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1 General introduction

1.1 Beliefs in the classical Savage framework

Beliefs over uncertain future consequences are important determinants of individ-
ual behavior. However, in economic theory the belief formation process is most
of time excluded from the analysis and models since uncertainty is described and
implemented by assuming variants of the prominent Savage (1954) and Bayesian ap-
proach. This underlying idea is to model uncertainty by a grand state space that is
sufficiently rich to describe and resolve all possible sources of uncertainties. It means
that all information, knowledge and past experiences are encoded and reflected in
the definition of the states. In this way the definition and determination of such an
all encompassing state space requires the (immense) cognitive ability to implicitly
come up with some ”perfect” belief and theories about structures and relationships
in the future. However, in many situations states are not naturally given, readily
available or easy to imagine and generate. Basically, often environments do not offer
sufficient (or too complex) information to suggest a ”correct” definition of a grand
state space.

Another cornerstone of the state based approach is the representation of a belief
as an unique probability over the grand state space that is endogenously deduced
from observable behavior of the agents. Such a purely subjective belief does not
explicitly process and incorporate (past) information into a belief formation in an
objective way. More importantly, the approach inherently lacks an explicit descrip-
tion of the formation of the belief and thus does not help an agent to form the
belief that eventually would lead to the behavior. Gilboa et al. (2012) discuss this
issue extensively and nicely summarize it (on p.8) ”... main difficulty with assigning
probability to the Grand State Space is that there is no information on which one
can base the choice of prior beliefs. Any information that one may obtain, and that
may help in the choice of a prior, should be incorporated into the description of the
Grand State Space. This means that the prior on this state has to specify beliefs one
had before obtaining the information in question. Thus, the information may help

one choose posterior beliefs (presumably according to Bayes’s rule), but not prior



1.2 Belief formation in a case based framework of information representation

beliefs.” Consequently, employing the state based approach in modeling uncertainty
induces by definition an impossibility of an explicit belief formation. If the avail-
able information is sufficient to define an all encompassing state space, structurally
a state space precludes a belief formation process that takes into account (no ”re-
maining”) information directly. Thus, in order to allow for an explicit (objective)
belief formation process that enables agents to directly incorporate information into
a belief formation an alternative representation or description of the available infor-
mation and uncertainty is necessary. This applies also to environments that are not
appropriate to translate and condense its information into a ”perfect ” state space
(and thus prevents per se a deduction of a subjective belief a la Savage). Usually,
information can be interpreted as a list or collection of single pieces of past observa-
tions or cases, i.e. so called databases. In the following, we also have in mind that
a database might represent an agent’s memory. In the following we will adopt this
”database or case based”-representation of information and replace the state space
as an information aggregation. This appears especially appropriate for situations in
which the information is not all encompassing as needed for the correct description
of a grand state space. The main advantage of the database representation of in-
formation is that it enables an explicit belief formation that relies on the contained

information.

1.2 Belief formation in a case based framework of

information representation

In contrast to Savage’s state based approach a belief will and cannot be derived
purely subjectively anymore. A belief based on a database needs to explicitly pro-
cess and incorporate factual knowledge, properties and theoretical considerations
provided by the present database. This task appears to be very close to the goal
of statistical inference. However, statistical inference mainly deals with asymptotic
considerations (i.e. sufficiently rich databases), but the focus of our analysis lies
on environments that are mainly characterized by databases that contain insuffi-
ciently rich information (i.e. small or medium sized databases). In particular, we
are concerned with a belief formation process and its behavioral foundation (axiom-
atization) (similar as Billot et al. (Econometrica, 2005)). In contrast to statisti-
cal experiments that usually deal with identical observations which are considered
equally relevant, small or medium sized databases contain limited and heterogenous
information that might be differently relevant. Thus, agents might want to take into

account not only (a few) identical but also partially relevant observations for their



1 General introduction

belief formation. In this sense - differently to statistical experiments - relevance or
similarity measures become important, when data sets contain limited heterogenous
information. The underlying assumption of this idea is the similarity hypothesis,
stating that similar situations/actions induce similar outcomes, e.g. in the spirit of
Hume (1748): ”Reasoning rests on the principle of analogy”.

Case-based Decision Theory (Gilboa and Schmeidler (1995, 2001)) deals with such
a framework in decision theoretic contexts. Billot et al. (2005) can be interpreted
as an adoption of it to belief formation!'. Their axiomatized belief describes a gen-
eralized (subjective) frequentist in which agents assign different similarity weights
to information with different degree of relevance. For a new problem, described
by a vector of properties x, and given a database or memory D of past observa-
tions/cases ¢ = (2/,7”), their belief P over possible outcomes r is represented as a

similarity weighted average of estimates that are induced by the observed cases, i.e.

ZceD 3($7 C)fD<C)PC
2 cep S(x,¢)fp(c)

"BGSS- belief”: P(z,D) = (1.1)
where s(z, ¢) measure the degree of similarity of the problem under consideration x
with the past case ¢ and P¢ is the estimate or prediction over outcomes an agent

derives from observing case c.

1.3 Content of the thesis

The thesis mainly consists of the Chapters 2-4, where each chapter is based on a self
contained article. Each chapter starts with a detailed introduction and motivation
of the particular issue and its relevance for the related existing literature. The three
chapters deal with axiomatizations of different belief formation process in the vein
of BGSS, i.e. (1.1). Their axiomatic belief formation can be seen as a starting point
for this thesis.

Chapter 2% deals with an issue that arises when dealing with small databases that
consist of limited and heterogenous content. As in controlled statistical experiments,
the number of observations may serve as a proxy for its informativeness, precision
or accuracy. Thus, small databases with few or insufficiently many observation of
cases might appear to be relatively imprecise or unreliable and evoke some concerns
about precision. Additional observations of the cases might increase its precision

and reliability:.

'Related also to Gilboa and Schmeidler (2003), Gilboa (2009) and Gilboa et al. (2011).
2Based on Bleile (2014a) ” Cautious Belief Formation”, Working Paper No. 507, Center of Math-
ematical Economics, Bielefeld.



1.3 Content of the thesis

However, not only the precision per se is important for prediction, but also the
related perception and sensation of it in form of confidence and cautiousness (or
anxiety) in evaluating or predicting based on differently precise information. Ells-
berg (1961) (p.657) summarizes the problem as follows: ”What is at issue might
be called the ambiguity [or imprecision| of this information, a quality depending on
the amount, type, reliability, and "unanimity” of information, and giving rise to
ones degree of "confidence” in an estimate of relative likelihoods.” In fact increasing
the number of observations is likely to influence both the forecast made by agent
and his confidence in this forecast, i.e. confidence that the observed frequencies
reflect the actual data-generating process. The more additional confirming evidence
is observed, the less cautious (anxious) and the more confident are the induced esti-
mates. This intuition is in line with approaches in controlled statistical experiments,
in which the set of possible priors shrinks as additional data confirm the evaluation,
as well as with the usual Bayesian updating method, in which additional information
is used to exclude states that have not occurred.

Chapter 2 tackles exactly the issue that additional confirming observations in-
creases precision and reliability of the information, which leads to more confident
and less cautious beliefs. The axiomatized cautious belief formation capture the im-
pact of precision and related cautiousness on the induced belief. The precision and
cautiousness concerns are in particular relevant for small databases with differently
precise pieces of information, for which the belief formation of BGSS is not suitable,
since their axiomatization incorporates some form of irrelevance of growing precision
or insensitivity to additional information. Our axiomatization leads to the following

representation

ZcEC’ S(l’, C)fD(C)Pj(iB
> e (@, ) fp(c)

”Cautious belief”: Pr(z,D) =

where T}, := max.cc fp(c)T and the estimates Pr. reflect the impact of precision
and related feelings of cautiousness and confidence in estimating based on differently

precise pieces of information ¢ in the database, i.e. the estimate based on observing
a case T or L times should differ Py # Ps.

Chapter 3% covers a belief formation process that does not rely on all potentially
available information, but relies only a somehow filtered subset of information. Ev-
idence and insight from psychology, marketing and recent decision theoretic devel-

opments show that individuals want to or are constraint to pay attention to (or

3Based on Bleile (2014b) ”Limited Attention in Case Based Belief Formation”, Working Paper,
Center of Mathematical Economics, Bielefeld.



1 General introduction

recall) only parts of the in principle available information. Unintentional filtering
induced by unawareness, cognitive or psychological limitations (limited attention
span, cognitive overload, etc.) are plausible sources, but also intentional rough
screening heuristic for reasons of cost/effort efficiency are identified as sources in
the literature. We incorporate such a pre-stage of filtering information into the ax-
iomatization of a belief formation and allow for a deviation of the ”full attention”
hypothesis in BGSS and Chapter 2. This two stage approach enables to cover more
realistic and cognitively less demanding belief formation processes, which might, for
instance, be of interest for bounded rational agents or if the databases are inter-
preted as memory and the filtering as a retrieving process. An intuitive special case
of the axiomatized belief formation is the following similarity satisficing principle

(regarding a threshold level of similarity)

> eep 3(T,0) (2,020} P°

”Similarity Satisficing belief”: P(z,D,T") =
2een 8(% ) Lsa0)257)

where s” denotes some appropriate database D specific threshold level and I' repre-
sents the filtering process that selects ((un)intentional) the cases (from the database
or memory D, i.e. I'(D) C D), that meet the filtering criterion, i.e. surpasses the
similarity threshold s”. Such an agent considers only cases in her memory, which
are sufficiently similar and hence relevant for the problem at hand. If one assumes
that those cases are retrieved or recalled first which are most similar to the ac-
tual problem, then the above principle would just take into account the cases that
comes to her mind first and ignore the experiences that were not retrieved quickly
enough. In this vein, the retrieval process stops after some time of brainstorming

about relevant past cases.

Chapter 4* deals with another characteristic of individual information process-
ing. There is a rich literature in cognitive science that shows that human minds
structure, process and store information by grouping (or summarizing) them into
subgroups or categories, rather than by treating the information piece by piece.
Depending on how the categorized information is activated and employed the liter-
ature distinguishes between two main procedures. One approach examines only the
single prices of information within the most appropriate (target) categories for a spe-
cific problem, whereas the information in the other categories are ignored. Another
benchmark approach considers only the summarized representative (prototypical)

information given by each category and ignores the detailed information in each

4Based on Bleile (2014c) ”"Belief Formation based on Categorization”, Working Paper, Center of
Mathematical Economics, Bielefeld.
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1.3 Content of the thesis

category. Both procedures of categorizing information reduce the cognitive effort
and required ability of processing information.

In this chapter we axiomatize belief formation processes based on information
that is categorized according to the two mentioned procedures. For a category
based belief formation we obtain the following representation, which is based only
on the cases of the database that are also in ("target”) categories that are activated

by a specific problem x (i.e. C(z, D)).

ZCEC'(:U,D) S(.QZ', xC)PC
Zceé(x,D) S(Jf, LUC>

”Category based belief”: P(z,D) =

where s measures the degree of similarity.
A prototype based belief only relies on the prototypical estimates PC” on R for each
of the categories {(CP);} that partition database D.

ZZ<L 5(x, CD)
ZlSL 5(x,

where § measures the relevance or similarity of the particular category for the actual

"Prototype based belief”: P(z,D) =

problem. Basically, belief formations based on categorized and thus somehow orga-
nized information might reduce the cognitive effort and simplify the belief formation

process.

Thus far we have just introduced the main content of the thesis and briefly men-
tioned the structure of the framework. However, even though the chapters are closely
related, they still differ in the particular matter and axiomatizations, such that we
postpone the detailed discussion and placement into the relevant literature to the

particular chapters.

11



2 Cautious Belief Formation

Abstract

We provide an axiomatic approach to a belief formation process in an informational
environment characterized by limited, heterogenous and differently precise informa-
tion. For a list of previously observed cases an agent needs to express her belief by
assigning probabilities to possible outcomes. Different numbers of observations of a
particular case give rise to varying precision levels associated to the pieces of infor-
mation. Different precise information affects the cautiousness and confidence with
which agents form estimations. We modify the Concatenation Axiom introduced in
Billot, Gilboa, Samet and Schmeidler (BGSS) (Econometrica, 2005) in a way to cap-
ture the impact of precision and its related perceptional effects, while still keeping
its normative appealing spirit. We obtain a representation of a belief as a weighted
sum of estimates induced by past cases. The estimates are affected by cautiousness
and confidence considerations depending on the precision of the underlying observed
information, which generalizes BGSS. The weights are determined by frequencies of

the observed cases and their similarities with the problem under consideration.

2.1 Introduction and motivation

Beliefs of agents are important ingredients of many economic models dealing with
uncertainties. Belief formation is studied recently in environments with limited and
heterogenous information that are not suitable to be modeled in the widely used
and accepted state space framework of Savage (1954) and Bayes. Lacking a state
space representation of uncertainties an agent needs to form her belief explicitly by
directly incorporating available information.

We axiomatize a belief formation process based on limited, differently relevant and
precise information. Our main axiom modifies the Concatenation axiom in Billot et
al. (2005)(BGSS), which precludes the impact of agents’ perceptions and reactions
to differently precise information. Their axiom says that for any two information
sets the belief induced by their combination can be expressed as a weighted average

of the beliefs induced by each information set separately. The averaging of beliefs

12



2.1 Introduction and motivation

induced by any arbitrary information sets requires a cognitive challenging tradeoff of
identical, but differently precise information contained in the particular information
sets. Our axiom says that agents who care about precision of information can only
average beliefs (in a normatively reasonable way) induced by specific - almost disjoint
- information sets. Thereby, we focus not only on the precision itself, but mainly on
its perception and impact in form of cautiousness and confidence feelings.

The most prominent and often used models to describe and analyze uncertainty in
economic theory are versions of the approach of Savage and Bayes. The fundamental
idea in this approach is to model uncertainty by a grand state space, which is
sufficiently rich to describe and resolve all possible sources of uncertainties. In this
way a state space implicitly incorporates some (perfect) belief and theories about
structures and relationships in the future and thereby requires a large (often un-
achievable) task of imagination and theorization. In addition, insufficient (or too
complex) information may preclude the derivation or definition of a grand state
space. Another principle of the state based approach is the representation of a
belief as an unique probability over the grand state space. In this framework a
purely subjective probability distribution over states can be endogenously deduced
from preferences, which inherently lacks an explicit description of the formation of

the belief that generated the preference.

There is basically only one way to deal with these two difficulties. Sticking to the
grand state space principle, but abandoning the subjective prior approach, would
precludes an direct (objective) assignment of probabilities, since the state space
already encodes all available information. More promising is to give up the repre-
sentation of uncertainties by a state space, when an agent is (cognitive) incapable to
translate information into states or when the information is not all encompassing as
needed for the ”correct” description of a grand state space. Usually in real life, our
information basis can be represented by a list or collection of pieces of information
(databases). Thus, we will replace the state space as an information aggregation by
such a database representation of (actually observed) information (data-points or
recalled cases).

However, a belief based on a database needs to explicitly incorporate factual
objective knowledge, characteristics and theoretical considerations provided by the
present database. In general, belief formation based on a database is very close to
the goal of statistical inference. In contrast to mainly asymptotic considerations in
statistical inference, our focus (as in BGSS and Eichberger and Guerdjikova (2010)

(EG)) lies on behavioral foundations (axiomatizations) of a belief formation and in

1See Gilboa et al. (2012) for extensive discussion of these issues.
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2 Cautious Belief Formation

particular in the analysis of small databases containing differently precise informa-
tion.

Usually statistical experiments are dealing with identical observations that are
equally relevant. However, since small or medium sized databases contain limited
and heterogenous information agents might want to take into account not only (a
few) identical but also partially relevant observations for their belief formation. In
this sense - differently to statistical experiments - relevance or similarity measures
become important for data sets containing limited heterogenous information.

Case-based Decision Theory (Gilboa and Schmeidler (1995, 2001)) deals with
such a framework in decision theoretic contexts. BGSS can be interpreted as an
adoption of it to belief formation.? Their axiomatized belief describes a generalized
(subjective) frequentist, in which agents assign different similarity weights to infor-
mation with different degree of relevance. For a new problem and given a database
of past observations,their belief over possible outcomes is represented as a similarity
weighted average of estimates that are induced by the observed cases.

Their main Concatenation Axiom deals with relationships between databases and
their induced belief. It requires that for a new problem x the belief P (probability
vector over outcomes for x) induced by the combination (concatenation) of any two
databases (DoE), is a weighted average of the belief induced by each single database
(D and resp. E) separately, i.e. for all databases D and E, there exists a A € (0, 1)
such that

P(x,DoE)=AP(z,D)+ (1 — \)P(x,E)

Our paper deals mainly with the modification of this Concatenation Axiom in order
to allow for impacts of precision of information and its induced cautiousness and con-
fidence concerns. Additionally, our precision dependent belief formation is suitable
for small databases, which is only partially possible and reasonable for BGSS.

The Concatenation Axiom shows some irrelevance of growing precision. The belief
induced by a database coincides with the belief induced by arbitrary many repli-
cations of the same database, i.e. P(z,D) = P(x,DT) for all T € N. Growing
precision might not be a concern for sufficiently rich and large databases such that
observing additional identical information will not affect her predictions. However,
for small database, specifically consisting only of one piece of information c, it is un-
reasonable that additional observations do not induce some learning and refinement
of an already "perfect” estimation, i.e. P(x,c’) = P(x,c) for all T.

In this way the Concatenation Axiom implies that one observation carries already

all that can be inferred by arbitrary many confirming observations. Such an in-

2Related also to Gilboa and Schmeidler (2003), Gilboa (2009) and Gilboa et al. (2011).

14



2.1 Introduction and motivation

stantaneous learning in a highly objective (and perfect) way of forecasting appears
to be questionable and un-intuitive. For instance consider a situation, in which an
agent throws a dice once and the figure six results. A guess of the outcome of the
next throw of the dice would differ from the estimation an agent would come up
after observing one million times a six in one million throws of that dice. However,
roughly speaking, the Concatenation Axiom requires that an agent would infer right
after the first dice throw that all sides of the dice show the figure six without any
doubt. A procedure to base the estimation on just one observation appears to be
in-cautious, hazardous (error-prone) and unrealistic and cannot be considered as an
appealing normative advice. In fact, as in controlled statistical experiments, ad-
ditional (identical) confirming observations may serve as a proxy for its increased
informativeness, precision or accuracy, which should be reflected in a dynamic learn-

ing and refinement of the estimations.

In addition, increasing precision might affect estimations through its perception in
form of altered cautiousness (to wrongly eliminate some outcomes) with which the
forecast is made and her changed confidence in this forecast.? If information becomes
more precise, an agent’s decreased cautiousness and increased confidence might allow
to specify their prediction more narrowly. After receiving substantial information of
disconfirming evidence that makes some outcomes negligible, agents (even) might
want to eliminate some (not observed) outcomes. More general, differently precise
information should lead to different induced beliefs, i.e. P(x,cT) # P(x,cF) for
different L,T € N, which contradicts the Concatenation Axiom and requires a

modification in order to incorporate precision and cautiousness issues.

In general, the Concatenation Axiom is stated for any kind of databases, but (with
regard to potentially induced different precise estimations) it is most appealing and
appropriate as a normative advice for disjoint databases. For disjoint databases,
the belief induced by the concatenated database can be quite intuitively interpreted
as an average of the beliefs induced by the single databases separately, since no
pieces of information appear in different precision in different databases and cause
conflicting considerations. The average is determined solely by a weighting of the

relevances of the concatenating databases.

However, we will explain that for unrestricted non-disjoint databases - with com-
mon, but differently precise pieces of information - the normative appealing spirit of

averaging beliefs conflicts with a simultaneous care about precision and cautiousness

3Ellsberg (1961) (p.657): "What is at issue might be called the ambiguity of this information, a
quality depending on the amount, type, reliability, and ”unanimity” of information, and giving
rise to ones degree of ”confidence” in an estimate of relative likelihoods.”

15



2 Cautious Belief Formation

in the belief formation.*

A first obvious modification deals with the issue that a precision related Concate-
nation Axiom cannot be formulated for pure (non-disjoint) concatenating database,
but would require additional information, such that averaging occurs according to
P(Do E) = AP(D¥*)+ (1 — A\)P(E™) for some appropriate L, T € N (which we will
specify later). For example consider the concatenation of the easiest non-disjoint
databases (¢7) = (¢®)o(c?). By definition, the beliefs induced by combining databases
(e.g. (c),(c)) are based on less precise pieces of information (and hence also their
weighted average) than the belief based on the combined database (e.g. (c¢7)). Thus,
for a cautious agent, who cares about precisions, the information contained in con-
catenating databases may not be sufficient for a belief formation according to the

(unmodified) Concatenation Axiom.?

However, in general there are no replications T and L, such that each single pieces
of information is captured in equal precision in all involved databases Do E, DT and
E”. These differences in precision of single common cases complicate the averaging
of the beliefs. Determining the average weight cannot anymore be interpreted as
normatively appealing comparison based solely on relative relevance of the particular
databases. Rather, it is a result of a cognitive challenging (impossible) interwoven
tradeoff, balancing and aggregation of different emphasis an agent assigns to sin-
gle pieces of differently precise information in the various database. Moreover, the
average weight might need to reflect also the compensation for failures of the ”com-

Y

pulsory” incorporation (by the axiom) of relative more imprecise estimations (based
on the same kind of information) contained in some beliefs than in others. There-
fore, a (modified) Concatenation Axiom allowing for all (replicated) databases leads
to the serious problem that agents might be cognitively overstrained by averaging

beliefs based on several identical information with different precision levels.®

As a consequence, we propose a restriction on databases to be admissible for our
modified version of the Concatenation Axiom, such that it sustains its normative
appealing spirit. Our anchored Concatenation Axiom restricts databases to a specific
(almost disjoint) structure consisting of only two cases, where only exactly one

of these cases (the anchor) appears in all involved databases and all other cases

4Stating the axiom only in terms of disjoint databases does not offer sufficient structure to derive
a belief formation.

5This problematic issue does not appear in the Concatenation Axiom of BGSS, where precision
is (endogenously) neglected and one appearance of a case captures already all information.

6 Alternatively, if one would stick to general non-disjoint databases, then the only way to ”unify”
the differently precise information in all involved databases is given by assuming ad hoc some
arbitrary (imagined) level of precision, according to which all cases are evaluated independent
of their actual observation. This will be discussed in detail in Section 2.5 and 2.7.2.
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2.1 Introduction and motivation

appear only in one database. The main feature is that this single common (anchor)
piece of information is contained in all involved databases in equal precision. This
enables an easy averaging of beliefs without cognitively demanding compromising
between estimations induced by differently precise observations. In addition, the
equal appearance of the anchor case in all involved databases intuitively allows to
"neglect” its effect in determining the average weights and to compare only the
relative importance of the pieces of information that appear only in exactly one
of the involved databases. This facilitates a very straightforward way to find the
average weights for the beliefs - almost in the spirit of averaging beliefs induced by

disjoint (singleton) databases or distinct cases.

In order to take into account the precision of beliefs induced by databases, our
agent focusses on the most precise and hence reliable information in the database.
Since it is impossible to capture all information in its actual precision level perfectly
in a non-disjoint combination of databases (as explained above), our agents require
to cover at least the most precise information objectively in her belief. Consequently,
our axiom requires that there exists no distortion of the most reliable information
in the process of averaging beliefs. To achieve this, the precision of the most reliable
information in the concatenated database must be conveyed by the single beliefs
induced by the corresponding admissible (sufficiently replicated) databases used for

the concatenation.

Besides BGSS, the closest work to ours is the axiomatization of multi-prior be-
liefs in Eichberger and Guerdjikova (2010) (EG) ”Case based belief formation under
ambiguity”. Their extension of the framework of BGSS aims to formalize two kinds
of ambiguity caused by insufficient information (vanishing ambiguity) and irrelevant
information (persistent ambiguity). The focus in their paper lies predominantly on
the introduction of a multi-prior setup for an information environment with persis-
tent ambiguity. Whereas our work focuses on the analysis of precision in the sense of
vanishing ambiguity (imprecision) and related cautiousness in a single prior belief.
EG’s modification of the Concatenation Axiom of BGSS is adequate to specify how
beliefs over outcomes change in response to additional information and tackles also
the mentioned drawback of BGSS regarding irrelevance of growing precision of in-
formation. Different to our work, their modification reflects the idea of ”controlling
for the ambiguity ” (p.4) (precision) by restricting the involved databases to equal
length. However, as discussed above controlling for precision by equal lengths of
the involved databases is not sufficient to control for different precise single pieces
of information contained in these databases. As a direct consequence, EG’s modifi-

cation of the Concatenation Axiom assumes (and does not prevent) that agents are
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2 Cautious Belief Formation

(cognitively) able to aggregate and balance information of the same kind, but in dif-
ferent precision. In contrast, the focus of our paper lies exactly on the issue to avoid
such cognitive challenging or even impossible tradeoffs in the aggregation of differ-
ently precise information and to keep the spirit of a normatively reasonable and easy
averaging procedure. Moreover, in general EG’s axiom implies that no estimation
is based on objectively present information in the database, which would require
(in our context) that agents need to imagine the (true) cautiousness feeling evoked
by a precision level that is imagined as well. In contrast, our approach implicitly
requires only the ability to estimate based on already experienced cautiousness and
thus avoids imaginations of unexperienced feelings of cautiousness.

In sum, adopting parts of the axiomatization of BGSS and EG, our anchored
Concatenation Axiom will allow for a structural similar belief representation as in
BGSS and EG. All three axiomatized representations differ in the way, how they
treat information of different qualities of precision. BGSS does not take into account
precision at all and EG captures the effect of (persistent) ambiguous information by
a set of beliefs, which are based on precision-dependent estimates, where the level
of (imagined) precision is according to the total amount of information contained
in the entire database. In our representation the cautiousness related estimates are
based on the level of precision and cautiousness induced by the most precise infor-
mation in the database. More precisely, for a new problem and a given database,
its induced belief can be represented as a similarity-weighted average of cautious
estimates induced by past observations in the database. Thereby the similarities

and estimates are endogenously derived.

The remainder of the chapter is organized as follows. In the next section we will
outline the model and in Section 2.3 we develop an example to illustrate reason-
able belief formations and our leading example. Then, the axioms are stated and
discussed, where the central Section 2.4.2 points out the drawbacks and necessary
modification of the Concatenation Axiom to incorporate precision, which eventually
leads to our version of the Concatenation Axiom. Section 2.5 presents and discusses
the main representation result and gives a rough sketch of the main part of the proof.
Section 2.6 concludes the chapter and Section 2.7 deals with an objective belief, the
relationship to EG’s Concatenation Axiom and an alternative axiomatization of a

very cautious belief. The last two sections contain both directions of the proof.
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2.2 The model

2.2 The model

2.2.1 Database framework

A basic case ¢ = (z,7) consists of a description of the environment or problem
z € X and an outcome r € R, where X = X' x X2 x .... x X" is a finite set of all
characteristics of the environment, in which X7 denotes the set of possible values
features j can take. R denotes a finite set of potential outcomes, R = {r!, ... r"}.
The set C' C X X R consists of all m > 3 basic cases, i.e. |C|=m.

A database D is a sequence or list of basic cases ¢ € . The set of databases D
consisting of L cases, i.e. D = ((z1,71), ..., (xr,7z)) is denoted by C* and the set
of all databases by C* = Ur>1CF. The description of databases as sequence of po-
tentially identical cases allows multiple observation of an identical case to be taken
into account and treated as an additional source of information.

For a database D € C*, fp(c) denotes the relative frequency of case ¢ € C in
databases D.

The concatenation of two databases D = (c1, ¢a, ...,cr) € Ctand E = (), ¢y, ..., dp) €
CT is denoted by Do E € Ct*T and is defined by Do E := (cy, ¢y, ..., L, ¢y, Cyy ooy ).
In the following we will abbreviate the concatenation or replication of L-times the

L

identical databases D by D¥. Specifically, ¢ represents a database consisting of

L-times case c.

Definition 2.1
(i) The €- relation on databases is defined by c € D if fp(c) > 0.
(ii) Two databases D and E are disjoint if for allc € C: ¢ € D if and only if c ¢ E.

2.2.2 Induced beliefs

For a finite set S, A(S) denotes the simplex of probability vectors over S and for
n € N A" denotes the simplex over the set {1,2,...,n}.

An agent will form a belief over the outcomes P(z, D) € A(R) for a certain problem
characterized by x € X using her information captured in a database D € C*, i.e.
P : X x C* — A(R). The restriction to databases of length T is denoted by
Pr(z,D) € A(R) for D € CT and Pr: X x CT — A(R).

One can interpret Pr(z, D) as the belief over outcomes induced by database D € CT
(given environment or problem x € X).

Throughout the paper the problem z is fixed, therefore x is often suppressed in the
following, i.e. P(z, D)= P(D).
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2 Cautious Belief Formation

2.3 Motivating examples

2.3.1 Exemplary development of a belief formation process

A doctor needs to evaluate the likelihood of potential outcomes of a specific treat-
ment.

Let a patient be described by a vector of characteristics x € X, where X might con-
sist of measures of characteristics like age, gender, weight, height, blood pressure,
temperature, blood count, vital signs, medical history, drug tolerability, etc.

The doctor might have observed several outcomes of the treatment in the past, which
are collected in a set R, containing for instance feels better /worse/unchanged, mea-
sures of side effects like headaches, sleepy, depressive, passed out, giddy, dizzy, etc.
The doctor has acquired some working experience prescribing this treatment and/or
has access to some medical record of this treatment. Thus, she is able to base her
judgement on past experience or observations collected in a database D = (¢, ..., cr),
where in each case ¢; the characteristic and the observable outcome of patient i is
recorded, i.e. ¢; = (x;,7r;). It means that a patient characterized by x; € X re-
sponded to the treatment with outcome r; € R.

Given the characteristics x € X of a current patient and her available information
and experience in form of a database D, the doctor derives a probabilistic belief
P(z,D) € A(R) over potential outcomes in R for this treatment. How can she do
the prediction?

a) A first intuitive approach for the prediction is to consider only patients in the
database that are identical (with respect to the measured characteristics) with the
present patient. Based on this sub-sample D, := (¢ € D|c = (z,r;) for somer; €
R) C D the doctor might derive a prediction over potential outcomes via empirical

frequencies:
ECJ' €D, 5Tj
1Da|

where d; is the probability vector on R with mass 1 on the outcome r; € R. Of

P(z,D) =

course this belief formation process is not practical if the sub-sample D, contains
only few observations, i.e. if there are only a couple of identical (with respect to the

measured characteristics) patients.

b) To overcome this problem of limited or insufficiently many identical observa-
tions, the doctor might include into her prediction procedure not only identical,

but in addition also similar patients. Suppose that she is able to judge how similar
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2.3 Motivating examples

patients are, i.e. she is able to employ a function s : X x X — R, where s(z, x;)
measures the degree of similarity between patients characterized by x; and z;. Her

belief formation process might run in a ”subjective” frequentist way:

ZCJ'ED S(x7 Ij)arj
2 esen 8(@,25)

P(x,D) =

c¢) In addition, the doctor might infer from a case ¢; = (x;,7;) € X x R not only
a point prediction on 9,,, but a more general induced estimation P% .” For instance,
she attaches also some likelihood to outcomes that are closely or reasonably related

to the observed r;:

2ocep S(@, ;) P°
2een S, 7))

This belief formation process is axiomatized in BGSS.

P(z,D) = (2.1)

d) Furthermore, the doctor might process the past observations not in an one by
one estimation problem as in the approaches above, but might want to sample the
database beforehand according to identical cases (i.e. patient-outcome pair). Many
observations of the same case might foster some learning and improved understand-
ing of the relationship between characteristics of a patient and corresponding out-
comes. Additional confirming observations should affect the judgment of a cautious
doctor as well by an increased confidence and decreased cautiousness in predicting
the observed outcome. In this way, the doctor might generate different predictions
depending on how many observations of this case are present in the database.

For instance, suppose there is a generally observed side-effect of many different
medicines, then the doctor might still assign a positive likelihood to this side-effect
if the doctor has observed just a few (identical) patients not suffering from this side
effect under the specific treatment. However, if the treatment is well established and
many identical patients did not feel this side-effect, then she might not consider this
side-effect as a potential hazard anymore. This intuition can be modeled by incor-
porating precision into a cautious belief formation, where the number of observation

can be interpreted as a proxy for the precision of the information:

ZceD 3(377 C)fD(C>PIC“D(c)
> eep (@ c)fplc)
"More precisely, actually P¢ = P(&€) represents an (conditional) estimate induced by ¢ given the

current patient x, i.e. if c¢ is totally unrelated to the current patient, it might be that P¢ is
uniform on R.

P(z,D) =
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2 Cautious Belief Formation

where Pf represents the precision dependent estimation on R induced by L obser-
vation of case ¢, where usually P§ # Pf for T # L. Hence Tp(c) € N denotes a
database dependent precision (and induced cautiousness) level, according to which
a doctor will estimate the outcomes based on observation of case c.

Interestingly, the already mentioned belief formations of BGSS and EG are special
cases of this representation:
(i) BGSS’s axiomatization implies Tph(c) = oco. Hence, their agent learns instanta-
neously the ”correct” distribution PS, = P¢ induced by case ¢ (see representation

(2.1)).

(ii) The axiomatic derivation in EG results in Tp(c) =T for D € C7.

(e) A natural interpretation of Tp(c) in (d) is Tp(c) = fp(c)T for allc € D € C7:

ZCED S<:U7 c)fD(C)P‘fCD(C)T

Pr(z, D) = >eep Sl ) fple)

(2.2)

where fp(c)T gives the actual number of appearance of case ¢ in database D. Such
a representation is very objective by incorporating only actually available and ob-
served information. This representation is (unfortunately) irreconcilable (see Section
2.7.1) with any generalized version of a Concatenation Axiom (in the sense of not
only combining disjoint databases), which we consider as an important behavioral
component of a belief formation.

However, unless its appealing objective character, this belief formation might en-
tail the following problem. Obviously, the belief employs (in general) an aggregation
of estimates (PfCD(C)T)CE p based on different precise single pieces of information c,
which carry different deficits in their ”correctness” of prediction. This might over-
complicate the evaluation since the doctor might want to accompany the fact that
some of her predictions are more reliable than others and should receive more weight
independent from the similarity and frequency weighting. In this sense, she might
want to include an additional weighting scheme taking into account the precision or

reliability of the estimates.®

f) However, a doctor might not only rely on objective precisions of the estimations,
but also wants to capture her perception of its precision, i.e. the influence of how

cautious and confident she feels while estimating Pr_ (- 1N this vein, we prefer a

8 Alternatively, these considerations might be incorporated into the weights s, which prevents an
desirable independent interpretation in similarity terms and requires the function s to depend
also on the databases directly, which will be precluded (later) by our Constant Similarity Axiom.
In addition, it conflicts with the easy averaging intuition
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2.3 Motivating examples

different choice for Tp(c) in order to take the doctor’s cautiousness and confidence
concerns into account.

The underlying intuition is that she does not change or adjust constantly her cau-
tiousness and confidence attitude in response to each differently precise information.
Rather, after the doctor has experienced an (extreme) level of cautiousness and con-
fidence by estimating based on objectively available (unimagined) information, she
might keep it and adopt it to other estimations. Basically she attained an ”appro-
priate” sustainable attitude regarding her cautiousness sensation or learned how to
confidently estimate sufficiently cautious and applies it to all remaining estimations.
This also overcomes the mentioned potential disfavor of aggregating different precise
estimations emerging in the objective belief formation (2.2).

The most intuitive choices for a cautiousness attitude are the two extreme percep-
tions, i.e. the experience of minimal and maximal cautiousness, which are induced
by the most or least precise information in the database. A minimal cautious at-
titude might distract from any other more cautious perceptions, since the doctor
learned how to handle information in an appropriate cautious way. A maximal cau-
tious agent might be intimidated by the largest experienced imprecision and can
not be convinced to leave her skeptical mood to adopt a more confident attitude for
estimating according to the available more accurate information.

The following cautious belief formation captures these ideas (for a attitude of

minimal cautiousness) and will be axiomatized in this chapter:

ZcED 8(1‘7 C)]PD(C)PICWJ,5
> een sz, ) fple)

PT([E, D) =

where T7, := max.cc fp(c)T.

The above examples were intended to clarify the framework and demonstrate
a meaningful evolution of a belief formation taking into account subjective and
precision concerns. However, in the following we will use a reduced version as our

leading example.

2.3.2 Leading example

Assume that the patients are not anymore described by a large vector of their
personal characteristics, but just according to their symptoms or diagnosed sickness.
In particular, each patient is characterized by just a single symptom and the outcome
of a treatment is only roughly distinguishable between w(orse), n(ot affected) or
b(etter), i.e. R = {w,n,b}.

So basically a doctor has prescribed a certain medicine to many patients with
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2 Cautious Belief Formation

different symptoms or illnesses and observed the outcome of this drug, i.e. a case
is described as a pair of symptom and outcome of the treatment. For example the
drug improved the state of patients suffering from sore throat, but was harmful for

most patients suffering from stomach problems.

2.4 Axioms

In the first part we state modified versions of the axioms in BGSS that we will
adopt. The second main part discusses in detail the Concatenation Axiom and its
drawbacks in a precision dependent framework that eventually leads to our new

anchored Concatenation Axiom.

2.4.1 Retained axioms

Invariance Axiom
For every T' > 1, every database D = (cy,...,cy) € CT and any permutation 7 on
{1,...,T}

Pr((c1,...,cr)) = Pr((crqy, - Cr(ry))-

The Invariance Axiom states that an induced belief over outcomes depends only
on the content of that database and is insensitive to the sequence or order in which
data arrives.

