, a,m, implying that p = Zi:lpkBAﬂ’nk
for some £ € N, ny, € Ny such that ma +ng > 0, my, € Ny* and py, € V[Jrnj+mk](A). It already
follows from Lemma 42 that p # 0 and that min Sy, (p) = min {A[m +my]: k € {1,...,¢}}.
Consider now any K € min {A[m + my]: k € {1,...,¢}} and any 0 € int(Xx). Then for all
k, we have that either A[m + my] = K or Ajm + my] \ K # 0. If Ajm + mj| = K—which
happens for at least one k, due to our choice of K—then py(6) > 0 and B4 m, (0) > 0. If
Alm +my] \ K # 0, then since A[m| C K, A[my] \ K # 0, implying that B m, () = 0.
Hence, p(@) > 0. Since this holds for all @ € int(Xx), we find that piys, € VT (K).
Assume, conversely, that p € V(A)\{0} and that pjy;,, € V*H(K) for all K € min S m(p).
Fix any n € N such that n > deg(p), then p = Zue/\/’" o ()Baw =3 cn by (1)Ba,y, with
M = {p e Ny}:b(p) # 0}. Since p # 0, we infer from Equation (46) that min Sam(p) # 0
[observe that A € S m(p)]. We know from Lemma 43 that for any p € M, there is at least
one K € min S m(p) such that K \ A[m] C A[p]. Let us just pick any of these K, and call
it K. Now let, for any K € min Sgm(p), Mk = {pn € M: K, = K}, then we have found
a way to divide M into disjoint subsets M, one for every K € min Sy m,(p) and some of
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which may be empty, such that K\ Alm] C A[p] for all p € Mg, M =Ugemins, ) MK

and therefore p = 3 e 0 S () ZMEMK bp( )BA -

Now fix any K € min SA,m( ), then we construct a count vector mg by letting (mg), == 1
if z € K\ Alm] and (mg), := 0 otherwise. Notice that mg € Ny*, with ng the number of
elements |K \ Alm]| in the set K \ A[m], and therefore nx < n. Consider any g € M, then
since (mg), = 1 implies that = € A[u] and therefore u, > 1, we see that for all 8 € ¥ 4:

Ba(6 w [ 04 =v(p) [ on=tmo= T 64

xeA[u] TEA[p] TEA[p]
= )‘(K7 “)BA,u—mK (H)BA,mK (0)?

where (K, pu) = v(p)v(pn — mg) 'v(mg)~!. Hence, we can rewrite > ety Up()Bay
as prBAm,, where pg = ZMEMK MK )by (1) B A pu—my - In this way, we find that p =
ZKGminSA’m(p) BA,prK-

Hence, if we fix any K € min S4 m,(p) # 0, then we are left to prove that m4 +nx > 0

and px € V[erm }(A). Assume first, ex absurdo, that m4 + ngx = 0. Then in particular

Consider any 0 € int(X A ymy])- Then we can derive from K € min Sam(p) C SAIff,]n(p)
that Ajm] C K. Since Ajmg| = K\ A[m], this implies that A[m + mg| = Aim|UA[mg] =
Alm] U (K \ A[m]) = K, and therefore also 8 € int(Xg). For all K’ € min Sam(p) \ {K},
K"\ K # () and therefore Bamn,,(0) = 0. Hence, p(8) = Bam, (0)px(8). We know that
p(@) > 0 because pyy;,. € VT (K) and that B, (8) > 0 because A[mg] = K\ A[m] C K.
We conclude that indeed pg(6) > 0. O

= (), which contradicts K € S m(p). So it remains to prove that px € V[

Lemma 44. For allm € Ny U{0} and p € V(A):
Sam(p) = Sa0(PBam) and therefore min Sa m(p) = min S o0(pBam)-

Proof of Lemma 44. First, assume that K € Sgm(p). Then § # K C A, Ajm| C K and
P57 0. From this last inequality and the continuity of polynomials, we infer that there is
some @ € int(X ) such that p(@) # 0. Since Ajm| C K, we find that p(6)B ,,(0) # 0 and
therefore (pBam )5, # 0.

Assume, conversely, that K € S 0(pBam). Then § # K C A and (pBam)n, # 0. This
last inequality implies that there is some 6 € X such that (pBam)(6) # 0 and therefore
both B m(0) # 0 and p(@) # 0. From By .,,(0) # 0, we derive that A[m] C K and from
p(8) # 0, we derive that pys,. # 0. O

Proof of Proposition 19. By the way Hsc,4 and Hsc, am are constructed [see the defining
expressions (43) and (44)], it clearly suffices to prove that Hsc a|m C Hsc a,m. Consider
therefore any p € V(A) such that pBa m € Hsc,a, which by Proposition 18, implies that
pBam # 0 and that (pBam)x, € VHH(K) for all K € min S 0(pBa,m). We now set out
to prove that p € Hsc,a,m- Applying Proposition 18 again, and since, clearly, p # 0, we
see that it suffices to show that ps,, € VT (K) for all K € min Sy m(p). So consider any
K € min S4 m(p). Then, by Lemma 44, K € min Sy o(pBa,m), so we have already argued
above that (pBam)s, € VT (K). Hence indeed also pjs,, € VI (K). O
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Proof of Equation (48). Combining Equations (47) and (30), we see that, for any m €
Nau{0}:

Dic 4l ={f € L(A): Sa(f) € Hsc,am} - (92)

Also, for any f € L(A) and any () # K C A:
Sa(f)=0s f=0,54(f)z, €VTT(K) & flx > 0and Sa(f)s, =0 flx =0. (93)
We start with the case v = 0. For any f € L(A):

min S40(S4(f)) = {{z}: x € A and f(z) # 0},

because of Statement (93). Hence, by Proposition 18 and Equations (92) and (93): DéqA =
£>0(A).
Next, we consider any m € N,. For all f € L(A):

{Alm]} if flapm) 7 0

. . . (94)
{A[m]U{z}: z € A\ A[m] and f(z) #0} if flapm =0

min Sam(Sa(f)) = {

because of Equation (93). Now recall Proposition 18 and Equations (92) and (93) and
consider two cases: fiapn) # 0 and fapn) = 0. If flapn) # 0, then f € DéC’AJm if and
only if f # 0 [which is redundant] and f|4p) > O or, equivalently [since f|apn) # 0], if
fe {h € L(A): hjapm) > O} U Ls0(A). If flapm = 0, then f € DéqAJm if and only if
f # 0and f(z) > 0 for all z € A\ A[m] or, equivalently [since f|sm = 0], again if
fe {hGE(A) h|A[7h] >0}U£>0(A). O

Proof of Equation (49). We start with the first part of Equation (49). Due to Equation (17)
and Proposition 19, it suffices to prove that, for any p € V(A), mingcap(63) > 0= p €
Hsc,a,0 and mingeap(6;) < 0= p ¢ Hsc,a,0-

First, assume that mingea p(63) < 0. Then there is some y € A for which p(6;) < 0.
Hence, since ps, = p(6y) < 0, we find that {y} € minS4(p) and therefore also that
p ¢ Hsc, a0, by Proposition 18.

Next, assume that minge 4 p(62) > 0. Then PISy = p(03) > 0 for all z € A, implying
that min Sy 0(p) = {{z}: v € A} and therefore also, since p # 0, that p € Hsc, 4,0, by
Proposition 18.

We now turn to the second part of Equation (49). Due to Equation (17) and Proposition 19,
it suffices to prove that, for any m € N, and any p € V(A), minges: , ., P(0) > 0= p €
Hsc,am and minges ., p(0) < 0= p & Hsc,am-

First, assume that mingey; ., p(#) < 0. Then there is some 6 € int(X[y)) for which
p(0) < 0, implying that PISppm 7 0 and pisy, ¢ VT (A[m]). Hence, we find that A[rn] €
min S, (p) and therefore also that p ¢ Hgsc am, by Proposition 18.

Next, assume that minges,,,,, p(6) > 0. Then PlSapm # 0 and pip, . € Vit (Alm]).
Hence, we find that min Sy .5 (p) = {A[r]} and therefore also, since p # 0, that p € Hsc 4,
by Proposition 18. 0l
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Proof of Equation (52). The first part of Equation (52) is a trivial consequence of Equa-
tion (51). For the second part, consider any m € N, and any f € £(A). Then, combining
Equations (50) and (30):

Pica(flm) = min > f(x)0, = min > f(@)0y = min f(=). 0

Lemma 45. Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D) and any 0 # K C A. Then (po Ry)js, # 0 E PIS, 7 0-

Proof of Lemma 45. First, assume that P, # 0, so there is some ¥ € 3, such that
p(¥) # 0. Now choose any 6 € Xk such that R,(6) = 9. Then, clearly, (po R,)(0) =
p(R,(0)) = p(¥) # 0 and therefore (po R,)s, # 0.

Assume, conversely, that (poR,)|s;,. # 0, so there is some 6 € ¢ such that (poR,)(0) # 0.
If we let ¥ = R,(0), then ¥ € ¥, ) and p(9) = p(R,(0)) = (po R,)(#) # 0. Hence,
p|2p(K) 7§ 0. O

Lemma 46. Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D), and any m € NaU{0}. Then

Sam(poR,) = {K C A: Alm] C K and p(K) € Sp g, m)(0)} ,
and therefore

p(Sam(po Rp)) = Sp r,m)(p) and p(min Sgm(po R,)) = minSp g, (m)(p)-

Proof of Lemma 46. We start by proving the first statement. First, assume that K € Sy m(po
R,), implying that ) # K C A, Alm] C K and (po R,)|s, # 0. Then ) # p(K) C D,
D[R,(m)] = p(A[m]) € p(K) and, by Lemma 45, pi5; ., # 0. Hence, p(K) € Sp g, (m)(p)-
Conversely, assume that K C A, A[m] C K and p(K) € Sp g, (m)(p). Then § # p(K), which
implies that () # K, and also P, # 0, which, by Lemma 45, implies that (po R,)s, # 0.
Hence, K € Saom(po R)).

The first statement implies that p(Sam(po Rp)) € Sp r,(m)(p) and therefore, in order
to prove the second statement, it suffices to show that Sp g (m)(p) € p(Sam(po R,)) or,
equivalently, that for every L € Sp g, (m)(p), there is some K € Sam(p o R,) such that
p(K) = L. So choose any L € Sp g (m)(p) and let K := {x € A: p(x) € L} = p~'(L). Then
p(K) = L because p is onto, and since p(A[m]) = D[R,(m)] C L, it follows that Ajm]| C K.
Hence, by the first statement, K € Sgm(po R,).

To prove the third statement, first assume that K € min Sam(p o R,), implying that
K € Sam(po R,) and that, for all K’ € Sqm(poR,), K' ¢ K. By the second statement,
p(K) € Sp R, (m)(p)- To prove that p(K) € min Sp g, (m)(p), assume ez absurdo that there
is some L € Sp g, (m)(p) such that L C p(K). Let K" :=={x € K: p(x) € L} = K N p~'(L).
Then K’ C K and p(K') = L, and therefore, by Lemma 45, (p o R))x,, # 0, because
K' # 0 and pys;; # 0. Since L € Sp g, (m)(p), we see that p(A[m]) = D[R,(m)] C L and
therefore Ajm| C p~'(L). Since K € Sam(po R,), we also know that Ajm] C K, and
therefore Ajm] C K N p~'(L) = K’. This tells us that K’ € Sgm(po R,), a contradiction.
Assume, conversely, that L € min Sp g (m)(p), implying that L € Sp gr,(m)(p). Then, by
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the second statement, there is some K’ € S4 m(po R,) such that p(K’) = L. Hence, there
is some K € min Sqm(po R,) such that K C K’ and therefore p(K) C p(K') = L. Since
L € min Sp g (m)(p) and since, due to the second statement, p(K) € Sp r,(m)(p), we also
have that p(K) ¢ L and therefore p(K) = L. O

Lemma 47. Let ) # K C A and let p be any polynomial on X 4. Then for any n > deg(p):
bng - bg\NE'