However, the order in which information is provided or obtained can influence
the judgment strongly and may carry information by itself (e.g. see Rubinstein and
Salant (2006)). For example, first and last impressions or reference effect demon-
strate the different impacts of cases depending on their positions. One way to cope
with these order effects is to describe the cases informative enough. E.g. if one
wants to capture the position or time of occurrence of a case in a database, one
could implement this information into the description of the cases itself. Put dif-
ferently, if one challenges the Invariance Axiom, then there must be some criteria
which distinguish the cases at different positions in a database and paying attention
explicitly to this difference in the description of the cases may lead the agent to
reconcile with the invariance assumption.

Hence, we will base our belief formation only on the content of the database D,

which allows to characterize each D by the pair of its frequency vector and length.

Learning Axiom

For every ¢ € C the limit of (Pr(c"))r exists, i.e. the sequence converges to P .
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2.4 Axioms

In the context of precision dependent beliefs the axiom can be interpreted as a stable
learning process. For instance, an agent starts out with an initial prior (like a uni-
form as in the principle of insufficient reason) that will be adjusted in the process of
observing additional information. Increasing the number of confirming observations
will lead to vanishing imprecision and cautiousness in estimating. Basically, the es-
timate will become less sensitive to new additional confirming information and will
eventually converge to a limit distribution. This intuition is as in Bayesian updating,
where additional (confirming) information may render the prior beliefs more precise,
but differently to Bayesian updating the support might change here. For instance,
it is reasonable to assume that finally the agent will learn the true distribution of a
case ¢ = (z,r) € C given the problem z € X, i.e. limp_,o, P(z,c’) = §,, where §, is
again the Dirac measure. However, for a problem z’ # x € X the belief might just
converge to a general uniform-like distribution on R, since the observed case might
not give relevant information for the current problem at all. Hence, we require only

that a limit estimation exists.

Another intuition, that we mentioned already, runs as follows. T many observa-
tions a case ¢ = (z, ) might not make a cautious agent feel confident to reliably rule
out a non-observed outcomes completely, but she wants to assign at least some pos-
itive likelihood to it, i.e. Pr((z,r)T)(r') > 0. However, observing further confirming
cases might carry sufficient evidence, such that an agent would feel confident not to
make a mistake or act incautious in excluding some outcomes, i.e. Pr((z,r)X) (") =0
for L > T.

Alternatively, one can apply a (accordingly adjusted) learning procedure as in
Epstein and Schneider (2007), where an agent might start out with a uniform esti-
mation and after observing new information keep only the most plausible estimates.
Plausible estimations in their sense are those that survive a maximum likelihood test
(according to some strictness parameter, which might correspond with a cautious-
ness measure in our setup) against the belief that best explains the observations,

l.e. the Dirac measure on the observed outcome.

Diversity Axiom
There exist T* € N, such that for all T > T™, no three of { Pr(c!)}.cc are collinear.

From a technical point of view this axiom allows to derive an unique similarity
function, but it also carries an appealing intuition. Roughly it states that sufficiently
many observations induce always estimations that are informative (or diverse) in

the sense that no combination of two other sufficiently often observed cases can
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2 Cautious Belief Formation

deliver the same estimation. Hence, no sufficiently precise case can be "replaced”
by sufficient observations of two other cases in this sense. The reason to base the
diversity of induced estimation on a precision threshold 7™ is the following. In order
to derive unique similarity values one could also require non-collinearity for every
value of T, but this would exclude learning as mentioned in the description of the
Learning Axiom. If an agent would start out with an uniform-like prior for databases
containing few observations, it might happen that different cases induce very similar
estimations, which are likely to be collinear. The axiom just rules out that after a

sufficient learning period any three estimations are still collinear.

2.4.2 Different versions of the Concatenation Axiom

Concatenation Axiom of BGSS

For every database D, E € C* there exists some A € (0,1) such that:
P(D o E) = AP(D) + (1 — \)P(E).

In the following we will call the database that emerges from concatenations of other
databases the combined or concatenated database, whereas the databases used
for the concatenation will be called combining or concatenating databases. We

call the weights A, (1 — \) average weights.

The Concatenation Axiom states that the belief induced by a combined database is
a weighted average of the beliefs induced by its combining databases. It captures
the idea that a belief based on the combined database cannot lie outside the interval
spanned by the beliefs induced by each combining database separately. Intuitively
it can be interpreted in the following way (from an exclusion point of view). If the
information in any database induces an belief that does not exclude an outcome r,
then the outcome r cannot be excluded by the belief induced by the combination
of all these databases.” Alternatively, if a certain conclusion is reached given two
databases, the same conclusion should be reached given their union.

The normatively appealing spirit of the axiom is that the average weights are
determined by relative relevances or importance of the combining databases for its
combination.

As already mentioned, the Concatenation Axiom implies an irrelevance of growing

precision or insensitivity to additional information in the beliefs, i.e. P(D) = P(D?%)

90f course the axiom is stronger in the sense that it not only requires that the probability of
such an r is positive, but it should lie between the minimal and maximal assigned probabilities
induced by the combining databases.
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for all D € C* and Z € N, which might be appropriate for sufficiently rich and large
databases. However, already BGSS admit that it ”... might be unreasonable when
the entire database is very small ....” (BGSS (2005), p. 1129).!° Indeed, the axiom
induces some sort of perfect objectivity and instantaneously learning. Estimation
based on one observation ¢ = (z,7) needs to coincide with the estimation induced by
arbitrarily many observation, which can be identified in some sense with the ”true”
limiting distribution, i.e. P(z,(z,r)) = P(x, (x,r)*®). For our leading example it
would mean that a doctor would predict after one unsuccessful treatment of a sore
throat that this treatment is worthless for (identical) patients suffering from sore
throat. However, this appears very unrealistic and un-intuitive, since a database
¢ = (wx,r) might be considered more imprecise and might induce a more cautious
belief than ¢!’ = (x.r)T for sufficiently many observations T, i.e. P(c) # P(c?).

In order to incorporate precision and cautiousness aspects into the belief formation
process, the Concatenation Axiom needs to be modified in various ways to maintain
its normative appeal in a modified framework.

For this purpose an immediate modification concerns the issue that an agents can
not rely on beliefs induced by the concatenating databases directly, but requires

appropriately replicated concatenating database!!, i.e.
P(Do E) = AP(D") + (1 — \)P(E") for appropriate T, L € N (2.3)

The reason for this is that the information contained in non-disjoint concatenat-
ing databases appears by definition in less precision as in their concatenation, e.g.
consider ¢/ = ¢Z o ¢?. However, for a cautious agent caring about precision,
P(c?)(r) > 0 does not necessarily imply P(c*#)(r) > 0. For example our doc-
tor might not want to rule out a successful treatment of a coughing agent after
observing 20 or 30 unsuccessful treatments according to her perceived cautiousness,
ie. P(cT)(r) > 0 for T = 20,30. However, the combined information of 50 un-
successful treatments on coughs might make her feel confident and convinced to
evaluate the treatment as useless for curing a cough without violating her cautious-
ness feeling, i.e. P(c®)(r) = 0. Thus, non-disjoint concatenating databases do not
carry sufficient information to capture refinements of a cautious belief implied by
the concatenated database and as stated in (2.3) more precise (i.e. appropriately

replicated) concatenating information is required.

From this perspective, our modification can be interpreted as an extension of BGSS to derive a
belief formation also for relatively small databases, which is only partially possible and reason-
able given their Concatenation Axiom.

' This problem emerges only if the databases are non-disjoint. However, to allow only disjoint
databases in the Concatenation Axiom does not offer enough structure to derive a belief.

27
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Furthermore, in general there exist no replications T and L that ensure that
each case in D o E is captured in identical precision for unrestricted non-disjoint
DT and E*.*2 Depending on its precision the same case might induce differently
cautious estimations. This leads to the difficulties that agents need to balance the
differently cautious estimations induced by the same case appearing in different
precisions in the replicated concatenating databases. Such a compromising between
estimates is necessary for all cases that are observed in more than one database.
For instance, our doctor compares the (replicated) databases D* = (cf,c$5, c¢3) and
E? = (c}, 5, c2) (and eventually average its induced beliefs), where each (replicated)
database contains differently many observations of harmfully treated colds ¢y (6 vs.
8), neutrally treated colds ¢z (4 vs. 2) and at least the successfully treated sore
throats ¢; are observed identically often (4 vs. 4) (by replicating D and E, with
the focus on unifying according to ¢1). Hence each induced beliefs rely on different
precision with regard to observations of cases ¢ and ¢3. How could an objective
doctor compare and average the differently precise information incorporated in these
databases? Intuitively, the doctor should use the most precise available information
contained in these databases. Information ¢, is contained in the belief induced by
E? in a more precise fashion than in database D? and hence the doctor would like
to rely predominately on (i.e. assign high weight to) E? regarding c, (since Pg? vs
P§?) and to ignore the less precise estimation wrt. ¢y in D?. However, the opposite
is true for the precision of information ¢z, for which she relies predominately on D?
and ignores EZ2.

Anyway, such a reasonable behavior is not admissible in any version of a Concate-
nation Axiom, in which an agent is forced to assign exactly one (non-zero) average
weight to the beliefs induced by the entire databases D? and E? and not many
different weights to the estimates induced by the single pieces of information con-
tained in the databases.!® In order to reach one "aggregated” average weight, these
single weights would need to be balanced, traded off and aggregated somehow. In
particular, since the beliefs induced by D? and E? contain induced estimates that
are too imprecise and cautious in comparison to other available ones, our doctor
needs to offset and capture these imprecisions and mistakes by adjusting the aver-
age weights accordingly. However, a determination of the average weight as a result

of difficult balancing and interwoven compromising appears to be even in this easy

12This follows from the general non-existence of solutions T, L to the system of equations resulting
from fp(c)|D|T € {0, fpor(c)|D o E|} and fr(c)|E|L € {0, fpor(c)|D o E|} for all c€ Do E.

3However, this potential cognitive difficulties are not an issue in the way the Concatenation Axiom
of BGSS processes information, where information is additive in the sense that L observations
in one database and T observations in another is equivalent to observing 7'+ L. Since one
observation caries all information.
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example rather cognitively challenging and becomes impossible for more complex
(decompositions of) databases. Further and most importantly, it conflicts with the
normatively appealing spirit of the Concatenation Axiom to average beliefs by an

easy comparison of relevances of the particular underlying databases.

Our modification of the Concatenation Axiom will deal with this problem by re-
stricting it to specifically structured database such that balancing and compromising
due to differently precise information is avoided and the cognitively simple averaging

intuition sustains.

However, interestingly, following the idea of a Concatenation Axiom that still al-
lows for unrestricted non-disjoint concatenating databases would eventually arrive
at an (not yet given) intuition and explanation for the modification of the Con-
catenation Axiom followed in EG. The basic idea is that agents tackle the immense
compromising considerations of different cautious estimations by assuming or choos-
ing a common arbitrary level of precision, according to which all cases are estimated
- independent of their true objective precision. Since objective or imagined preci-
sions might evoke different feelings of cautiousness such an approach would interfere
with our purpose to seriously take into account objective precision and its related
concerns. A more detailed discussion on that and on EG’s modification can be found
in Section 2.7.2.

Anchored Concatenation Axiom

The above discussion shows that a Concatenation Axiom for unrestricted non-
disjoint concatenating databases might destroy the underlying normatively appeal-
ing idea of an easy averaging, when agents care about precision and its perceptional
consequences. In order to keep the normative appealing spirit, we will restrict the
involved databases to a specific reasonable structure. These databases will contain
sufficiently precise information (in the sense of (2.3)) and allow an cognitively easy
averaging. We have seen that an agent will run into a difficult balancing process
to determine the average weights when she is faced with concatenating databases
containing common cases. For this reason, our anchored databases are as disjoint
as possible, but still sharing a specific (exploitable) structure to facilitate an easy
comparison (and in the end a straightforward averaging of its induced beliefs). In
particular, the anchored databases consist of only two different cases, where all
anchored databases admissible for the concatenation contain a common anchor (ref-

erence) case with identical frequency and one additional mutually different case in
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2 Cautious Belief Formation

cach of the databases.!* Apart from the desire to employ databases that are almost
disjoint, their structure is also driven by the general observation that agents can
compare items easier if they consist of less features (here: only two) and if they
contain common features in the same fashion as a reference (here: anchor case).

Recall that m € N denotes the number of basic cases, i.e. |C| =m.

Definition 2.2
Letk €10,1] and T; € N be s.th. kT; € N forall1 <j <mandletT =% ... T;.
Let ¢;,c; € C forall j #i<m
(i) For all j #i < m a database D (k,T;) € CT defined by
Di(kT): = (¢ "".d")

is called an anchored database of length T; with non-anchor case c; (for all
j # 1) and anchor (case) c;, which appears in the database with frequency k.
(ii) An anchored chain F € CT (wrt. to case c;) is defined as a concatenation of
anchored databases D} (k,T;) € C% for all j # i (with common anchor case ¢; € C)

F = 0jsicmDI(k, Tj) = (97 0Tt T 0T =T
Note hat not all databases can be interpreted as an anchored chain, since it requires
to be a result of a concatenation of specifically structured anchored databases.

In order to illustrate the anchor-framework, we use our leading example of a doc-
tor that forms a belief over the outcomes of a treatment -worse, no effect, better-
{w,n, b}.

For our doctor anchored databases and chains might look as follows. Each involved
(anchored) database consist of only two different cases (patient groups or symptom-
outcome pairs), where one of these groups (the anchor case) needs to be observed
in all involved database, e.g. patients with a successful treatment (b) of their cough
(¢) might be the anchor group (i.e. ¢; = (¢,b)). The other patient group observed
in each database is different in all involved databases, for instance the different non-
anchor groups might be patients with a neutral treatment (n) of their sore throats
(st) (i.e. ¢ = (st,n)) or stomachache problems (i.e. ¢ = (s,n)) or harmful treat-
ment (w) of patients suffering from sore throats (st) (i.e. ¢4y = (st,w)).

To simplify the comparison of the databases (by providing a systematical structural
guideline) the anchored database contain the (anchor) group ¢; in a specific propor-

tion k (e.g. k = %) of the databases’ total length. E.g. each database consisting of

14In some sense, one can interpret the restriction to such database by agents feeling to be cogni-
tively skilled or capable to confidently compare only such easily structured databases.
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2.4 Axioms

two thirds of successfully treated coughing patients and one third of patients with

any other mutually different (symptom,outcome)-pair.

e For example a anchored database consists of 20 successfully treated coughs
(i.e. 1) and 10 neutrally treated sore throats (i.e. ci?), which results in the
anchored database with 30 patients D3(%,30) = (¢i°, ¢3°).

e Another database might contain 40 successfully treated coughs (i.e. ¢{°) and 20
neutrally treated stomachaches (i.e. ¢3°), i.e. anchored database D$(2,60) =

(¢1°, 3%) with 60 patients.

e Another anchored database consist of 16 successfully and 8 harmfully treated

coughs (i.e. ¢i® and ), i.e. Df(3,24) = (c{®, ¢}) with 24 patients.

The corresponding anchored chain based on D? (3,T;) (for j = 2,..,4 and T, =
30,73 = 60, Ty = 24 and T := Y7 ,T; = 114) reads F' = o!_,D{(3,T)) =
(e, 3, e3ch).

However, within the anchor structure the comparison of the almost disjoint an-
chored databases (D} (k,T})),» is still not directly straightforward, since the pre-
cision of the anchor case ¢; in each of the database varies with the corresponding
lengths T}, i.e. ¢; is contained in DJ(k,T};) in the amount of k7. In our leading
example reflected by the different numbers of successfully treated coughing patients.
These difference in the precision would again cause the already extensively discussed
difficulties in determining the average weights. In order to avoid this problem and
as well to respond to the issue of insufficiently precise information in non-disjoint
concatenating database (see equation (2.3) and its derivation), we need to replicate
some of the anchored database to attain a common level of precision for the anchor
case. Due to the identical structure of the databases, enforcing a common precision
for anchor case is equivalent to obtain a specific common length L for all involved
anchored databases.'> More precisely, for an anchored chain F' of (D! (k,T}));zi<m
a belief induced by F should rely on an average of the beliefs induced by anchored
databases (D! (k, L));zi<m. Obviously, this enables an agent to easily compare the
involved databases Df (k, L) since their only common case -the anchor case ¢; - ap-
pears in identical amounts kL in all databases. Therefore, in comparing the anchored
database (and determining the average weights) the agent can concentrate on the

single and mutually different non-anchor cases.

15This seem to be close to the EG approach in fixing the lengths of the databases. However,
here it is a consequence of fixing a common precision for a single case. The two approaches
use different incompatible restrictions on the databases involved in the modifications of the
Concatenation Axiom.

31



2 Cautious Belief Formation

It remains to specify and motivate a choice for a common precision level of the
anchor case and (indirect) the common length L. We will introduce it in close rela-
tionship to our notion of the precision of an induced belief. As already discussed in
general for non-disjoint databases in the last section (see discussion after equation
(2.3)), there exists no replication for anchored concatenating databases, such that
all single cases appear in equally precision in (Df (k,L))jzi<m and in the related an-
chored chain F = o<, D} (K, T;).'® Obviously, this leaves the freedom to reason
for a specific piece of information that should be captured in equal precision in all
involved induced beliefs. A very intuitive (and from our point of view most reason-
able) choice to control for precision (and related confidence and cautiousness) is to
ensure that the most precise and hence reliable piece of information in the anchored
chain is captured in the identical precision in the beliefs induced by the correspond-
ing replicated combining databases.!” The focus and reliance on the most precise
case can be justified by interpreting it as the driving factor of the precision of the
belief. Focussing on another, less precise information would imply a less precise be-
lief, since the most precise information would not be captured objectively anymore
(in all involved databases).!® Hence it appears reasonable to require that at least
the most reliable information is incorporated in the belief without any distortions,
which requires that it is also contained unbiased its generating (averaging) beliefs.
More technically, this can be achieved by requiring a particular adjusted length of

the combining anchored databases, which is given in the following definition.

Definition 2.3

Let F € CT be an anchored chain of (D] (k,T}))jzi<m-

A length L € N is called the adjusted (maximal) length, denoted by L(k, (T})j2i<m),
if it is such that the number of observations of the most frequent case in an an-

chored chain F' € CT is identical to the number of observations of the most frequent
case in the anchored databases D!(k,L) (for all j # i), (i.e. maxecc frp(c)T =

maX.cc ng(hL)(c)L).lg

Our leading example will clarify the relationships and intuition of the adjusted

16This is due to the different appearances of the cases, i.e. for the anchored chain the appearance of
a non-anchor case ¢; is (1 — k)T (for all j # i < m) in contrast to (1 — k)L in the (replicated)
anchored databases D{ (K,Tj;) and similar for the anchor case c;, there exists the difference
between kT' =k, ., Tj and kL.

17 Another reasonable choice is the least precise information that a very cautious agent might adopt
(see Section 2.7.3).

18Section 2.5.1 discusses another interpretation in terms of an induced persistent cautiousness
attitude that is evoked by the most precise information in the database and serves as basis for
all other estimations.

19Tn Section 2.7.3 the maximum is replaced by a minimum to focus on least precise information.
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length.

Example:

(1) Our doctor considers the records of different patient groups collected in two stud-
ies, i.e. D}(%,30) = (c}° ¢3°) and D$(2,60) = (c{°, 3°) with common patient group
c¢;. Patient group c; is also the most precise information (with 60 observations) in

(C?l)? 0%07 C3 )

the corresponding anchored chain ' = C?. Thus the doctor requires
it be matched equally precise in appropriate replications (of the study results) of
the anchored databases D3(2,30) and D$(2,60). The adjusted length L such that
for j =2,3

2

1
YL==1L,

60 = max fr(c)90 = max fD]( c)L = max{ 3

ce DJ 3’3
is given by L =90, i.e. DF(3,90) = (c§°,¢3°) and D3(2,90) = (cf°,¢3°). Obviously,
the most precise case ¢; is capture in identical precision (60) in all three databases
F,D%(2,90) and D3(2,90). This allows an easy averaging of beliefs induced by
D{(2,90).

(ii) Similarly, let there be two public studies of the treatment for some specific
patient groups summarized in the following anchored chain

F= (Ci)ov 04210’ Cgo) (0%07 C§O> (0307 CB ) D2( ) 50) D3< 5 100)

5
where again the anchor patient group is ”successfully treated coughs” ¢;. The
most precise case in F is ¢ (with 80 observations). This implies that an ad-
justed length L = 100 is determined by 80 = max{s, 5}L Again, the most pre-
cise case c3 is capture in identical precision (80) in the relevant databases F' and
D3(%,100) = (1, 8°), D3(3,100) = (°, &5°).

With these definitions at hand we can state our anchored Concatenation Axiom,
where a modified version focussing on least precise information can be found in Sec-
tion 2.7.3.

Recall that the length T of a database in an induced belief P becomes visible via
the restriction to Pr. In particular for anchored databases Dg(k:, T;), we can skip

the length 7} in the induced belief, i.e. P, (D!(k,T};)) = Pr,(D!(k)).
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2 Cautious Belief Formation

Maximal Anchored Concatenation Axiom:

(i) Let F' € CT be an anchored chain of (D! (k, T}));zi<m, i.c. F = oﬁéiDg(k,Tj) and
let L = L(k,(T});%) € N be the corresponding adjusted (maximal) length. Then
there exists A € A™ (where \; =0 for all j <m s. th. T; = 0) such that

Pr(F)= ) N\Py(D](k))

j#i<m

(i) Let for three distinct i,,] < m and any V,W € N: D!(1,V) = (¢) € CV and
DL(1/2,2W) = (I, ¢]V) € C?W. Let F' = D}(1,V) o D(1/2,2W), then there exist
A € int(A?) such that

Py iow (F) = APuaxtvary (DI (1)) + (1 = A) Paaxqavewy (D4(1/2)).

Part (i) states that the belief induced by an anchored chain is a weighted average of
the beliefs induced by the related (replicated) anchored databases. The very similar
and almost disjoint databases allow a simple averaging, which keeps the normative
appealing spirit of the Concatenation Axiom. The databases share only one identi-
cal precise piece of information (the anchor case in kL-many observations). Hence
its induced identical estimate is contained in all their induced beliefs. This allows
to "neglect” its impact for the determination of the average weights. Since in ad-
dition the mutually different non-anchor cases appear only in one of the anchored
databases, there emerge no difficulties in (cognitively challenging (interwoven)) bal-
ancing of differently cautious estimations based on identical, but differently precise
observations in various databases. Thus, the anchored-agent can basically determine
the average weights based on judging the relative importance and relevance of the
mutual different non-anchor cases.?’ In this way, an anchored agent can find the
average weights in a very simple case by case comparison.

The particular (maximal adjusted) length of the related corresponding concate-
nating databases ensures that the most precise case in an anchored chain is captured
objectively in the average of their induced beliefs. An cautious agent does not ac-
cept an average of beliefs induced by databases that evoke less precise estimations
regarding this information, since this would directly imply a distortion of the preci-
sion of the belief induced by the anchored chain.

We continue the Examples to illustrate the anchored Concatenation Axiom.

(i) continued: The belief induced by F = (¢§°, cl% ¢2%) is an average of the beliefs

200f course, the estimation based on the anchor case is not contained in the same weight in each
belief, but this is directly adjusted for by assigning the desired weights to the beliefs induced
by the particular databases.
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induced by D3(2,90) = (¢£°,¢3%) and D$(2,90) = (cf°,¢3°). Since by construc-
tion the estimate based on the anchor case ¢; is identically contained in all beliefs,
the doctor can neglect its influence of the anchor case for determining the average
weight. Hence the weights can be easily determined by just comparing the relative
(a frequency-weighted) importance of ¢3° and ¢3° for evaluating the remaining parts
of the anchored chain (i, ¢2°). Intuitively, the discrepancies in the precisions for ¢y
and c3 are negligible, since the focus lies predominantly on capturing perfectly the
impact of the most precise case ¢;. This is directly achieved in this example, since
the most precise case c; is also the anchor case, and hence appears equally often in
all databases.

(ii) continued: The belief induced by F = (¢i°, 3%, 3%) is an average of the beliefs
induced by D}(£,100) = (¢f°,8°) and D§(3,100) = (1% ¢§°). Again, the anchor
case ¢; appears equally in both replicated anchored databases, i.e. ¢3°, which en-
ables to neglect it for finding the average weight. The agent only needs to weight
the amount and relevance of ¢§° and c§° for judging (3, c5°). Thereby it is essential
that the most precise case (in the anchored chain F) ¢ is captured perfectly. The
discrepancies in the objective precisions for the cases ¢; (20 in DJ vs 30 in F) and
co are negligible, since the focus lies on capturing the most precise information c3

objectively.

A straightforward consequence of the agent’s focus on the most precise case and
the specific structure of the anchored databases is that the estimations based on
minor precise pieces of information are not made in their objective precision, but in
the precision of the most precise case. This can be seen directly by the recursive ap-
plication of the anchored Concatenation Axiom, i.e. Pr(D) = > ., APS.. Fo(e)T
for appropriate \. € (0, 1).

Since this structure (obviously) reappears in our representation theorem, we will

postpone the discussion of its plausibility and reasonability to Section 2.5.1.

Part (ii) of the anchored Concatenation Axiom describes just a restriction to the
very intuitive requirement that a belief induced by a combination of two disjoint
databases should lie in between the induced beliefs of the disjoint databases sepa-
rately. Averaging beliefs based on disjoint database are at the heart of the axiom,
since there are no interdependencies between the information (and their precision)
in the different databases. Furthermore, the axiom requires averaging only for very
specific databases, i.e. a database consisting only of observations of one case and

a database containing (potentially different, but) equally many observations of two
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2 Cautious Belief Formation

other cases. The main assumption concerns the condition on the lengths that is
again driven by the agent’s focus on the most precise cases, in the sense that the
most precise information should be captured equally in all averaging beliefs induced

by the respective databases.

Constant Similarity Axiom (for maximal anchored version)

(i) Let F' € CT be an anchored chain of (D! (k, T}))jzi<m, i.e. F = o?;in(k, T;) and
let L € N be the corresponding adjusted (maximal) length, i.e. L = L(k, (T});4).
If there exist some vector A € A™, (where \; = 0 for all j < m such that 7; = 0)
such that for some Z € N the following equation holds:

Pyr(F?) =" \Prz(DI(k)),
J#i
then this equation holds for all Z € N.
(ii) Let for three distinct i,5,1 < m and any V,W € N F = D/(1,V)o D5(1/2,2W).
If there exist A € int(A?) for some Z € N such that the following equation holds:

Prvsowy(F?) = APz maxtvvy (DI (1)) 4 (1 = A) Pz maxgaviaw (D5(1/2)),

then this equation holds for all Z € N.

The average weights ();); are related to (frequency weighted) relevance or similarity
weights, which could in principle depend on the length of the database. However,
the Constant Similarity Axiom allows to identify the similarity function independent
of the content and the size of the databases. It is reasonable to require a length-
independent similarity if the similarity values are determined by some primitive or
prior knowledge about the environment, which can not be learned, influenced or
based on the information contained in the database. Of course, the axiom is ques-
tionable if an agent uses the databases not solely for evaluation of the outcome
distribution, but also to learn something about structural (causal) relationship of
particular features in the cases. However, the approach taken in this work excludes
such deductive reasoning in deriving and updating the similarities from underlying

databases.?!

21For deductive reasoning see also Section 2.5.4 about the relationship to statistical methods.
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2.5 Representation result of cautious belief formation

2.5.1 Representation Theorem with maximal anchored axioms

Theorem 2.1

Let there be given a function P : C* — A(R). Let Pr be the restriction of P to CT
for T' € N. Let P satisfies the Learning and the Diversity Axiom.

Then the following are equivalent.

(i) The function P satisfies the Invariance, the maximal anchored Concatenation
and the Constant Similarity Axiom

(ii) There ezists for each (T,c) € N x C' a unique P§ € A(R), and a unique -up to
multiplication by a strictly positive number- strictly positive function s : C — Ry,
such that for all T and any D € CT:

_ 2 ceD S(C)fD(C)P:?;g
Pr(D) = S SO (2.4)

where T}, € N, is defined by T}, := T - max.cc fp(c).

Rough sketch of the proof:

The necessity part is straightforward calculations. The sufficiency part follows the
rough structure of the proof of BGSS and EG, but differs in the crucial arguments.
The idea is to transform the framework from the space of databases to the space
of frequency vectors that is structurally more tractable, i.e. the belief based on

ZceD s(c)fp (C)P;B T
databases Pr(D) = T s @70 for D € C*" translates to frequency vectors
ZjSm S]f(])P%*

Pr(f) = W for f that represents D € CT via f = fp € A(C) .

The essential part of the proof is to derive the similarity weights (s;)i<m. This will

be down inductively over m = |C/.

Step 1: Base case for the induction, i.e. |C] =m = 3, w.lo.g. C = {c1, 9,3}, i.e.
aim to find sq, s9, S3.

Step 1.1: A function P satisfying the anchored Concatenation and Constant Similar-
ity Axiom can be written as Pp(f) = ngm )\iPTf* (f7) for some appropriate A € A3
and j-th unit vectors (f7);. Plugging f := (f' + f>+ f?) into this equation and
in the representation given by the theorem yields (with the Diversity Axiom) the
similarity values in terms of \ € mt(AB) Using these derived similarity values, we
will define P3(f) := Z} f(j)f;f)(” for all f € A(C) and T € N. The aim is to
show that

Pr(f) = Pp(f) (2.5)
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for all f € A(C). Of course (f7);<3 and f do already satisfy this equality.

Step 1.2: Partition the simplex A(C') into so called simplicial triangles recursively
and show that Pr(f) = Py(f) for all simplicial points. Simplicial partitions are
defined as follows (see Figure 2.1 in Section 2.9.6). The 0-th simplicial partition is
exactly the simplex, i.e. consists of vertices qé € A(C), which are exactly the unit
vectors f7 for j = 1,2, 3. The first simplicial partition of A(C) is a partition to four
triangles separated by the segments connecting the middle points between the two
of the three unit frequency vectors, i.e. ¢f == (3f' 4+ 1f?), ¢f :== (3/? + 3/°) and
@ = (% 2+ % f1). The second simplicial partition is obtained by similarly parti-
tioning each of the four triangles to four smaller triangles, and the 1-th simplicial
partition is defined recursively. The simplicial points of the I-th simplicial partition
are all the vertices of triangles of this partition.

Based on the fact that the points of the 0-th simplicial partition and f already sat-
isfy (2.5), the idea of the proof is to find a recursive procedure to cover all points of
any l-th simplicial partition.

The underlying intuition and reason that allows such a procedure is the following
observation. For any four specifically structured frequency vectors (namely anchored
frequency vectors or the pairs of vectors appearing in the anchored Concatenation
Axiom (ii)) that fulfill equation (2.5), also the intersection of the lines between two
of these vectors satisfies (2.5). The crucial step in the proof is to apply his fact
in a appropriate recursive way. Our "algorithm” -which is different than the one
in BGSS and EG- ensures that all simplicial points of any 1-th partition satisfies
equation (2.5).

Step 1.3: Show that Pr(f) = P;(f) for all frequency vectors f € A(C) for |C| = 3.
One can show that the beliefs P and P?® induced by a sequence of simplicial points
that approximates f converge to the belief of P and P?® induced by its limit f. Thereby
the Learning Axiom ensures the existence of such a limit belief. Thus the base case

for the induction is shown and we need to proceed with

Step 2: |C| =m > 3.
Step 2.1: Determination of s1, .., S,,.
One can show that the similarity weights derived in Step 1 for any set of basic

cases C' = {c', ¢/, c*} are independent of the triplet {4, j, k} and thus we can define

ngmsjf(j)PT*(f])
Pi(f) = S ij(f) for all f € A(C) and T € N.
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Step 2.2: Show Pr(f) = Pj(f) for all f € A(C) via induction over m and us-
ing Step 1 (m = 3) as base case.

Any f € A(C) can be written in m different ways as anchored chain with respect
to m different anchors. Applying the maximal anchored Concatenation Axiom to
these m different anchored chains delivers m-many different hyperplanes. Each of
these hyperplanes is spanned by m — 1- many beliefs induced by anchored frequency
vectors, for which already the equation (2.5) holds by induction assumption. Since
both Pj(f) and Pr(f) are elements of all these m many hyperplanes and one can
show that their intersection is unique, we have also (2.5) for all f € A(C), which

concludes the proof.

Although the rough structure of the proof is similar to BGSS and EG, our proof
needs different arguments to complete the different parts of the proof. In partic-
ular the anchored version version of the Concatenation Axiom requires a different
recursive approach/algorithm to cover all simplicial points (Step 1.2), which is the
crucial step of the proof. Namely, in BGSS the combination of any databases or
frequency vector is allowed. Also in EG the combination of any frequency vectors
(by taking care about the lengths and the Constant Similarity Axiom) is basically
possible. However, we can combine only specific anchored databases or frequency
vectors. Also the induction step (Step 2.2) requires a different reasoning as in BGSS
or EG. As in EG, the Constant Similarity Axiom is an essential ingredient to facil-

itate the proof.
Interpretation of Theorem

The induced belief is a frequency and similarity weighted average of the estimations

based on past observations. All estimations (P¢ )eep are made according to

max, fp(c)T
the level of cautiousness implied by the most precisj(;D(gzise. This means that only the
most precise piece of information is captured objectively in its estimation. Hence, the
axiomatized belief formation does not achieve a perfectly objective representation
(as mentioned in (2.2)) without any imagination effort. However, such a ”perfect
imagination-free representation ” is impossible for a sufficiently rich Concatenation
Axiom (see Section 2.7.3) and also carries some drawbacks (see the discussion after
(2.2)). In any case, we are not concerned with imagining additional information to

take into account objective precision.

In fact, in first place we are interested in capturing the perception of precision

in form of the induced psychological effects on cautiousness and confidence. This is
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essential for small database containing relatively few information and is manifested
in the way how estimations P%B are made. From this perspective, the seemingly un-
desirable imagination in the axiomatized belief delivers the following intuitive and
reasonable interpretation. The underlying intuition is that an agent does not adjust
constantly her cautiousness and confidence attitude in response to each differently
precise information she encounters in a database. Rather, once an agent has ex-
perienced a (extreme) cautiousness and confidence feelings while estimating based
on objectively available information, she keeps, adopts and transmits her developed
feeling to other estimation situations. A fixed level of cautiousness according to
which all estimates are made can be interpreted as an gained attitude regarding
cautiousness or as a learned skill or ability to confidently estimate sufficiently cau-
tiously. In this way, it is a sustainable reference or state of mind, which does not

vanish and change for each new estimation.

For instance, an agent gained a feeling of cautiousness in the spirit of eliminating
un-reasonable outcomes. Suppose she feels confident and considers herself cautious
enough to assign only a small probability € to non observed outcomes 7 # r in
estimating based on ¢ = (z,r)%. Separately, her estimation induced by ¢ = (z/, )"
with T' > L assigns a slightly lower likelihood €’ < € to the not observed outcome
7 # 1’ according to her lower cautiousness and higher confidence. Assume now that
in the past she has only estimated according to a precision level lower than L and
someone tells her that T'— L pieces of information ¢ were lost and she should better
estimate according to T many imagined observations. Without having experienced
estimating according to higher precision T (i.e. how far she can narrow down the
estimation) and being unable to imagine how she would feel if this information would
be objectively available, she might still stick to her already made estimation based on
objective information ¢”. However, if the agent would have estimated based on case
()T in the past, then she has experienced her feeling of estimating according to the
objective precision in (¢/)T and might adopt and apply the ”learned” procedure how
to eliminate and assign the likelihoods confidently for ¢’ without concerns about

being too in-cautious.

The most intuitive choices for adopting a specific attitude towards cautiousness
are the two extreme situations, i.e. the least and most cautious (and confident)
experiences. The most precise case might come directly to her mind, because it has
been observed most frequently in the database and induces an attitude of (least)
cautiousness (and highest confidence) that is the basis for all estimation. In some
sense the most confident and least cautious feeling outshines and distracts from any

other more cautious perceptions. In contrast, the least precise information might
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intimidate or scare an agent and leaves a very cautious impression. She cannot be
persuaded to leave her skeptical mood for a less cautious attitude that might be
more appropriate for the remaining more accurate information. In our represen-
tation we focus on the optimistic view, i.e. our agent estimates according to the
confidence and cautiousness gained and experienced by estimating the most precise
information in the database.

In this way it is reasonable and natural to interpret the imagination of additional
information in the sense of estimating according to an experienced cautiousness level

or as gained skill to estimate cautiously.??
Differences in imagined information and its imagined perception

In fact, the imagination of further additional information or more precise cases
is not the cognitive difficult or challenging part in estimating based on imagined
information. Think about our doctor, who just needs to imagine that the same
patient enters her office again and shows the same outcome after being treated iden-
tically. Hence, the difficult part is to imagine the ”correct” feeling, which would
be induced by objective precision, but which is actually only existing in imagined
precision. Put differently, usually the implied perception of imagined (non exist-
ing) precision differs from the perception based on objective precision. The beliefs
(EG and partly our) require that agents are able to ignore this difference, which
might be fine if agents have experienced already a situation in which they actually
estimated according to that objective precision and know her induced perception of
that precision (as in our work). However, if an agent has never experienced such
a situation before (as in EG), the requirement to imagine her feeling ”correctly”
(i.e. ignore the differences) is cognitively challenging and psychologically confusing
and can be interpreted as intentionally lying to yourself without noticing. Does our
doctor judge the treatment less cautiously after adding an imagined patient to her

record?

2.5.2 Comparison to related belief representations

The initial motivation of EG and our paper is to modify the Concatenation Axiom
of BGSS to capture variations in the precision of data. A related and implied issue

concerns the way how an agent is capable to deal with the problem of combining

22From that perspective, our representation is even more convincing than the perfectly objective
imagination-free representation (2.2), in which the cautiousness and confidence is altered for
each case, putting the agent in different moods of cautiousness and confidence for each piece of
information.
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2 Cautious Belief Formation

beliefs that might be based on identical, but different precise information and thus
contain induced differently cautious estimates.

BGSS, EG and our work share the property that eventually the estimations in-
volved in the final representation of a belief are subject to an unique level of preci-
sion.?® By that, technically speaking the aggregation of different precise information
is eventually not an issue. However, from an interpretational perspective, there are
important differences in the motivation and reasonability of the corresponding Con-
catenation Axioms.

Consider for example the database D = (c3,c3,c2) for which a purely objective

agent forms a belief according to P(D) € conv({P(c}), P(c3), P(c2)}). In BGSS, the
induced belief is given by P(D) € conv({P(¢1), P(c2), P(c3)}), which neglects pre-
cision and cautiousness completely. EG gives P(D) € conv({P(c}), P(c3), P(c3)}),
where no involved estimation is made according to its objective precision. Apart
from the (unproblematic) imagination of additional pieces of observation for all
cases, the main problematic point is the imagination on how this imagined precision
is perceived, since the estimation is based on a never (not yet) experienced cautious-
ness level 9 (see also the discussion above). In our paper, the belief would be based
on the most precise information, i.e. P(D) € conv({P(c}), P(c3), P(c3)}), which also
would require some (unproblematic) imagination of additional observations with re-
spect to objective precision. However, the perception of this precision needs not to
be imagined, since the agent estimates according to an already experienced precision
and cautiousness level 4 (experienced for ¢y).

Arad and Gayer (2012) analyze beliefs based on datasets containing imprecise
pieces of information in the sense that ”it is not entirely clear what occurred in
them”. Roughly speaking, their approach models this sort of imprecision (ambigu-
ity) by assuming subjective capacities. The rough relationship to the approaches
discussed above is that these capacities would play the role of the probabilistic es-

timations occurring in the axiomatized representations of BGSS, EG and ours.

2.5.3 Remarks on the similarity function

One could be tempted to perceive and interpret the belief formation approaches as
a translation of the question from which probability to assign to which similarity to
employ. This is not completely misleading since the axiomatizations do not provide
help in choosing the similarity function. This problem occurs in a similar spirit for
the choice of a prior in the Bayesian approach. In the axiomatizations the similar-

ity function is derived from presumably observable probability assignments given

Zin BGSS: P, for all D € C*, in EG: P& for all D € CT and here Praz.fp(eyr for all D € cT.
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2.5 Representation result of cautious belief formation

various databases. Fortunately, the similarity values need not satisfy any partic-
ular properties (even no symmetry) and hence can be derived also objectively or
empirically. For example, Gilboa et al. (2006) estimate an empirical similarity func-
tion from the data by asking which similarity function best explains the observed
data in a similarity-weighted frequency formula. Billot et al. (2004) axiomatized an
exponential similarity function. Moreover, assigning similarities appears to be cog-
nitively easier than stating explicit probabilities and many models in the psychology
and computer-science literature deal with determination of similarity measures (e.g.
Tversky (1977), Schank (1986), Heit, Heit and Rubinstein (1994), Goldstone and
Son (2005)).

2.5.4 Remarks on relationship to statistical methods

In the introduction we mentioned already the relationship between the axiomatic
approaches to belief formation in the data-based information structure and statisti-
cal approaches like inferences. In this section we want to discuss shortly similarities
and differences to existing statistical methods. Obviously, the versions of the Con-
catenation Axioms and the derived representations satisfies the following special
cases of frequentism. For s(z;, z;) = 1, our belief formation coincides with the sim-
ple average or frequentist approach if we identify with P¢ a Dirac measure on the
actually observed outcome. However, the conditional frequentist cannot be covered
since the corresponding s(z;, ;) = 1yz,=4,1(2;) is not strictly positive (as required),
but Bleile (2014b) (or Chapter 3) offers a modification that captures it. Gilboa
et al. (2010, 2011) and EG show the compatibility with other statistical methods,
like kernel estimation and classification (e.g. assign x to either class a or b: de-
fine s(a, (¢, ac)) = k(xc, x)1{4=q.} using a kernel function k). As discussed in more
detail in Gilboa et al. (2010) p. 16f, the framework can be also employed in con-
texts, where the observations (e.g. cases) and the prediction (e.g. possible theories)
are structurally disjoint. For instance ranking theories by log likelihood methods
s(t,c) = log(p(c|t)) is also possible where t represent a theory and p(c|t) denotes the
conditional likelihood of case c if theory t is true.

However, the main difference to statistical inference is that the axiomatic ap-
proaches are concerned with inductive reasoning and do not allow for deductive
reasoning, which is the issue of traditional statistical regression approaches. Let
there be a database consisting of observation D = ((z;,7;)i<,) and a new prob-
lem x;. A regression approach would try to learn the (empirical) similarity weights
(s(zs,z¢)); that best explains the database by best fitting an estimate of r; for all

Ligg S0t (see also Gilboa et al. (2006)). Hence in a statistical

7 <n and e W P
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2 Cautious Belief Formation

regression context the weights s are deduced endogenously via the observed data and
are updated with new observation, i.e. the weights would be database dependent.
Put differently, linear regression analysis (and empirical similarities) use deductive
reasoning to derive the weights and then apply them inductively to infer the predic-
tion. In contrast, the Constant Similarity (and the Concatenation) Axiom requires
that the weights are fixed and database independent, i.e. there is no updating or
learning of the weights.

However, the axiomatization of a belief formation (in close relationship to statis-
tical methods) is still meaning- and insightful, since it allows to inspect, how plausi-
ble, consistent and sensible (in the sense of normative appealing axioms) asymptotic
statistical methods are also for small database and its implied precision related con-
cerns. From this perspective, axiomatizations suitable for small databases (as done
here) play an important role in order to find a sound foundation of statistical meth-
ods in non-asymptotic contexts.

Basically, our paper tries to capture exactly the environment of small databases,
whereas the framework of implied instantaneously perfect learning of BGSS and
EG are rather embeddable in an asymptotic setup. Interpreting EG in asymptotic
terms requires some explanation, since EG is intended to deal with different ("non-
asymptotic”) precisions. From our point of view, when dealing with small and
less precise databases, not only the objective precision is important for the belief
formation, but also an agent’s feeling regarding the precision (e.g. in terms of its
implied cautiousness). In this context, EG’s axiomatized agent is able to imagine the
true feeling induced by any imagined level of precision, as if she actually observed
the precision objectively and experienced that feeling. Endowed with this skill (of
"perfect” imagination of feelings), it appears un-intuitive that an agent limits herself
to use it only until an arbitrary pre-specified level of precision (given by the entire
amount of observations in the database, i.e. unrelated to any former experience).
Rather one would expect her to continue (unboundedly) with the imaginations such
that she will estimate according to an imagined full precision level P for all c € D
and does not need to deal with imprecisions at all. Thus, from our perspective the
approaches of BGSS and EG coincide for an interpretation in terms of precision

related perception and feelings.

2.6 Conclusion

Chapter 2 deals with the question how agents form beliefs explicitly in an envi-

ronment with limited, heterogenous and differently precise information that cannot
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2.6 Conclusion

be condensed into a widely used (perfect) state space a la Savage. We axiomatize
a belief formation that can be interpreted as a generalized subjective frequentist
approach that incorporates subjective perceptions regarding the relevance and pre-
cision of the information in the database. We identify increasing precision of infor-
mation by additionally observed pieces of confirming information.

Our work is based on the axiomatization of a belief in BGSS that neglects the po-
tential impacts of differently precise information. Thereby, their belief formation is
most suitable for sufficiently large databases and less reasonable for small databases,
which are captured by our approach. Their belief formation implies that an agent is
able to perfectly learn from observations in a very objective and instantaneously way,
without displaying any sense of cautiousness and concerns about being potentially
mistaken. Our axiomatized cautious belief focusses on precision related cautiousness
and confidence in the predictions. The different versions of the main Concatenation
Axiom in the approaches of BGSS, EG and ours describe the relationships between
databases and their induced beliefs. In the context of caring for precisions in a
cautious belief formation an agent following the Concatenation Axiom of BGSS and
EG’s version would be faced by immense cognitive problems to handle and com-
pare differently precise pieces of information contained in different databases. Our
modification and restriction of the axiom takes into account these precision related
cognitive problems in describing the relationships. This is achieved by requiring that
agents only need to be capable to determine the relationship between databases and
their induced beliefs for specifically structured (almost disjoint) databases that al-
low an cognitively easy comparison (without precision and cautiousness concerns).
Moreover, it states that an agent controls for precision and its perceptional impacts
in a cautious belief by capturing the most precise (and hence reliable) information
objectively in its induced belief.

The resulting cautious belief is a weighted sum of cautious estimates induced by past
observed information. The weights are determined by frequencies of the observed
cases and their similarities with the problem under consideration. The induced es-
timates depend on a cautiousness level implied by the most precise case, which can
be interpreted as the appropriate (gained) attitude regarding cautiousness in this

database.
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2 Cautious Belief Formation

2.7 Further remarks and considerations

2.7.1 Incompatible objective belief formation

An objective belief without any imagination effort for each case reads

ngc 5<Cj)fD(Cj)P;;(cj)-T
> j<c s(¢i) Iple))

Pr(D) =

Is there a modification of the Concatenation Axiom that is necessary for an objec-

tive representation and which database are admissible?

(Specifically) Modified Version of the Concatenation Axiom
For two databases D € D' and E € D2, T := T, +T5 and two numbers G, H € N
such that fp-G € N™ and fg- H € N™, there exists a A € (0,1) such that

Pr(D o E) = APL(D%) + (1 — \) Py (E™).

Applying the objective belief to the modified Concatenation Axiom yields:

Dj<m S(Cj)fDOE(Cj)P;;(Cj)T1+fE(Cj)T2 B 2 j<m S(Cj)fD(Cj)P;;(cﬂL
> i<m 8(¢j) [por(c) B > iem 8(¢) Ip(cy)
D i<m S(Cj)fE(Cj)P;,;(C.)H
1—A ~ -
) o elo)

We do not consider a law of dynamics for the probabilities P;7 (which is also not
reasonable), e.g. like some function Y of P77 = Y (P;’, P;}). Thus, we directly need
to equalize the precision level for the estimations for each single case, i.e. for all
J<m

Situation 1

Assume that there exists ¢ € D such that fp(c) = 0, then we get directly from
fo()Ty + fe(D)(0)T> = fe(c)H

that H = T,. Assume that there is another ¢ € D N E, then we have that fp(c)T; +
fe(e)Ty = fr(c)Ty = fp(c)G, which is impossible. Hence, a databases D with
fp(c) =0 for some ¢ € D allows only concatenations of disjoint databases.
Situation 2

We consider only databases that share the same support, i.e. fp(c) > 0iff fg(c) > 0.
Thus we need to have fp(c)Ty + fp(c)Ta = fp(c)G = fg(c)H. Summing over all
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2.7 Further remarks and considerations

c € DNE leads to Ty + T, = G = H. This also implies that fp(c) = fg(c)
for all c € DN E. Thus, the only non-disjoint concatenating database a modified
Concatenation Axiom allows for are replicated identical databases, which is naturally
true for all A € (0,1), i.e. Prin(A) = APr4n(A) + (1 — X)) Prin(A).

In sum, a objective belief satisfies a modified Concatenation Axiom only for con-
catenations of disjoint databases or replicated identical databases. However, it will
become clear in the proof that a restriction to disjoint concatenating databases offers

not sufficient structure to derive the desired objective belief.

2.7.2 Relationship to EG’s axiom ” Concatenation restricted to

databases of equal length”

As mentioned at the end of Section 2.4.2, a Concatenation Axiom that allows for
concatenations of any unrestricted databases faces immense compromising between
differently precise (or cautious) estimates. This can only be avoided by assuming a
common arbitrary level of precision according to which all cases are estimated, inde-
pendent of the objective precision of the information. For each piece of information,
literally agents need to imagine (or forget) sufficiently many observation of cases to
reach an assumed artificial common level of precision. This ensures that no con-
siderations and compromising regarding different precisions is required and allows
an easy averaging based only on relative relevances of the concatenating databases.
However, thereby an agent also needs to know a priori that she evaluates all infor-
mation in an imagined precision and the beliefs contains only (imagined) equally
precise and cautious estimations. Consequently, a version of a Concatenation Ax-
iom that cares for precision and also applies to arbitrary non-disjoint concatenations
accomplishes the averaging of differently precise information by explicitly assuming
(consciously) away these differences. This is somehow problematic if one wants to
take precision into account seriously.

Nevertheless, this discussion delivers an explanation and intuition for the (unex-
plained) statement in EG: 7 ... we modify the Concatenation Axiom of BGSS by
restricting it to databases of equal length, i.e. thus controlling for the ambiguity
resulting from insufficient amount of data ”. Their restriction to equal lengths is
ad hoc. However, technically one could argue for the equal length assumption by
referring to the discussion above. An aggregation of differently precise information
is only feasible if estimations are based on a common precision level, which is a
consequence of the restrictions in their axiom. More detailed, their axiom demands
that for a set of n databases of the same length T, that can be concatenated to a

n-times replication of a database, a belief induced by this database (not the n-th
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2 Cautious Belief Formation

replication) is a average of the beliefs induced by each of the n databases separately.
Obviously, this implies for a appropriate set of concatenating databases (consisting
only of a single case)?* that the belief induced by the database - which underlie the
n-th replication- is formed by an average of the beliefs induced by T-times observed

cases, i.e. for some appropriate (\.)cep € (0, 1)

P(D) =Y AP(c").
ceD
Thus, the restriction to equal lengths implies directly that all contained estimation
are based on this common level as well. In this way, EG is indirectly adopting the
procedure discussed above.

However, as already discussed, from our perspective and motivation, equal lengths
of database are not sufficient to control for precision of its contained information.
Moreover, in the spirit of the above discussion, EG’s restriction to equal lengths
cannot be meaningful interpreted as controlling for imprecision, but more as an
(implicit) proposal to employ the length of the entire databases as the common

(imagined) precision level according to which all estimations are made.

2.7.3 Minimal anchored axiomatization

Instead of focussing on the most precise case in a database to determine the precision
of its induced belief, we can also take the least precise case as the key determinant
for the precision of a belief. This modification results in a minimal version of an
anchored Concatenation and Constant Similarity Axiom and a corresponding ex-

tremely cautious belief formation.

Definition 2.4

Let F € O be an anchored chain of (Dl (k,T}));zi<m-

A length M € N is called the adjusted (minimal) length, denoted M (k, (T})i<m)
if it is such that the number of observations of the least frequent case in an an-
chored chain F € CT is identical to the number of observations of the least fre-
quent case in the anchored databases Dl (k,L) (for all j # i) (i.e. mineec fr(c)T =

min.cc ng(k’M)(c)M).

Minimal Anchored Concatenation Axiom:

(i) Let F' € CT be an anchored chain of (D! (k, T}));zi<m, i.e. F = oﬂéiDg(k,ﬂ) and
let M = M(k,(T});2) € N be the corresponding adjusted (minimal) length. Then

24This is always possible, for example consider D = (¢?, ca,c3) € C°, then Db = (c$) o (c§) o (c§) o
(c§) o (§) o (c§), which implies P(D) = A\ P(c§) + Ao P(c5) + (1 — Ay — A2) P(c$)
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2.8 Proof of Theorem 2.1, necessity part

there exists A € A™ (where A\; = 0 for all j < m s. th. T; = 0), such that

(if) Let for three distinct i, 7,1 < m and any V,W € N F = D!(1,V) o D(1/2,2W)
then there exist \ € int(A?):

Py pow (F) = APuingvwy (D! (1)) + (1 = A) Paingavawy (Dj(1/2))

For an analogously adjusted Constant Similarity Axiom the resulting theorem

reads:

Theorem 2.2
Let there be given a function P : C* — A(R). Let Pr be the restriction of P to CT
for T'€ N,. Let P satisfies the Learning and the Diversity Aziom.

Then the following are equivalent:

(i) The function P satisfies the Invariance, the minimal anchored Concatenation
and the (minimal) Constant Similarity Aziom.

(ii) There ezists for each (T, c) € N x C' a unique P§ € A(R), and a unique -up to
multiplication by a strictly positive number- strictly positive function s : C — Ry,
such that for all T and any D € C7:

2cep $(0) () Prp
2 eens(0)fple)

where TP € N, is defined by TP := T - min.cp fp(c).

Pr(D) =

Interpretational, this means that all estimations are based on the least precise infor-
mation contained in the database and no information needs to be imagined. How-
ever, the focus on the least precise information results in neglecting and discarding
many more precise pieces of information, by processing only until the level of least
precision. A detailed interpretation in terms of perception of precision and an adop-
tion of an implied attitude of extreme cautiousness can be found in the discussion
after Theorem 2.1.

2.8 Proof of Theorem 2.1, necessity part

We need to show that the representation (2.4) satisfies the axioms. The Invariance

Axiom is obviously met.
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2 Cautious Belief Formation

Maximal Anchored Concatenation Axiom, part (i):

Let D € C7 be a chain of D!(k,T;) = (cg-l_k)Tj,chj) for all j # ¢ < m and

T:=3,.,Tj ie.
D= Oj#iD‘ = (Cgl_k)Tl ) Cél_k)T27 ey Cz(i_lk)Ti_l7 fTa Cz(}r_lk)TH_lv ---- ) C%—k)Tm)‘

Let L = L(k, (Tj);) be the corresponding adjusted length. Hence, we have

1-k)T —k)T: 1-k)T;— (1-k)T; —k)Tm
fp = (UK URT | (0oWTey g (W (BT,

fD{(k,ZTj) = (0,...,0,(1 —k),0,..,0,k,0,...,0)" for any Z € N.

and

Observe that fD;(k ) = ij(k ZTj)and hence we will abbreviate ng_'(k 71;) by ng_'(k)
Let T}, := T'max.ep fp(c), then:

S ce (@ fo(0)Ps,

Pr(D) =

To proceed, we need to specify T}, = max.cc fp(c) - T, which is by definition of the
adjusted length L exactly equal to maxccc fpi(c)L. Observe that (x) > .. s(c)fp(c) =

T;
D iz 7 2ocec 8(€)fpigy(c), hence

ZCEC S(C)fpg(k)(C)Pmaxcecf (C)L
Pr(D) = ZCEC 8 (Z Z fDJ(k > cec S(C)fDZ(k) )

J#i ceC
(%) 1
B : &) f i (€)PL(D (K, L))
Z#i%zcec s(€).fpi g (€ <; CEZC Di( L )
= ZAJPL(Dg(k, L))
J#i

From the last equation we get for all j #£ i <m

A = T 2cec S(C)fpg(k)(c) (2.6)

> iz % D cec 5(¢) fD{(k) (¢)
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2.8 Proof of Theorem 2.1, necessity part

Hence the first part of the anchored Concatenation Axiom is satisfied.

For the Maximal Anchored Concatenation Axiom, part (ii):
let wlo.g. DJ(1,T) = D}(1,T) = (cI') € CT and D(1/2,2W) = Dj(1/2,2W) =

(e, e¥) € C*W | then we need to show:

Priow (DY(1,T) 0 D3(1/2,2W)) = APpaxqrwy(Di (1, max{T, W}))
+ (1 = A) Puaxgorawy (D3 (1/2, 2max{T, L}))

We have Pmax{T,W} (D%<1? maX{T? W}) Prilax{T w}

Since P satisfies the maximal anchored Concatenation Axiom part (i) we have for

D3(1/2,2max{T,W}) = D37 (0, max{T,W})o D; (0, max{T,W?})
— (02)max{T,W} o <03>max{T,W}

with the adjusted length L such that 12max{T, W} = L, i..
L(0, max{T, W}, max{T, W}) = max{T, W}
the existence of some A € (0,1) such that
Poaxiarowy (D3(1/2,2max{T, W})) = APG iy T (L= NP2 o un

Using this, we get for the maximal anchored Concatenation Axiom (ii) the following

representation for some \ € A3:
Pryow(D3(1,T) o D3(1/2,2W)) Z APy

But this is obviously satisfied by the representation (2.4) in Theorem 2.1, since for

W W t
the frequency vector fp2 ryep3(1/2,2w) = (T+2W, Trom s Taory 05 s 0)', We have

maXcec fo(LT)ng(l/Q,QL)(C) (T +2W) = max{T, W}, and hence

3 . c;
2= s(ci)fD%(l,T)ng(l/ZQW)(l)Pmlax{T,W}

PT+2W(D%(LT) © D§(1/272W)) =
1,2,3

. ie. for ¢ =
Zi:l S(Ci)fD%(:l’T)ng(l/Q’QW) (ci) ’

S(Cl>fD%(1,T)oD§(1/2,2W)(Ci)Prfllax{T,W}
> im1 S(Ci)fpf(LT)nga/zzW) (ci)
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2 Cautious Belief Formation

Hence the (ii)-part of the maximal anchored Concatenation Axiom is also satisfied.

The Constant Similarity Axiom is also satisfied, which can be shown by adopt-
ing the above proof for the anchored Concatenation Axiom.
Replacing D = J#ZDJ(k; T;) by D? = J#Dj(k ZT;) (where >0, T; = T) in
the proof of the maximal anchored Concatenation Axiom part (i) and transforming
equation (2.6) delivers the existence of some \;(Z) € (0, 1) such that

ZT;

ZT LuceC ()ng(k,ZTj)(C)
Aj(Z) = = )\j,

Zgyﬁz 77 Dcec S(C )fD{(k;,ZT)(C)

where in the last equation fDJ(k zm(€) = fDJ(k (c) is used.

For part (ii), analogous reasoning using equation (2.7) yields the desired result.

Therefore the Constant Similarity Axiom is satisfied, which completes the neces-
sity part of the proof of Theorem 2.1.
.

2.9 Proof of Theorem 2.1, sufficiency part

An essential step in the proof will be to identify databases with their frequency
vectors of contained cases (and its length), which allows to exploit the more tractable
structure of the space of frequencies on C (rather than the space of databases) and
to adopt the approach taken in BGSS. By the Invariance Axiom each database
D € C" can be identified (with respect to the induced belief formation) by a pair
(fp,T), where fp € A(C) represents a frequency vector of appearances of cases in
the database D and T is the length of the database. Based on this, we will translate

the database structure to a frequency framework.

2.9.1 General definitions for a frequency framework

The set of all frequency vectors on C is given by

AC) ={f=(fi,.fm)s th. f; €QnNI0,1] foralli <mand >, fi =1}
Without knowing the exact database D that a frequency vector f € AEC’ ) represents,
the frequency vector can be linked to infinitely many databases DZ for all Z € N,.
Hence one needs to link frequency and the length of the database for an ”unique”

(up to reordering) representation of a database.
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2.9 Proof of Theorem 2.1, sufficiency part

The following set represents frequency vectors corresponding to databases D € C7T:

AT<C> .= {f S A(C) ﬂ@m, f(Z) = %, lz € N+, le =T and
i=1

3D € C" such that fp(i) = f(i) = 1;/T}

Observe that if f € Ap(C), then f € Arpz(C) for all Z € N;.

Since the set of cases C is fixed, we reduce the notational effort and will abbreviate
Ar(C) by Ap,i.e. Ar denotes the set of all frequency vectors representing databases
of length T and the set of all rational frequency vectors on C is denoted by A.
Hence by the Invariance Axiom each D € CT can be represented by a f € Ar,

where again f(i) := fp(c;) denotes the frequency of case ¢; for all i < m.

Definition 2.5

(i) For all j € {1,2,...,m} denote by f7 the j-th unit vector in R™, i.e. the frequency
vector representing a database containing only cases c¢; € C, hence an extremal point
in A, i.e. f7=1(0,..,0,_1 ,0,..,0)

j—th
(11) The frequency vector corresponding to the anchored database

D!(k,T) = (cg-l_k)T,ch) is given by

Forgry = (0.0, (1= k),0,..,0, k_,0,...,0)"

Since ng(kvw) = ng(va) for all T and W, the length is totally immaterial for the
frequency vector and hence neglected from now on, i.e. the frequency vector corre-
sponding to the anchored databases Dg (k,T) for all j # i < m is denoted for all T
such that kT € N by

fl(k) = Fpim)

Note that f/(k) is still the whole frequency vector, i.e. f/(k) € A, whereas f/(k)(l)

represents the 1-th component of the vector and refers to the frequency of case ¢,

ie. fI(k)(1)€[0,1]nQ.

2.9.2 Beliefs induced by frequency vectors

From now on we consider only beliefs P that satisfy the Invariance Axiom. Con-
sequently, as mentioned above, we can transform beliefs defined on databases to

beliefs defined on frequency vectors in the following way (remember that we fixed a
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2 Cautious Belief Formation

problem x € X and skip it).

Definition 2.6

The beliefs P : C* — A(R) and its restriction Pr : CT — A(R) for all T € N
based on databases translates to corresponding beliefs based on frequency vectors in
the following way:

(i) P: A — A(R) such that P(f) := P(D) for f € A and D € C related by
f=Ib-

(ii) Pr: X x Ay — A(R) such that Pr(f) := Pr(D) for f € Ar and D € CT
related by f = fp.

Aslong as no length is fixed, f € A is universal and the length T of the database that
f represents becomes ”visible” only through the restriction of P(f) to the specific
Pr(f), i.e. Pr ”pins” down the unique database the frequency vector is able to
represent, namely the database with length T. Of course, under the condition that

the frequency vector allows the existence of such a database with this specific length.

2.9.3 Axioms in the frequency framework

Maximal anchored Concatenation Axiom:

(i) Let there be f € Ap, for all j # i < m f/(f(i)) € Ag; and 377, T; = T such
that for (a;)jzi<m € [0,1] and 37, a5 =1, ie. f =377, a; f(f(3)).

Let L = L(f(7), (T});i<m) € N be the corresponding adjusted length, i.e.

maxicm f()T = maxicm f](f()()L = max{f(i),1 = (i)} L.

Then there exist A € A™! (where \; = 0 for all j # i < m such that a; = 0), such
that

PT(f): Z )\jPL(fij(f(i))-

JFism

(i) Let f7(1) € Ap and f1(1/2) = (0,...0,1/2,0, ...,0,1/2,0, ., 0)* € Ay for distinct
i,j,1 < m, then for all a € (0,1) there exist A\ € A% such that

Pryow (af] (1) + (1 = ) f;(1/2)) = APraxgrwy (] (1) + (1= A) Paxaraw (5(1/2)).
Constant Similarity Axiom:

(i) Let there be f € Ap, for all j #i < m f/(f(i)) € Ar; such that for (a);zi<m €

0.1] and 377 a5 = 1, ie. f =30 i (£(3).
Let L = L(f(¢), (T})j2i<m) € N be the corresponding adjusted length.
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2.9 Proof of Theorem 2.1, sufficiency part

If there exist A € A™! (where \; = 0 for all j # ¢ < m such that «; = 0), such
that for some Z € N,

Pyzr(f) = Z )\jPZL(fij(k))7

j#i<m

then the equation holds for all Z € N.

(ii) Let f/(1) € Ap and f1(1/2) = (0,..0,1/2,0,...,0,1/2,0,..,0)' € Ay for dis-
tinct 4, j,1 < m. Then (for all a € (0,1)) if there exist A\ € A? such that for some
Z € Ny

Pyrsawy (of] (1)+(1=0) £(1/2)) = APz wmaxgrwy (] (1)) +(1=X) Pz maxgzrawy (£5(1/2)),

then the equation holds for all Z € N .

Learning Axiom:
For all i € {1,2,....,C}: (Pr(f*))ren, converges to P (f') = PL.

Diversity Axiom:
There exist some 7% € N, such that for all T > T*, no three elements of {(Pr(f7)) j<m}

are collinear.

Before stating the sufficiency part of Theorem 2.1 in the frequency version we will

present some helpful observations.

2.9.4 Useful observations

Smallest anchored chain of a frequency vector

Remark 2.1

For all anchor cases ¢; € C, i < m, there exists for each f € A an (frequency
based) anchored chain f = 3., ol f1(f(1)), where o € [0,1] are given by f(j) =
ol (1= f(2)) forall j #i < m.

Note that ol corresponds to the (relative) lengths of the databases DI (f(i),-) (cor-
responding to the particular frequency vectors ff(f(z))) to the length of the specific
database D (which is represented by the frequency vector f).

For instance, assume that f/(f(i)) € Ay, and )., V; =V, then f € Ay and
ol =Y
i TV
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2 Cautious Belief Formation

—~

In general for all j # i < m, ff(f(@)) can represent a database with length ¢ - Tij,
where t € N and T/ € N is the smallest length W such that f(i)IV is a natural
number (and hence also (1 — f(i))W € N).

To specify the (smallest) length Z; € N of the database D corresponding to the

anchored chain of f via anchor case ¢;, ie. f =3, o f7(f(i)), we extend all
T/ € N with the smallest 2/ € N such that all o! are the fractions with the smallest

, i
common denominator Z;, i.e. o = Zzzi (for j # ¢ < m). In this way, the small-

est lengths of the databases represented by (f7(f(i)));z that can be used for the

decomposition of f via anchor ¢; are exactly given by

T/ :=2T=alZ; €N and Z;= » T/ (2.8)

K
j#i<m

Hence f € Ay and f/(f(i)) € Ay for all j # i < m.
Obviously, choosing a different anchor case ¢; € C for the decomposition of f will
lead to a different smallest denominator Z; (and induced length of database which

f represents) and different lengths of the databases (DJ(f(1),T/));jz<m that are
represented by (f7(f(1)) € Ale )ji<m.-

Definition 2.7

For all f € A and i < m, we call the anchored chain (wrt. to anchor case c;)
f=24 o f1(f (i) defined in (2.8) the smallest anchored chain of f representing
a database of length Z; =3, T! and denote it by (f!(f(¢)), T});z-

The following Lemma shows consistency of the axiomatization with respect to the

possible smallest decompositions based on different anchor cases.

Lemma 2.1

Let P: A — A(R) and its restriction Pr to A satisfies the mazimal anchored Con-
catenation and the Constant Similarity Axiom. Then, P is consistent with respect
to the different possible smallest decomposition and for all T > 2 and any f € Ar
there exist A € A™

PT(f) = Z Aijaxigmf(i)T(fj) (29)
j<m

Proof:
For all f € A, there exists the smallest anchored chain via anchor case ¢; € C

(as in Definition 2.7) (f/(f(4)), T})izi, where f(I) = ?(1 — f(7)) (which implies
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2.9 Proof of Theorem 2.1, sufficiency part

(1= f@)T) = f(1) Z).
We have to show that independent of the choice of the anchor case ¢; € C, the
induced beliefs Pr(f) coincide for all T' € N such that f € Ar.
Observe that the adjusted length defined in Definition 2.3 can be stated explicitly:
max,;{1;} ifk < % = k* € (559, 3)
Lk, T\, Ts,....T,) = ET if ke (k1)
T ifk >3

Thus, we can differentiate the three situations of adjusted lengths depending on the

different frequencies of the chosen anchor case ¢; € C, ie. (i) f(i) < k* or (i)

£i) € (k.5 or (i) () > 1.

(i) Let f(i) < k*, assume w.l.o.g. that max;<,, f(I) = f(j), hence max;<,,, T% = T7:
Applying the maximal anchored Concatenation Axiom in a first step for k = f(i) <
% with adjusted length L(f(i), (T})iz) = T7, and in the second line for
max;¢;

k = 0 with adjusted length L(0, f(i)T7, (1— f(i))T/) = (1— f(i))T/. Then, for some
a < m such that a # i,[, we get for some A\, v, 5 € A™:

Pz(f) = Y MNPy iy ! = AP o (fi (£(2)))

I#i 1#1
i !
= > NPy o1 (1) (fa(0)) + (L =) Pro ayrs 1= i) (fa(0)))
l#1
= 2 NP payr (F) + (L= )Py (F)
i

- Z Blp(lff(i))T;j(fl) - Z B1Pnaxi<m f(l)Zi(fl)
! l

By the Constant Similarity Axiom we get that Pr(f) = >, 8/ Puax,<,, rayr(fh) for all
T such that f € Ar.

Analogous reasoning and application of the Constant Similarity Axiom would yield
the same result for (ii) and (iii) directly. However, we just show that for all f € A,
there exist i # j < m, such that f(i) < k*. Assume that would not be true, then
max;; T? max ,T,LJ .
for all I < m f(I) > ﬁ and hence ), f(l) > mm > 1, since

The following Lemma mirrors Lemma A.4 in EG.
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2 Cautious Belief Formation

Lemma 2.2

Let P satisfy the mazimal anchored Concatenation, Constant Similarity and Diver-
sity Aziom and let (s;);<m be a collection of positive numbers (similarity weights).
Define the function P*: A(C) — A(R) and for any T € N, T > 2 and any f € Ar
the restriction Py to Ap by

2]<m sif ()P, max; < m f(4) yr(f7)
ngm sif(J) ‘

Suppose that for some T > T* (given by the Diversity Aziom) and f € Ar it holds

Pr(f) = Pp(f).
Then, Py (f) = Py, (f) for all W € Z, such that f € Ay .

Pr(f) =

Proof:

Let T'(f) be the smallest T such that f € Ay, then for all l € N f € Ay

By Lemma 2.1 we know that P can be represented as in representation (2.9).
Hence, if there exist some A € A™ (with A\; = 0 if and only if f(i) = 0) such that it

satisfies for some [ € N,
Pirp(f Z Nj Pz pyrer) (),
7j=1

then by the Constant Similarity Axiom it also holds for all [ € N,. In particular,
for 1 such that {T'(f) = T the following holds.

Zj 1 8if)P, maz; <m f ()T r(f7)

byass
P )\Pmaxsz'LTf(f]) :Ps(f)
; <TI0 Zj:lsjﬂ) !
. . . . sif)
By the Diversity Axiom we get \; = ST FO)-
Z Sj f(ﬂ) max; <, FIOIT(f) f ) m
Since Py = =575 = 2ih AiPascn s () = Prp(f)
for all 1, the proof is completed. .

Remark 2.2

Let f € A be expressed as convex combination of the set { f1, fa, f3} for some f; € Ar
foralli=1,2,3,i.e. f=p1fi+Bafo+ (1—051—PB2)fs.

As in Remark 2.1 we apply the relative length interpretation of the weights 3; € (0,1)
for alli =1,2,3, to get the (potentially) smallest induced length H of the database
represented by f via the convex combination of databases D; € CT, which are repre-
sented by f; € Ar. That is, H is again the smallest possible denominator of all B;
such that for alli=1,2,3 5; = Z;IT for some z; € N and hence we have that f € Ay
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2.9 Proof of Theorem 2.1, sufficiency part

can be combined by the decomposition (f;)i<s, where f; € Ag. g7 fori=1,2,3.

2.9.5 Theorem 2.1, sufficiency part in frequency version

Theorem 2.3

Let there be given a function P : X x A — A(R). Let Pr be the restriction of P
to X x Ar and let for T > 2 Pr: Ar — A(R) satisfy the Learning, Diversity,
maximal Anchored Concatenation and Constant Similarity Axiom.

Then there exist unique probability vectors (Ph)j<c € A(R) for all T > 2 and
unique -up to multiplication by a strictly positive number- strictly positive numbers

(5j)j<m € RY such that for every f € Ap

ngqm sjf(j)Pgian f)T

2 jem 5T (9) (210

PT(f):

Proof
Step 0:
Obviously, we have to define P% = Pr(f’) forall T > 2 and 7 < m.

Thus it remains to show that there exist positive numbers (s;);<m, such that the

representation holds for all 7" > 2 and for every f € Ar.

Rough outline of the proof

As already mentioned in the Sketch of the Proof, we follow an inductive proof on
the number of cases in the set of basic cases, i.e. on m = |C/.

In Step 1, which serves in Step 2 as the base case for the induction, we proof the

theorem for a set of basic cases consisting only of three different basic cases, i.e.
C == {Cl, Co, CQ}.

Step 1.1: Determination of the similarity values sq, s9, S3
The representation (2.9) in Lemma 2.1 and the representation (2.10) in Theorem

2.3 applied to f := 3(f' + f2+ f?) yields (with the Diversity Axiom) the similarity
Zj<' ij( ')Pé]ax' 7
values, which allows the definition of Pj(f) := *52; Sf e forall f € Ag

and T' € N. Of course f € {f, f2, f3, f} satisfy Pr(f) = Pi(f).

Step 1.2: Show that Pr(f) = Pj(f) for all simplicial points (Figure 2.1 illustrates

simplicial partitions and points)
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2 Cautious Belief Formation

The main tool to show this claim is the observation that for four specifically struc-
tured frequency vectors (anchored frequency vectors) that satisfies already the de-
sired equation, also the intersection of the lines between two of these (specific)
vectors satisfies the above equation (Lemma 2.4). The crucial step in the proof is
to apply this fact in an appropriate recursive way. In this step again the maxi-
mal anchored Concatenation Axiom and the Constant Similarity Axiom (in form of

Lemma 2.2) are necessary.