Proof of Lemma 47. It follows from

= ) bp(m)Bam(0) for all 6 € T4
mEN"

that for all ¥ € Y

P = > bp(m)Bam(ia(¥)) = > by (m)Bam(ia(9))

meN” meNT: Alm]CK

Z bp W" n)Bxn(V),

neNy
and this completes the proof. O

Lemma 48. Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D) and any O # K C A. Then:

() (o Ry € VH(K) & pis, ) € VH(p(K));
(i) (po Ry € VI (K) © prs, e, € VFH(0(K)).
Proof of Lemma /8. The first statement follows from the fact that, for all n > deg(p):

n 3 7 n n
b(PoRp)mK >0 blpop,)vp >0 (bp o Ryl >0 bplNg >0<s bpmp(m >0,
where the first and last equivalence are due to Lemma 47, the second equivalence follows
from Proposition 39, and the third equivalence holds because R,(N ) = ./\f;( K
We now turn to the second statement, where we have to prove that the following statements
are equivalent:

(1) (¥6 € int(Sx))p(R,(6)) > 0
(b) (Vﬁ S 1nt(2p(K)))p(19) > 0.

First assume that (a) holds, and consider any 9 € int(3,(x)). We have to prove that p(«3) > 0.
We construct a @ € Y as follows. Consider any z € p(K). For all z € p~({z}) N K, choose
the 6, > 0 in such a way that ZIGK: p(z)=2 0, = 19,. In this way, we have found a @ € ¥
satisfying R,(0) = 19, and such that moreover 6, > 0 for all z € K, whence 0 € int(Xg). We
now infer from (a) that indeed p(d) = p(R,(0)) > 0.

Assume, conversely, that (b) holds, and consider any 6 € int(Xg). Then, for any z € D,
R,(0). >0if z € p(K) and R,(0), =0 otherw1se This means that R,(6) € int(¥,x)) and
we infer from (b) that indeed p( R,(0)) > O
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Proposition 49. ®gc is representation insensitive.

Proof of Proposition 49. We use the characterisation of representation insensitivity in The-
orem 7. Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D) and any m € N4 U {0}. Then, by Proposition 19, we need to prove that
po R, € Hsc,am < P € Hsc,D,R,(m)-

First, assume that p € Hsc p,r,(m), which, by Proposition 18, implies that p # 0 and
that pjy;, € VY*(L) for all L € min Sp,R,(m)(P)- Applying Lemma 45 with K = A, we infer
from p # 0 that po R, # 0. Consider now any K € min Sa m(po R,). Then, by Lemma 46,
p(K) € min Sp g, (m)(p), implying that, due to the assumption, PIs, ) € V1 (p(K)). Since
K # (), we can apply Lemma 48 to find that (poR,)s;,, € VT (K). Hence, by Proposition 18,
po R, € Hsc,Am-

Assume, conversely, that poR, € Hgsc,4,m, which, by Proposition 18, implies that po R, # 0
and that (po R,)|s,, € VIT(K) for all K € minSam(po R,). Applying Lemma 45, with
K = A, we infer from po R, # 0 that p # 0. Now, consider any L € min Sp g, (m) (p), then
by Lemma 46, there is some K € min S m(po R,) such that p(K) = L. Since K # () and,
by assumption, (po R,)s, € VI (K), we infer from Lemma 48 that pis;, € V**(L). Hence,
by Proposition 18, p € Hsc,p,r,(m)- O

Lemma 50. Consider any category sets A and B such that B C A, any p € V(B), any
K C A such that KN B # 0 and any v € No. Then I 4(p)z, # 0 € Pizynp 70

Proof of Lemma 50. We may assume without loss of generality that r + deg(p) > 0, as the
proof is trivial otherwise.

First, assume that pjx;,., # 0, which means that there is some ¥ € Ygnp such that
p(9) # 0. Then 0 :=is () € X, and we infer from Proposition 9 that I'; 4(p|€) = p(F) # 0
and therefore I'y 4(p)|x, # 0.

Assume, conversely, that I'y 4 (p)|2 « 7 0, which means, due to the continuity of polyno-
mials, that there is some 6 € int(Xx) such that Iy 4(p[@) # 0. We now infer from KN B # ()
that 6 > 0, so Proposition 10 guarantees that p(@|}) # 0. Since 8|}, € Sknp, we find that

PSknp # 0. O

Lemma 51. Consider any category sets A and B such that B C A, any p € V(B) any
r € Ng such that r + deg(p) > 0, and any m € N4 U{0}. Then

Sam(Ip a(p)) = {K CA:Alm|C K and KNB € SBVTB(m)(p)},

and therefore
SBrsm) () = {KNB: K € Sam(lp 4(p))}

and
min SB,rB(m)(P) = {K NB: K € min SA7m(ITB7A(p))} .

Proof of Lemma 51. We begin with the first statement. First, assume that K € Sam/(I5 4(p))
and therefore that ) # K C A, A[m] C K and I 4(p)s, # 0. Then K C A implies that
KNB C B, Alm| C K implies that B[rg(m)] = Al[m|NB C KNB. Moreover, Iz 4(p);s, # 0
together with Proposition 10 and r + deg(p) > 0 implies that K N B # (), which in turn, by
Lemma 50, implies that pjs;,. ., # 0. Hence, K N B € Sp ;. (m)(p). Conversely, assume that
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K C A, Alm] C K and KN B € Sp ;. (m)(p). Then K N B # (), implying that K # (), and
Pisknp 7 0, which, by Lemma 50, implies that Iz 4(p)s, # 0. Hence, K € Sam(I5 4(p))-

In order to prove the second statement, it clearly suffices to show that Sp ., (m) (p) C
{KNB: K € Saym(Ip 4(p))}, since the converse inclusion follows directly from the first
statement. So consider any L € Sp ;. (m)(p) and let K = LUA[m]. Then K C A, Ajm] C K
and KN B=LU(Am|NB)=LUB[rg(m)| = L. Hence, by the first statement, indeed
K e SA,m(ITB,A(p))'