Step 1.3: Show that Pr(f) = Pj(f) for all frequency vectors f € A(C)

The proof is similar to a (rewritten/revised) proof of Lemma A.6 in EG, which is
based on the existence of the limit of P§. for all ¢ € C' (Learning Axiom). Since all fre-
quency vectors f € A can be approximated by a series of simplicial triangles/points,
we can show the claim (by using Lemma 2.1 and Lemma 2.2). In particular, one can
show that the beliefs P and P?® induced by the sequence of simplicial points, which
approximates f, converges to the belief of P and P? induced by the limit f. Using
the equivalence of P (g) and Pr(g) for the sequence of simplicial points g € A by
Step 1.2 delivers the claim.

In Step 2, the result from Step 1 is used inductively for a general set of basic

cases C' = {¢1, 2y ..oy O} with m > 3.

Step: 2.1: Defining the similarity weights s1, ..., S;,

Step 1 yield for any triple of cases {c;, ¢y, ¢} C C for distinct j,k,1 € {1,2,...,m}

3 1 3 3 (]7k?l) (]7k7l) (j7k7l
similarity weights s, 55777, s,

BGSS, one can show that each similarity weight can be chosen independent of the

). As in the proof of Proposition 3, Step 2.1 in

S5 <m 5 S ) Phas, 1(iy7

choice of the triple, i.e. sé-j’k’l) = s;. Hence, we define P}(f) :=

for all f € A(C) and T € N.

Step 2.2: Show Pr(f) = Pi(f) for all f € A(C)

Inductively on |C| = m for f € conv({(f?);<m}), where we use Step 1 as base case of
the induction. Each f € A can be written as anchored chain with different anchors
(Remark 2.1). Applying the maximal anchored Concatenation Axiom to these chains
yield m-many different hyperplanes, which are spanned by (P(f/(f(i))));xi<m, for
different ¢ < m. All these hyperplanes contain P(f) and include P*(f) as well, since
Pr(fl(k)) = Pa(f!(k)) for any i # j < m and f/(k) € Ap by induction assumption.
Using the Constant Similarity Axiom (Lemma 2.2) and Lemma 2.1 to harmonize

the different hyperplanes wrt. lengths, we can show that the intersection of all these
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2.9 Proof of Theorem 2.1, sufficiency part

induced hyperplanes is unique, which delivers the desired result.

2.9.6 Step 1: C = {c1,c9,c3}, i.e. m =3

Step 1.1:

Define f := >i<s 1/3f7, for f7 € Ap, and T > T* then f € Asp. The positive
numbers si, So, s3 result from equating the evaluation of f using the representation
(2.9) in Lemma 2.1, i.e. Psr(f) = M Pf+ MP2 4 (1 — A\ — \y) P? with representa-
tion (2.10) in Theorem 2.3 and solving the linear system. The solution of this linear
system sy, s9, s3 exist uniquely up to multiplication by a positive number due to the
non collinearity condition of the Diversity Axiom for 7" > T otherwise uniqueness

is not achievable.
Define for all T and f € Arp

ng:& ij(j)Piaxj FG)T

Fil) = Zj§3 sif(J)

Obviously P3(f7) = Pr(f7) (Step 0) for all j = 1,2,3 and P3(f) = Pr(f).
The aim is to show for all T and for every f € Arp:

Pr(f) = Pr(f) (2.11)

In the following, we will recursively partition the simplex A into so called simplicial

triangles, as illustrated in the Figure 2.1 below.
Definition of Simplicial Triangles:

The 0-th simplicial partition consist of vertices qg € A, which are exactly the unit
vectors f7 for j = 1,2,3. The first simplicial partition of A is a partition to four
triangles separated by the segments connecting the middle points between two of
the three unit frequency vectors, ie. ¢ == (3f' + 3/2), ¢f == (5/% + 3/°) and
@ = (% 2+ % f1). The second simplicial partition is obtained by similarly parti-
tioning each of the four triangles to four smaller triangles, and the l-th simplicial
partition is defined recursively. The simplicial points of the I-th simplicial partition
are all the vertices of triangles of this partition. Note that for j = 1,2,3 the qg
are frequency vectors representing databases consisting only of one case, but of any
length 7" € N, i.e. qg € Ap for all T' € Ni. All vertices ¢ of the l-th simplicial
partition are in Agip for all T € N for appropriate v < n; (defined below in (2.12)).
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fy
VAN
/N
VAN
/ \
q:s./ \.q%
N\ /
L /
/ N4
[ \‘v‘/
It at f?

Figure 2.1: 1st and 2nd simplicial partitions

Considering the simplicial points on the line between f! and f2, we get for the 0-
th simplicial partition: 2 simplicial points, for 1st simplicial partition: 3 simplicial
points: for 2nd simplicial partition: 5 simplicial points, for 3rd simplicial partition:
9 simplicial points and so forth, i.e. it follows the series a; = 2! + 1 for all [ € N.
Observe that for each parallel line to (f!, f2) between simplicial points of the l-th
simplicial partition, the line which is one "step closer” to f3, possesses one simpli-
cial point less than the parallel line that is further away from f3. The number of
simplicial points on these parallel lines decreases until reaching the point f3. Hence

the total number n; of simplicial points of the I-th partition is given by

2141

ay
npi=Y i=>» i=2""42 427141 where q) =2 +1 (2.12)
=1 =1

Step 1.2: Pr(f) = P;(f) holds for all Simplicial Points

Lemma 2.3
The vertices qf with v < ny of the I-th simplicial partition satisfy equation (2.11)
for alll € N.

Notation: In the following we will denote for a,b € A or a,b € A(R) the straight
line through a and b by (a,b) (since there is no confusion with the usual interval
notation).

Main tool of the proof of this Lemma is the following observation.
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2.9 Proof of Theorem 2.1, sufficiency part

Lemma 2.4

Let a,b,c,d € A be distinct frequency vector satisfying equation (2.11) and the
lines (a,b) and (c,d) are not collinear. Then the intersection y of the line (a,b) and
(c,d), i.e. y = (a,b)N(c,d) satisfies equation (2.11) (for an appropriate T' such that
y € Arp) if either of the following conditions hold for the pairs a,b and c,d:

(i) both vectors a and b (respectively ¢ and d) lie on a line (fI(k), fi(k)) for some
k € [0,1] and distinct i, j, h < m, which represent anchored databases with identical
anchor case ¢; € C or

(i1) a,b (respectively c,d) lie on a line through (ff(l),f;‘(l/?)) for some distinct
1,7, h < m.

Proof of Lemma 2.4

We will show the situation, where both pairs a,b and ¢, d satisfy condition (i).
Assume that a,b € (f/(k), f(k)), hence also y € (f/(k), f(k)). By Remark 2.1 we
know that there exist an anchored chain of y composed of (f/(k), f*(k)), i.e. there
exists some o € (0,1) and Z¥ € N such that y = af/ (k) + (1 — a)fh( ) € Agy
with corresponding adjusted length LY := L(k,aZ¥, (1 — «a)Z¥) such that Pz (y) €
(Poo(f](R)), Pro(fI1(R))).

Analogously, there exist some Z% and L” for all x € {a,b}. Let L := LCM(ZY, Z%, Z°)
(least common multiple), then for all v € {y, 2} the following holds

Py, 1 (v) € (PL(f](K)), PL(f}'(K)))

In particular Py, z (a) and Py, £ (b) determine already the slope of the line
e L
(PL(fI(k)), Po(f1(k))) and hence Py, 1 (y) € (Pya g, (@), Py (8)).
The same derivation with P* yields P, ; (y) € <P§a (a), P2
LY La'

L (b)) and since we
know that a,b € A satisfy (2.11), we get:

P, v

v

), P s, W) € (Pgo 1, (@), Pt ()

b

The same procedure applied to pair ¢, d instead to a,b with G := LCM (LY, L¢, L%)
yields:

Py (9). Py (1) € (Preg () Ppg(©)

Finding a least common multiple J = LCM(L,G) will deliver the desired result,

since

Py ) Py () € (P g (@), Py 0) 0V (P €), P g (d))
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2 Cautious Belief Formation

and the intersection is unique (otherwise this would be a contradiction to the Di-

versity Axiom). Hence P, , (y) = PZyTJy(y) and by Lemma 2.2 Pr(y) = P (y) for
LY

all T such that y € Arp.

The situation, in which one of the two pairs satisfies condition (i) and the other

condition (ii) or both pairs fulfill condition (ii) can be shown analogously. O

The proof of Lemma 2.3 is conducted by using the observation in Lemma 2.4 in
an appropriate procedure recursively, as can be seen in the series of figures (Figures
2.2 to 2.4) below.

Proof of Lemma 2.3 by induction over 1 (I-th simplicial partition)

Base case for induction [ = 0:

By Step 1.1 we know that for (f! = ¢}, f? = ¢3, /> = ¢3) the representation holds.
Induction step:

The idea of the (recursive) procedure to capture all simplicial points of the (I+1)—th
simplicial partitions as intersections of two lines that run through simplicial points
of the I-th simplicial partition can be understand by inspecting the series of Figures
2.2-2.4. However, we need some definitions first:

(i) gl(i’j )(d) denotes the simplicial point in the l-th partition on the line (f?, f/) such
that it is the d closest to f°.

(ii) bi(d) denotes the simplicial point of the I-th partition that lies on the line (f*, ¢*)
and also on the d- closest line to f* that is parallel to (f7, f*) in the I-th partition.
We construct a procedure such that appropriately chosen lines through these points
can intersect exactly in all simplicial points. Lines through these points are essential
to cover all simplicial points through intersections.

More precisely, for all I € N and all distinct ¢, j, h € {1,2,3} it holds that b}, ,(d) :=
(fL3(7+ M)n (9" (d), g (d)), where all frequency vectors on the right hand
side satisfy the conditions in Lemma 2.3 and given that (2.11) holds for the fre-
quency vector of the I-th partition, also it holds for bj,,(d). Figures 2.2-2.4 show the
procedure given that all simplicial points of the 2nd partition satisfy (2.11) and show
how all simplicial points of the 3rd partition can be covered. In each of these figures
bullets represent points that satisfy (already) equation (2.11) and any intersections
of (appropriate) lines through these ”bullet”-points are again simplicial points that
satisfy (2.11).

For the sake of completeness we will spell out the general steps of the illustrated
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2.9 Proof of Theorem 2.1, sufficiency part

procedure.
Let the claim be true for the I-th simplicial partition. For the (I + 1)-th partition

the following procedure will capture all simplicial points g7, ; for v < ng;.

f3
_/\

DN

A g

Figure 2.2: From 2nd to 3rd simplicial partition.

Assume that all simplicial points (bullets) of the 2-nd partition satisfy
already equation (2.11). Here some points are named according to the
notation used in the procedure.

For example take the simplicial points of the 2nd partition that is on
(f1, f?) and closest to f!, ie. ¢i"?(1). Analogously, take the clos-
est to f1on (f1, f3), ie. g8"¥(1). Intersecting (5% (1), " (1)) with
(f',¢}) shows that bi(1) satisfies equation (2.11) as well. Analogously,
this can be shown for b5(1) (z = 2, 3) using appropriate combinations of

géi,j)(1)7q%,fh for u, h € {17 273}-

Procedure:

(i) For d = 1:

W.lo.g. take the perspective of f/ = f1 for a j € {1,2,3}. Given the l-th simplicial
partition, there exist a simplicial point of the (I + 1)-th simplicial partition by (1),
which is the intersection of the lines (f!, f?) and (951’2)(1),%(1’3)(1)) (Corresponds
to Figure 2.2 RHS). By the induction assumption these pairs of points satisfy equa-
tion (2.11) and the conditions of the Lemma 2.4. Hence Pj,(bl,;) = Pas1(bj4),
i.e. by, (1) satisfies equation (2.11). Analogously the same procedure applied to f7
for j = 2,3 yields that b{H(l) satisfies equation (2.11).

(ii) Draw the line between two elements of {b/,(1),b7,,(1),b},,(1)}, w.lo.g. take
by,1(1) and b}, (1). (Corresponds to Figure 2.3 LHS) The line (b;,(1),b},,(1)) in-

tersects for all 0 < z < g; (defined in (2.12)) with the lines (gl(l’g)(z), gl(2’3)(z)) (that
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2 Cautious Belief Formation

Figure 2.3: From 2nd to 3rd simplicial partition.
a) Using lines (b5(1),b5(1)) and their intersections with existing lines will
show equation (2.11) for all simplicial points of the 3rd partition that
are on the closest parallel lines to the rim of the simplex.
b) Now, consider the simplicial points of the 2nd partition that are on
the lines (f?, f7) and third closest to f* (note: the second closest are

covered indirectly). For example, take gél’g)(?)) (third closest to f! on
line (f!, f?)) and 951’3)(3)) (third closest to f! on (f!, f?)). Intersect-
ing (¢5"7(3), 8% (3)) with (f!,¢?) shows that bi(3) satisfies equation
(2.11) as well. Analogously, this can be shown for b(3) (i = 2, 3) using
appropriate combinations of géi’j)(?)), q, f* for u, h € {1,2,3}.

are parallel to the line (f1, £2)) and also with all lines (g% (2), g\"*(2)) (that are
parallel to (f?, f3)). Lemma 2.4 yields that all simplicial points of the (I + 1)-th
partition that lie on the line (b, (1), b} ,(1)) satisfy equation (2.11).

Analogously, the procedure yields that all simplicial points of the (I + 1)-th parti-
tion that lie on the lines (b}, (1), {H(l)) for all combinations of i # j € {1,2,3}
satisfy equation (2.11), i.e. all points that are on the closest parallel lines to
(FL 2, (5 ), (f2%, f?) and in particular, the closest (I + 1)-simplicial points to

I, f2, f3 on the boundary of conv({f*, f2, f3}).

(iii) Apply the procedure of (i) and (ii) (where d = 1) (Corresponds partially to
Figure 2.3 RHS and 2.4) recursively ford =2n—1> 1for2 <n < Q“’Tl_l (from f1-
view).

Derive {b},,(d),b?,,(d), b} 1(d)} by (i) using f and (g"(d) for i,5,h € {1,2,3}
appropriately. Using (ii), we can show that all simplicial points of the (I +1)-th par-
tition that lie on the lines (b}, ,(d), b{H(d)) for all combinations of ¢ # j € {1,2,3}
satisfy equation (2.11).
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2.9 Proof of Theorem 2.1, sufficiency part

f3

Figure 2.4: As before, the next step would be to intersect the lines between
(b5(1),05(1)) for any distinct i, € {1,2,3} and the existing lines. Tt
shows that all simplicial points of the 3rd partition that are on the third
closest parallel lines to the rim of the simplex satisfy (2.11). This covers
all simplicial points of the 3rd partition.

Observe that for d = 2n with 1 < n < ‘”*Tl_l the simplicial points of the ({41)-th par-
tition, which lie on the lines (b}, ,(d), b{H(d)) for all combinations of i # j € {1,2,3}
are already satisfying the equation (2.11) directly, since these lines already are "used’
for the procedure in the I-th partition and the simplicial points of the (I + 1)-th par-

tition are just indirectly processed via the intersection steps in (ii).

Step 1.3: Completion to all f € A, i.e. forall2<T eNand f € Ar:
Pr(f) = Pr(f).

Some helpful considerations:
For each f € A there exists a sequence of simplicial triangles of the l-th partition

(qlil, qul, qlhl)leN (remember ¢ € Ay for all v < ny) for distinct 4y, ji, by < ny such that:

(i) f € conv({q}", q/*, q*}) for alll € N, i.e. there exist Y € [0, 1] for all v € {is, j;, by}
such that f = 5;1611“ + 5{’ qul + ﬁlhlq;”
(ii) For all v € {ij, ji, by} and [ € N it holds qf € Agvp,, such that H; (as in Remark

2.2) is the smallest common denominator of all 8/, i.e. there exist z, such that

vol
By = Z}i . Hence, if f is represented by combination of 1-th simplicial points, then

feAp,.
(111) liml_,ooqf = f for all v € {il,jl, hl}
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2 Cautious Belief Formation

Clearly this construction is possible for all f € A.

In order to proof that for all f € Ar: Pr(f) = Pi(f) we will show the follow-
ing observations.

(A) g || P () = P (g))]] = 0 and

(B) limyyo0 || Pr, (f) — P, (¢7)]| = 0 for all v € {1,2,3}.

Proof of (A):
By the Learning Axiom and since Pi(f?) = Pr(f?) for all T € N, we know that for
all i < 3, we have limy_,oo P, (f') = Pxo(f*) = PL.

We want to show for all v € {7, ji, i} limisoo| [P, (f) — Prp,(q7)]| = 0.
Let for all r € R, Pi(r) be the r-th component of the probability vector.
For all 1, any v € {i;, 1, y} and ¢} we have that lim;_,,, ¢/ = f and hence
limy_o P ax; ap () (r)= P ax; £(jym (1) holds. This directly implies im0 (P, (f)(r)—
Py (q7)(r)) = 0 for all r € R and hence the desired result.

Proof of (B):

By Lemma 2.1 we know that Py (f) = Zj’:1 Aj Praxicr a5 1y (f7), where X € A? is
independent of the length of the database by the Constant Similarity Axiom .
Hence by the Learning Axiom lim;_eo Py, (f) = lim o0 Z?Zl Aj Prax iy 0.5 1)1 (f7)

exists and hence with the same reasoning as in (A) for P* we get

}E{}o | P, (¢)) — Pu, (f)|| =0 for allv € {ij, j;, u }

Combining Step (A) and (B) and the triangle inequality yields:

lim ool | Py, (f) = Prp(@)') — Pr, (f) + Py ()] < 0
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2.9 Proof of Theorem 2.1, sufficiency part

By Step 1.2 we know that Py, (q;') = Py, (q) for all 1, which leads to limy o || P, (f)—
Py, (f)|| =0 and for all » € R we get:

0 = Jim(Pu (D))~ P (1))

ngg ij(j)Pr]nan F)H; (T)>
ngg s;f(7)

3
= llml_mo ( Z )\ijaxi f(3)H; (f])(r) -

= Jim > P sy (F) () </\j - %>
_ 2&0@&)@—%)

By the Diversity Axiom no three of (P (f7));<s are collinear (i.e. also no three of
(P (f7)(r)),<3 are convex combinations for all r), which implies that it must hold
that \; = % for all j € {1,2,3}. Therefore, Py, (f) = Pg,(f) for all 1 and by
Lemma 2.2 Pr(f) = P;(f) for all T such that f € Ar. O.

Thus, the proof for C' = {¢;, ¢g, ¢3} is concluded.

2.9.7 Step 2: Set of basic cases with |C| = m > 3 many cases
Step 2.1 Defining the similarity weights:

Consider for T' > T* and distinct j, k,l < m a triple {P%, Pk PLY
Adopting the considerations of Step 1 in the previous subsection for {7, k, [}, i.e.
far = D ic ik} fiand f* € Ap we can derive the similarity weights (s;{j’k’l})ie{j,k,l}

and the following representation for all f € conv({f%, f*, f'}) N Ar:

j kel . ikl i
ZiE{jM} 5;{] }f(Z)PiLjax”};(i)T(f )

Sciinn SO
USVAA (3

j kel
PR (f) =

Moreover for all i € {j, k,l}, we have P}j’k’l}(fi) = Pr(f") = P and (sjj’k’l})ig{j,kyl}
are unique up to multiplication by a positive number.

{5k}

i

of j,k and [ for all i € {4, k,[}. Similar to BGSS we shown it two steps:

Now we want to show that the similarity values s are independent of the choice

Gk} (Gkn}
st S . . . .

1. We show that 45777 = “5777 for any n # [, i.e. the ratio between two simi-
S S

larity number is independent of the choice of a third case/frequency.

Consider the evaluation of a rational combinations of f/ € Ap and f* € Arp, ie.
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2 Cautious Belief Formation

for o € Q: f = aff + (1 — a)f*, where H is the smallest common denominator of
a, (1 —a) and hence f € Ay, w.lo.g. assume a > (1 — «). Then,

{Jkl}ap] +S{Jkl}( Oé)Pk

. {i.kn} i {3,k,n} k
{3k} oH {4,k,n} _ 5 aP; g+sy (1-a)Pr
P (f)_ {]kl}+{]kl}( —a) andPH (f)_ :
j Sk

Sjj’k’n}Oé*FSij’k’n}(l*a)

Equating these two expressions, we get:

| s}j’k’%}a _ Sj{.j,k,r.w}a and — s]{cj,k,l}(.lia) _ Sij,k,n}('lia)
sj{.]’k’l}a+s,{€]’k’l}(lfa) S;{J,k,n}aJrs’{cJ,km}(lfa) S;{J,k,l}aJrS;;J,k,l}(lfa) s]{.J,km}aJrsij,k,n}(lfa) ’
{4:k:1} sthkn}

S]’ —
which leads to ~5777 = REED:
Sk k
{J k,l}

Denote this ratio by Sj; := {] w17, which is defined for all distinct j, k& < m, since

the similarity numbers are strictly positive.
Further observe that the following holds:

SR Gk} {6k
st }S{J b Uik}

_ k l —
SikSketSts = Ry GRay Ry L (2.13)
S S; Sj

2. Define s; :=1 and s; = S;; for all 7 <m.

The aim is to show that for all triple {j, k, [} it holds that sz{j’k’l} = as; for some
a€cR,. v

If we can show that jj—:g = forallm#i€ {j, k, 1}, then s;»{j’k’l} = ;—isiﬂ;’k’l} = as;

{351}
for all m # i € {j,k,l}, e.g. with m = k we have a = S’“]Sk and hence s{jkl}

Gkl _ s Gk

as;, sy sy, 5 = as; and we have shown the claim.
Sk
Hence it suffices to show w.l.o.g. that {J w7 = - or equivalent Sj; = sz
The latter follows directly from (2. 13) ie. 1 = 51,5 %1 = 1/5;S5;kSk, hence
Sjk = 22
{5k

The independence of the similarity values s; on {j,k,1} allows to replace the
(unique up to multiplication by a strictly positive number) sl{j kly by the just defined
s; for all i < m. Based on these (s;)i<m, we define as in the consideration in Step 1.1

for all 2 <T € N and any f € Ar.

Zz<m ’Lf< ) maz; f(i)T
Zigm 1f( )

Pp(f) =

As in the subsection before the aim is to show that for all T and any f € Arp
P3(f) = Pr(f) holds.
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2.9 Proof of Theorem 2.1, sufficiency part

Step 2.2: Completion to all f € A

For M C {1,2,....m}, let A¥ = Ar Nconv({f’|j € M}) denote the set of all

frequency vectors f € Ay, which assign zero frequency to all cases (¢;)icf1,2,....m}\M-

Lemma 2.5
For every subset M C {1,2,.....m} with |[M| = m > 3, Pr(f) = P3(f) holds for
every f € AM.

Proof:
For m = 3 the claim has been shown in Step 1 (or Step 1.3) and serves as the base
case for our induction over m.

Hence we assume now that the claim holds for m > 3 and we prove it for M with
M| =m+ 1.

(1) Let f € AJ such that f € conv({f?};emy) for some I € M, then by induc-
tion assumption Pi(f) = Pr(f).

(2) Now we consider f € int(conv({f' |1 € M}))

By Remark 2.1 we know that for all ¢ € M and | € M\{i} there exist for all
| #i < m some ol € (0,1) and D ler\ (i} al = ‘1 such that f =3 can alfH(f (1))
with f!(f(i)) € Aqiand then f € Az (where T} = o] Z;). W.lo.g. (due to Constant
Similarity Axiom, Lemma 2.2) assume that for all [ # i < m there exist T} such
that max{f(i), (1 — f(i))}T} > T* (to overcome potential collinearity problems). In
the following we abbreviate the corresponding adjusted lengths L(f(3), (T7)jzicar)
by L; for all : € M.

The maximal anchored Concatenation Axiom induces that Py (f) lies on the fol-
lowing induced (m + 1)-many hyper-planes A" (Z;) for all | € M, w.l.o.g. assume
that M ={1,2,....m+ 1}:

Pau(f) € int(eonv({Po, (F(F(L))), Poa(F(F(L)), e Py (7 (FODD) = ATH(21)
P(f) € intleonv({Poy(£3(F(2))), PalF3(F@)), e Pra(f5 (F)D)) = A5+1(Z)

Pay o (F) € int(conv({ Prp oy (£l (Fm + 1)), Py (F2a (FOm 4 1)), e
----- Pr (P (Flm + D)D) = AT (Zui)

Since for all 1 # j < m, Pe(f/(f(1))) = Pr(f/(f(1))) for all T such that f/(f;) € Ar,
we have also P5 (f) € A" (Z)) for all | € M.
For Z = LCM(Zy,...Zm+1) Lemma 2.2 implies that Py(f), P3(f) € A1 (Z) for
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2 Cautious Belief Formation

all 1 € M, ie. Pz(f),P3(f) € Niews A7 (Z). By Lemma 2.1 we have that for
all | € M the sets A" (Z) consist of identical (P’ 7)jenm (with (differ-
ent) positive weights after evaluation of Pz(f(f(9))) = AiPhauisi)a-ramz T (1 —

maxiep f(1)
m

This implies that determining (,.,; 47" (Z) means solving the (m + 1) x (m + 1)
system of linear equations. We know that |(,c,, 47" (Z)| > 1, since Py(f) and
Py (f) are included in the intersection. The claim of Pz (f) = P;(f) is proofed if we
can show that (,c,, A7 (2) is a singleton.

We will proof this by contradiction:

Assume that Pz(f) # Py(f), then the line g := (Pz(f), P3(f)) has to be contained
in A"*1(Z) for all | € M. Hence this line g must intersect two of the faces

Hj = CO"U({(Pn]iaxigm rz)kemiyt) (for j € M).
W.l.o.g. let these two faces be named H,, H, for some distinct u,v € M. But then
for all I € M A"*'(Z) has to intersect with these two faces H,, H,. We will show
that this is not true. Observe that each A]"™'(Z) intersects with all (H;)jzenr-
Further, observe that applying the successive intersection, we get for ¢ < m + 1
Ni_ ATHY(Z) N {Hy,...H;} = 0, which implies that there is no faces H; for any
j € M that intersects with N4 A" (Z), ie. there exist no faces such that all
A7) intersect them.
Hence there cannot exist a line g such that g € AF™(Z) for all [ € M, which
implies that there cannot be more than one unique element in the intersection
of all (A"(Z));, ie. Mem AT (Z) = Py(f) = Pz(f). By Lemma 2.2 we get
Pr(f) = P}(f) for all T such that f € Ap, which completes the proof of the Theo-
rem 2.3 and hence also Theorem 2.1.

O
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3 Limited Attention in Case Based

Belief Formation

Abstract

An agent wants to derive her belief over outcomes based on past observations col-
lected in her database (memory). There is well establish evidence in the psychology
and marketing literature that agents consistently fail (or choose not) to process all
available information. An agent might be constraint to pay attention (recall) and
consider only parts of her potentially available information due to unawareness, cog-
nitive or psychological limitations or intentionally for effort-efficiency. Based on this
insight, we axiomatize a two-stage belief formation process in which in a first step
agents filter ((un)intentionally) the available information. In a second step individ-
uals employ the remaining observations to express a belief. We impose cognitively
and normatively desirable properties on the filtering process. The axioms on the
belief formation stage describe the relationship between databases and their induced
beliefs. The axiomatized belief induced by a filtered databases is representable by
a similarity weighted average of the estimations induced by each past attention-
grabbing observation. An appealing application is a satisficing filter that induces
a filtered belief that relies only on past experiences that are sufficiently relevant
for a current problem. For the specific situation that agents (are able to) always
pay attention to all available information, our axiomatization coincides with the

axiomatization of belief formation in Billot et al. (Econometrica, 2005).

3.1 Introduction and motivation

In many situations agents need to evaluate uncertain consequences of their actions.
In order to compare different potential consequences agents need to assign likelihoods
to these outcomes. How can individuals form (probabilistic) beliefs over outcomes?

Traditionally, economic theory models uncertainties in a state space representa-

tion a la Savage (1954) and Bayes and derive a subjective prior based on observable
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3 Limited Attention in Case Based Belief Formation

actions of an agent. This implicitly requires that an agent already posses a subjec-
tive prior belief, which is expressed by her observable actions. However, the Savage
and Bayesian approach does not help an agent to find or form a prior explicitly, for
instance by incorporating pieces of information directly into a belief formation. In
particular in situations in which an agent might not be able to condense her insuf-
ficient or too complex information into a consistent state space, their normatively
appealing and convincing approach to endogenously derive a belief is not feasible.

We will consider such an environment and axiomatize a belief formation that
allows to take directly into account the available information. This is strongly related
to the aim of (asymptotic) statistical inference, where from data a distribution
is derived. However, in this chapter we give a behavioral foundation for a belief
formation in "non-asymptotic environments” that are characterized by heterogenous
and limited information gathered in a list or database.

The impact of data and experience on the formation of a probabilistic belief was
examined initially by the axiomatization of Billot et al. (2005) (BGSS from now
on).? The axiomatizations of BGSS and related ones of Eichberger and Guerdjikova
(2010) (EG) (for ambiguous multiprior beliefs) and Bleile (2014a) (precision de-
pendent cautious beliefs) yield that a belief induced by a database is a similarity
weighted average of the estimations induced by all observed cases in the database.?
Thereby similarity weights capture different degrees of relevance of the potentially
very heterogenous information.

A common shortcoming of these approaches is that an agent is obliged to take into
consideration and account all past observations in her database. This precludes rea-
sonable situations in which an agent might want to neglect, does miss or just forgets
some pieces of information that would be in principle available. Our work relaxes
this drawback of ”compulsory” paying attention to all obtainable information. For
this purpose we extend the mentioned axiomatic approaches (in particular BGSS)
by adding a component of limited attention or consideration regarding available
information.

A traditional and widely accepted assumption in economic theory is that gaining
more information is beneficial and leads to improved actions. In this way, it is
usually assumed that agents incorporate and take into account all available pieces

of information.* However, the assumption of full attention and consideration of all

'For more details on the difficulties of the Savage and Bayesian approach, see e.g. Gilboa et al.
(2012) and Chapter 1 and Section 2.1.

2The framework is based on Case based Decision Theory and its application to prediction problems
(Gilboa and Schmeidler (1995, 2001, 2003)).

3Basically, the three axiomatizations differ in the way the estimations are made.

4In addition, it is also a key assumption in all traditional revealed preference approaches.
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3.1 Introduction and motivation

available information requires that agents are aware of it, perceive it (unbiased) and
eventually are able to process it without any cognitive and psychological constraints.?

The idea and concept of limited attention goes back to the seminal studies in
psychology of Miller (1956), in which he identified limited cognitive abilities in pro-
cessing information as the source for incomplete consideration, especially deficits
and constraints in parallel (simultaneous) processing of information. Since then,
mounting evidence in psychology and marketing shows that agents process and re-
strict attention to only a small fraction of the overall available information and
consistently fail to consider all potentially available information due to their limited
attention span (e.g. Broadbent (1958), Stigler (1961), Pessemier (1978), Hauser and
Wernerfelt (1990), Chiang et al. (1998)). Often agents employ (implicitly) a multi-
stage process to assign different degrees of attention to specific pieces of information
(Bettman (1979)). In an initial rough filtering or screening stage agents pre-selects
these elements that receive (or are worth to capture) full attention and considera-
tion. In the literature this set of "surviving” elements is called a consideration set
(Wright and Barbour (1977), Bettmann (1979), Roberts and Lattin (1991)).

A formation of a consideration set might emerge for many reasons. Cognitive
constraints in parallel processing of information and unawareness of the presence of
information (due to complexity, size, sequential processing or search) might cause
an unintentional filtering (Miller (1956), Nedungadi (1990), Schwartz (2004)). The
formation of a consideration sets as a (unintentionally) reply to avoid cognitive
overload has been also studied in economic problems, e.g. recently Masatlioglu et
al. (2012) axiomatized choices under (unintentional) limited attention.

In contrast, a consideration set can also be the result of a purposeful strategic
elimination process. Agents often use (heuristic) filtering procedures to screen in-
formation rapidly and roughly before engaging into a costly and detailed evaluation
(e.g. Wright and Barbour (1977), Gensch (1987), Nedungadi (1990), Gigerenzer et
al. (1999), Hauser (2013)). Usually, these heuristics are noncompensatory cutoff
or satisficing rules that allow for an uncomplicated ”effort-efficient” comparison.
This approach has recently gained prominence in economics (in particular in deci-
sion theory), e.g. through the works of Lleras et al. (2010) and Eliaz and Spiegler
(2011a,b).

Another reason for the emergence of a consideration set relies on mounting evi-

dence from psychology showing that often non-objective criteria like value systems,

®According to Simon (1959, p.272) perception and cognition intervene between subjective view
and the objective real world. In this context perception is often referred to as a "filter”, where
filtering can not only be seen as a passive, but also as an active selection process involving
exclusion of almost all that is not within the scope of attention.
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3 Limited Attention in Case Based Belief Formation

subjective motives or aversions, etc. restrict the attention of agents. Recent work
has modeled these subjective and psychological biases ranging from overwhelming
temptation (Gul and Pesendorfer (2001), Dekel and Lipman (2012)), rationalization
(Cherepanov et al. (2013)), status quo bias (Masatlioglu and Ok (2005)), routes
(Apesteguia and Ballester (2013)) and reason based choice (Lombardi (2009), De
Clippel and Eliaz (2012)).

In this chapter, we want to incorporate the formation of a consideration set in-
duced by limited attention (consideration) as an intermediate stage into a belief
formation process. In this way, our agent is not obliged to take into account all po-
tentially available information, but might base her belief only on (survived) filtered
information in the consideration set. In order to illustrate the basic idea and plau-

sibility of such a two stage belief formation process we modify the doctor example
of BGSS.

A doctor needs to evaluate different outcomes of a treatment. She has some
working experience or access to some medical database D = (cy, ..., ¢), where she
recorded in a case ¢; = (x;, ;) the vector of characteristic of a patient i, x; € X (e.g.
age, gender, weight, blood count) and the observable outcome of the treatment
ri € R (e.g. better, worse, adverse effects). A new patient characterized by x
enters her office and using a medical record D, the doctor wants to derive a belief
P.(D) € A(R) over potential outcomes in R. She might apply an empirical frequency
and use only a part D, of the database D, which contains only cases ¢ = (z,7.) of

patients with “identical” characteristic x compared to the current patient:

ZCEDz 5TC

”Frequentist”: P.(D) = D,

However, if the database contains not sufficiently many of these ”identical” patients
x, she might want to include also “similar” patients. She judges the degree of
similarity between patients x and z’ by s(x,2’) € R,. Further, she might induce
from a case ¢ = (z,r.) not only a point estimate d,, on the realized outcome, but
derives a more general estimate P° € A(R) on likelihoods of particular (related)

outcomes and forms the belief as axiomatized in BGSS by:

Y eep S(@, xc) P°
> cep S(T, )

However, if the database D is long, complex or retrieved partly from her memory, the

"BGSS-belief’:  P,(D) =

(3.1)

doctor might not want or is just not able to (recall) pay attention to and take into

account all potential cases (patients) in the database D. She filters out some patients
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3.1 Introduction and motivation

contained in her record D with specific features I'(D) C D. An intuitive example is
a similarity satisficing procedure, in which she considers only sufficiently relevant

patients that surpass a threshold of similarity s*, i.e. I'(D) = (¢ € D|s(z,z.) > s*):

ZCED 1{5(x»1c)25*}(c)5(w7 xc>PC
> een Ys@anzsy(€)s(w, z.)

"Filtered-belief”: (P,oT)(D) = (3.2)
The filtered belief formation based on the similarity satisficing principle (under addi-
tional restrictions on the threshold value s*) represents a special case of the general
result we obtain in our representation theorem in Section 3.5.

Roughly, our filtered belief formation consist of two stages, in which initially a
subjective (specific) filter process ”selects” the information that builds the consid-
eration set. In the second step, the agent forms her belief based on the remaining
un-eliminated information in her consideration set.

One might be tempted to interpret such a filtered belief as the belief (3.1) of BGSS,
based on an already (exogenously) ex-ante and independently filtered database
['(D). However, such an separation of filtering and belief formation would exclude
plausible and appealing filters based on similarities (as in (3.2)), since the similarity
values are endogenously derived in the belief formation. Moreover, in our axiomati-
zation both stages are merged by an axiom that focusses on the relationship between
filtered databases and their induced beliefs.

The initial filtering process captures appealing and desirable psychological prop-
erties that are rooted in psychology and marketing literature. The main property
is the well known and accepted consideration property. It is based on the idea and
evidence that if a case is considered in a database, i.e. is attention grabbing, then it
should attract attention also in all of its subdatabases, since it faces less competition
for attention by fewer pieces of information.® Further, we make some assumptions
on the cognitive ability of agents and assume that an agent is able to pay attention
to at least k (k > 3)-many available different pieces of information. A slightly more
demanding characteristics requires that order and frequency in which information
appears in a databases does not affect the level of attention an agent attributes to
it. Basically that means that pieces of information are per se attention grabbing
and not due to their specific position or a sufficiently high number of appearance.

The second layer of a filtered belief formation concerns the axiomatization on
the belief level. The normatively reasonable axioms follow the basic intuition of

the axioms in BGSS, but are modified to capture the previous filtering stage. We

6This property is also implied by the appealing axiomatic rationalization theory of Cherepanov
et al. (2013) (based on specific kinds of rationales).
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3 Limited Attention in Case Based Belief Formation

generalize the Concatenation Axiom of BGSS in order to capture the previous fil-
tering process on the involved databases. The original Concatenation Axiom says
that a belief induced by a combination of two databases is formed as an average
of the beliefs that are induced by each of these databases separately. We cannot
directly translate this to filtered database, since concatenations of already filtered
databases can differ enormously from the result of filtering the concatenation of the
two underlying databases (before they were filtered).” Thus, in order to ensure a
reasonable averaging of the induced beliefs in the spirit of the axiom, we require
consistent relationships between the involved filtered databases. Another (implicit
enforced) axiom ensures that the order in which information appears is irrelevant

for the belief it induces.

As a result, our filtered belief formation can be represented as a similarity weighted
average of the estimates induced by each case that the agent actually pays attention
to, i.e. of those that survive the filtering. Hence the representation coincides with
BGSS if the agent does not filter any information, but takes into account always all
available information.

Apart from the appealing intuition of filtering according to similarities (as in
(3.2)), the filtering process can be any general arbitrary process that satisfies the
required properties. Various subjective and psychological motives, constraints, bi-
ases and justifications can be employed as elimination criteria.® In particular, many
recently developed multi-criteria decision procedures include elimination procedures
to (implicitly) form a consideration set. The literature varies in the kind of criteria
that are employed, e.g. using (compositions of) rationale(s) (sequentially) to elim-
inate alternatives (Manzini and Mariotti (2007, 2012a), Apesteguia and Ballester
(2013), Houy (2007, 2010), Houy and Tadenuma (2009), Horan (2013)), focusing
only on subjectively justifiable alternatives (Cherepanov et al. (2013), Gerasi-
mou (2013)), considering only alternatives belonging to un-dominated or best cat-
egory(ies) (Manzini and Mariotti (2012b)) or considering only top N eye-catching
elements according to some exogenously given order or ranking (Salant and Rubin-
stein (2008)). Most of these approaches form consideration set in a way that can
be interpreted as seeking for a reasons to select (based on Shafir et al. (1993) and
Tversky (1972) and more related also in Lombardi (2009) and de Clippel and Eliaz
(2012)).

Another approach to form a consideration set can be seen in a satisficing procedure

"This is unproblematic for unfiltered databases, where the result of their combinations is directly
clear.

8For instance salience, familiarity, "roughly” identical features, heuristics, fairness, extremeness
aversion, limited memory, reference effects, etc.
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(Simon (1959) and more related Tyson (2008, 2013), Papi (2012), Manzini et al.
(2013a)). The resulting consideration set contains only these elements which surpass
a (endogenously) given threshold level according to some criteria. This is close to
our motivating similarity satisficing example in (3.2).

However, for our purpose the most interesting paper is the axiomatic rationaliza-
tion theory of Cherepanov et al. (2013), since our assumed consideration property
(of the filter) is a direct consequence of their normatively and descriptively appeal-
ing rationalization process. Modifying their justification procedure in order to cope
with our other filter properties yields a corollary of our main representation result
that allows for an interpretation in terms of a ”rationalized” filtered belief.

The next section gives the general framework for the two stage filtered belief
formation. In Section 3.3 we introduce and discuss the properties on the filtering
process. Section 3.4 deals with the axioms on the belief formation induced by a
filtered database. The main representation theorem and a sketch of the proof is
presented in Section 3.5 and we derive as a corollary the similarity satisficing belief
process. Section 3.6 relates the filtering process to the recently developed multi-
criteria/stage decision procedures. In particular we exemplarily modify the choice
model of Cherepanov et al. (2013) to a filter process in our terms. An interpretation
of the resulting representation in terms of multi-similarities is given. Section 3.7

concludes. All proofs can be found in the last section.

3.2 The model

In this section, we introduce the case-based information framework and the basic
building blocks of our belief formation based on filtered information. Further, we

introduce some definitions and notations necessary for our approach.

3.2.1 Database framework

A basic case ¢ = (z,7) consists of a description of the environment or problem
z € X and an outcome r € R, where X = X! x X2 x .... x XV is a finite set of all
characteristics of the environment, in which X7 denotes the set of possible values
features j can take. R denotes a finite set of potential outcomes, R = {r!, ..., r"}

The ordered set C' C X x R consists of all m > 3 basic cases, i.e. C = {c!,...,c™}.
A database D is a sequence or list of basic cases ¢ € . The set of databases D
consisting of L cases, i.e. D = (c¢y,...,c) where ¢; € C for all i < L, is denoted
by C¥ and the set of all databases by C* = Uz>1CT including the empty database

(). The description of databases as sequence of potentially identical cases allows
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3 Limited Attention in Case Based Belief Formation

multiple observation of an identical case to be taken into account and treated as an
additional source of information.

For a database D € C*, fp(c) denotes the relative frequency of case ¢ € C in
databases D.

The concatenation of two databases D = (cy, ca, ...,cr) € Cand E = (), ¢y, ..., &) €
CT (where ¢;, ¢} € Cforall i < L,j < T) is denoted by Do E € C**" and is defined
by Do E :=(c1,C2, ..., Cp, ¢}, Cyy ooy Cp).

In the following we will abbreviate the concatenation or replication of L-times the
identical databases D by D¥. Specifically, ¢! represents a database consisting of
L-times case c.

For any D € C* the diversity of a database D is given by div(D) := |[{D}|, where
as usual {D} denotes the set of different cases contained in database D. So div(D)
gives the number of different cases contained in database D.

We need to translate some relations from sets to the list framework.

Definition 3.1

(i) The €-relation on databases is defined by ¢ € D if fp(c) > 0.

(i) The C-relation on the set of databases C* is defined by D C E < fp(c)|D| <
fe(c)|E| for all c € C. We will call such databases to be nested.

(iii) The N-relation on databases is given by DN E = ((¢™MFp@IPLIE@IEL) )
(iv) Two databases D and E are disjoint if for allc € C: ¢ € D if and only if ¢ ¢ E.

The definitions are basically independent of the order of cases in the databases.
Note however that the definition of N-relation in (iii) is very specific, since the order

of C is transferred, i.e. by intersection a specific order (on C) is induced.’

3.2.2 Filter

In the literature so far, a filter on C"* is usually defined as a set function I : C* — C*,
such that for all E € C* () # I'(E) C E. In this way, implicitly the information E
is filtered from the perspective of the available information E. However, it does not
cover and specify how any subdatabase D of E is filtered, while knowing database
E. In particular a case ¢ in subdatabase D might attract attention in D if the
agent does not take into account the additional information in E. But she might
not pay attention to this case when having the larger database E in mind (and
its relevant cases). Thus, the underlying perspective from which a filtering occurs

might affect the assigned attention (see Section 3.3.1 for further discussion). Our

91n contrast to intersections of sets, where orderings are immaterial, intersection of databases do
require some assumption on resulting orderings.

80



3.2 The model

filter determines as well, how any subdatabase D of E is filtered from the perspective
of E. Formally, a function I' : X x C* x C* — C* such that for all z € X and
D CFEeC*T(x,DFE):=TF(x D) C D is called a filter on (sub)database D
induced by (perspective) database E and given a problem x. We use the notation
I'E(z, D) to highlight the roles of the two database. Basically the (sub)database D

is screened from the perspective of (or having in mind) the richer information E.

3.2.3 Induced belief

For a finite set S, A(S) denotes the simplex of probability vectors over S and for
n € N A™ denotes the simplex over the set {1,2,...,n}.
In the axiomatizations of BGSS, EG and Bleile (2014a) (or Chapter 2), an agent
will form a belief over outcomes P(x,D) € A(R) for a certain problem charac-
terized by x € X using her information captured in a database D € C*, i.e.
P: X xC*—= A(R).
In the current approach a filtered belief is formed based only on parts of the in-
formation captured in D and that is filtered from the perspective of richer in-
formation £ € C*, ie. filtered belief (PoTl) : X x C* x C* — A(R) and
(Pol)(z,D,E) = (Pol'¥)(xz, D) for D C E (with slight abuse of notation). In this
sense the filtered belief (PoI'®)(z, D) is induced by a nested pair of databases D and
E and can be interpreted as the belief over outcomes induced by database D € C*
seen through a filter that rests on perspective E (given problem z € X). Hence, a
filtered belief is a two stage process of filtering followed by a belief formation.

Technically, the filtered belief induced by the pair of nested databases D and E co-
incides with the BGSS belief based on an a priori already filtered database I'?(D).1°
However, as discussed in the introduction, a priori filtering would separate the filter
procedure and the belief formation process that would exclude desirable applications
based on endogenously derived similarity values, like the similar satisficing behavior
(as discussed in our motivating example (equation (3.2)). Further, the nice axioma-
tization of BGSS based on relationships between filtered database and their induced
beliefs would need to be defined on filtered databases as well, which merges both
stages again. However, for our motivation and purpose the most intuitive (and de-
sirable) filtered belief formation is based on a single database, i.e. the filtered belief
(PoTl)(x,D, D) induced by database D.

Throughout the paper the problem x is fixed, therefore x is often suppressed in
the following, i.e. (P oI'E)(x, D)= (P ol'¥)(D).

10Basically meaning that (P o I'*)(D) = P(I'¥(D)).
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3.3 Filter definition and properties

Instead of defining explicitly a procedure how to filter information we are more gen-
eral and rather impose natural, well accepted and established properties in psychol-
ogy and marketing. These properties are normatively and descriptively compelling
in several situations and are indeed true for many heuristics people actually use
in real life to screen their "information set”. In particular many of the recently
developed multistage decision models contain a wide variety of (endogenous and
exogenous) filter procedures that satisfy our filter properties, which supports their
relevance and generality (see Section 3.6). In this sense, we can also interpret our
filter as a choice correspondence in which elements surviving the pre-choice process
form a consideration set of acceptable and relevant information. This (filtered) con-

sideration set represents the underlying basis for a filtered belief formation process.

3.3.1 Basic properties of a filter

In the last section, we mentioned briefly our concept of a filter. More precisely:

Definition 3.2 Filter
A set function I : C* x C* — C* is called a filter on D induced by (perspective)
database E if for all D, E € C* such that D C E € C* it holds

(i) T(E,E) =TE(E) =T(E) # 0 and

(ii) T(D, E) =: T®(D) = T'(E) N D.

Note that by definition I'¥(D) C D holds for all D C E, but it does not imply that
I'E(D) # 0.

As mentioned already, the traditional definition of a filter is based only on one
database, i.e. ) # I'(D) C D, which is covered as well by our definition for D = F.
However, our definition also specifies how all subdatabases D of a given database E
are filtered. The knowledge of a database E affects the evaluation of the relevance of
cases in the subdatabase D, since the ”attractiveness” of pieces of information might
vary strongly with different perspectives, available information or knowledge. Basi-
cally, the aim is to capture that a case ¢ € DN E may attract attention in database
D, but not in database E, i.e. T'P(c) = ¢, but I'¥(¢) = (. Thus, the perspec-
tive from which filtering occurs is an important characteristic to determine whether
some piece of information survives a filtering process or not. Our definition requires
a consistent filtering of parts of the available information, i.e. knowing database E,
an agent should pay only attention to those cases in a (smaller) subdatabase D that

(already) captured attention in the richer database E.
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We will discuss the three properties the definition proposes, namely the filtering,

its specific content and induced ordering.

There are many reasons, why an agent demonstrates partial attention to available
information. Cognitive limitations and constraints in parallel processing of complex
and large information sets is often associated with an unconsciously allocation of
attentional resources (Anderson (2005) pp.72-105). This kind of cognitive unaware-
ness can lead to a formation of a consideration sets as well as an intentional heuristic
elimination procedure in order to explicitly simplify the information set in a cost or
effort efficient way, while still keeping the most relevant information. In addition,
consideration sets are often constructed unrelated to the objective features of the
elements in their information sets, e.g. subjective constraints, like motives, mood,
rationales, value systems, biases, attitudes might affect acceptability, attractiveness
or moral justification of an object and affects its assigned attention level. In sum,
filtering a set of available information is a natural and plausible behavior under

many circumstances and for many reasons.

The nested perspective-structure in our definition of the induced filter, i.e. I'*(D) =
I(E)N D for D C E, states that a subdatabase D is filtered from the perspective of
a database E. In this specific form an agent already processed and filtered out the
information in E (resulting in I'(F)) that she deems relevant, wants to consider or
is able to pay attention to. Since an agent actually needs to process and screen only
information in a subdatabase D, she will pay attention to all elements in D that
already grabbed her attention and are still in her mind, i.e. T'(F) N D. Basically
D is not filtered independently but compared with the information that is atten-
tion grabbing in E. Put differently, D is filtered through E- colored glasses and not
by inspecting elements in D in detail. However, it is important to stress that this
definition applies only to situation in which both databases are processed ”simul-
taneously”. If databases are processed independently, such an interwoven filtering
(from the perspective of one) is not feasible or desirable. In particular, in the follow-
ing we will introduce a (consideration) property which specifies how independently

filtered nested databases are related.

Finally, we are concerned with the ordering of the resulting filtered database,
which stems from the definition of the intersection and the ordering on C. Of course,
it is restrictive to assume ad hoc a specific arbitrary ordering of a resulting filtered
database, since amongst other things this may depend on orders of D or/and E.
However, in course of the axiomatization of a belief formation, we would adopt the
Invariance Axiom of BGSS, which states that only the content and not the ordering

of cases is important for an induced belief. From that perspective any reordering of
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a resulting filtered database would lead to the same induced belief, which leaves the
definition and its induced ordering rather harmless.

Moreover, the implied I'?(D) = I'E(x(D)) for all D C E and any reordered database
7(D) will be further generalized by the following property.

Definition 3.3 Filter order invariance

For all L € N and D € Ct and any permutation © on {1,..,L}, let D = (cy,..,cr)
and ©(D) = (cx(1)s .-, Cr(r))- A filter I' is order invariant if it holds that

c € T'(D) if and only if c € T'(w(D))."!

Basically it states (in close relationship to BGSS Invariance Axiom for beliefs) that
the order of the cases is immaterial for the resulting filtering of the cases, i.e. only
the content of a database matters. Information should be attention grabbing per se
and not due to its specific position in the database. From a first sight the property
seems to be rather restrictive since agents appear to be able to consider all cases in
the database ”simultaneously” without any order biases, like first impressions and
recency effect (see Rubinstein and Salant (2006)). However, if some of these effects
are important, then they can be captured by a more elaborated description of the
cases. For example, its description can include time or the order in which it was
observed.

The filter order Invariance implies that in combination with the definition of inter-

sections of databases
IZ(D) = ™ ®)(z(D)) for all D C E and any reordered databases w(D) C 7'(E)(3.3)

It will imply the identity of beliefs induced by all possible combinations of reordered
databases (D) and 7/(E) that enter the filtering process.

A closely related property states and ensures quite naturally that if a case catches

attention then all other cases of this type are attention grabbing as well.

Definition 3.4 Equal treatment of information
A filter T' on C* x C* treats information equally if for all c € D

I'P(c) = c if and only if TP (") = ¢* for all T such that ¢’ € D.

Basically, this means that all pieces of the same type are treated equally and either

are attention grabbing or not.

HUNote that independent of the filter definition, the property would just enforce that the content
is identical. Only in combination with our definition of a filter the ordering coincide, i.e.
(D) =T(w(D)) is implied.
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Another content dependent property is similarly based on the view that attention
or disregard is structural in a way that per se either a piece of information is eye-
catching or attention grabbing or not. Namely, the filtering process is not affected

by an (sufficiently large) amount of occurrence of a piece of information.

Definition 3.5 Filter ignorance of repeated information
A filter T satisfies the ignorance property if for all D € C* it holds:
['(Doc)N D =T(D) forallce D.”*

A repeated appearance of a case does not influence its perception in the sense that
a case attracts attention if it is relevant or outstanding in itself and not because
itself or another case appears in a specific amount. The assignment of attention to
a case might be altered only if another new case appears or all appearances of a
specific case are removed from the database (as induced by the consideration filter
property defined below). In this sense, additional observation of already known and
evaluated cases do not alter (already attached) attention levels.

The property finds support in Gul et al. (2012), which examines the probabilities
of choices when alternatives are duplicated. They propose, that duplicate alterna-
tives should be identified as observational identically and should be (in a specific
sense) irrelevant for the likelihoods with which an observational identical alterna-
tive is chosen. This can be related to a ”pay attention”- choice in which we restrict
the probabilities to pay attention to zero or one. However, duplication of evidence
might affect the composition of a filtered consideration set in the list-framework of
Rubinstein and Salant (2006) and hence violate our property (and their partition
independence property). Of course, the number of times an element appears might
have an influence on attention, for instance in a procedure that pays attention only

to the most frequent element.

3.3.2 Main structural properties of a filter

The two following structural properties characterize the impact of nested databases
on their induced filtered consideration set and the cognitive ability of an agent to

process and pay attention to at least a minimum amount of available information.

12This is equivalent to: for all D C E and all ¢ € E, T'E°¢(D) = I'¥(D).
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Consideration property

The consideration property specifies the relationship between the induced consider-
ation sets of nested databases in a quiet naturally way. It states that if an agent
pays attention to a case in a database, then also her attention is drawn to this case
in all of its subdatabases. This follows the idea and evidence that elements in an
information set compete for attention and need to outperform other pieces of infor-
mation to be considered. If a case manages to attract attention or is salient enough
in a database, then it also gains attention in a subdatabase, in which some of its
rivals for attention are not anymore present. The classical example in marketing
deals with the attention an agent assigns to products in a supermarket with a huge
variety compared to a small neighborhood store. A specific jam catching your eye
standing in front of a large supermarket shelf with fifty different jams will catch

your attention also in the convenience store selling only five different sorts of jam.

Definition 3.6 Consideration property
A filter T on C* x C* satisfies the consideration property if for all D C E € C*
and c € D: ¢ € I'(E) implies c € I'(D).

From another point of view, if there is no reason (e.g. an (outstanding) piece of
information) in the larger sample E that shadows case c, i.e. ¢ € I'(E), then it still
cannot happen that case ¢ is shadowed by any reason (e.g. any information) in the
smaller subdatabase.

Apart from the ”competition for attention”-explanation the consideration prop-
erty can be motivated by the finding that with increasing complexity and size of
a set agents reduce the amount of alternatives they consider and also lower its in-
tensity and seriousness.'® If the complexity of a database is caused by a difficult
detailed evaluation of alternatives involving compromising and tradeoffs, an agent
might find it much harder to find reasons why to ”choose” to consider a case. As
a consequence agents might stick to only superficial analysis, where only the very
important, salient or extraordinary alternatives receive attention. With decreasing
complexity of a set agents might return to a more detailed analysis that facilitates
the selection of more alternatives to be worth or justified to be included into the

consideration set.

13See e.g. Hauser and Wernerfelt (1990) and Shugan (1980).
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Minimal attention span

The following property describes the cognitive ability of an agent to handle and
process information. Our minimal attention property requires that an agent consid-
ers in full detail at least k-many (k > 3) available different pieces of information.
More precisely, for all databases containing less than k many different information
an agent takes into account all pieces of information. For more complex databases
an agent is free to apply filtering techniques to process her information and neglects
some pieces of information, as long as she pays attention to at least k-many different

pieces of information.

Definition 3.7 Minimal attention span

A filter is minimal attentive with k > 3 if for all D € C* such that
(1) for div(D) =1 < k it holds div(I'(D)) = | and

(1) for div(D) > k it holds div(I'(D)) > k.

From this perspective, the property induces that agents are cognitively sophisticated
enough to handle at least k-many different pieces of information completely and
with full attention. Also, agents might want to gather a certain minimal amount of
information in order to evaluate and act in an informed and confident way. Thus
they take into account all available information, when only few (less than k different)
information is around.

The property combines basically two components -minimum required amount of
information and filtering in case of potential information overload - which are well
supported by empirical findings. We state it in terms of a general minimal attention
span k, but for our purpose £ = 3 is sufficient and also meets empirical evidence.
For example Gensch (1987) found that screening and filtering rules may be invoked
for as few as four alternatives, but agents consider and rely on all information for
less diverse information sets. In the marketing literature Jarvis and Wilcox (1977)
examined the usual size of consideration sets and discovered that the average size
of consideration sets is three to eight products, independent of the size of the initial
information.!?

So far a minimal attention property is usually not assumed in the (choice) liter-
ature in which usually no lower limit is given for the filtering stage unless a non-

emptiness condition. In a special case of Lleras et al. (2010) agents have no limited

40ne can also think about it as in Simon (1959, p.263) based on an aspiration or satisfaction
level such that at least k cases are attracting interest or attention. If not, the level was too
high and a reduction of the level leads to some search behavior of the agent to pay attention
to more available alternatives.

15Miller’ s insight (1956) that agents can process or remember at least seven case is also covered.

87



3 Limited Attention in Case Based Belief Formation

attention problem for situations of binary alternative set, i.e. their agents are always
able to pay attention to both alternatives.'® However, their version does not cover
any restrictions for more general situations, as specified in our property.

The requirement of filtering a minimum amount of information constitutes a
strong constraint to identify filters as choice correspondences. We will discuss this
problematic issue in Section 3.6, where we interpret filtering in a choice theoretic

perspective.

Definition 3.8 Admissible Filter
A filter I' on C* x C* is called an admissible filter if it satisfies the invariance, equal

treatment, ignorance, consideration and minimal attention span property.

3.4 Axioms on level of belief formation

In this section we introduce the axioms on the stage of belief formation.
As mentioned in the section before, a natural axiom for a belief process that is al-
ready implied by the definition of intersections and the filter properties, is a version

of an Invariance Axiom as in BGSS for filtered databases that reads:

Filtered Invariance Axiom (already implied)

For every T' > 1, every database D, E € C* with D C E. Let T'¥(D) = (¢4, ..,cr) €
CT and for every permutation 7 : {1,....,T} — {1, ..., T} and any filter '’*(D), where
m(T¥(D)) = (Cx(1)s -+ Cr(1)) the following holds:

(PoI®)(D) = (Por(I'*))(D)

Basically it says that an induced belief over outcomes depends only on the content
of a filtered database and is insensitive to the sequence and order in which data
arrives. However, by our definitions of a filter any filtered databases containing
the same content have exactly the same specific ordering (according to the order
on C), which makes the invariance property superfluous, since re-orderings do not
occur after filtering (see eq. (3.3)). In this sense the filtered Invariance Axiom is

substituted by the definition of a filter and the filter ignorance property.'”

16See also Masatlioglu et al. (2012), where I'(D) > 2 allows the full revelation of preferences

1"We would have required the axiom directly if our filtering process would have allowed for dif-
ferent orderings of databases consisting of the same content. Technically speaking, there is no
difference between restricting the filtering process to specific orders or allowing for different
orderings and requiring an Invariance Axiom for beliefs.
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Per se the invariance property does not allow for different impacts whether a
case appears earlier or later. However, the order in which information is provided
or obtained can influence the judgment strongly and may carry information by it-
self. One way to cope with these order effects is to describe the cases informative
enough. E.g. if one wants to capture the position or time of occurrence of a case in
the filtered database, one could implement this information into the description of
the cases itself. Put differently, if one challenges the consequences of an invariance
property, then there must be some criteria which distinguish the cases. Taking into
account these differences explicitly in the description of the cases may lead the agent

to reconcile with such an invariance.

Filtered Concatenation Axiom
Let I' be a filter. For all database D, E, F' € C* such that D o E C I there exists
A € [0, 1] such that:

(PoTF)(Do B) = \(PoTF)(D) + (1 - X)(PoTF)(E)
where A = 0 if and only if T (D) = ().

In the following we will call the database which emerges from concatenation of other
databases as the combined or concatenated database, whereas the databases

used for the concatenation will be called combining or concatenating databases.

The filtered Concatenation Axiom says that a filtered belief induced by a con-
catenated database is a weighted average of the filtered beliefs induced by their
respective combining databases. The axiom captures the idea that the belief based
on the combination of two databases cannot lie outside the interval spanned by
the beliefs induced by each combining database separately. Intuitively it can be
interpreted in the following way (stated from an exclusion point of view): if the
information in any database induces an agent’s belief not to exclude an outcome r,
then the outcome r cannot be excluded by the belief induced by the combination
of all these databases.'® Alternatively, if a certain conclusion is reached given two

filtered databases, the same conclusion should be reached given their filtered union.

However, in order to sustain the normative appealing interpretation of averag-

ing (filtered) beliefs, the filtered concatenation of two databases must coincide with

BOf course the axiom is stronger in the sense that it not only requires that the probability of
such an r is positive, but it should lie between the minimal and maximal assigned probabilities
induced by the combining (filtered) databases.
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the concatenation of these two filtered databases. This is achieved by employing
the common perspective F' O D o E according to which all involved databases are
filtered, i.e. I'Y". Otherwise it would not be in general reasonable to require the exis-
tence of such an average of beliefs, since the elements surviving the filtering process
for each single database might differ from the elements surviving the elimination of
the database generated by the combination of the two.'? In this situation, it would
be implausible and unreasonable to determine a relationship between the induced
filtered beliefs. The required structure ensures that a filtered belief induced by the
concatenated database relies on information that is also employed in the filtered be-
liefs induced by the single concatenating databases and thus allows for an interwoven

filtering and belief formation.

Moreover, another important reason for requiring this specific common perspec-
tive is based on the motivation that an agent should filter from the perspective of
the richest information available, which is at least the concatenated database Do F,
ie. FF O Do E. This is very reasonable and natural, since the agent processed
already at least the information in the concatenated database due to the fact that
she actually wants to form a (filtered) belief based on this filtered database. In this
way she cannot remove (intentionally) some (gained or experienced) information for
filtering the concatenating database from a less informative perspective.?’ In this
way, the concatenated databases represent a quite natural choice as a ”smallest”

perspective from which the filtering process is initiated.

Collinearity Axiom

No three elements of {((P o I'*)(¢))cec} are collinear.

Technically speaking this axiom allows to derive a unique similarity function (in
combination with the other axioms), but it has also some reasonable intuition.
Roughly it states that the estimation based on a case is never equivalent to the
combined estimations based on two other cases. Hence, a case is always informative
in the sense that no combination of two other cases can deliver the same estimate

and would make this case "redundant”.

Tn an unfiltered concatenated database any information appear in either of their (unfiltered)
concatenating databases and find weight in their induced beliefs. However, for filtered databases
(PoI'P°EY(DoE) = A(PoI'P)(D)+ (1 —\)(PoI'*)(E) is meaningless, since the relationships
between I'(D o E) and the parts I'(D) and I'(E) are unclear.

20This is even impossible if the filtering occurs unconsciously, since the information entered already
her mind by the nature of the task.
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3.5 Representation Theorem

Theorem 3.1

Let there be given a function (Pol) : C* x C* — A(R), where P : C* — A(R)
and I" be an admissible filter on C* x C*. Let (Pol') : C* x C* — A(R) satisfy the
Collinearity Axiom.

Then the following are equivalent:

(i) The function (P oT') satisfies the filtered Concatenation Aziom

(i1) There ezists for each ¢ € C' a unique P° € A(R), and a unique -up to multipli-
cation by a strictly positive number- strictly positive function s : C' — Ry, such that
for all D C E € C* such that T¥(D) # ()

> een 5(¢)1r(m)(c) P

(PoI'")(D) = Y een S()1rmy(c)

(3.4)

Rough sketch of the proof

The necessity part is straightforward calculation. The sufficiency part follows the
rough structure of the proof of BGSS and Bleile (2014a) (or Chapter 2), but differs
in the crucial arguments. The idea is to transform the framework from the space of

databases to the space of frequency vectors that is structural more tractable, i.e. the

filtered belief based on databases (P o T'P)(D) = ZiEDS(SC()Cl)Fl(F‘f;()C()CI;C for DC F e C*
ce

S i< s TIE (fD) P
S yem 5T E (D)
order to show that this is viable we exploit some properties of the filter and the

In

translates to frequency vectors fp C fr by (P o I'/8)(fp) =

Concatenation Axiom.
The essential part of the proof is to derive the similarity weights (s;);<m. This will

be shown inductively over |C| = m and div(fg) < m.

Step 1: Base case for the induction, i.e. |C| = m = 3 and div(fg) < 3, w.lo.g.
C ={c1,co,c3}, 1.e. aim to find sq, s9, S3.

For pairs (fp, fg) € A x A (i.e. such that div(fr) < 3) the properties of the filter
(in particular the minimal attention span) induce that the filtering stage disappears
and the axioms coincide with BGSS. Thus, the same steps (using simplicial parti-
tions) as in BGSS (or Chapter 2) will show the above representation for all pairs
(fp, fr) such that fp C fg and div(fr) < 3.

Step 2: |C| =m > 3 and div(fg) < m.

As in BGSS or Chapter 2, we can show (again using the minimal attention property)

that the similarity weights derived in Step 1 for any set of basic cases C' = {c/, ¢, ¢*}
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3 Limited Attention in Case Based Belief Formation

are independent of the triplet {4, j, k} and thus we can define for all fp C fp € A

5 <m 5501 (fD) P
P FfE s — j<m 3" j

using the derived s = (s1, .., Sp)

The aim is to show (P o IVE)(fp) = (P o IVE),(fp) for all fp C fr € A via
induction over m and using Step 1 (m = 3) as base case.

a) For all pairs (fp, fg) such that div(fg) = m and div(fp) < m the "idempotence”
of the filter (i.e. T'(I'/2(fp)) = I'/2(fp)) is used to exploit the induction assumption.
b) For div(fp) = div(fg) = m we adopt (with different reasoning) the construc-
tion used in BGSS, i.e. fp = a¢’ + (1 — a)f(j) (for some a € (0,1), where f(j)
denotes the point on conv{(ql)le{17,,,7m}\j} on the line through fp and j-th unit vec-
tor ¢/. The result of a) allows to apply the filtered Concatenation Axiom, i.e.
(Pol/2)(fp) = A(Pol2)(¢7) + (1 = X\)(Pol'¥P)(f(j)). The filter properties (min-
imal attention and consideration property) ensure that there exist at least three ¢’
such that [P (¢7) # 0™ and therefore there exist three P/ that do not lie on one
line by the Collinearity Axiom. Thus, there are at least three different lines on
which (PoT/?)(fp) and (PoT/?),(fp) lie and since their intersection is unique the
beliefs (PoT') and (PoT')s induced by the pair (fp, fp) have to coincide. The filter

ignorance property concludes the proof for all (fp, fr).
Interpretation of Theorem

The main difference to the axiomatized representation of BGSS (i.e. (3.1)) lies
obviously in the inclusion of the filtering process that captured by the indicator
function in the representation (3.4). Thereby the agent only employs and needs
to take into account the information that she really filtered to be most important,
"relevant” or acceptable (according to some criteria, such that the admissible filter
properties are met).?! Thus, the belief formation follows a two-stage procedure of
filtering and subsequent belief formation. Another deviation from BGSS concerns
the dependence of the axiomatization on pairs of databases and no single database
as in BGSS. Such a structure is necessary and reasonable for our axiomatization.
However, for interpretational purpose and the motivation behind this work, the
situation £ = D is most interesting. In this context, an agent is not concerned
with additional information or priming of her mind by E, but evaluates the given
or evoked database D. By interpreting a database D as her potentially available

memory, an agent might recall or retrieve only some of her memorized experiences

21Tt allows also a conditional belief formation, i.e. s(z,c) = 1{z=z.}(c), mentioned already in
BGSS, but unfeasible in their setup.
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3.5 Representation Theorem

['(D). Basically I'(D) can be seen as the result of a brainstorming or coming to
mind process of those past experiences that she deems most appropriate, valuable,

salient or wants to take into account.

3.5.1 Example: Similarity satisficing

Initially Simon (1955, 1957) introduced satisficing behavior as an alternative ap-
proach to the classical rational choice theory. According to him, in most global
models of rational choice all alternatives are evaluated before a choice is made, but
7 in actual human decision-making alternatives are often examined sequentially.
We may, or may not, know the mechanism that determines the order of procedure.
When alternatives are examined sequentially, we may regard the first satisfactory
alternative that is evaluated as such as the one actually selected” (Simon (1955),
p. 110). In general, satisficing behavior is a relevant and often observed heuristic
in reality (e.g. for experimental evidence see Caplin et al. (2011), Reutskaja et al.
(2011)).

In our motivating example of a similarity satisficing procedure (3.2), the filtered

Y een $(0) L s(e)2543 (€) P°
> cen 8(O) s>y (c)

Its interpretation is especially appealing if a database is identified with recalled mem-

belief was

(Pol'P)(D) =

ory and assuming that those experiences are retrieved earlier that are most similar
to the current problem. In this situation an agent will stop to contemplate after
some time and starts to process the till-then recalled (most relevant) information.

Obviously, setting the threshold level to zero, i.e. s* = 0, would result in the BGSS
representation (3.1). This directly shows that s* needs to be restricted in order to be
meaningful embedded in our filtered belief formation framework. In particular, our
filtering process must satisfy the minimal attention and consideration property. The
former property requires that we need to take into consideration the k (k > 3) most
similar cases. This determines the threshold values s*. Obviously, such a threshold
needs to be database-dependent, i.e. s*(E) =: s¥ for all E € C*. More precisely,
define for all £ € C* Sg := {(s(c))ecr} and denote by s the j-largest number
s(c) according to > in Sp. Then we get directly that for all £ € C* the database-
dependent threshold level s” is given by s = sEkl{diU(E)Zk}(E) for any cognitive
ability & > 3. Such a definition of the threshold s implies the minimal attention
property. In order to also satisfy the consideration property - i.e. ¢ € I'(E), then
c € (D) for all D C E - we need to enforce st > sP for D C E. The resulting
filter TP(D) = (c € D | s(c) > s¥) satisfies the remaining properties directly.
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3 Limited Attention in Case Based Belief Formation

Summarized, this yields the following Corollary.

Corollary 3.1

Let P be as in Theorem 3.1 and T a similarity satisficing filter TP(D) = (c €
Dls(c) > s¥) for D C E € C* with database dependent similarity thresholds s© as
defined above. Then the equivalence in Theorem 3.1 holds with the specific represen-

tation

ZceD S(C) 1{5((:)25E} (C)PC
> eep 5(0) 1502521 (C)

(Pol'")(D) =

A database dependent threshold is even more in the spirit of Simon’s satisficing
behavior. Simons hypothesis is that most subjects search sequentially and stop
search when an environmentally determined level of reservation utility (similarity in
this context) has been surpassed. Hence, for the specification of their reservation
or satisficing level individuals take into account the environment, i.e. in our setup
the perspective or information set E. In addition, Simon proposed that the levels
of reservation utility (similarity here) increase with set size and object complexity,
i.e. for larger databases in our setup. Thus, both conditions on the threshold -
database dependence and increasing in database complexity - are well-grounded in

the satisficing literature.

A recent related paper that is concerned with the axiomatization of a two-stage
threshold representation (Manzini et al. (2013a)) obtains various structures for the
threshold values. Comparing it to Lleras et al. (2010) (or our admissible filter) they
get as well s¥ > sP for D C E. However, the attention filter model of Masatlioglu
et al. (2012) results in s¥ = s” for any nested D and E, such that I'(E) C D and

for the two stage salience model of Tyson (2013) even the converse inequality holds.

3.6 Related literature with consideration or

elimination stage

3.6.1 Relationship to multi-criteria/stage Decision Theory

As mentioned in the introduction the (implicit) formation of a consideration set is
part of many recently developed multistage decision procedures in which a considera-
tion set is constructed by eliminating several alternatives according to some criteria.
The literature varies in the process of filtering. Some employ (sequences of) ratio-

nal(es) to eliminate alternatives (Manzini and Mariotti (2007, 2012a), Apesteguia
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3.6 Related literature with consideration or elimination stage

and Ballester (2013), Houy (2007, 2010), Houy and Tadenuma (2009)) or accept
alternatives that can be justified by some of multiple criteria (Cherepanov et al.
(2013) (CFS from now on), Gerasimou (2013)). Other procedures are based on un-
dominated category(ies) (Manzini and Mariotti (2012b)) or specific frames (orders,
lists, moods, fairness) which are unrelated to preferences (Salant and Rubinstein
(2008)). Also mental constrains might induce consideration sets (Masatlioglu and
Ok (2005)).

The aim of this section is to interpret and identify our filter in terms of a multi-
criteria choice correspondence by adopting the above mentioned multistage elimina-
tion procedures. A problematic issue in merging both concepts lies in the fact that
choice models usually are intended to identify a single chosen alternative by choos-
ing in the final step the ”"best” alternative within the remaining consideration set.
However, for a filtering process and implied corresponding consideration sets single-
tons are not desirable. For this reason we do not identify and compare the entire
choice process with a filtering process, but we are mainly interested in the filtering
and elimination stages and not on the final choice stage. On the other hand we can
stick to these choice models if we replace the criteria applied in the final choice step
(often binary asymmetric relations) by appropriate satisficing criteria (as discussed
above) such that we end up with a set of acceptable alternatives. Roughly speaking,
we discuss and relate the models in a more approximative and intuitive style, being

aware of the difficulties and basic differences.

3.6.2 Filter as choice correspondence in multistage procedures

In order to identify a filter I" as a choice correspondence we need to discuss our filter
properties in a multistage decision theoretic framework.

The filter definition () # I'(D) C D is plausible for a choice correspondence since
active, non-empty choices need to be made from D. The second part of the definition
-T®(D) = T'(E)N D- can be interpreted as a usual consistency condition or as choice
from E given a (budget) constraint D.

Since usual decision theoretic frameworks deal with sets of alternatives in which
orderings and repetitions are immaterial, the properties of invariance, equal
treatment and ignorance of additional identical information are directly
satisfied for a choice correspondence.