To prove the third statement, first assume that K € min S m (I, 4(p)), implying that
in particular K € Sam(I5 4(p)). Then, by the second statement, K N B € Sp,,(m)(p). To
prove that KN B € min Sg ., (m)(p), consider any L € Sp , ,(m)(p) such that L C KN B, and
let K’ := LU A[m)]. Then, by an argument identical to the one used in the proof of the second
statement, K' N B = L and K’ € Sam(I5 4(p)). However, since K'N B =L C KN B and
K'\ B = Alm]\ B C K\ B, we find that K’ = (K'NB)U(K'\B) C (KNB)U(K\B) =K,
and therefore K’ = K, by assumption. Hence indeed L = K' N B = K N B. Assume,
conversely, that L € min Sg ., (m)(p), implying that L € Sp ., (m)(p). Then, by the second
statement, there is some K’ € Sam(Ip 4(p)) such that K’ N B = L, so there is some
K € minSgm(I5 4(p)) such that K C K’ and therefore K "B C K'N B = L. Since
L € min Sg,,(m)(p) and, by the second statement, K N B € Sg,(m)(p), we also have that
KNB=L. O

Lemma 52. Consider any category sets A and B such that B C A, anyp € V(B), any K C A
such that KN B # 0 and any r € No. Then Ig 4(p)sc € VITH(K) © pigyn, € VIT(KNB).

Proof of Lemma 52. We may assume without loss of generality that r + deg(p) > 0, as the
proof is trivial otherwise. Using Proposition 10, and considering that, since KN B # (), g > 0
for any 0 € int(X ), it then suffices to prove that the following statements are equivalent:

(a) (¥6 € nt(S1))p(6]5) > 0
(b) (V'l9 S int(EKmB))p('l?) > 0.

First assume that (a) holds, and consider any ¥ € int(Xxnp). We have to prove that p(9) > 0.
We construct a @ € Y as follows. For any = € K \ B, choose 6, > 0 in such a way that
K= er\pbo < 1, which is always possible. And for any x € KN B, let 0, := (1—£)d, > 0.
Then it follows from this construction that g =1—x >0, 8|}, =9 and 6 € int(Zk), so we
infer from (a) that indeed p(9) = p(8|5) > 0.

Assume, conversely, that (b) holds, and consider any 0 € int(Xx). Then 6 > 0 because
K N B # 0 and therefore, for all z € B, (6|5). > 0« 2z € KN B. Hence 0|} € int(Sgnp),
so we infer from (b) that p(6]%) > 0. O

Proposition 53. $g¢ is specific.

Proof of Proposition 53. We use the characterisation of specificity in Theorem 11. Consider
any category sets A and B such that B C A, any p € V(B), any m € N4U{0}, and any r € Ny.
Then, by Proposition 19, we need to prove that I'; 4(p) € Hsc,am € P € Hsc,Birg(m)-
First, assume that p € Hgc B rp(m), Which, by Proposition 18, implies that p # 0 and
that pjy;, € V**(L) for all L € minSg, ,(m)(p). Applying Lemma 50 with K = A, we infer
from p # 0 that I'; 4(p) # 0. Consider any K € min Sam(I5 4(p)), then by Lemma 51,

81



DE CoomaN, DE Bock, & DINIZ

K N B € min Sp;,m)(p), implying that, due to the assumption, ps, ., € VT (K N B).
Since K N B # 0, we can apply Lemma 52 to find that Iz 4(p)s, € V1T (K). Hence, again
by Proposition 18, Iz 4(p) € Hsc,a,m-

Assume, conversely, that Iy 4(p) € Hsc,a,m, which, by Proposition 18, implies that
B.a(p) # 0 and that Ty 4(p)s, € V7T (K) for all K € min Sa (I 4(p)). From Lemma 50
with K = A, and from Iz 4(p) # 0, we infer that p # 0. Consider any L € min Sp,,(m)(p),
then, by Lemma 51, there is some K € min S m (Iz 4(p)) such that KNB = L. Since therefore
K N B # 0 and since, by assumption, Iz 4(p)s,, € VT (K), we infer from Lemma 52 that
P, € V++(L). Hence, by Proposition 18, p € Hsc,B,rp(m)- O

Proof of Theorem 20. This is an immediate consequence of Propositions 17 [coherence]|, 49
[representation insensitivity| and 53 [specificity]. O

E.7 Proofs of Results in Section 12
Proof of Equation (54). Consider any m € N4 U {0} and any p € V(A). Then

pc HfDM7AJm = BA;,np € HfDM,A = (Va S ASA) DIA(BA’mp|a) >0
< (Va € AY) DiA(BA’m|a) Diyg(plm 4+ a) >0
< (Va € A%) Dig(p|m + ) > 0,

where the third equivalence follows from the Updating Property of the Dirichlet expectation
[Proposition 31]. O

Proof of Equation (59). Consider any m € N4 U {0}. Then, combining Equations (56)
and (58) for n = 1:

Dihalm = {f € £(4): (Ve € A3) 3 fa) 7210 o).

ey MmA + a4
Now consider any f € L(A). Then for all a € A%:
mm + oy
> J(@) > 06 3 f@)ms +ax) > 06 Y 1) % > -2 Y f(@)
€A A+ aa z€A €A €A
Combining the equations above, and letting ¢ = —% > zea f(x)my, for ease of notation, we
find that:
f € Dipyalm & (s’ € (0,5))(Vt € int(34)) Zf )t > c. (95)

:EEA

If f # ¢, then there is some y € A for which f(y) < ¢ and therefore, by Statement (95),
fé DIDM AJ m [choose s’ and t, close enough to s and 1, respectively|. If f = ¢, then due to

the definition of ¢, f = ¢ = 0. Hence, again by Statement (95), f ¢ DIDM ). Finally, let us
see what happens if f > ¢. Then clearly ¢ < 0. Consider any s’ € (0, s) and any t € int(X4).
Then since f > ¢, > 4 f(x)tz > c and therefore also, since ¢ < 0, %, Yowen f@)tz > %c > c.
Hence f € DIDM 4] by Statement (95). O
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Proof of Equation (60). Consider any m € N4 U{0} and any f € £(A). Then by combining
Equations (57) and (58):

. My + oy . . Mg + Sltx
flm) = inf flx)——— = inf inf fla)—/—
IDMA( | ) QEAiZGA ( )mA'f-OéA s’E(O,s)tEint(EA)IZG;4 ( ) ™y + 8
/
= inf ——  inf
s'€(0,s) <m,4—|—s Zf mA—i—s teint(X4) Zf )
i (LS fai, + " ming
= in _— )My + ——— min
s'€(0,s) \ T4 + &' ey * s+ 8
1 s
= — T)My + — min f,
mﬁs;ﬂ) ot e minf
where the last equality follows from min f <", f(x ) , a property of convex combinations.