Our minimal attention span property can be interpreted as a restriction to
multiple choices (i.e. correspondences) such that a minimum of k available cases
need to be chosen. Of course this requirement differs from common decision theoretic

frameworks in which no restrictions on the quantity of chosen elements is enforced
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3 Limited Attention in Case Based Belief Formation

(unless non-emptiness). Thus, it will be crucial to implement this property into an
adopted choice correspondence. A possible approach will be proposed and discussed
later in this section. In particular, we exemplarily adopt CFS’s rationalization
model, but the taken approach can be applied to other models as well (see below).
Another approach to guarantee for a minimum amount of choices can be imposed
by enforcing an appropriate satisficing strategy at some stage of the choice process.
However, for the moment we want to focus on the consideration property. In
the choice literature it is known as Sen’s property « or akin as Contraction Axiom.
Many modified versions of the weak Axiom of revealed preferences (WARP) satisfy
the consideration property. Manzini and Mariotti (2007) introduce a Weak WARP
that is also satisfied by CFS (2013), Lleras et al. (2010) and Lombardi (2009) that
states that for all ¢, € D C E and ¢ = I'((¢,)) = I'(E), then ¢ ¢ I'(D). This
coincides with ReWARP of Gerasimou (2013). Lleras et al. (2010) introduce a
Limited Consideration WARP that states that for any ¢ € DN E it holds that
ceT(F)if i) T(F) e D and (ii) ¢ € I'(A) for some A D E.
However, there are also some refinements of WARP in our context that do not satisfy
the consideration property, e.g. Gerasimou (2013)’s DeWARP is neither satisfied
in generality nor Moody WARP of Manzini, Mariotti (2013b).

For the remaining section our interest lies on the link between the elimination pro-
cedures suggested in the multistage decision models and the consideration property.
We translate the choice theoretic approaches directly into our database framework

and will not state the original versions of their models.

Models without an explicit procedure to form consideration
sets

In Lleras et al. (2010) the formation of the consideration set is directly charac-
terized by the consideration property, as in our approach.
Masatlioglu et al. (2012) axiomatizes choice based on a consideration set gener-

ated by an attention filter, which is characterized by
['(D) =T(D\c) for all c € D\I'(D).

Basically, such a filter selects only those cases in a database D that she is aware of
and effectively pays attention to. Hence, if an agent is not aware of ¢ € D\I'(D),
then removing ¢ from the database D should not affect the set of cases an agent

would pay attention to. In contrast, our consideration property does not rely on
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such an unawareness component and in general both properties (attention and con-
sideration) are independent (see Lleras et al. (2010) for an example demonstrating
the differences).

Models with explicit formation procedures

Given a binary relation R on C, we denote by U(D, R) := (c € D | A¢ with ¢Rc)
the cases in D that are undominated?? in D and by Dom(D,R) := (¢ € D | 3c €
D\¢ such that cR¢) the set of cases in D that are dominated by a case in D.

Sequential elimination Procedures

The following approaches adopt the same rough idea of ”short-listing” in which
multi-criteria are checked sequentially and only those alternatives survive until the
final consideration stage that meet some or all criteria. The elimination is based
mainly on un-dominance inspections regarding the specific criterion.

Manzini and Mariotti (2007) axiomatize choice following a rational shortlisting
behavior. The final choice is made according to criterion Ry within the alternatives
in the consideration set that are undominated and survived the elimination according

to Ry (asymmetric and transitive binary relation)
I'(D)=(ce D|ce U(Ry,U(Ry,D))).

Houy (2007, 2010) introduces as well another mechanism to form a consideration
set that is based on a composition of some binary relations R;, in which agents se-

quentially check for a certain pattern of (un)dominance according to ordered criteria
['(D) = (ce D] forall ¢ cR¢ or (=(¢Ric) and cRy¢) or (=(¢Rac) V cR3é...)).

In a similar spirit Horan (2013) summarizes many of these two stage models in
which a consideration stage is formed according to undominance based on a asym-
metric relation and then a second (asymmetric) relation is used for the choice.
Obviously, all such short-listing procedures (and extended to more criteria (R;);) do

satisfy the consideration property.

A sequential elimination procedure of a different kind is discussed in Manzini and

22For our purpose it might make more sense to think rather in terms of satisficing than maximal
elements, e.g. in the sense of U(R, D) = (¢ € D|cRc*) for some threshold case c*.
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Mariotti (2012b). Their consideration set is formed according to a (asymmetric,
possibly incomplete) relation P on subsets that are interpreted as categories. The

un-dominated categories survive the elimination phase.
I'(D) = (S c D| AS C D such that SPS).

In order to capture the consideration property, specific requirements on the cate-
gorization structure are necessary. Bleile (2014c) (or Chapter 4) implements two

potential versions of categorizations on databases into a belief formation process.
Satisficing procedures

The following branch of literature adopts the satisficing idea of Simon (1955, 1957).

Tyson (2008) axiomatizes a satisficing procedure based on a considerations set
that contains only those elements that exceed some database dependent threshold

level © according to some numerical representation of a criterion f
I'(D) = (ce D] f(c) = O(D)).

Such a filter satisfies the consideration property for an appropriate definition of the
database dependent threshold value © (as in our similarity satisficing example in
Section 3.5.1).

Tyson (2013) and Manzini et al. (2013a) modify and generalize this procedure to

salience measures and general relations.

Papi (2012) proposes an axiomatic characterization of the satisficing heuristic un-
der various informational structures in which the order of inspecting alternatives are
either full, partially or not observable. Especially the case of unobserved sequences
can be interpreted within a framework of choice correspondences by assuming that

for all possible orders the satisficing elements enter the consideration set.
Frame related elimination procedures

Salant and Rubinstein (2008) model a general approach in which the in princi-
ple available choice set is restricted by subjective and psychological constraints,
rationales or biases. They call such additional characteristics that are not directly

covered by the objective description of the alternatives as frames

I'(D) = (ce D|I'(D, f) = c for some frame f).
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Obviously, for an unspecified frame our filter properties are not directly satisfied.
Reason Based Choice procedures

In general, the above mentioned procedures to form a consideration set can be
interpreted under the premise of having and/or seeking a reason to accept or elimi-
nate alternatives. This general idea follows the stream of literature on reason based
choice initiated by Shafir et al. (1993) or even Tversky (1972). That is, elements in
the consideration set are those that can be (internally) justified most easily (accord-
ing to some reasons). Thereby, as above, an (un)dominance structure (according
to one, some or all criteria) serves as convincing reason for choosing the specific
element. A link between reason based choice and the consideration property can be
established by the insight that in a smaller set it might be easier to find a reason
to choose some alternative, whereas in a larger set it also might be easier to find a
reason to reject.

Lombardi (2009) relies on the concept of reason based choice in the sense of
finding the best and most easily justifiable alternatives by possessing the ”most
convincing” dominance structure. It constructs a consideration filter by employing
the same criterion for the screening as well as for the final evaluation, but in different
ways.?3 The rational (acyclical binary relation) used as a criterion in the first stage

is used to construct another criterion for the second stage.
I'(D)=(ceU(D)| Ac¢eU(D)such that Dom(¢, D, R) D Dom(c, D, R)),

where Dom(c, D, R) := (¢ € D such that cR¢). Such a procedure does not satisfies
the consideration property in general.

Gerasimou (2013) also relies on a procedure based on a single (acyclical or asym-
metric) relation R. The consideration set contains elements that are justified by the

fact that they are un-dominated, but at least one alternative is worse?*
I'(D,R)=(ce D| Ac¢e D such that ¢Re and 3¢’ € D s. th. ¢Rc).

Such a procedure does not satisfy in general the consideration property.

Similarly, in the vein of seeking reasons to justify the selection, De Clippel and

23In general, the psychological literature (e.g. Andrews and Srinivasan (1995), Roberts and Lattin
(1997)) states that the criteria influencing consideration and the final evaluation stage may
differ as well as (partially) overlap. Overlapping criteria, however, play different roles at both
stages.

24Note, there is a difference to undomination
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Eliaz (2012) employ a pro-cons bargaining procedure based on linear orders P, Ps.
The agent forms the consideration set via (internal) compromising between P; and P,

by trying to receive as many as possible dominated alternatives for both rationales.
['(D) = (¢ € D |argmaz.min;| Dom(D, F;)|)
The consideration property needs not to hold in general for this procedure.

However, the most interesting and elegantly fitting model for our approach is CFS’s

(2013) rationalization theory that we want to merge with our approach exemplarily.
Rationalization Theory and related psychological filter

CFS model a consideration filter explicitly as a rationalization procedure. For a
set of binary relations R = {Ry,...,R,} on C, a case in database D is rational-
ized if cR;¢ for all ¢ € D for some ¢ < n. This psychological filter contains those

alternatives that are justifiable by at least one criterium, rational, reason, story, etc.
I' (D) = (c € D|3i < n such that cR;é for all ¢ € D).

This procedure is very interesting, since such a psychological filter satisfies the con-
sideration property directly and hence the rationalization procedure can be seen
as a generator of any filter satisfying the consideration property. However, for our
purpose we need to take care of our additional minimal attention property. Roughly
speaking, we want to find a reasonable procedure that delivers an admissible filter
via a rationalization similar to CFS.

For a binary relations S and for D € C*, we define the following recursive (maxi-

mal) domination sets for an attention level k£ > 3

Max(D,S) =: Max*(D,S) := (c € D|cSé for all ¢ € D)
forn>1: Maz"(D,S) := Max(D\ Uic,_1 Maz'(D,S),S) and
Max*(D,S) := Max®(D, R) for d := argmin,{div(Maz"(D, S)) > k}.

Note that Max*(D,S) can be empty, e.g. for div(D) < k.

Definition 3.9
a) Let S = {S1,..., Sn} be a be a set of binary relations on C and D € C*. Then

we call a case ¢ minimal k-attentive rationalizable (MAR) by S in D if and only if
c € Maz*(D,S;) V c€ o, ,Max(D,S;).

100



3.6 Related literature with consideration or elimination stage

The set of all MAR cases (by rationales S) in database D is denoted by MAR(D,S).

b) A filter T is called a minimal k-attentive psychological filter based on a set of
binary relations S = {51, ..,Sn}, i.e. I' = MAR(D, S), if it holds

(i) for any D € C* such that div(D) < k: I'(D) = D and

(ii) for any D € C* such that div(D) > k and Mazx*(D,S;) # 0: T'(D) =
MAR(D,S).

Basically the modification of a CFS filter serves the reason to capture the required
minimal attention property by enforcing ad hoc that always the k-best cases ac-
cording to a most important, seminal, distinguishing, leading rational (criterium,
reason, story) S; are consider for sure. In addition, if they differ from the ”best”
cases according to the other criteria, also all cases which are rationalizable by these
other rationales survive the elimination procedure. A plausible way to justify such a
formation process would emphasize the extraordinary role of criterion S;. An agent
is focussing on the (at least) k-best un-dominated or most salient alternatives for the
most important criterion S; and only the best alternatives according to the minor,
rather marginal or negligible criteria are worth to consider. For instance, an agent
buying a car would choose according to different criteria, like speed, mileage, gas
consumption, etc. Her major criteria might be gas consumption and hence includes
the k best cars regarding economy into her consideration set, whereas she only takes
the fastest car and that with lowest mileage into account, since they are outstanding
or salient within the minor criteria.

For the definition and the underlying recursive domination we had in mind k£ = 3.
For larger minimal attentions k one can generalize this approach to any specific
structure of ranking criteria. For instance for k£ = 4, one might assume to consider
for sure the two best alternatives according to rational S7, and additional the two
best remaining alternatives regarding to story Ss. In this sense a minimal attentive
psychological filter can be generalized in arbitrary ways for specific attention levels.

The non-emptiness requirement of a MAR-filter, i.e. Max*(D,S;) # 0, is for
example satisfied if the binary relation S; is complete. But also for an incomplete
"benchmark” or satisficing relation S;2° the non-emptiness is satisfied if ¢* is chosen
such that there exist at least k cases ¢ € D such that ¢S;c*.

Consequently, we can state the following corollary.

Corollary 3.2
Let T be an (extended) M AR-filter on C* x C* based on a set of binary relations

25Le. for a benchmark c* ¢S;c if and only if ¢S1c*S1c’ or (¢Sic* and ¢/ Sic*) for ¢,c,c* € D, see
also Definition 6.2 later.
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S ={S1,....5x}. Then T is an admissible filter and the equivalence in the Theorem
3.1 holds for all D C E € C*, such that T¥(D) # 0 with the specific representation

2cep 8(O) mar(m5) () P

(Pol'™)(D) > en () 1aar(5,5)(c)

In general, most of the above mentioned multistage procedures can be adopted to
satisfy the minimal attention property by replacing an usual dominance structure
by our defined Maz* structure for some rational at some stage of their elimination
procedures. In this way, these modified multistage choice processes (that satisfy the
consideration property) can be interpreted as an admissible filter and incorporated

into our filtered belief formation.

An appealing and intuitive example for rationales S; in S is to interpret them as
rationales that are related to componentwise similarities on the characteristics space
X =X'x..x X"V ie. si(c) € R, forall ce C (i < N). One can understand the
endogenously derived similarity value s as an (complex) aggregation f (f: RY — R)
of these componentwise similarities- i.e. s(c) = f(s1(¢c),....,sy(c)). An underlying
motive for choosing such a form relies on the fact that agents tend to evaluate the di-
mensions lexicographically instead of aggregating multi-evaluation criteria (Tversky
et al. (1988), Dulleck et al. (2011)), i.e. (s;);<n versus s = f(sy,..,sy). In addition,
research shows that in the filtering stage agents use noncompensatory heuristics for a
rough screening based on simple criteria, e.g. a satisficing behavior like comparing s;
with thresholds s}. But for the final evaluation stage a compensatory, more detailed
multi-component and compromise-based procedure is taken, as in our aggregated
similarity measure s = f(s1, .., sx).2

Two candidates for a reasonable and plausible, but ad hoc, definition of binary
relations .S; are based on comparisons of the componentwise similarities s; in the

following way.

Definition 3.10

Let there be functions s; : C' — R for all i < N.

(1) ”Componentwise similarity”: For all i < N, a transitive and complete binary
relation S; is defined on C x C by cSic’ if and only if s;(c) > s;(c')

(ii) ”Benchmark exceeding componentwise similarity”: For all i < N the asymmet-
ric, transitive and possibly incomplete binary relation S} is defined by cS;¢ if and

only if (si(c) > sf > si(€) VvV  si(c) > s;(¢) > sf) for componentwise threshold

26See e.g. Bettman (1979), Gensch (1987), Hauser and Wernerfelt (1990), Roberts and Lattin
(1991, 1997), Andrews and Srinivasan (1995) and for a model Lombardi (2009).

102



3.7 Conclusion

values (s7);.

Obviously, the binary relation defined in (i) can be used to define a MAR-filter. The
relations in (ii) can be applicable for a MARfilter if for any D € C* s} is chosen
according to st < s7%1(giw(py>ky (D) (as defined in Section 3.5.1).

3.7 Conclusion

Chapter 3 examines how beliefs are formed by agents that are constraint or not
willing to pay attention to all potentially available pieces of information. It is
well known in the psychology and marketing literature that humans do not take
into account all available information due to many different reasons. Based on this
insight we axiomatize a two stage belief formation procedure in which agents employ
only these pieces of information that ”survived” a first step of (un(intentional))
filtering (or screening). The filter is required to satisfy natural, reasonable and well
known properties. The axioms on the belief level are closely related to the axioms
introduced in BGSS and modified in a way to capture the link to filtering information
and their consequences for induced beliefs. The resulting filtered belief is a weighted
sum of estimates induced by past observed information that are attention grabbing.
Thus, only pieces of information that attracted the attention and consideration of
an agent are taken into account. The weights are determined by the similarities of
the observed cases with the problem under consideration.

The axiomatized filtered belief formation generalizes the axiomatizations of BGSS,
EG and Bleile (2014a) in which all available pieces of information are necessarily
taken into account which prevents unintentional forgetting or unawareness as well
as intentional application of a heuristic screening techniques that often drive human
judgment. Hence, a filtered belief formation offers a cognitively less demanding and
more realistic behavioral procedure to form beliefs based on data.

An intuitive and natural application of a filtered belief formation are models of
satisficing behavior regarding the relevance or appropriateness of information for the
current problem. Moreover, it captures also a conditional belief formation process
that only takes into account identical problems in the past and neglects all not
perfectly similar observations - which cannot be covered by BGSS, EG and Bleile
(2014a).

In particular interesting is that filtering (and elimination) of information (or alter-
natives) emerged very recently as a research topic in the decision theory literature.
These multi-stage/criteria models incorporate as well a first step of filtering before

engaging into the final choice step. Many of these models can be easily translated
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3 Limited Attention in Case Based Belief Formation

and embedded into the filtering stage of our belief formation process such that our

filter stage can be interpreted as a choice correspondence in terms of decision theory.

3.8 Proof of Theorem 3.1, necessity part

Let (PoTE)(D) = ZiEDD(S()Cl)Fl(FE(J)E(C()CF)) for all D C E € C*, such that T'¥(D) # (.
ce

Let D=DyoDyand D C E e C*.

E _ 2een SO L) () P°
(Pol'*)(D) = ZceD s(c)lr(E)(C>

1 C
N zceDs<c>1r<E><c><Z ACICLE D SECHEID )

ceDy c€Do

_ ZCGDi s(c)lrp(c) ZceDi s(c)1r(m) (c) P°
- Z‘ZLQ ZCED S(C)]‘F(E)(C) ( ZceDi S(C)]'F(E) (C) )

= MNP oTH)Dy)+ (1 =N (PoI'P(Dy)

Thus, the filtered Concatenation Axiom is satisfied. .

3.9 Proof of Theorem 3.1, sufficiency part

3.9.1 Important observations

In the proof, we treat the situation in which the level of minimal attention k is set
equal to three, i.e. k£ = 3. This simplifies notational effort and is sufficient to follow

the main steps of the proof that analogously work for any k£ > 3.

The following Lemma states useful and crucial properties for the proof.

Lemma 3.1

Let T be an admissible filter, then the following holds:

(i) For all c € D € C*, TP(c") € {0,c"} for all T such that ¢ € D.

(ii) For all D C E € C* such that div(E) < 3: D CTF(D) C D = ((¢/P?©1P) ).
(111) For all D C E € C* we have some kind of idempotence, i.e.

I(I'?(D)) =T#(D).

Proof:
(i) By definition I'?(c) C ¢, hence the equal treatment property delivers directly the

desired result.
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3.9 Proof of Theorem 3.1, sufficiency part

(ii) By definition and the equal treatment property, we have for all D C E € C*
that T'Z(D) = oeec(IE(c))/P@IP]

If div(E) = k < 3, then by minimal attention property div(I'(F)) = k and thus by
the equal treatment property I'(E) = o.cccOFl Since D C E, we get directly
I'?(D) = opeccfPIP!,

(iii) By definition of a filter, we have I'(T'¥(D)) C T'¥(D). The consideration prop-
erty implies
L(IP(D)) = ™ (PYTP(D)) 2 TH(¥(D)) = I*(EB) NT#(D) 2 T*(D)

and hence the claim holds true. O

Basically (ii) just says that no filtering of D takes place in this situation and only a

reordering takes place ( which is ”immaterial” for the induced belief).

3.9.2 Translating the database framework to frequencies

An essential step in the proof is to identify databases with their frequency vec-
tors. The space of frequency vectors is more tractable and enables us to adopt the
structure of BGSS’s proof (and use the procedure of Bleile (2014a) (or Chapter 2)).
However, the proof here requires some additional features, since in addition filters

are involved, which alters the crucial steps in the inductive proof.
General Definitions for a Frequency Framework
We need to introduce some definitions regarding the frequency framework.

The set of all frequency vectors on the ordered set of basic cases C' = {c!,..,¢"} is
given by (since C is fixed we skip it in the following)

AC)=A={f=(f1,.... fm)s. th. f;€QnN[0,1] foralli <mand >, f; =1}
The following set represents all frequency vectors related to databases D_E cT:

l; “
Ap={f€A fi=r LEN, Y 5;=T and 3D € C” such that fp(c;) = f; = 1;/T}
=1

Observe that if f € Ap(C), then f € Arz(C) for all Z € N4, ie. the frequency
vector fp represents all databases D? for some Z € N and we cannot relate it to

any specific database D for a specific k& € N.
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3 Limited Attention in Case Based Belief Formation

Definition 3.11

(i) O™ denotes the null-vector on R™.

(ii) For allj € {1,2,...,m} denote by ¢’ the j-th unit vector in R™, i.e. the frequency
vector representing a database containing only case c; € C.

(11i) For all d € A its diversity is given by div(d) = |{i < m|d; > 0}

Definition 3.12
(i) The C-relation on frequencies A x A is defined as follows for d,e € A:

d C e if and only if d; > 0 only if e; > 0 for all i < m.

(ii) Let d € Ar and e € Ay, then the N-relation on A x A is defined by

min{d;T,e;L}

dNe:=
c ((zzgm min{d;T,e;L}

Ji<m) *7.

For definition (i) we have in mind that there exist T and L such that d represents
a database of length T, i.e. D € CT, and e represents an E € C* such that

mil’ljsm d]T S mianm GjL.
Why is a transformation viable?

Roughly, we want to show that for a filtered belief formation we can identify
databases D C F € C* in the filtering process by frequencies fp C fg such that
['/2(fp) corresponds to I'®(D). For this purpose, we exploit the properties of an

admissible filter and the axioms on filtered belief formation in the following way.

(i) The filter ignorance property for I implies directly FEL(D) =TE(D)for DCE
and for all L € N, i.e. (PoTE)(D) = (Pol'F")(D).

(ii) The filtered Concatenation Axiom implies (by D = Do...o D) (PoT*)(D) =
(P oT'F)(D?) for an appropriate F such that DZ C F holds for Z € N.

However, since for all Z € N there exists a L € N such that D% C F¥, observations
(i) yields that for D C E

(PoTP)(D) = (PoT"")(D?) for all Z € N and sufficiently large L € N.  (3.5)

min{d;T,e; L} ) ) _
<, min{d;T,e; L} /i<m/) =

2T (Consistency) Remark: If d C e, then obviously d Ne = ((

((%)igm) =d
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3.9 Proof of Theorem 3.1, sufficiency part

Further, by the definition of a filter and its order invariance property (and hence
its implied belief invariance property) the order of the cases do not matter, which
enables us to represent all involved databases by their frequency vector on C (which
are independent of lengths) and their corresponding lengths.

However, by the above observations, within the filtered belief formation, lengths
of databases become irrelevant in the sense of equation (3.5). In particular, since
each DZ € C* (for any Z € N) is represented by the same frequency vector fp, the
"sufficiently large”-condition looses its bite (see below). Thus, we can identify the

filtered belief formation process on databases by frequency vectors.

Filtered belief induced by frequencies

Definition 3.13

The filtered beliefs (P oT") : C* x C* — A(R) based on databases D C E translates
to corresponding beliefs based on frequency vectors fp C fg in the following way:
(Pol): AxA — A(R) such that U'(fp, fg) :==T(D,E) and (P oI')(fp, fr) :=
(Pol')(D, E).

Basically, the weakening of the condition D C F to fp C fg runs through the
implicit or intuitive interpretation of I'V2(fp) in a way such that there exists an ap-
propriate replication Z of database E (i.e. fg = fgz) such that EZ O D is matched
and since by the ignorance property FEZ(D) = I'E(D) the nestedness condition can
be relaxed.

Thus an application of filter properties and belief axioms show the viability of the

transformation from databases to the frequency framework.

Filter definition in frequency terms

Definition 3.14
Ford Ce e A, a functionI': A x A — A is called an e-induced filter on d if
(i) T'(e,e) :=T%(e) :=T(e) € A and (i) I'*(d) := I'(e) Nd hold.

Definition 3.15

(i) Consideration property

A filter T' on A X A satisfies the consideration property if ford Ce € A: T(e)Nd C
I'(d)

(ii) Minimal attention span
A filter T satisfies the minimal attention of k > 3 if for all d € A:
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3 Limited Attention in Case Based Belief Formation

(a) If div(d) =1 < k, then div(I'(d)) =1
(b) If div(d) > k, then div(I'(d)) > k.

(i11) Filter ignorance of repeated information

__ (b1 p2 Pm _ (. p1 P2 pi+1 Pm e )
Let e = (p, R ), f= (p—+1,p—+1, . B8 ...,p—+1) € A, where p := ngmp] eN

and p; > 0. Let d C e C f. A filter T’ satisfies the ignorance property if T'¢(d) =
I/ (d).

The equal treatment property is directly satisfied by the definition of a filter in

frequency terms.

Definition 3.16
A filter T' on A x A — A satisfying the consideration, equal treatment, minimal

attention span and ignorance property is called admissible.

Analogously to Lemma 3.1, we get in frequency terms:

Lemma 3.2 (Lemma 3.1 in frequency terms)

Let T be an admissible filter on A x A.

(i) For all ¢ C d € A, we have T'%¢7) € {0, ¢’}.

(i1) For all d C e € A such that div(e) < 3 T'°(d) = d holds.
(111) For alld C e e A: T'(I'(d)) = I'*(d).

Axioms in frequency terms

Filtered Concatenation Axiom
Let ' be a filter on A x A. For all d € Ay and e € Ay for any T, L € N, there
exists A € [0,1], such that for ¢ O f := ~1-d + ~Z-¢

T T+ T THL
(Pol?)(f) = AP ol?)(d) + (1 = A)(P oT¥)(e),
where A = 0 if and only if I'9(d) = 0™.

Collinearity Axiom
No three of {((P oT%)(¢?));<m} are collinear.

Sufficiency part of Theorem 3.1 in frequency terms

Proposition 3.1
Let there be given a function (PoT) : A — A(R), where P : A — A(R) and T an
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3.9 Proof of Theorem 3.1, sufficiency part

admissible filter on A x A. Let a filtered belief (Pol') : A x A — A(R) satisfies the
filtered Concatenation and Collinearity Axiom.
Then, there exist unique probability vectors (P?)j<, € A(R), and unique -up to

multiplication by a strictly positive number- strictly positive numbers (s;)j<m € R
such that for all ¢ C f € A such that T/ (q) # 0™

E:jgnlsjrf(Q)}U

(PoT¥)(q) = SIS

where Ff(q) denotes the frequency of case c; in T (q).

3.9.3 Proof of sufficiency part of Theorem 3.1 in frequency

terms

We have by Lemma 3.2 (ii) directly that I'/(¢) = ¢’ for all f D ¢’ such that

div(f) < 3 and hence we need to choose
Pl = (PoT7)(¢) (3.6)

The aim of the inductive proof over m with |C| = m and div(f) < m is to find the
similarity values s1, ..., S;,-

Step 1: |C| =m =3, w.l.o.g. C = {cy,c9,c3}, thus A = A(q', ¢% ¢%)

Step 1.1: Defining similarity weights

We define ¢* := $(¢" + ¢* + ¢*) and for f D ¢* Lemma 3.2 (ii) yields

ZJ<3 SJFf( ) P? B ZJ<3 Sj 3P ngs s P?

(PoT')(q") =
> i<ssil1(q) <3553 D <3 5

According to the filtered Concatenation Axiom there exist A € int(A?) (by minimal
attention, i.e. I'/(¢/) = ¢’) such that

(Pol)(q) =) N(Pol!)(g) =D NP7,

7<3 j<3

where the last equality follows from (3.6).
By equating both representations we can derive the corresponding similarity weights
S1, S2, 83 uniquely up to multiplication by a strictly positive number and define for
allg C fe A
ngm SjF;'c(Q)Pj

ngm Sj F;‘c(q )

(P © Ff)s(Q) =
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3 Limited Attention in Case Based Belief Formation

The aim is now to show that for all (¢, f) € A x A such that ¢ C f
(PoT')s(q) = (PoT')(q). (3.7)

All such (q,f) are collected in E := {(q, f) € Ax A| (PoT7),(q) = (PoT7)(q)},

where obviously by definition

(¢, f)eFE for all < 3 and f € A such that ¢ C f
and (¢*,f) € £ forall f € A such that ¢* C f. (3.8)

Step 1.2: All simplicial points (with appropriate perspective) satisfy
equation (3.7)

Notation: In the following we will denote for a,b € A or a,b € A(R) the straight
line through a and b by (a, b) (since there won’t be a confusion to the usual interval
notation).

The main tool of the proof is the following observation, which will be recursively

applied in an appropriate manner in the proof.

Lemma 3.3

Let a,b,c,d,e € A, where e = (a,b) N (c,d) and for all f € {a,b,c,d} let div(f) <3
and (f, f) € E. If (PoTY)(f))tefapear are not collinear, then (e,g) € E for g € A
such that div(g) < 3 and e, f C g for all f € {a,b,c,d}.

Proof:
W.lo.g. let e be between a and b on the line through a and b. Since (P oI') and
(P o) satisfy filtered Concatenation Axiom we get

(PoT)(e) € ((PoTl*)(a),(PoT*°)(b)) and
(PoT)se) € ((Pol%)s(a), (Pol)s(b)).

For f € {a,b} such that div(f) < 3, we get with Lemma 3.2 (ii) for all g € A such
that div(g) <3 ande, f Cg

(Pol?)(e) € ((Pol¥)(a),(Pol?)(b)) and
(Pol¥)(e) e ((PolY)s(a), (Pol?)s(b))

Analogously, we get a similar result for the segment (¢, d).

By Lemma 3.2 we know that T'Y(f) = IV (f) for all f € {a,b,c,d} and since by
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3.9 Proof of Theorem 3.1, sufficiency part

assumption (f, f) € E,i.e. (Pol'),(f) = (Pol'7)(f), we directly get (PolY),(f) =
(PolY)(f) and

(PoT¥)(e), (Pol¥)s(e) € (Pol¥)(a), (P oT?)(b)) N ((Pol?)(c), (P ol?)(d).

Since the intersection of the two line is unique due to the Collinearity Axiom, we

get the desired result, i.e. (PoTY)(e) = (PolY)(e) and (e,g) € E. O.

By Lemma 3.2 we know that I'/(q) = ¢ for any ¢ C f such that div(f) < 3, hence
we need to show equality (3.7) not for all appropriate pairs (g, f), but only for any
q and some appropriate f such that ¢ C f. Then it will hold for all f such that ¢ C f.

In the following, we will partition the simplex A into so called simplicial trian-

gles recursively, as illustrated in the Figure 3.1 below.
Definition of Simplicial Triangles:

The 0-th simplicial partition consist of vertices qg € A, which are exactly the unit
vectors ¢/ for j = 1,2,3. The first simplicial partition of A is a partition to four
triangles separated by the segments connecting the middle points between the two
of the three unit frequency vectors, ie. ¢f = (3¢* + 3¢%), ¢ = (54> + 3¢°) and
@ = (%q?’ + %ql). The second simplicial partition is obtained by similarly parti-
tioning each of the four triangles to four smaller triangles, and the I-th simplicial
partition is defined recursively. The simplicial points of the 1-th simplicial partition

are all the vertices of triangles of this partition.

Figure 3.1: 1st and 2nd Simplicial partitions
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3 Limited Attention in Case Based Belief Formation

We want to show that all simplicial points (with appropriate perspective) satisfy
equation (3.7), i.e. are in E, by induction over the I-th simplicial partitions. Step
1.1. showed the claim for [ = 0 (equation (3.8)). We proceed to the points in the
First simplicial partition:
Since

a= (¢4 N q),
and we already know that for all f € {¢', ¢ ¢ ¢*} (f, f) € E we can apply Lemma
3.3 if the collinearity condition holds. However, since (Pol'?")(¢") = P’ fori = 1,2,3
and (PoT7)(q*) € int(conv({ P, P%, P3})) the Collinearity Axiom directly induces
the non-collinearity condition. Hence, by Lemma 3.3 we get that (¢{, f) € E for all
f such that ¢ C f.

With the same reasoning, we get (¢3, f), (¢}, f) € E where f D ¢} (respectively ¢3).
Thus all pairs (¢}, f) consisting of a simplicial points of the first simplicial partition
and all f such that ¢] C f are included in E.

For the second simplicial partition we distinguish between inner simplicial points
and points on the boundary of the simplex A, i.e. between two of the corners ¢’.

Figure 3.2 demonstrates the intuition.

q qi q

Figure 3.2: Step from 1st to 2nd Simplicial partition

(a) The first step involves the inner simplicial points g5, ¢5, ¢5 € int(conv({q¢*, ¢*, ¢*})).

Since
& € (a1, 4)) N (¢ q)

and for all f € {q},¢},¢", ¢} (f,f) € E by Step 1.1 and Step 1.2 for the first sim-

plicial partition, we need to check the collinearity condition to apply Lemma 3.3.

112



3.9 Proof of Theorem 3.1, sufficiency part

However, the condition is met since the induced beliefs for (q{, q{) with j = 1,2,3
are in int(conv({P?, P’})) (for appropriate i # j) that cannot lie on one line since
(P7),<3 are not collinear by the Collinearity Axiom. Consequently by Lemma 3.3
we get that (¢3, f) € E for all f D ¢5.

Analogously, we can get that all simplicial points (combined with appropriate per-
spective f) of the 2nd partition in the interior of A, i.e. ¢3,¢3 with appropriate

super-frequencies f are in E.

(b) In the second step we will deal with and focus on the simplicial points on

the boundary of A (e.g. representative ¢y, see Figure 3.2).

We have that ¢ € (¢3,¢°) N (g3,q5). All frequencies f involved in the intersec-
tion are shown (Step 1.1. and Step 1.2 (a) for second partition) to be contained
in E, in the sense of (f, f) € E. Again, the non-collinearity is fulfilled since (P?
and P3) and induced beliefs in int(conv({ P!, P? P3})) are involved and (P?, P3) ¢
int(conv({P', P?, P3})) since (P?);<3 are not collinear. Thus, Lemma 3.3 delivers
(4. f) € E for all f 2 q}.

The same procedure with analogous and adjusted arguments yield that all simplicial
points on the boundary of the 2nd simplicial partition combined with appropriate

super-frequencies (perspectives) are also included in E.

The same kind of algorithm works for all simplicial points of any I-th simplicial
partitions, i.e. obviously each q € rim(conv({q",¢?, ¢*})) is for some 1 captured. For
q € int(conv({q",¢* ¢*})) one can approximate q via a series of simplicial points
(qf,q?,q’) such that q € int(conv({q},q?, ¢’};)) for all 1. In detail, the completion
for all permissible (¢, f) € A x A can be shown almost similarly as in Step 1.3 Bleile
(2014a) (or Chapter 2) (or differently in BGSS Step 1.2 in their proof) and hence
we refer to these papers for the entire procedure.

This concludes the proof for the case |C| = 3 and (¢, f) with ¢ C f such that
div(f) < 3.

Now we need to show the claim for |C| = m > 3 and div(f) < m.
Step 2: |C|=m >3

Step 2.1: Defining the similarity weights

Using the considerations from Step 1 above for {7, k, [} (i.e. Ay = 3 Zie{j,k,l} q,
{J}k,l})

¢ € Aand q C f € A(¢, 4", ¢)) we can derive the similarity weights (s; ik}

Further, for all (q,f) such that ¢ C f € conv({¢’, ¢*, ¢'}) the following representation
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3 Limited Attention in Case Based Belief Formation

holds Gl , .
Zi:j,k:,l Si% 7 F{(Q>P{J7k’l}(qz>

Z {]’k’l}rzf(Q)
i=jk,l Si

(PoT)Ur(q) =

Moreover for all i € {j, k, 1}, we have (P o )0k (¢i)) = Pt and (s¥""),cp50n are
unique up to multiplication by a positive number.

Similar to BGSS or Bleile (2014a) (or Chapter 2), we can show that the similarity
{5.k:1}

values s; are independent of the choice of j, k and [ for all i € {j, k, [}, since

filtering is not present in the arguments. Thus we can define for all ¢ C f € A

Ez‘gm SiF{(Q)Pi
Zigm SiF{(Q)

The aim is to show that for all (¢, f) € A x A such that ¢ C f (PoI'Y)(q) =
(PoT)(q).

(Po Ff)s(Q) =

Step 2.2: Completion to all (¢, f) € A x A

By Step 1 we know that the claim (P o T/),(¢q) = (P oI7)(q) is true for all (¢, f)
such that div(f) < 3. We take this as the base case of our induction.

For the induction assumption, we have that (P o I'/),(q) = (P o T'/)(q) for all
(¢, f) € A x A with ¢ C f and div(f) < k — 1.

The induction step considers ¢, f € A with ¢ C f and div(f) < k :

We can restrict the analysis to f such that div(f) = k, since for all other f € A the
claim is true by the induction assumption.

We split the proof into two parts. First for which div(q) < k — 1 and then for
div(q) = k.

First Situation: Consider ¢ C f, i.e. div(q) <k — 1.
By Lemma 3.2 (iii), we have T(T'/(¢)) = I @(I'/(¢)) = T¥(q) and hence directly

(PolY)(q) = (PoT™@)(I/(q)), (3.9)

since I'/(q) C ¢ by definition of a filter and hence div(I'/(q)) < k — 1 the induc-
tion assumption applies to the RHS of equation (3.9), i.e. (P o TT/@)(TY(q)) =
(P o I @) (T (¢)) which is again identical to (P o I'),(¢) and hence the desired
result (P oTY),(q) = (P oT/)(q) is implied directly.
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3.9 Proof of Theorem 3.1, sufficiency part

Second Situation: Consider ¢ C f with div(q) =k

A similar construction as in BGSS, but with different reasoning, yields the result.
Let ¢ = Y, aug’ with oy > 0 and K C {1,...,m} such that |K| = k.