O

Proof of Theorem 21. For coherence, if we fix any category set A, then we must prove that
Hipn a satisfies the requirements B1-B3 of Bernstein coherence. This is trivial from the
definition of HfDM’ 4, the linearity of the Dirichlet expectation operator, and the fact that
the Dirichlet expectation of any Bernstein basis polynomial is positive.

Next, we turn to representation insensitivity, and use its characterisation in Theorem 7.
Consider any category sets A and D such that there is an onto map p: A — D, any p € V(D)
and any m € N4 U {0}. Then, using the Pooling Property [Proposition 33] of the Dirichlet
expectation and Equation (54), we find that indeed:

(po Rp)Bam € Hipma & (Va € A%)Dig(po Rylm +a) >0
& (Vo € A%) Dip(p|Rpy(m + ) >0
& (VB8 € Ap) Dip(p|Ry(m) + B) > 0« pBp g, (m) € Hipm,ps
where the third equivalence follows from the equality A}, = R,(A%).

Finally, we turn to specificity, and use its characterisation in Theorem 11. Consider
any category sets A and B such that B C A, any p € V(B), any m € N4 U {0} and any
r € Np. Then, using the Restriction Property [Proposition 34| of the Dirichlet expectation
and Equation (54), we find that indeed:

I'5 A(P)Bam € Hipma & (Yo € AY) Dig(Ip 4(p)m +a) >0
< (Ya € A%) Dig(plrg(m + a)) > 0
& (V8 € Ag) Dip(plrp(m) + B) > 0 < pBpp(m) € Hipm b

where the third equivalence follows from A% = rg(A¥%). O

E.8 Proofs of Results in Section 13

Lemma 54. For any p1,p2 € Hi; 47 Sa0(p1+p2) = Sa0(p1) USao(p2)-
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Proof of Lemma 54. First, consider any K € S 0(p1 + p2), meaning that ) # K C A and
(P1+p2)js, # 0. Assume, ex absurdo, that K ¢ Sapo(p1) and K & Sa0(p2). Then pyj5, =0
and pgjz,, = 0 and therefore (p1 + p2)|gK = 0, which is a contradiction. Hence indeed
K € Sao(p1) USao(pe).

Next, consider any K € Sa0(p1) U Sa,0(p2), implying that () # K C A. Then there is
at least one K’ € min(S4,0(p1) U Sa,0(p2)) such that K/ C K, and we can assume without
loss of generality that K’ € S40(p1). Since K’ € min(Sa,0(p1) U Sa,0(p2)), we have that
L ¢ K'forall L € S40(p1)USa0(p2), and therefore K’ € min Sy o(p1). This already tells us
that p1js,, € Hipy - There are now two possibilities. The first one is that K' € Sao(p2),
and then, in very much the same way as as above, we find that pys , € HfDM’K,. Hence,
due to the Bernstein coherence [B3] of Hipw, ks (1 +p2)iz, =Pls,, + P21z, € Hipwm k-
The second possibility is that K’ ¢ Sa o(p2), and then pys; , = 0 since K’ # (), so we find,
here too, that (p1 +p2)s,, = P12, + D212, = P11z, € Hipy g In both cases, therefore,
(p1+p2)s « € Hipm k- and the Bernstein coherence [B1] of Hipm, k- allows us to conclude
that (p1 +p2)js,, # 0. Since K’ C K, we find that also (p1 + p2)js, 7# 0 and therefore that
K € Sao0(p1 +p2). O

Proof of Proposition 22. Since 0 ¢ Hg; 4, we are left to prove that VT(A) C HE; 4 and that,
for all A > 0 and p,p1,p2 € Hi; 4, AP € HG; 4 and p1 + p2 € H; 4. 7

First, consider any A > 0 and pE HgLA.7Then, clearly, SA70()7\p) = Sa0(p) and therefore
min S4,0(Ap) = min Sy o(p). Then for any K € min Sy o(Ap), we have that K € min S4 o(p),
which, since p € Hg; 4, implies that pjs,,. € Hipy j and therefore, due to the Bernstein
coherence of Hipy e, that (Ap)s, = A(pz,) € Hipy k- Furthermore, since p # 0 also
Ap # 0, and therefore \p € Hep a-

Next, consider any p1,p2 € HE; 4. Then p; # 0 and py # 0, implying that Sao(p1) # 0
and Sao(p2) # 0, and therefore S’Ap(pl) U Sa0(p2) # 0. Applying Lemma 54, we find
that Sao(p1 + p2) # 0, so there is some K such that § # K C A, (p1 + p2)5, # 0 and
therefore p; +pa # 0. Then for any K’ € min S4 o(p1 +p2), or equivalently, due to Lemma 54,
K’ € min(Sa,0(p1) U Sao(p2)). Then, by applying the same reasoning as in the second part
of the proof of Lemma 54, we find that (p1 + p2)s,, € Hipn, - Hence, p1 +p2 € Hgp 4.

Since we have already shown that Hg; , is closed under taking positive linear combinations,
and since VT (A) consists of positive linear combinations of Bernstein basis polynomials, we
only need to show that Hg 4 contains all Bernstein basis polynomials in order to prove that
VT (A) C Hg 4. So consider any m € N4 U{0}. Then, for any K such that )} # K C A, we
have that Bam s, = Br ri(m) if A[m] C K, and Ba m|s, = 0 otherwise. This implies that
Sa0Bam)={0# K C A: Alm] C K} and that, due to the Bernstein coherence of Hipy; r
Bam|sx = Bk rg(m) € Hipm i for all K € Sa,0(Bam). Hence, Bom|s, € Hipwm i for all
K € min Sy 0(Bam). Since also B m # 0, we find that indeed B4y, € Hipa- O