Define the frequency vector ¢(l) to be the vector in conv({(¢?)jex\}) such that ¢
lies on the line (q(1), ¢').

By the minimal attention span property div(I'(q)) = div(og.q>0n1(¢")) > 3, ie.
there exist at least three I's (e.g. | = 1,7, k) such that I'/(¢') = ¢' # 0™ and hence
(PoT)(q') = P' = (PoT)(q).

Further, for these [ € {i, j,k} we get (PoT'%)(q(l)) = (PoT'?)(q(l)) by the result of
the first situation, since div(q(l)) < k — 1.

Hence we have that (P o I'%),(q), (P o T9)(q) € (P, (P oT%)(q(l)) =: L(l), for
those three | = i, j, k. Since no three P’ are collinear, there are at least two dis-
tinct lines L(1), i.e. L(I) # L(n) for at least two distinct I,n € {i,j,k}. Since
(P oTl'%4(q),(P oTI%)(q) are both on these distinct lines and these lines need to
intersect uniquely, we have (P o I'%),(q) = (P o I'%)(q). By the ignorance property
(PoTl)(q) = (PoT¥)(q) for all f with div(f) = k, which completes the proof. [J.
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4 Belief Formation Based on

Categorization

Abstract

An agent needs to determine a belief over potential outcomes for a new problem
based on past observations gathered in her database (memory). There is a rich lit-
erature in cognitive science showing that human minds process information in cat-
egories, rather than piece by piece. We assume that agents are naturally equipped
(by evolution) with a efficient heuristic intuition how to categorize information in
general.. Depending on how available categorized information is activated and pro-
cessed, we axiomatize two different versions of belief formation relying on categoriza-
tions. In one approach an agent relies only on the estimates induced by the single
pieces of information contained in so called target categories that are activated by
the problem for which a belief is asked for. Another approach forms a prototype
based belief by averaging over all category-based estimates (so called prototypical
estimates) corresponding to each category in the database. In both belief forma-
tions the involved estimates are weighted according to their similarity or relevance
to the new problem. We impose normatively desirable and natural properties on
the categorization of databases. On the stage of belief formation our axioms spec-
ify the relationship between different categorized databases and their corresponding
induced (category or prototype based) beliefs. The axiomatization of a belief forma-
tion in Billot et al. (Econometrica, 2005) is covered for the situation of a (trivial)
categorization of a database that consists only of singleton categories and agents

basically do not process information categorical.

4.1 Introduction and motivation

Often agents need to evaluate and judge the likelihood of future uncertain events.
On which basis can individuals derive and assign likelihoods and form probabilistic

beliefs over random incidents?
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4.1 Introduction and motivation

Traditionally, economic theory models uncertainties in a state space representation
a la Savage (1954) and Bayes and derive a subjective prior based on observable
actions of the agent. However, this procedure implicitly assumes that agents already
know or are endowed with a subjective prior belief, which they express through their
observable actions. In this way, the Savage and Bayesian approach does not advice
agents how to find or form a prior explicitly. Basically, the belief is purely subjective
and offers no mechanism to incorporate information directly into a belief formation.
Consequently, their normatively appealing and convincing approach to endogenously
derive a belief is not feasible in situation in which an agent might not be able to

condense her insufficient or too complex information into a consistent state space.

We consider an axiomatization of belief formation that allows and requires to
take directly into account the available information (gathered in form of a list or
database of past observations or cases). The influence of data and experience on
the formation of a probabilistic belief was examined initially by the axiomatization
of Billot et al. (2005) (BGSS from now on). The axiomatizations of BGSS and
related ones of Eichberger and Guerdjikova (2010) (EG) (for ambiguous multiprior
beliefs) and Bleile (2014a) (precision dependent cautious beliefs) yield that a belief
induced by a database is a similarity weighted average of the estimations induced
by all observed cases in the database. Thereby similarity weights capture different
degrees of relevance of the potentially very heterogenous information.

A common shortcoming of these approaches to belief formation is that an agent
processes each distinct single piece of information separately and forms its induced
estimate. Interpreting a database as memory an agent is assumed to store (memo-
rize) all single pieces of information and needs to retrieve any single piece of infor-
mation from her memory.!

However, numerous studies in (social) psychology and cognitive science show that
humans do not store and treat single pieces of information in such a one by one
procedure, but classify information in different categories. The prominent social
psychologist Allport (1954) memorably noted ”the human mind must think with
the aid of categories. We cannot possibly avoid this process. Orderly living depends
upon it 7. There is a wealth of research demonstrating that humans’ cognition pro-

cesses information by employing categorical thinking, reasoning and stereotyping.?

L An axiomatization that does not take into account all potentially available information in this
vein is Bleile (2014b)(or Chapter 3). It deals with a two stage belief formation that consists of
a initial filtering process that ”screens and selects” the information that finally flows into the
belief formation process.

2The psychology literature on categorization is vast, e.g. see Rosch and Lloyd (1976), Murphy
and Medin (1985), Goldstone (1994), Rips (1989), Smith et al. (1998), Medin and Aguilar
(1999), Murphy (2002). Real life examples discuss that consumers categorize products (Smith
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4 Belief Formation Based on Categorization

In particular, one can interpret categorization as model of similarity-based reasoning
(Tversky (1977), Gilboa and Schmeidler (1995)) in which information needs not to
be understood in its particularity, but as member of a larger classified category that
allows to generalize properties from category members to new members through
analogies and similarities. This makes categorical thinking especially helpful for
predictions (Osherson et al. (1990), Anderson (1991)).

In order to capture the impact of categorical thinking and reasoning in agent’s
belief, we modify and extend the mentioned axiomatic approaches (in particular
BGSS) by adding a categorization procedure that affects the processing, storing,

retrieving and employing of potentially available information.

In complex and poorly understood environments, categorizations emerge naturally
to simplify actions by gathering many distinct experiences together and ignoring the
details of each single piece of information. Limited learning and memorizing oppor-
tunities drive agents into relying on abstractions and (categorical) summarizations
rather than on single past cases. Processing and storing of all past cases in full detail
bears costs in storing and retrieving the information, since the finer information is
stored the more effort is required to activate it. The classification of information
in different categories offers a less demanding way of storing and retrieving infor-
mation, since only the assignment to suitable categories and their characteristics
needs to be memorized. In particular, the literature on ”optimal” categorization
focuses on the issue how fine or coarse categories ought to be formed in order to
process information in a way to gain a maximum amount of information with the
least cognitive effort. In particular, it should be more efficient than some other form

of case-based reasoning, as for instance kernel-based estimation.

Another important function of categorical reasoning concerns its role for facilitat-
ing and improving inductive inference and prediction. The underlying idea is that
an assignment to categories does allow an agent not only to use the information
contained in the current problem, but exploit as well the additional information
provided by the categories to which this problem belongs (or which it activates). Of
course, this is only helpful if the previous experiences contained in the specific cate-
gories provide some information for the actual problem such that the agent can infer
or generalize some information and properties from past observations in the cate-
gories. From this perspective, a categorization of information enables and implicitly
provides an agent with additional (more detailed) information than mentioned in the

initial description of the problem. Ideally categories are formed like sufficient statis-

1965), investors engage in ”style investing” (Sharpe (1992), Bernstein (1995)), rating agencies
categorize firms wrt. default risk (Coval et al. (2009)), etc.
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4.1 Introduction and motivation

tics for its assigned members and thus would make prediction particularly simple
and reliable.?

In this chapter, we are not concerned with the formation of categories, but assume
that a set of (optimal) categories is already naturally or evolutionary determined.*
In particular, we are solely interested in an axiomatic description on how categorized

information is incorporated into a belief formation by agents.

The categorization literature identified several procedures in using categorical
thinking for belief formation. The approaches differ in the way how many categories
are taken into account. Either all categories are considered or only some specific
target category(ies) are taken into account. Another difference concerns (a still on-
going discussion about) the issue how categories are represented themselves. Either
categories are represented by an aggregated summarizing representative that cap-
tures the essence or central tendency of the category - a so called prototype - or all

members of the category are used for its representation.’

There is experimental evidence in psychology that individuals tend to rely on
(a single) most likely target category(ies), whereas the other categories (and their
content) are immaterial for the belief formation (e.g. Murphy and Ross (1994),
Krueger and Clement (1994), Malt et al. (1995)). When faced with a new problem,
an agent’s mind activates automatically some already generated category(ies) that
are best fitting according to some metric for the current problem.® Depending on
how an agent treats categories she will form her belief either based on all single pieces
of information contained in the target category(ies) or use the estimates induced by
a prototypical representative associated with the (target) category(ies). Our first
axiomatization of a category based belief formation will adopt this approach based
on activated target categories, which simplifies (cognitively) the belief formation,
since an agent only needs to process the information that is directly evoked for the

current problem.

The second stream of literature -which is covered in our second axiomatization of

3Peski’s (2011) categorization model can be interpreted as such an optimal statistical procedure.

4Traditionally, categories are formed based on (attribute-wise, overall, functional or casual) simi-
larity considerations. Roughly speaking, in general categories are often formed as to maximize
the similarity of objects within a category and the dissimilarity of objects from different cate-
gories. However, there is an ongoing discussion and debated whether categorization presupposes
a notion of similarity or not (see Goldstone (1994) and Gérdenfors (2000), Pothos (2005)). For
instance some literature argue that categorization is theory or rule-based (according to various
criteria).

SThere are also approaches in between (Vanpaemel and Storms (2008)), but we stick to the
benchmark procedures.

SFor example by comparing the actual problem to the prototypical problem of different categories
until a closest match is found. The automaticity in categorical thinking is discussed e.g. in
Allport (1954), Bargh (1994, 1997, 1999).
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4 Belief Formation Based on Categorization

a prototype based belief- is based on the prototype of all categories in a database.
Such a prototype based belief adopts the approach taken in Anderson (1991) and
models the situation, in which an agent might not be able to figure out best fit-
ting target category(ies). The simplifying power of categorization in this approach
results from taking into account all (categorized) information through prototypical
summaries and not by memorizing and retrieving all single pieces of information.
This reduces the cognitive and memorization effort. It averages the particular pro-

totypical estimates induced by the categories.

Our axiomatizations of both kinds of belief formation -category and prototype
based- are based on modified and extended versions of the axioms of BGSS and
partly Bleile (2014b) (or Chapter 3). Categorization based belief formations can be
seen as two stage procedures. First, agents are endowed with a natural categoriza-
tion structure on the in principle available information (e.g. like through a natural
or evolutionary developed optimal heuristic algorithm). On the basis of this cate-
gorization structure and the current problem, the available information (provided
by the database/memory of past experiences) will be categorized. We will assume
some reasonable, natural and well known -but rather weak- properties on this in-
duced categorization of databases. The (structural) properties on the (induced)
categorization of databases differ for our two versions of categorization based belief
formation. However, a common feature concerns our main requirement that an agent
will not categorize any database, but that databases must be sufficiently complex
or diverse to initiate a categorization process. We assume that a database need to
contain a minimum amount of distinct cases such that an agent really (wants to)
thinks in categories.” However, this is a quite natural requirement, since one rea-
son for categorizing information is to overcome limitations in processing cognitively
challenging information or environments. Another common property says that the
order of cases in a database is immaterial for the categorization, i.e. a categorization
procedure depends only on content and not on the sequences of pieces of informa-
tion.

For a prototype based belief we require that a ”real” category ought to contain a
minimum number of distinct cases. In particular, we require for a prototype based
belief formation that a database is categorized (in some accordance with the natu-
ral categorization) in such a way that at most one singleton category exits and all
other non empty categories consist of at least two members. Of course a degenerate

categorization in which each category contains only one member is meaningless for

"Complexity is certainly related to the number of options to be considered, but also few options
characterized by difficult interwoven features might be challenging to evaluate.
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our purpose (and is covered directly by BGSS).

The second stage of a belief formation based on categorized information deals with
the behavioral impacts on the actual belief level. As in BGSS, we require that the
belief is independent of the order of the (categorized) information and that some form
of Concatenation Axiom holds. Explicitly, a belief induced by the combination of
two databases should lie between the beliefs induced by the two databases separately.
However, to keep the normatively appealing spirit of the axiom, we need to ensure
that the categorized information of the combination of two databases coincides with
the combination of the two separately categorized underlying databases.®

The particular properties of the categorization procedures and the axioms on the
belief formation level guarantee that the beliefs based on categorized information
can be represented only based on information in the target categories evoked by the
new problem (i.e. as the category based belief) or based only on all prototypes of
the categorized information (i.e. as the prototype based belief).

As already mentioned, there exist research discussing predictions based on cate-
gorical thinking, but none of them is of an axiomatic nature. However, we are solely
interested in the behavioral foundation of a belief formation based on categorized
information. Our approach is closest to BGSS and Bleile (2014b) with regard to the
proposed axioms. In particular, a category based belief can be seen as a special case
of a belief formation under limited attention as axiomatized in Bleile (2014b). Such
a filtered belief relies only on pieces of information that are contained in a so called
consideration set that gather all information that survive a filtering stage. Basically,
the evoked target categories can be interpreted as such a consideration set and thus
a category based belief is a specifically filtered belief.

Concerning the two axiomatized procedures of employing categorized informa-
tion, the most relevant works are Anderson (1991) for the prototype based belief
and Murphy and Ross (1994) for the category based belief. The existing literature
deals either with applying prediction procedures based on categorized information
and discussing its consequences for specific situation (e.g. Mullainathan (2002)) or is
concerned with how and why ”optimal ” formations of categories emerge (Fryer and
Jackson (2008), Mohlin (2014), Peski (2011)). The mentioned papers all employ a
belief formation relying on prototypes (of the main target categories or the category
the current problem belongs to). However, they all differ with regard to their notion

of an ”optimal” categorization. In Fryer and Jackson (2008) the optimal categoriza-

8For the axiomatization of a prototype based belief we deal with this issue in a similar spirit as in
Bleile (2014b) by introducing another simultaneously available (super)-database, which serves
as the common reference which ”dictates” the categorization in a consistent manner for any
subdatabase.
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4 Belief Formation Based on Categorization

tion minimizes the sum (across categories) of within category variations between
objects that have already been encountered (for an exogenously fixed number of
categories). Mohlin (2014) aims to find the optimal number of categories in order
to minimize the prediction error, which amounts to tackling the tradeoff between
small and fine or more coarse but larger categories to avoid overfitting problems
(which is also the principle rational of Peski (2011) and Al Najjar and Pai (2014)
for decision making). Peski (2011) shows when categorical learning is optimal for
prediction (in the sense of an (asymptotic) statistical tool equivalent to learning
by Bayesian updating). He compares a categorization algorithm with Bayesian up-
dating. The underlying assumption is that the environment is symmetric meaning
that the Bayesian prior is symmetric. The categorization algorithm is such that
categories are formed in order to minimize the inner entropy of the categories, i.e.
to maximize the informational content in the categories. His categorization proce-
dure combines deductive reasoning (i.e. learn to form categories) and applying the
deduced categorization inductively to belief formation. This is structural impossible
in our axiomatization.

The following section will introduce the database related framework. Section
4.3 illustrates by means of an example the two beliefs based on categorizations.
In Section 4.4 our natural categorization structure is discussed. Section 4.5 and 4.6
cover the categorization of databases, the axioms on the belief level and the resulting
belief formations for both categorization based belief formations separately. We

conclude in Section 4.7. All proofs can be found in the last two sections.

4.2 The model

In this section, we introduce the case-based information framework and the basic
building blocks of our belief formation based on filtered information. Further, we

introduce some definitions and notations necessary for our approach.

4.2.1 Database framework

A basic case ¢ = (x,r) consists of a description of the environment or problem
z € X and an outcome r € R, where X = X' x X2 x .... x X" is a finite set of all
characteristics of the environment, in which X7 denotes the set of possible values
features j can take. R denotes a finite set of potential outcomes, R = {r!,...,r"}

The ordered set C' C X x R consists of all m > 3 basic cases, i.e. C' = {c!,...,c"}.
A database D is a sequence or list of basic cases ¢ € C. The set of databases D

consisting of L cases, i.e. D = (cq,...,cr) where ¢; € C for all i < L, is denoted
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4.2 The model

by CL and the set of all databases by C* = Uz>;CF, including the empty database
(). The description of databases as sequence of potentially identical cases allows
multiple observation of an identical case to be taken into account and treated as an
additional source of information.

For a database D € C*, fp(c) denotes the relative frequency of case ¢ € C in
databases D.

The concatenation of two databases D = (¢, ¢a, ..., cz) € CFand E = (¢}, c, ...,cp) €
CT (where ¢;, ¢y € Cforalli < L,j <T)isdenoted by DoF € CT*T and is defined
by Do E = (¢1,¢a,...,Cp, ¢4, Chy ooy ).

In the following we will abbreviate the concatenation or replication of L-times the
identical databases D by D¥. Specifically, c” represents a database consisting of
L-times case c.

For any D € C* the diversity of a database D is given by div(D) := |{D}|, where
as usual {D} denotes the set of different cases contained in database D. So div(D)
gives the number of different cases contained in database D.

We need to translate some relations from sets to the list framework.

Definition 4.1

(i) The €-relation on databases is defined by ¢ € D if fp(c) > 0.

(i) The C-relation on the set of databases C* is defined by D C E < fp(c)|D| <
fe(c)|E| for all c € C. We will call such databases to be nested.

(iii) The N-relation on databases is given by DN E = ((¢™Fp@IPLIE@IEL) )
(iv) Two databases D and E are disjoint if for allc € C': ¢ € D if and only if ¢ ¢ E.

The definitions are basically independent of the order of cases in the databases.
Note however that the definition of N-relation in (iii) is very specific, since the order

of C is transferred, i.e. by intersection a specific order (on C) is induced.’

4.2.2 Induced belief

For a finite set S, A(S) denotes the simplex of probability vectors over S and for
n € N A™ denotes the simplex over the set {1,2,...,n}.

As in BGSS, EG and Bleile (2014a) an agent forms a belief over outcomes P(z, D) €
A(R) in a certain problem characterized by € X using her information captured
in a database D € C*,ie. P: X x C* — A(R).

91n contrast to intersections of sets, where orderings are immaterial, intersection of databases do
require some assumption on resulting orderings.
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4 Belief Formation Based on Categorization

4.3 Motivating example

In order to illustrate the basic idea and plausibility of categorization based belief
formation, we incorporate the two categorization procedures into the doctor example
of BGSS.

A doctor needs to evaluate different outcomes of a treatment. She has some
working experience or access to some medical database related to the treatment
D = (¢q, ..., ¢), where she recorded in a case ¢; = (x;,7;) the vector of characteristics
of a patient i, x; € X, (e.g. age, gender, weight, blood count, specific illness) and
the observable outcome of the treatment r; € R (e.g. better, worse, adverse effects).
A new patient characterized by x enters her office and using a medical record D, the
doctor wants to derive a belief P,(D) € A(R) over potential outcomes in R. She
might apply an empirical frequency and use only a part D, of the database D, which
contains only cases ¢ = (., 1.) of patients with ”identical” characteristics z. = x

compared to the current patient,

ZCEDw 5”'0

”Frequentist”: P.(D) = D,

However, if the database contains not sufficiently many of these ”identical” patients
x, she might want to include also “similar” patients. She judges the degree of
similarity between patients x and z’ by s(z,2’) € R,. Further, she might induce
from a case ¢ = (z,,1.) not only a point estimate ¢,, on the realized outcome, but
derives a more general estimate P¢ € A(R) on likelihoods of particular (related)

outcomes and forms the belief as axiomatized in BGSS (2005) by

ZCGD S(‘CE’ xC)PC
ZCED S(.CC, xC)

However, as discussed above, the cognitive science literature emphasized the role of

"BGSS-belief’:  Py(D) =

categories in storing, retrieving and processing of information. The literature argues
as well for a naturally (by evolution) given ability or heuristic feeling to categorize.
Thus, assume the doctor is implicitly able to categorize the set C of all potentially
possible patient-outcome pairs (z,7) € C into different categories C,cCforl<L,
such that the set C' = {C},..,Cp} partitions the set of all possible cases ¢ = (x, 7).
For example category C) contains all male patients, with age below 60 years, any
weight, good blood count and sore throats and category C contains all male pa-
tients, overweight and heart problems and so forth. In general, categories might
be exclusive or non-disjoint, for instance male patients might appear in different

categories. Such an implicit preexisting natural categorization structure might be
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subconsciously rooted in the mind of a doctor and induces some consistent (embed-
ded) categorization of a database D. Alternative, one might think of the preexisting
natural categorization structure as the patient groups that the doctor are taught at
medical school and the database D as the experience she made working in a hospital.
Receiving information about a new patient, she wants to predict the outcome based
on (a natural or taught) categorization of her past experience. Depending on how
the doctor uses her categorized patient database D, she might form a category or

prototype based belief as follows.

Suppose the current patient x is male, older than 40 years, overweight, etc. and
the doctor knows for each characteristic its value. The doctor partitioned her expe-
rience D with the treatment into categories consistent with the natural (preexisting)
categorization. A specific patient x might trigger, activate or evoke automatically
the category(ies) to which this patient belongs, is related to or matches best. For
example this might be the category C; (as above) "synchronized” (intersected) with
the actually experienced database D, which we denote by C(z, D) € D. Thus,
not only the identical patient profiles are recalled and considered, but the entire
x-evoked category in D that also may contain different, but somehow similar or re-
lated patients (according to the criteria for categorization, which might be optimal
for predictive tasks by evolution). A doctor might form a category based belief

based only on the members the category(ies) that patient x evokes, i.e. C(z, D),

Zceé(:c,D) s(z, x.)P°

ZcEé(:p,D) S<:U7 ’ZCC)

”Category based belief”: P.(D) =

where as above s measures the similarity between the current patient and the al-
ready treated patients.
Of course C' (, D) might not consist only of a single category, but several categories

that are activated by the patient x.

Alternatively, the doctor might have already categorized her experience D prior a
new patient arrives, i.e. CP? = {CP,..,CP} for | < L, such that |J,., CP = D in a
consistent manner with respect to the (preexisting) natural categori;ation structure
C. Furthermore, she might have formed some prototypical estimates Per e A(R)
for each of these categories. For a given database D and a new patient x, the doctor’s
prototype based belief in such a situation might be given by a weighted average

of these prototypical estimates, where the weights are determined by the relevance
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of the particular category for the current patient, i.e. 5(z, C’lD) for all | < L,1°

s(x, CcP)per
”Prototype based belief”: P.(D) = 2z 5 S ZD :
Zsz 3(x, C

4.4 Natural evolutionary (optimal) categorization

structure

Definition 4.2
A (natural) categorization structure C = {Cy,..,CL} on the set of basic cases C

partitions C into L different nonempty categories C; C C for | < L € N, i.e.
C = Usz{Cl}'

The definition allows non-disjoint categories, since it is quite naturally that a case
could be classified into multiple categories if a categorization depends on more than
one criterion. For instance, the categories of young and male patients are not neces-
sarily disjoint, when gender and age are criteria. Moreover, hierarchical categories
are not mutually exclusive, e.g. the category of young patients and the one of young
male patients.

We will not care about the formation of categories and assume that agents are
naturally endowed with an idea, how to construct categories. In particular, through
evolutionary pressure nature equipped us with an heuristic algorithm or tool that
allows to form categorizations that organize our experience in an almost optimal
way for prediction and that tends to minimize prediction errors (and thus increase
the likelihood to survive and stay fit). This is supported by the findings that young
children appear to form, acquire and use categories from very early on (Gelman
and Markman (1986), Smith (1989), Murphy (2002)), showing also that many cat-

egorizations are innate.!!

However, if the categorization is based on data, the de-
velopmental literature shows that especially in the beginning of learning (i.e. with
small databases (i.e. for children)) the categorization is still flexible (Hayne (1996),
Quinn and Eimas (1996)). This concern is immaterial for a natural categorization,
since it is based already on all potential pieces of information. However, we will
take care of it, when we consider categorization induced by database (in particular
in the framework of a prototype based belief formation).

Another justification for assuming such a fixed preexisting categorization structure

on the set of all potential cases is by interpreting it as a result of an already developed

10 Alternatively, § measures likelihood of patients x to be assigned or belonging to the particular
category.
Tt is not observable that children rely on on purely empirical learning.
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optimal categorization with regard to numbers and content of the categories. The
literature varies in the way how they define an optimal categorization (as already
discussed in the introduction, e.g. Fryer and Jackson (2008), Peski (2011), Mohlin
(2014)).

A more direct reason, why we assume a preexisting natural categorization is based
on the fact that we want to avoid the many difficult and interacting mechanisms
involved in a categorization process'? and want to focus solely on the belief formation
issue.

Also in the literature it is not uncommon to assume a fixed preexisting catego-
rization structure (Anderson (1991), Murphy and Ross (1994), Mullainathan (2002),
Manzini and Mariotti (2012), Al-Najjar and Pai (2014) or Mohlin’s (2014) ex ante

optimal categorization).

4.5 Axiomatization of category based belief formation

4.5.1 Specific properties of the categorization procedure

In this section we specify the list of categories a problem x € X evokes or activates

and our concept of a x-evoked categorization of a database.
Problem evoked categorization of a database

The definition of a problem evoked categorization of information captures the intu-
ition that a new problem activates specific most appropriate or relevant categories
(that are already generated in the natural categorization structure). An agent takes

into account these "target” categories for the current problem.

Definition 4.3

Forallz € X a categorization structure C induces a list Cy, of categories that problem
x evokes. For all x there exist a M, C {1,.., L}, such that Cy := ((C))ien,) € C*
We call C, the categories that are activated (evoked) by problem x or short

x-activated categories.

There is substantial experimental evidence showing that when faced with an object,
humans’ brains automatically activate category(ies) that (according to some metric)

appears to suit the current problem best (with regard to best fitting, most likely

126 g. initial encoding, abstraction of conceptual representation (if any), storage of the abstraction
and/or exemplars in memory, retrieval of stored representations, decision process that produce
categorization or typicality, see Murphy and Ross (1994).
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4 Belief Formation Based on Categorization

or analogous category(ies)).!® Basically, a new problem does not trigger some most
relevant single pieces of information, but the activation process is based on categor-
ical thinking.

Our definition does not specify the exact procedure of activation. However, for our
purpose to form a belief given a current problem, i.e. the characteristic part of case
r € X, it is most reasonable to think about a categorization of past observations
according to their characteristics.'* In this way, the characteristic x can be seen
as a basic sensory input such that categories are formed based on a relationships
between the characteristics of the cases (e.g. like a metric on the characteristics
space or feature overlaps, etc.). In this way, for instance a very specific procedure to
evoke categories might solely activates categories that contain a case that coincides
(with regard to the characteristic part) with the current problem, i.e. C, is the
list of categories that contain at least one case with characteristic x € X, i.e. let
Ay i={z € X|Fc=(z,r) € Cs. th. ce (;} for all | < L, then

Cr = (14, (2)C1, 14, (2)Co, oo, 14, (2)C) € C,

Such an procedure would imply that cases with different characteristics than x are
only activated if they are contained in categories that include member cases with
characteristic (problem) x.1?

However, our definition is general and thus may not necessary rely on the x charac-
teristics specifically, but may take into account the categories that are activated by
any characteristics that are close or related to x. Furthermore another widely ac-
cepted procedure depends on the closest ”distance” (with respect to similar, salient,
related, familiar) to the prototypical element of a categories (e.g. Rosch and Lloyd

(1978)), which then trigger their corresponding category(ies) members.
Properties on problem activated categories

Now we define a consistent transfer to activations of the categories in a database.
Based on a natural categorization structure C' = {é’l, Co, ..., C’L}, we will define a
function C' : X x C* — C* that determines the single pieces of information in a
database D € C* that belong to categories that are activated by a specific problem
reX.

13Some research on this issue is mentioned in the introduction. Note that under automaticity
subjects are often not even aware of this process.

M However, an outcome dependent categorization is in principle also possible.

15Such a categorization is only useful if cases with different characteristics are in the same cate-
gories.

128



4.5 Axiomatization of category based belief formation

Thereby, our main assumption concerns a minimal amount of distinct cases in a
database that initiates categorical processing of information in agents’ minds. For
a less diverse or complex database (i.e. div(D) < k) an agent’s brain does not
start to simplify and reduce the set of information by categorizing the information,
but will just process, inspect and take into account all single pieces of information
directly. However, for more diverse or complex databases agent’s mind will initiate a
rough (problem evoked) classification of the database in accordance with the natural
categorization C' and then consider in detail only the information in her database

that are also contained in categories activated by the current problem.

Definition 4.4 Induced minimal categorization

Let C be a categorization structure on C and k € N with k > 3 . A database
é(x, D) results from a categorization function C: X x C* = C*1% that categorizes
each database D € C* according to the categories in C, that are evoked by problem
x € X. We call C(x, D) the a-evoked/activated categorized database D (for cognitive
ability level k) and define it for all D € CT for all T € N by

cc  fordiv(D) <k
T

Cla.Dy= | PO
T DN (C)T  for div(D) > k.

In the following, we will fix k = 3 without loss of generality. Obviously C(z, D) C D.

Example:

In order to clarify the definition of the categorization function for a database D € CT
such that div(D) > 3, i.e. C(z,D) := (C,)T N D, consider the following situation.
Let D = (c},¢9,¢3,¢6,¢3) € CH1, ie. div(D) = 5, and a categorization structure
induced by problem z € X C, = (C’l, C'g), where €} = (¢1,¢9) and Cy = (€a, €4, 7).

Then (C,)" N D = (c1, )™ o (ca,ca,c0) N D = (2, co,¢3) (up to order), which is

normatively and descriptively appealing for such a categorized database.

Remark 4.1

(i) Since C,, is insensitive to repetitions of cases, we need to ensure that repeated
observations in D € CT are captured, which is guaranteed by introducing the T-
replicated Cy. 1"

(i1) An immediate consequence of the minimal induced categorization property is that

16With slight abuse of notation we name the function and the natural categorization identical to
emphasize that for each fixed categorization structure a corresponding function can be defined,
i.e. that the function relies on this fixed categorization structure like a parameter.

1"We use the total length of the database just for simplicity. One might also take the maximal
amount of a case appears in D.
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4 Belief Formation Based on Categorization

for database D such that div(D) < 3, we have no categorization and the framework
(and later defined axioms) coincides with the framework of BGSS. Thus, it enables

us to mirror their proof for these kind of databases.

Apart from the minimality condition for an activated categorization of databases,
the definition makes implicitly three additional important assumptions.

First, a very important ingredient of this definition is that the evoked categories
C, are totally unrelated to the database under consideration. Only the underlying
problem activates the relevant categories. In accordance with these categories the
actually available information in the database is intersected. One may argue that a
database itself determines which categories are evoked (or even formed), since the
database might provide some intuition and motivation how to categorize it. How-
ever, our intuition runs solely through a new problem x that activates the relevant
categories in the subconsciously pre-existing natural categorization C. In this sense
the induced categorization of the database occurs not directly on the level of the
database.

Second, the ordering of the database D does not affect the resulting categorized
database. Any reordered database 7(D) of the database D results identically acti-
vated categorized information, i.e. the content of the categorized database C(z, D)
and C(x,7(D)) coincides. In this sense, the definition induces some categorization
invariance that is driven by our assumption that the categorization is evoked by the
underlying problem z and not by the database. This precludes that a categorization
of a database is affected by order effects.!® However, since the x-evoked categories
are activated independent from any database in our approach, it is quite natural
that their intersections with any reordered database result in the same content.

Finally however, even though the content of differently ordered database are iden-
tical after the categorization, the order of its evoked content (cases) in the catego-
rized databases may still be different, i.e. C(x, D) and C(z,7(D)) may consist of
the same content but differently ordered. However, the definition precludes this dif-
ference by assuming a specific ordering for all categorized databases according to the
order on the set of basic cases (induced by the definition of N for databases and the
order on C). Yet, the reason for this assumption is not that we want to restrict the
categorization process on databases in this way, but it is rather an anticipation of
a property (or axiom) we would enforce for the subsequent belief formation. In the
manner of BGSS, an Invariance Axiom on beliefs would say that the belief induced

by a database is determined only by its content and not its ordering in the database,

I8For instance a first impression effect might might induce a bias for the category that the first
case in the database is most related to.
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4.5 Axiomatization of category based belief formation

i.e. the beliefs induced by any reordering of the same content coincides. Thus, the
assumption of a specific (seemingly restrictive) order of the categorized databases
is innocent in combination with an Invariance Axiom on the belief stage, since then

the order of any categorized database would be immaterial for a belief.

4.5.2 Induced category based belief

A category based belief is composed of a usual belief P : X x C* — A(R) and a
previous problem evoked categorization of the underlying information C' : X x C* —
C* (i.e. C(x,D) C D), such that (PoC) : X x C* — A(R), i.e.
(PoC)(x,D) = P(z,C(x,D)). Faced with a new problem x € X, the agent’s brain
activates or evokes some appropriate categories for this problem according to the
natural categorization structure C' and forms the belief based only on those pieces of
information in the activated categories that are actually available in her database,
i.e. subdatabase C(z, D) C D.

In the following we will fix a problem x € X and write for convenience C(x, D) =

C(D) and for (P o C)(z, D) = (P o C')(D) when no confusion arises.

4.5.3 Axioms on the level of belief formation

Categorized Invariance Axiom (already implied)
For all D € C* and all permutations = on D, i.e. D = (¢q,...,cr), then (D) =
(Cx(1)s -, Cr(r)) the following holds:

The axiom basically says that the order or sequence of appearance of the cases in D
is immaterial for the induced category based belief, only the content matters. Thus,
the axiom is directly implied by our definition of a problem evoked categorization
of databases, since we discussed already that for any two databases containing the
same content, their induced categorization coincide, i.e. C(D) = C(w(D)) for all
databases D € C* and reordered database m(D). In this sense the categorized
Invariance Axiom is superfluous and indirectly substituted by the definition of a
categorized database.!”

Per se the invariance property does not allow for different impacts if a case appears

earlier or later in a database. However, the order in which information is provided

Technically speaking, there is no difference between restricting the categorization process to
specific orders or allowing for different orderings and requiring an Invariance Axiom for beliefs.
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4 Belief Formation Based on Categorization

or obtained can influence the judgment strongly and may carry information by it-
self. One way to cope with these order effects is to describe the cases informative
enough. E.g. if one wants to capture the position or time of occurrence of a case in
the categorized database, one could implement this information into the description
of the cases itself. Put differently, if one challenges the consequences of an invari-
ance property, then there must be some criteria which distinguishes the cases and
paying attention explicitly to this difference in the description of the case may lead

the agent to reconcile with such an invariance.

Category based Concatenation Axiom
There exists some A € [0, 1], such that for C'(D o E) # )

(PoC)(DoE)=APoC) D)+ (1= A)(PoC)(E),

where A = 0 if and only if C(D) = 0.

In the following we will call the database which emerges from concatenation
of other databases as the combined or concatenated database, whereas the
databases used for the concatenation will be called combining or concatenat-

ing databases.

The category based Concatenation Axiom states that a category based belief
induced by a concatenated database is a weighted average of the category based
beliefs induced by its respective combining databases. The axiom captures the
idea that a belief based on the combination of two databases can not lie outside
the interval spanned by the beliefs induced by each combining database separately.
Intuitively it can be interpreted in the following way (stated from an exclusion point
of view): if the information in any database induces an agent’s belief not to exclude
an outcome r, then the outcome r cannot be excluded by the belief induced by the

combination of all these databases.?’

However, in order to sustain the normative appealing interpretation of averaging
(category based) beliefs, the categorized concatenation of two databases must co-
incide with the concatenation of these two categorized databases, i.e. the union of
the elements surviving the categorization process for each single database should

not differ from the elements surviving the categorization of the database generated

200f course the axiom is stronger in the sense that it not only requires that the probability of
such an r is positive, but it should lie between the minimal and maximal assigned probabilities
induced by the combining (filtered) databases.
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4.5 Axiomatization of category based belief formation

by the combination of the two. This would ensure that a category based belief in-
duced by the concatenated database relies on information that is also employed in
the category based beliefs induced by the single concatenating databases. However,
this is directly achieved by the definition of a problem evoked categorization of a
database, i.e. for D € CT and E € C*

Clz,DoE)=(C.)T™ N (Do E) = ((C.)T N D)o ((C,)*NE)=C(x,D) o C(z, E)

The category based Concatenation Axiom assumes A = 0 for databases such that
C(D) = 0. Of course A # 0 would result in inconsistencies, since then (P o C)(D o
E) = AP(0) + (1 — X\)(P o C)(E), which implicitly states that the category based
beliefs induced by C(D o E) and C(E) would differ, even though the categorized

databases coincide.

Collinearity Axiom

No three of {((P o C)(c))eec} such that C(c) # () are collinear.

Technically speaking this axiom allows to derive an unique similarity function (in
combination with the other axioms), but it has also some reasonable intuition.
Roughly it states that a (non trivial) estimate based on a case is never equiva-
lent to the combined (non-trivial) estimates based on two other cases. Hence, a
case is always informative in the sense that no combination of two other cases can
deliver the same estimation and would make this case "redundant”. By non trivial
we mean that the case is activated (since a not activated case might only contribute

a trivial (uninformed) uniform-like estimate).