Proof of Proposition 23. We first prove that Hg; 4, |/m C Hg; 4,,- Consider any p € V(A)
such that pBam € H; 4, meaning that pBam 7é 0 and that 7(];BA,m)|EK € Hipy x for all
K € min S4,0(pBa,m). We set out to prove that p € Hg; 4 ,,,- Since, clearly, p # 0, it suffices to
show that pjs,. € Hipy ] 7i(m) for all K € min 5A,m<p5- So consider any K € min S4 m(p),
implying that A[m| C K and therefore also that K[rix(m)] = Alm|. We also infer from
Lemma 44 that K € minS40(pBam), which tells us that (pBA,m)IEK € Hipm k- Since

(pBAym)mK = p|EKBA,m|EK = p‘EKBK,TK(m), we find that Disg S HfDM,KJ rK(m).
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Next, we prove that Hgj 4 ,, C ”HgLAJm. Consider any p € M1 Am» meaning that
p # 0 and pig, € Hipy g /rx(m) for all K € min Sy m(p). We set out to prove that
pBam € Hiy 4 or, equivalently, that pB4 m # 0 and that (PBam) s, € Hipwm x for all
K € min S4,0(pBa,m). Since p # 0, the continuity of polynomials guarantees that there is
some 6 € int(X 4) such that p(@) # 0 and therefore also (pBa.m)(0) # 0. So we know already
that pBa m # 0. Consider any K € min S4,0(pBa m). Then, by Lemma 44, K € min S4 m(p),
implying that Alm| C K and ps,. € Hipy ] 7x(m) and therefore ps, Bx ;. (m) € Hipy k-
Since moreover ps, Bx ;. (m) = (PBa,m) |z, we find that indeed (pBam) =, € Hipwm k-

Proof of Equation (63). Due to Equation (17), it suffices to prove that, for any p € V(A),
mingea p(03) > 0= p € Hg; 4 and mingeap(07) <0 =p & Hg; 4.

First, assume that minge4 p(6;) < 0. Then there is some y € A for which p(6;) < 0.
Hence, since Pz, = p(6;) < 0, we find that {y} € min S40(p) and therefore also, due to
the Bernstein coherence of ’HfDM’{y} [see Theorem 21|, that PIsy,, ¢ ”HfDM’{y}, from which
we infer that p & Hg; 4.

Next, assume that minge 4 p(62) > 0. Then DSy = p(09) > 0 for all x € A, implying
that min Sao(p) = {{z}: = € A} and that, for all z € A, ps, € Hipa (2} 88ain because
of the Bernstein coherence of HfDM’ (2} Hence, since p # 0, we find that p € Hep a- O

Proof of Equations (64) and (65). Equation (65) follows directly from Equation (55). We
prove Equation (64). Due to Equation (17) and Proposition 23, it suffices to prove that, for
any m € N, and any p € V(A):

c(p, ) > 0= p € Hipam and c(p, ) < 0= p & Hpam,

where, for ease of notation, we let

c(p,m) = aeiAn{[m] Di g 512) (P[52 oy [T A [rm) (T) + ).

First, assume that c(p,m) < 0, implying that Dijps, (p|2A[m]‘7”A[m] (m) + a) < 0 for
some o € Az[m} and therefore also that PIS atmy # 0 and, by Equation (54), that PIS Aty ¢
Hipm A[m]JTA[m] (). Hence, we find that A[rin] € min S4 4 (p) and therefore also that

p¢ H%I,A,m-

Next, assume that ¢(p,m) > 0, implying that PIS atmy # 0 and, by Equation (54), that
PIS apm € Hibm A[m]JTA[m] (). Hence, we find that min Sam(p) = {A[mn]} and therefore
also that p € Hg; 4 5, O

Proof of Equation (67). By combining Equations (62) and (30), we see that, for any m € N ,:
Dgaltn = {f € L(A): Sa(f) € Hitam} - (96)

Consider now any f € L£(A) and distinguish between two cases: f|sm) # 0 and f|apm) = 0.
If f|apn) # O [and therefore also f # 0], then

fe DngJm S SA) IS4 € HipM, Al Tapm) (M)

< Sapn)(flapm)) € Hipwm,apmn) T apm) (M)
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< f1apn) € Pipag a7 Amm) (M)

< flapm > —é > F@)me < flapm > —é > f@)mg or f >0,

z€A[rn] TEA[m]

where the first equivalence is due to Statement (93) and Equations (94), (61) and (96). The
second equivalence follows from the definition of Sy and S 45) and the third one is due to
Equations (21) and (30). The fourth equivalence is a consequence of Equation (67) and the
final equivalence holds because f > 0 is redundant, given that f| ) # 0.

If fiapn) = 0, then [again, using Statement (93) and Equations (94), (61) and (96)]
fe D;’I%Ajfrh if and only if f # 0 and if for all x € A\ A[rn):

f(@) =00r SA()1Samoie € Hibwm, apnjufe} T Amlo(} (M)

Since f|apn) = 0 and Hipy, A[m]u{x}JTA[m]U{a:}(m) is Bernstein coherent [Theorem 21|, the
latter statement is equivalent to f(x) > 0. Hence, we find that:

feD I e f#0and (Vo€ A\ Alm])f(z) >0

S >0
1 .
< flapm >~ > f@)ig or f>0,
z€A[m)]
where the second and third equivalences are consequences of f|4[n) = 0. O

Lemma 55. Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D), any m € Ny U{0}, and any ) # K C A such that Aljm| C K. Then
(poRp)isy € Hipmxlre(m) < pis, o) € Hipw po) 7o) (Bp(m)).

Proof of Lemma 55. Let A* := K, D* := p(K), p* = p|g and p* = PIS, - Then p* is
an onto map from A* to D*, p* € V(D*) and p* o Ry» = PIS, ) © Box = (PoRp)sy-
Since Alm] C K, we can identify m with an element m* := rg(m) of N;'* and therefore
the result follows from the representation insensitivity of the IDMM inference system with

hyperparameter s, because then also R,-(m*) = R, (rk(m)) = r,x)(Rp(m)):
p*o Ry € Hipya-/m™ & p" € Hipy p= | Rp (7). [
Proposition 56. ®g; is representation insensitive.

Proof of Proposition 56. We use the characterisation of representation insensitivity in The-
orem 7. Consider any category sets A and D such that there is an onto map p: A — D,
any p € V(D) and any m € N4 U {0}. Then, by Proposition 23, we need to prove that
po Ry €Ham P EHI DR, (m)

First, assume that p € H31,D,R, (m)> Meaning that p # 0 and pjs, € Hipy ]7L(Rp(m))
for all L € min Sp g, (m)(p). Applying Lemma 45 with K = A, we infer from p # 0 that
po R, # 0. Consider any K € min Sam(po Ry), so 0 # K C A and A[m] C K. Then,
by Lemma 46, p(K) € minSp g, (m)(p), implying that, due to the assumption, P, €

86



COHERENT PREDICTIVE INFERENCE UNDER EXCHANGEABILITY

Hipap(r) To(rc) (Bp(m)). Applying Lemma 55, we find that (po Ry)js,c € Hipy g |7k (m).
Hence, po R, € HEj 4 -

Assume, conversely, that poR, € HZ1 4 m» meaning that po R, # 0 and that (poR,) 5, €
Hipw, )i (m) for all K € min Sam(p o Ry). Applying Lemma 45 with K = A, we infer
from po R, # 0 that p # 0. Consider any L € minSp g, (m)(p). By Lemma 46, there
is some K € minSym(p o Ry) such that p(K) = L. Since ) # K C A, Alm| C K
and, by the assumption, (p o R))z,, € Hipy r)7x(m), we infer from Lemma 55 that
P, € Hipwmz 7o (Rp(m)). Hence, p € He1D R, (m)" O

Lemma 57. Consider any category sets A and B such that B C A, any p € V(B), any
m € Ny U{0}, any r € Ny and any K C A such that K N B # () and Alm] C K. Then

Ip 4A(P)ink € Hipm )7 (M) © pisgs € Hipw knplrkns(m).

Proof of Lemma 57. Let A* .= K, B* == KN B, p* := p|5, and 7" = deg(p) — deg(p*) + .
Then B* C A*, p* € V(B*), r* >r >0, r* + deg(p*) = r + deg(p), and

I%’A(p)mff - Z bgeg(p)+r(n)BA’iA(n)|2K = Z bgeg(p)+r(n)BA,iA(n)\EK
neNpEPTT neN o) +r
Bn|CK
— d —+ . *
= Y BRI ()Br ) = T (0),
RN D

where the third equality follows from the unicity of the Bernstein expansion of a polynomial.
Since A[m] C K, we can identify m with an element m* := rx(m) of Nx U{0} and therefore
the result follows from the specificity of the IDMM inference system with hyperparameter s,
because then also rp«(m*) = rgnp(m):

ITB*’A* (p*) S HfDM,A*Jm* = p* S HISDM,B*JTB* (m*) O
Proposition 58. ®g; is specific.

Proof of Proposition 58. We use the characterisation of specificity in Theorem 11. Consider
any category sets A and B such that B C A, any p € V(B), any m € N4 U {0} and any
7 € No. Then, by Proposition 23, we need to prove that I'; 4(p) € Hiam <P € Hep,p (m)-
It is clear from Propositions 10 and 22 that we can assume without loss of generality that
r + deg(p) > 0.

First, assume that p € Hgl,Bms (m)’ implying that p # 0 and that ps;; € ’HfDM’Lj reaL(m)
for all L € min Sp, ,(m)(p). Applying Lemma 50 with K = A, we infer from p # 0 that
B.4(p) # 0. Consider any K € min Sa m Iz 4(p)). Then we infer from Lemma 51 that K N
B € min Sg ;. (m)(p), implying that, due to our assumption, pjs,. ., € HISDM,KHBJTKHB(T"’)-
Since KN B # 0 and Alm| C K, I'; 4(p)= € Hipwm )i (m) because of Lemma 57. Hence,
Ip4(P) € Hep A m-

Assume, conversely, that I'; 4(p) € H1 Am» Which implies that Iy 4(p) # 0 and that
I's A(P)zx € Hipmrlrr(m) for all K € minSym(Ip 4(p)). Applying Lemma 50 with
K = A, we infer from I 4(p) # 0 that p # 0. Consider any L € minSp,,m)(p). By
Lemma 51, there is some K € min Sam(I5 4(p)) such that KN B = L. Since K N B # 0,
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Alm] C K and, by assumption, I'; 4(p)is, € Hipy )7k (m), we infer from Lemma 57
that pis,..», € Hipm rnplrkne(m), or in other words, iz, € Hipy 1 ]rBnr(m). Hence,
P € g1 B 1y (m)- =

Proof of Theorem 24. This is an immediate consequence of Propositions 22 [coherence]|, 56
[representation insensitivity| and 58 [specificity]. O

E.9 Proofs of Results in Section 14

Proof of Theorem 25. We begin with coherence. Consider any category set A, then we have
to prove that Hpy 4 is Bernstein coherent. For B1, recall that 0 ¢ Hibn,a for all s > 0, and
therefore also 0 ¢ Hpy . Similarly, for B2, recall that V¥ (A) C Hipy 4 for all s > 0, and
therefore also V1 (A) C Hy, a. For B3, consider n € N and A\, € Ry and p, € Hy 4 for
all k € {1,...,n}. Then there is some s > 0 such that p; € Hiy\ 4 for all k € {1,...,n},
and therefore > ) _; \px € Hipy 4. by Bernstein coherence [Thebrem 21|. Hence indeed
> k1 A\kDk € Hu,a.

Next, we turn to representation insensitivity, and use its characterisation in Theorem 7.
Consider any category sets A and D such that there is an onto map p: A — D, any p € V(D)
and any m € N4 U{0}. Then we find that indeed:

(PoRp)Bam € Hua < (Is € Ruo)(po Rp)Bam € Hipmoa
< (3s € R>0)pBp R, (m) € Hipm,p < PBp,R,(m) € Hu,D,

where the second equivalence follows from the representation insensitivity of the IDMM
inference systems |Theorem 21].

Finally, we turn to specificity, and use its characterisation in Theorem 11. Consider any
category sets A and B such that B C A, any p € V(B), any m € N4 U {0} and any r € Ny.
Then we find that indeed:

B.AP)Bam € Hia < (35 € Ro)lp 4(p)Bam € Hipna
= (ElS S R>0)pBB,TB(m) S HfDM,B = pBByrB(m) S HH,B,

where the second equivalence follows from the specificity of IDMM inference systems |[Theo-
rem 21]. O

Proof of Equation (69). For any m € Ny U {0} and any p € V(A):

pE HHAJ’I’TI, = pBA,m € ’HH,A = (38 S R>0)pBA,m € HfDM,A
< (3s € Roo)p € Hipa,almhe

Combined with Equation (54), this yields the desired result. O
Proof of Equation (71). For any m € N4 U {0} and any p € V(A):
Hy a(plm) = sup {u € R: p— p € Hu a]mn}

= sup sup {p € R: p—p € Hipyali}
s€R~0
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= su inf Di m+ o lim inf Di m+ o
SGRI>)0 acAs A(p’ ) s—+0 acAs A(p| )

where the second equality is due to Equation (69), and the third one due to Equation (54). O
Proof of Equation (72). Consider any p € V(A) and apply Equation (71):

H = li f D = li f f D
Hy.alp) = lim, inf, Dia(pla) = lim  inf = inf ia(pls't) (97)

Now fix any n > max{deg(p),1} and any ¢t € int(X4). Using Equation (80), we find that for
all m e N

) 1 (n M 1 [n ”
Daaml) = i () T = 5 (7)) 11 ™

s z€A[m]

where for all z € Ajm]:

(') ") = (s't0) (s'ts + 1) .. (s'ts + My — 1) = s/t (my — DI[L+ O(s")]

and similarly:

Hence, we find that

[Loe apm ta (e — 1)!> SAII[1 4 O(s)
| .

Dia(Bam|s't) = ( (n—1)!

We now consider two cases: |A[m]| > 1 and |A[m]| = 1 [since n > 1, these cases are
exhaustive]. If |A[m]| > 1, then Dig(Bam|s't) = O(s). If |A[m]| = 1 or, equivalently, if
there is some x € A such that m = ne®, then Diyg(Ba pex|s't) = t5[1 + O(s')]. If we combine
this with Equation (78), we find that

Dia(p|s't) = Z by (m) Dig(Bam|s't) = Zbg(nex)terO(s').
meN% z€A

Furthermore, again due to Equation (78):

br(ne”) = > b(m)Bam(05) = p(65) for all z € A.
meNy

Hence, we conclude that

Dia(p|s't) = Zp@ot +O(s),
z€A

which, combined with Equation (97), leads to the desired result. O
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Proof of Equation (73). Consider any m € N, and any p € V(A) and use Equation (71):

Hy A(plm) = sl—ifilo aienAf; Dia(plm + ) and Hy a(p|mh) = sl—iglo aseuAp; Dig(p|m + a). (98)

Since Hy,a|m is Bernstein coherent [Theorem 25|, it follows that Hy 4(-|72) is a coherent
lower prevision. This implies that Hy 4(-|m) is super-additive, and that its conjugate upper
prevision Hy 4(-|rh) is sub-additive. Hence, it suffices to prove the equalities in Equation (73)
for any Bernstein basis polynomial p = B4 ,, where n € N4 U {0}. Now for any o € A% we
gather from Equation (80) in Appendix B that:

1 n
Dis(Ban|th + ) = ( ) (g + o) ™).
" (A +as)™ \n ll
Observe that:
(g 4 2) ™) = (g + o) (g + g + 1) ... (g + g + 1y — 1) = ) [1 + O(ay)],

and similarly, since m4 > 0:

1

O
(a o) [1 4 O(aa)]

1
'y

n) —

Therefore:

n mg(cnz)
Dia(Banim+a) = (1) HA B 1 0] TT 1+ Ofa)
my T€EA

which, using Equation (98), leads to:

< (na)
_ n mg . -
i aBanl) = Hia(Banlm) = () AT piyanim). O
my

E.10 Proofs of Results in Section 15

Proof of Theorem 26. We have already argued above that there is a smallest such inference

system @, and we shall denote its lower probability function by ¢. First, assume that n > 2.

If we denote Ap(n, k) = ¢(n,k+ 1) — p(n, k), then it follows from the assumptions that
Ap(n,k+1) < Ap(n, k) for 0 <k <n-—2. (99)

We are first going to prove by induction that this implies that

o(n, k) > %cp(n, n) for 0 < k < n. (100)

46. See footnote 35.
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Observe that this inequality holds trivially for £ = 0 [Theorem 14.L1]. So assume that the
inequality holds for k = ¢, where ¢ € {0,...,n — 1}. Then we must show that it also holds
for k = £+ 1. Assume, ex absurdo, that it does not, and therefore

C+1 1
P, +1) < ——=pln,n) < p(n, 0) + o), (101)
where the second inequality follows from the induction hypothesis. Now we also have that
n—1
p(n,n) =@, L+1)+ > Ap(n,m) <o, L+ 1)+ (n—L—1)Ap(n, )
m=~+1
+1 n—~¢—1
< ) + = g(n,m) = (),

where the first inequality follows from Equation (99), and the second from the first and
second inequalities in Equation (101). This is a contradiction, which completes our proof by
induction of (100).
We infer from (100), Theorem 14.1.9 and assumption (76) that
k n k

k) > — = for0 < k <n. 102
(. k) nn+s n+s orv=R=m (102)

Also observe that this inequality holds trivially for n € {0,1}. We then get for the predictive
lower prevision PY(h|m) of any gamble h on A:

Pl (hlm) = minh + P4 (h — min h|m) > minh + Z[h(:ﬁ) — min h]Bh(H{mﬂm)
€A

=minh + Z[h(:c) — min hlp(n, my)
. . My s,1
> minh + Z[h(m) — min h]m = Prpya(hlm),

where the first equality and the first inequality follow from the coherence [P5, P2 and P3]
of P (:|m), the second equality from representation insensitivity [Equation (33)], and the
second inequality from Equation (102). For the converse inequality, observe that the IDMM
inference system ®7,,, is coherent, representation insensitive, and specific by Theorem 21,
clearly has concave surprise, satisfies assumption (76), and therefore dominates the smallest
such inference system. O
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