4.5.4 Representation Theorem of category based belief

formation

Theorem 4.1

Let there be a function (P o C) : C* — A(R), where P : C* — A(R) and C =
{él,...,éL} a categorization structure on C' with corresponding induced minimal
categorization function C : C* — C*, i.e. for each D € C* a categorized database
C(D) C C* is given. Let (P o C): C* — A(R) satisfy the Collinearity Aziom.
Then the following are equivalent:

(i) The function (P o C) satisfies the category based Concatenation Aziom

(ii) There ezists for each ¢ € C' a unique P € A(R), and a unique strictly positive

-up to multiplication by a strictly positive number- function s : C' — R, such that
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for all D € C* with C(D) # 0

ol - Zceé(D)S(C)PC
Pel)) = < s

Rough sketch of the proof:

The necessity part is straightforward calculation. The sufficiency part follows the

rough structure of the proof of BGSS and Bleile (2014b) (or Chapter 3), but differs

in the crucial arguments. The idea is to transform the framework from the space

of databases to the space of frequency vectors that is structural more tractable, i.e.

the category based belief (P o C)(D) = % based on database D € C*
2 i<m 80 (fp)P?

> j<m 5iCi(fp)
show that this is viable we exploit the structure of the categorization procedure and

In order to

translates to frequency vectors fp by (P o C)(fp) =

the category based Concatenation Axiom.
The essential part of the proof is to derive the similarity weights (s;)i<m. This will

be shown inductively over |C| = m and div(fg) < m.

Step 1: Base case for the induction, i.e. |C] = m = 3. Since C(f) = f for all
f such that div(f) < 3, we are exactly in the BGSS framework, which directly de-

liver the result for these kind of frequency vectors.

Step 2: |C| =m > 3 and div(fg) < m.

As in BGSS or Chapter 2, we can show (using C'(f) = f for all f such that div(f) < 3)
that the similarity weights derived in Step 1 are independent of the triplet {1, j, k}
for any set of basic cases C' = {¢, ¢/, ¢*} and thus we can define for all f € A(C)

- S e 5iCi(f) P
o), = == — )
PO = 60

The aim is to show (P o C),(f) = (P o C)(f) for all f € A(C) via induction over m
and using Step 1 (m = 3) as base case.

Let f =aq¢’ + (1 —a)f(j) (*) (for some a € (0,1)) where f(j) denotes the point in
in BGSS.

(i) If there exists a j < m such that ¢/ & C(f), then the decomposition (*) and
the category based Concatenation Axiom (and induction assumption) delivers the
claim.

(i) If ¢/ € C(f) for all j < m, then there are m many ¢’ such that C(¢’) # 0™.
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4.5 Axiomatization of category based belief formation

Again, the category based Concatenation Axiom applied to the m many decom-
positions yields that (P o C)(f) lies in the interior of the intervals spanned by
((PoC)(¢7),(PoC)(f(j))) for all j < m. Combined with the Collinearity Axiom
this delivers a unique intersection of these lines in (P o C)(f) and (P o C),(f), since
the elements determining the lines satisfy already the claim by the induction as-

sumption.
Interpretation of Theorem

A category based belief formation can be interpreted as a two stage process in
which in an initial step the rough categorized information is activated by the cur-
rent problem and in a subsequent step the information contained in these activated
categories are processed and evaluated in detail for the belief formation.

A category based belief follows exactly the experimental evidence in psychology in
which individuals focus on the category(ies) that a problem belongs to or are most
relevant and fitting (Murphy and Ross (1994)) and all other categories are imma-
terial, not retrieved and excluded. This implies that an agent does not need to
retrieve or consider all potentially memorized or all past cases (as in BGSS, EG,
Bleile (2014a)). In this way, such a procedure may reduce enormously the cogni-
tive effort, since only a subset of past cases is processed in detail and all pieces of
information that are members of irrelevant categories are not even needed to be

retrieved.

A category based belief is not based on estimations that are associated with
entire categories, but it relies on all estimates induced by the single cases in the
categories activated by the problem. This is an important distinction to the ax-
iomatized prototype based belief in the next section and reflects the disagreement
in the categorization literature on how categories are actually represented. One
stream of literature argues for a representation through all its members (Kruschke
(1992), Medin and Schaffer (1978)), whereas another branch reasons in favor of an
abstracted summary in terms of a prototype representation (e.g. Rosch and Mervis
(1975) and references in Murphy (1994)).2!

Since a category based belief relies only on the information of some activated

categories, it can be interpreted as a limited attention model as in Bleile (2014b),

2'In general, there is tradeoff between informativeness and economy involved that might be better
balanced by a more intermediary representation as offered in VAM models (Vanpaemel and
Storms (2008)), which allows for varying abstraction levels. It seems that people shift from
using a prototype representation early in training to using an exemplar representation late in
training.
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where a filtered belief?? is based only on some parts of the potentially available
information (so called consideration set that survives a screening/filtering stage).
For a category based belief, the information in the evoked categories can be identified
as the information that is contained in such a consideration set. From this point of
view, the filtering runs on the category level and the categories are roughly screened
with the purpose to ”determine” whether they are appropriate or not for the current
problem. The "surviving” categories are examined in full detail in the further belief
formation. In this way, the category based belief formation can also be interpreted
as an adaption of the choice model of Manzini and Mariotti (2012b) (”Categorize
then choose”) to belief formation. In particular, the category based belief can be
embedded into a filtered belief in the following way. A filter process I' : X x C* x
C* — C* is defined for any x € X by (i) I'(z, E, E) # 0 for all E € C* and (ii)
I(xz,D,E) =T(z,E,E)N D for all D C E. A problem evoked categorization of a
database E € C7 i.c. C’(x, E), can be related to a specific filter defined by

[(z, B, E) = { En()

cec  for div(E) <k
(Co)"

)t for div(D) > k.

Then I'(x, D, E) coincides with C(x, D) for all D C E and all the required properties
of the filter process (order invariance, equal treatment of information, ignorance of
repeated information, consideration property, minimal attention span) are met by
the (x-evoked) categorization function. As well, the category based Concatenation
Axiom translates into its filtered version. In this way, Theorem 4.1 is a corollary of
representation theorem in Bleile (2014b) or Theorem 3.1. However, for the sake of

completeness and self-containedness of the chapter, we state a direct (lighter) proof
of Theorem 4.1 (in Section 4.8).

4.6 Axiomatization of prototype based belief

formation

4.6.1 Specific properties of the categorization procedure

For a prototype based approach we will define a specific categorization of databases
in accordance with a natural categorization structure, but independent of the current

problem of categorizing information. In this regard it differs from the first procedure.

22A filtered belief (P o T')(z, D, E) that is based only on some filtered I'(D, E) C D information
captured in D, i.e. (PoT): X x C* x C* — A(R).
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Natural categorization structure

Let there be given a natural (evolutionary optimal) categorization structure C as
discussed in Section 4.4. We slightly restrict the natural categorization structure
such that it satisfies some additional structural properties regarding the content of

the categories.

Definition 4.5
For a set of basic cases C we call C = {é’l, e C~’L} for some L € N a categorization
structure, if

(i) CoNCy =0 and

(i) C = 0j<;C; and

(iii) for alll < L |C;| > 2 and |Cp| > 1

In contrast to the unrestricted natural categorization structure in the section before,
now the categories are explicitly defined to be disjoint and should contain sufficiently
many elements. Disjointness is natural when a category is identified by a (set of)
property or attribute. An object does either possess a property or it does not,
which implies the disjointness. We stick to disjoint categories mainly for reasons of
technical and notational simplicity, but it could be generalized.
The assumption that almost all categories contain at least two members captures
the motivation to deal with "real” categories.?® Basically, a "real” category in our
definition exists whenever at least two heterogenous or distinguishable cases can be
gathered in the same category according to some common criteria. Categorization
is only meaningful if some pieces of information can be classified into a common
genuine category. We rule out a degenerate (trivial) singleton-categorization, in
which all cases get their own category. Furthermore, the optimal categorization
literature (Fryer and Jackson (2008), Mohlin (2014), Peski (2011)) supports our
defining properties (under some mild conditions). It shows that there exist many
more cases than categories and that an optimal categorization results in few and
relatively coarse categories, which implies that "optimal” categories should contain
many members, i.e. |C)| > 2.

The underlying reason originates from a tradeoff between benefits and disad-

vantages of a fine or coarse categorization.?* A finer categorization implies more

23Manzini and Mariotti (2012b) consider a similar requirement for their 2nd version of categoriza-
tion.

24This is closely relate to the problem of over-fitting in statistics, where a too close/precise fit
of limited observations- i.e. using high-dimensional models- comes with risk of loosing the
predictive power.
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categories that contain less but more homogenous and similar members, but results
in a decreasing robustness or reliability of a prediction based on these (less precise
or noisy) categories with less many observations. Another compromise concerns
the increasing challenge in searching and identifying the ”correct” category(ies) for
new objects for finer (and more narrow) categorization (e.g. Medin (1983), Jones
(1983)). Thus, an agent might prefer to categorize more coarsely into larger cate-
gories, which is well known and discussed in the psychology literature and referred
to as basic level categories. Basic level categories are neither the most general nor

the most detailed categories.

A categorization based solely on characteristics satisfies our definition under the
condition that the L categories are not empty, since if a case ¢ = (z,r) € C;, then

the cases ¢ = (z,7;) would be in the category C, for all i < n.

The assumption that there exists at most one singleton category reflects the in-
tuition of a category that might collect the cases that are "uncategorizable” into

"real” categories.

Specific database induced categorization

Based on a natural categorization structure, we define a specific categorization pro-
cedure for given databases that transmits the idea that there is one category that
contains the "uncategorizable” elements. Further it assumes - similar to the prob-
lem evoked categorization of databases in Section 4.5.1 - that a minimum amount of
complexity of the database is required in order to initiate categorical thinking and
processing of information. For less diverse databases categorization is not necessary

and the agent considers just all cases in detail.

Definition 4.6

Let C = {C},..,C1} be a categorization structure on C. For all E € C* a categoriza-
tion of E or E-categorization structure CE = {C’{E, e C‘fﬂ} 18 given in the following
way:

(i) If div(E) < 5, i.e. E = (c},c},cp,cpn) for distinet i, j,k,n <m andr, s, t,u € Ny,
then CF = {CF = {c;},CF = {¢;},CF = {c1},CF = {c,},CF =0,...,CF,, = 0}
Basically CF = {{c}eep}

(ii) If div(E) > 5, then CF = {CF,...,CF .}, where CF for 1 < L is defined as
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follows:

2
and
1

>
0 if div(C;NE) <

{i<rL||CinE|=1}

or {amE if div(Cy N E)

Note that by definition C~’ZE (for all [ < L + 1) does not contain repetitions of cases.
The difference in processing information depending on div(D) § 5 captures the mo-
tivation to have at least three meaningful categories, in the sense that at least two
"real” non singleton categories exist, which requires div(D) > 5.

A category é’f '+, of "uncategorizable” cases is supported by an implication of opti-
mal categorizations (e.g. Fryer and Jackson (2008)) which shows that experiences
and objects in databases that are not "easy” to categorize (i.e. tend to form a sin-
gleton category) are more coarsely categorized and more often lumped together (i.e.

gathered in the category of uncategorizable elements C~’L+1).

Remark 4.2
The definition of a categorization of a database implies some sort of categorization
mwvariance, i.e. categorizations are independent of the order, number and frequency
of cases in a database. More precisely,

CF = CP forall D, E € C* containing the same cases, i.e. for allc € C fp(c) > 0
if and only if fr(c) > 0.
In particular CF = CF” and CF = C™®) for all re-orderings m(E) on E.

Basically, we require that a category (and later its prototype) is not affected by
repetitions of already observed information, indirectly saying that categories are
characterized by single observations of different cases and not influenced by their
frequencies. Interestingly, an optimal categorization procedure (a la Jackson and
Fryer (2008)) results as well in categories that remain unchanged when experiences

is simply replicated (and also their prototypes), i.e. CF” = CF for some Z € N.?

The categories of an E-categorization structure (that an agent has in mind) can
be evoked or activated by cases that are also contained in another (simultaneously)

available (somehow related) database D.

25However, the optimal categorization of Fryer and Jackson is sensitive to additional already known
information if it concerns only single pieces of information. Increasing the size of only a single
group of cases may lead to a shift in the categorization.
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Definition 4.7
Let D,E € C*, such that fp(c;) > 0 only if fe(c;) > 0 for all i < m. Then,

the E-categories evoked by D result from an D-induced E-categorization function

C:C*x C* = P(C*)

C(D,E) :=C¥(D) = (CE(D),..,CE (D)), where for alll < L+1

65(D) = { cE ifDﬂ_(sz%@
) otherwise.

The definition is basically some consistency condition (note that C(E) = CF), but
one can interpret it as well in the following way. An agent having already categorized
a database E and is ”simultaneously” faced with processing the less rich database
D (consisting only of already categorized cases in E) will not forget her already
"internalized” E-categorization structure. In particular, the cases in D activate some
categories in the richer E-categorization structure CF and it might only happen that
some of these categories are not activated by cases in D, i.e. if foral < L+1 and all
ceDcég C~'IE , then C’lE is not evoked by D. However, this interpretation does only
apply to "simultaneously” available and actively categorized databases. It does not
hold for the natural categorization structure that is subconsciously (evolutionary
and automatically) anchored in the brain and thus not actively formed in a process.
An important implication of the definition is that for any reordering 7 (D) of the
database D, we have the same list of evoked categories in terms of content as well
as in terms of order, i.e. C¥(D) = C¥(x(D)). In combination with the Remark 4.2,
this implies a categorization invariance, i.e. for any (D, E) € C* x C* such that

fo(c) > 0if fg(c) > 0 and appropriate permutations 7, 7’
CP(D) = CP"(D?) = C™®) (7' (D)). (4.1)

This property of a database evoked categorization of information is restrictive, since
the order of cases in D might affect the order in which the E-categories are ac-
tivated.? However, similar as in Section 4.5.1, this specific assumption is not a
property we want to enforce explicitly, but it is an anticipation of an Invariance Ax-
iom on the belief level, we would have enforced if the evoked categorization structure

would be order sensitive.

26With additional effort on notation and definitions we could take care of orders.

140



4.6 Axiomatization of prototype based belief formation

Admissability of database based categorization

We defined an environment in which pairs of (somehow nested) databases (D, E) €
C* x C* affect the belief formation. The richer database E induces some categoriza-
tion, where the cases of D activate the E-categories for the actual process of belief
formation. In such a framework not all potential combinations of databases are
plausible and meaningful for a belief formation based on categorized information.
Our admissibility condition specifies the circumstances under which categorization
of information is normatively and descriptively reasonable.

As discussed already, a categorization heuristics is useful for sufficiently complex
and diverse databases. However, a sufficiently diverse database is not directly com-
plex, e.g. if it is classified into a single (or very few) large category(ies) or into almost
singleton (very fine) categories. Basically, only if sufficiently many meaningful cat-
egories are evoked an agent starts to think and process information categorical and
feels confident in relying on (summarized) information on the category level. For
databases that involve only very few activated databases an agent may not want
to rely on only coarse (imprecise) summaries of these few categories, but might go
through the information case by case in order to be sufficiently informed.?” Thus,
in such a situation a categorization of information does not offer some advantage to
an approach of just taking into account all single pieces of information directly.

Our admissibility condition (i.e. (ii) and (iii)) restricts the pairs of databases for
which an agent starts categorical thinking and processing. It requires that a mini-
mum number of "real” categories of C¥ (namely three) are in some sense activated

by a database D and considered for its evaluation.

Definition 4.8
The admissible pairs (D, E) € C* x C* are given by the set A as follows

A= {(D,E) e C*xC* (i) fp(e)>0 then fg(c) >0 forallce C
(17) if div(D) = 2 then there must exist ¢ € E\D
such that |CP(Doc)| =3
(ii) if div(D) > 3 then |CE(D)| > 3 }

Note that (D, E) € A if and only if (D?, EL) € A.
A necessary condition for a "real” categorization is div(E) > 5. For less diverse E

each contained case is interpreted as singleton category and all conditions in A are

27 As in the setup of a category based belief or the original belief formation without a categorization
as taken in BGSS, EG, Bleile (2014a).
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naturally satisfied. Thus, we need to discuss the admissibility conditions only for
more diverse databases that induce non trivial singleton categories.

For condition (i) and (iii) to be satisfied we need |CF| > 3, which captures our
motivation to employ only sufficiently "rich” categorizations. Consequently, those
pairs (D, E) are ruled out such that |[CF| < 3. Part (iii) captures explicitly the
intuition of ”satisfactorily” many activated E-categories, by enforcing that there
must exist at least three different cases in D that evoke three different E-categories.

For database D such that div(D) = 2 part (ii) requires that both contained dif-
ferent cases need to belong to different categories according to the E-categorization
structure. The underlying idea is that D activates two different E-categories and
thus triggers (makes aware) some categorical thinking and processing. However, if
the database D evokes just one category C’ZE in the E-categorization, then an agent
might not initiate any categorical thinking and processing at all or is just not aware
of different categories, but might rely on each single case directly. This is exactly
ruled out by condition (ii).?

The admissibility condition is justifiable in general, but our initial motivation
originates in the most interesting situation D = E. The condition (i) is directly
met. A pair (D, D) with div(D) = 2 is not admissible. This matches our desire
that no categorization is induced for databases that has no sufficiently complex cat-
egorization - i.e. not at least three categories- such that a categorization procedure
offers (summarized) information on the category level for acceptable many cate-
gories. For more diverse databases, div(D) > 3, the admissibility just requires that
the D-categorization structure consists of at least three different categories, as we

desire.

4.6.2 Induced prototype based belief

An agent forms a prototype based belief based on her available admissible pair of
information (D, E) € C* x C* in the following way. Based on a natural catego-
rization structure C, a categorization of a database E result in the categorization
CE. An agent evaluates the simultaneously available database D by exploiting the
categorized information C'F contained in the richer database E that is activated by
cases in D.

Thus, a prototype based belief relies on categories in E that are evoked/activated by

ZNote that for all D C E € C* with div(D) = 1 (D, E) is admissible, in particular for any
E € C* and all ¢ € E (¢, E) € A. This requires an exception of the given interpretation,
since it is obvious that only one E-category can be activated. However, this is driven by the
situation D = E = (c¢T'), which implies a belief only based on information ¢ (and single category
member), which is acceptable in the light of the desired representation in Theorem 4.2.
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4.6 Axiomatization of prototype based belief formation

the D induced categorization function C': C* x C* — C* (i.e. C(D,E) = C¥(D))
such that (PoC) : X x C* x C* — A(R), i.e. (PoC)(z,D,E) = P(z,C(D,E)) =
P(z,C¥(D)).?

(Po() is a belief induced by the categories in the richest database available (i.e. E)
that are activated by single pieces of information in the database under considera-
tion (i.e. D). The most intuitive situation is where E = D, in which all D-categories

are employed.

Throughout the paper the problem x is fixed, therefore = is often suppressed in
the following, i.e. (PoC)(z,D,E) = (PoC)(D,E).

4.6.3 Axioms on the level of belief formation

As already mentioned above, our (restrictive) assumptions on the categorization
procedure (see Remark and 4.2 equation (4.1)) replaces the otherwise imposed In-

variance Axiom.

Implied Invariance Axiom
For all admissible pairs (D, E) € A and D € CT and all permutations 7 on T for
all T, we have

(PoC)(D,E)=(PoC)(r(D),E)

The Invariance Axiom says that the order of the information in the database is
immaterial for the induced belief. Only their content is important. For a discussion

of the axiom see Section 4.2.

Remark 4.3
Note that in particular (P o C)(D,E) = (P o C)(n(D),7'(E)) by Remark 4.2.

Thus the order invariance accounts for both databases, which is important for the

proof.

Prototype based Concatenation Axiom:
For all D, E, F € C* such that (D,F) € A, (E,F) € Aand (Do E,F) € A are
admissible pairs, then there exist A € (0, 1) such that:

(PoC)(DoE,F)=APoD)D,F)+ (1= (PoC)(E,F).

Mle. P: X x P(C*) — A(R) relies only on categories.
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4 Belief Formation Based on Categorization

The interpretation of the axiom is similar to the Concatenation Axiom in BGSS
and as in Section 4.5.3. In order to keep the normatively desirable spirit of aver-
aging, we need to ensure that the information employed in the belief formation for
the concatenation D o E is meaningfully related to the single databases D and E.
Intuitively, the categories evoked by (D o E) need to be covered by the categories
evoked by either D or E. This can only hold in general if a common categoriza-
tion structure underlies all involved activation processes, i.e. for a common CF.
A determination of a belief as an average of two other beliefs would be hard to
justify if the underlying beliefs rely on different categorizations. If so, there might
be very different categories involved in the different beliefs that would prevent an
easy averaging, since no common evaluation basis exists. Of course, to be able to
activate some categories from this common categorization structure, all observed
cases in D and F need to be categorizable with regard to this common basis. Thus,
the F-categorization ought to cover at least the available information in D o E, i.e.
F 2 Do E. Moreover, having this categorization structure in mind, it appears
reasonable to employ it in the belief formation process and not to shift to another
less rich categorization, e.g. like moving to a E-categorization for database E, i.e.
CP(E). Thus, the assumed structure ensures that C¥(D o E) = CF(D) U CF(E)
and therefore the induced beliefs rely on the same F-categories and are only distinct
in the way which categories their contained cases evoke.

The prefix ”prototype based” Concatenation Axiom or belief will become clear in
the representation in Theorem 6.1, which suggests an interpretation of the axiom in

terms of category related prototypes.

Identity Axiom

Let (Dy, E), (Ds, E) € A and related categorization structure C¥ = {CF,..,CF, }.
For all Dy, D, such that C¥(D;) = CP(Dy) = CF for some | < L + 1, then
(PoC)(Dy,E) = (PoC)(Dy,E).

The axiom says that the prototype based beliefs induced by databases (given an
E-categorization structure) coincide if the databases evoke only one identical E-
category. In this situation, the specific content of the information is immaterial for

the induced belief, since only the activated category is relevant.
Collinearity Axiom

For all databases D € C*, no three distinct vectors of {((P o C)(¢c,D))eep} are

collinear.
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4.6 Axiomatization of prototype based belief formation

The interpretation is the same as in Section 4.5 or BGSS.
The only difference is the requirement of distinctiveness, since (P oC)(c, D) is iden-
tical for cases in D that are contained in (and activate) the same category. Basically,

no three (prototypical) estimates based on different categories are collinear.

4.6.4 Representation Theorem of prototype based belief

formation

Theorem 4.2

Let (P o C) be a function (P oC): C* x C* — A(R), where C : C* x C* — P(C*)
is an induced categorization function with underlying E-categorization structures
CF = {CF, ...,C’LEH} for all E € C*. Let the prototype based belief (P o C) satisfy
the Collinearity Aziom.

Then the following are equivalent

(i) (Po C’) satisfies the prototype based Concatenation and Identity Axiom

(ii) For all E € C* and any | < L+ 1 such that CF # 0 there ezists a unique
per e A(R) and a unique -up to multiplication by a strictly positive number- strictly
positive function § : C* x C* — Ry, such that for all (D, E) € A the following
representation holds:

L+1 ~ ~E\ pCE

~ T 8(D,CF) Py

(PoC)(D,E) = Zl—lLH(N e
= 8(D,CF)

Moreover, 5(D o c,CF) > 3(D,CF) for all c € CF.

Rough sketch of the proof:

The necessity part is straightforward calculation. The sufficiency part follows the
rough structure of the proof of BGSS and Bleile (2014b) (or Chapter 3), but differs
in the crucial arguments. Again, the first step is to reason, why it is viable to trans-
form (P o C)(D, E) for (D,E) € A into (P o f)(fp, fr) for appropriate adjusted
definitions of admissible pairs (fp, fg).

The essential part of the proof is to derive the similarity weights (s;)i<m,. This will

be shown inductively over div(fp) < m.

Step 1: Base case for the induction, take any triplet {7, j, k} C {1,..,m} such that

fp € conv({(q°)vefijm}), ie. div(fp) <3, and (fp, fr) € A.
(i) For (fp, fg) € A such that 2 < div(fp) < 3 and 3 < div(fg) < 4 the categoriza-

tion procedure is vanished and coincide with the BGSS framework.
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4 Belief Formation Based on Categorization

(ii) For (fp, fr) € A such that div(fp) < 3 and div(fg) > 4.

(a) For fp € (¢',¢’) and (fp, fg) € A, there exist some k-th unit vector ¢
such that admissibility condition (ii) holds. Then take the simplex spanned by
{¢,¢’,¢"} and adopt Step 1 of BGSS, Bleile (2014a,b), i.e. find s;,s;, sg, define

(Po f)s(fp, fe) and run the recursive procedure to cover all simplicial points on

this simplex for the fixed fgr. This yields that for (Po f)s(fp, fe) = (Po f)(fp, [E)
for all fp € conv({¢’,¢’,¢"}) and fixed fp.

(b) Since for an admissible pair (fp, fr) € A from (a) there might exist many ¢*
such that the admissibility condition (ii) holds. Repeat (a) for all such k.

(c) Since for fp € (¢%,¢’) in (a) there exist many fg such that (fp, fz) is admissible,
repeat (a) and (b) for all these fg.

(d) Repeat (a), (b) and (c) for any pair (¢*, ¢’) with distinct 7,5 < m.

Thus, we have that (Po f),(fp, fz) = (Pof)(fp, f&) for all admissible pairs (fp, fz)
such that div(fp) < 3.

Step 2: For all (fp, fg) € A such that div(fp) > 3

By the properties of the categorization, we know that at least two fg-categories
contain a least two cases and another category contains at least one member, e.g.
2 24d, a'}, f7 2 {c? '}, ete.

Let fp = a¢’ + (1 — a)f(j) (for some o € (0,1)) where f(j) denotes the point in
Then the prototype based Concatenation Axiom and the induction assumption de-

livers

(Po f)(fp, fe), (Po f)(fp, fr) € ﬂ((Pof)(qtny% (Po F)(f(t), fr)).

t=1,2

Applying the Collinearity Axiom yields the uniqueness of the intersection and the

desired result.
Interpretation of Theorem

The theorem is described for general pairs of admissible databases (D, E) € A.
However, the most interesting and natural situation is given by identical information
(D, D), which motivated our examination of a belief formation based on categorized
information. For (D, D) € A, an agent only employs the categorized information in
database D and is not involved in the process of case based activation of categories

as necessary for pairs (D, FE) € A. For (D, D), the admissibility condition for a
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4.6 Axiomatization of prototype based belief formation

"real” categorization of the information D requires that the database D is catego-
rized at least into three different categories (which is in principle only possible for
databases with at least five different cases). Thus, the most interesting and mean-
ingful situation is for (large) databases that allow sufficiently rich categorization

structures.

A prototype based belief formation does not focus on employing the information
contained in the most appropriate evoked (target) categories for a problem, but
it takes into account the entire categorized information in a database. The belief
uses the summarized category based information across all categories. This tries to
compensate for potential misassignments if the actual problem does not allow for
straightforward most appropriate "target” category(ies). The process is not based
on a detailed piece by piece evaluation of all cases and their induced estimates sepa-
rately, but relies on the summarized coarse information on the category level. This
is in line with the procedure in Anderson (1991). In particular, an agent only needs
to compare and balance the categories (as an entity) at large and use their category
specific predictions. Thus not all single pieces of information need to be evaluated,
which is a severe (cognitive) simplification and captures the underlying aspect and
motivation of a categorization (heuristic). The category based estimation PCl s
the main ingredient and eponymous for our belief, since it can be interpreted as
representative or prototypical estimate associated with the category @D . Each cat-
egory has a unique representative prototypical estimate, which does not distinguish
between between cases in the same category, i.e. for all ¢ € CF (PoC)(c, E) = pCr,
Implicitly, this means that a category is understood in terms of a prototypical el-
ement that captures, compresses, aggregates, summaries and abstracts the essence
and central tendency of a category (for prototype theory see e.g. Posner and Keele
(1968), Reed (1972)). A specific representation of such an aggregated prototype
based estimate is not implied, but a very natural prototype is simply the mean
across previously experienced objects in the category. But also other statistics can
serve as prototypes.

The weights (5(CP, D)), that are assigned to each category specific estimate PE
reflect the relevance of category 1 in the database D for the current problem. The
weights do not only measure the relevance of the categories C~'ZD , but also incor-
porate how often (in similarity weighted terms) this category is activated by the
specific database D.3° Thus, the specific content and structure (frequencies) of the
(activating) databases are taken care of, i.e. two databases that are categorized

in identical categories can induced different beliefs if they contain differently many

30Remember that a category does not contain repetitions of cases, i.e. C’l[’ = C’lD"c for any ¢ € C~’lD
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4 Belief Formation Based on Categorization

cases of specific types, since then the relative relevance of the same categories can
be altered.

In sum, a prototype based belief formation facilitates fast and cognitive less de-
manding predictions compared to ”smoother” forms of similarity based reasoning as
for instance provided by kernel-based predictions or BGSS, EG and Bleile (2014a).
These approaches need to incorporate all single pieces of information. For the proto-
type based approach, an agent simply evaluates a problem in terms of prototypical
thinking and reasoning, by averaging the categories’ prototypical estimates, which
can be derived, stored and retrieved solely on the category level, independent of the
problem. A kernel based or BGSS belief requires a higher and more complex cogni-
tive load and task by the need to store a large amount of information and generate

many more (conditional) estimations that complicates the belief formation.

4.7 Conclusion

Chapter 4 examines how beliefs are formed by agents that use a categorization proce-
dure in order to process, store and retrieve the available information. The cognitive
science literature emphasizes the role of categorical processing, thinking and reason-
ing. Based on this insight we axiomatize two stage belief formation procedures in
which agents employ categorized information and do not incorporate the available
information piece by piece. We assume that an agent is equipped (or has acquired
(evolutionary)) subconsciously with some intuition or heuristic how to (optimally)
categorize the entire set of possible pieces of information. Based on such a naturally
given categorization heuristic, we introduce a procedure that consistently categorizes
databases. We consider two well known and observed procedures of categorizations
differing in how categories are activated for a new problem and how they are repre-
sented. One procedure relies only on the information in specific ”target” categories
that are the most appropriate categories for the current problem (our axiomatized
category based belief formation). Another procedure relies on all categories of the
database. However, they are not represented by their contained single pieces of in-
formation, but rest on so called prototypical elements that represent a summary or
central tendency of the category (our axiomatized prototype based belief formation).
These two versions of belief formation based on categorizations are represented as
weighted sums of estimates induced by past respectively categorized and represented
information. The weights, that are assigned to the different estimates, measure the
similarity of the current problem with the single piece of information that induced

the estimate or respectively its relevance with the particular category (or its proto-
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4.8 Proof of Theorem 4.1 (Category based belief formation)

type).

For both procedures, we require a minimum amount of complexity/diversity of the
underlying information such that an agent really engages into categorical processing
and thinking. Otherwise an agent sticks just to piece by piece evaluation of the
information.

The axioms on the belief level are closely related to the axioms introduced in BGSS
and Bleile (2014b) (or Chapter 3) and modified in a way to capture the categoriza-
tion of information and their consequences for induced beliefs.

Compared to the beliefs axiomatized in BGSS, EG and Bleile (2014a), both belief
formations based on categorized information reduce the cognitive effort extensively.
For the category based belief an agent only needs to consider, evaluate and esti-
mate each single piece of information within the target categories, i.e. only some
subset of the available information. In the prototype based belief, an agent even
thinks entirely categorical or in prototypes and thus treats information always on

an aggregate level.

4.8 Proof of Theorem 4.1 (Category based belief

formation)

It is straightforward to show that the representation satisfy the axioms.

The difficult part is the sufficiency direction, i.e. axioms imply representation. As
before, the essential step in the proof will be to identify database with their fre-
quency vectors, which allows to exploit the more tractable structure of the space of
frequencies on C and to adopt the approach taken in BGSS (and use the mechanism
of Bleile (2014a) (or Chapter 2)). However, since in addition a categorization step
is involved, the crucial steps in the inductive proof require different arguments.
The notation and definitions on the space of frequency vectors are identical as in
Section 3.9.2.

4.8.1 Translating the database framework into frequencies

Why is it viable?
Remember that we fixed a categorization structure C' and a problem z € X.

In the following, we show that a consistent transformation from databases to fre-

quencies is viable. Roughly, we want to identify a problem evoked categorization
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4 Belief Formation Based on Categorization

C(D) of a database D by its frequency vector in A(C) such that C(fp) € A(C)
corresponds to C (D) € C* within the category based belief formation, i.e. such that
(P o C)(D) corresponds to (P o C)(fp). For this purpose, we exploit the structure
of the categorization procedure and the axioms on the belief formation stage.

We need to show that the two stage procedure is independent of the order of the
involved database and its length. However, as already discussed in Section 4.5.1,
for the specific categorization procedure only the content matters and the order of
cases is irrelevant, i.e. C(D) = C(n(D)) for any reordering m(D) of the database
D. Furthermore, the length of the database is immaterial, since the category based
Concatenation Axiom implies that (PoC)(D?) =Y., \i(PoC)(D) = (PoC)(D)
for all Z € N and appropriate A € A%, Consequentlgf, for a category based belief
we can identify any database D € C* by its frequency vector fp, i.e. the category
based belief translates from (P o C) : C* — A(R) to (P o C) : A(C) — A(R) by
(PoC)(fn) = (PoC)(D).

We need to reformulate the categorization, axioms and results from databases to

frequency vectors, given a fixed problem =z € X.

Categorization in frequency terms

Definition 4.9

(i) Given a natural categorization C = (C4, ..,Cy), the list of z-evoked categories on
C, i.e. Cp = (C))iens, € C C C* for a corresponding M, C {1, .., L} translates to a
x-evoked categorized frequency vector C* e A(C):

- 1 1
cr = (’CMZL[C[} mé_eZM:Tl{Cl} ) € A(0),

EMy

which describes how often the ordered cases in C appear in the list of evoked cate-

gories.

(ii) A z-evoked categorization function for a database D € C*, i.e. C(x,D) € C*
translates to a z-evoked categorization function for a frequency vector f = fp, i.e.
C @ XxA(C) — A(C)U0™ such that C(x, f) = (Ci(x, f), ..., Co(z, £)) € A(C)UO™
18 defined for j < m by

filieny (@)

Cy(x, f) = filtainip<s (f) + S e oy (4 Liaiv(r)>33(f)-

é’(:v, f) is the frequency vector of a categorized database D (represented by frequency
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4.8 Proof of Theorem 4.1 (Category based belief formation)

vector f) evoked by a problem z, i.e. describes the resulting frequencies of the cases

in D that are also contained in the z-evoked categories.

Note that C(fp) represents C(E) for all E = n(D?) and any Z € N.
As before, we will suppress a fixed x, i.e. C(z, f) = C(f).

Axioms in frequency terms

Category based Concatenation Axiom
For all T; € N (i = 1,2) and any f; € Arg, there exists A € [0, 1], such that for

_ _ T T
f= T1+1T2f1 + T1+2T2f2

(PoC)(f)=AMPoC)(fi) + (1= N)(PoC)(fa),

where \ = 0 if and only if C(f;) = 0™.

Collinearity Axiom
No three of {((P o C)(¢?))j<m} such that C(g7) # 0™ are collinear.

4.8.2 Theorem 4.1, sufficiency part in frequency terms

Proposition 4.1

Let there be a function (P o C) : A(C) — A(R), where P : A(C) — A(R) and
C: A(C) = A(C) a categorization function on the set of frequency vectors.

If (Po C’) satisfies the category based Concatenation and Collinearity Axiom, then
there exist unique probability vectors (P?) <., € A(R), and unique -up to multiplica-
tion by a strictly positive number- strictly positive numbers (s;)j<m € R, such that
for all ¢ € A(C) such that C(q) # 0™

- > iem 5iCi(q) P
oC = =I=7 _
(PeC)la) > i<m 5iC5(q)

7 (4.2)

where C}(q) denotes the frequency of case c; in C(q).

4.8.3 Proof of Theorem 4.1, sufficiency part in frequency terms

Step 0:

Obviously, by the definition of the categorization on frequency vectors we need to
choose P7 = (P o C)(¢) for j < m, since C;(q) € {¢/,0™} and for some q (e.g. for
q s.th. div(q) < 3)) Cj(q) = ¢’
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The aim is to find numbers (s;)j<m, such that representation (4.2) holds for all

q € A(O).
Step 1: |C|=m =3

By the definition of the categorization function we have that C(q) = ¢ for all
q € A(C), since div(q) < 3. In such a situation a categorization of information does
not take place and thus the framework coincides with the one in BGSS. Basically
(P o C)(q) coincides with P(q) in the BGSS framework for div(¢q) < 3 and there-
fore Step 1 of the proof in BGSS can be directly adopted for these frequency vectors.

Step 2: Now we consider |C| =m > 3.
Step 2.1: Defining the similarity weights

Using the considerations from Step 1 for all triplets {i,j,k} and C = {c, ¢, "}
we can derive the similarity weights (S{{)i’j’k})ve{i,j,k} and we know that for all g €

A({¢', ¢’,¢"}), the following representation holds

i,7,k} A v
Zye{i,j,k} 31{} ! }CU(Q)P

(P14 o C)(q) = Gk A
D ve ik} s Cy(q)

where for all v € {7, j,k} P" are independent of the triplet {7, j, k} (by Step 0) and

(sl{,i’j ’k})ve{i7]—7k} are unique up to multiplication by a positive number.

With a similar reasoning as in the proof in BGSS Step 2.1 (or Section 2.9.7) and
using again that C'(q) = ¢ for q such that div(q) < 3, we can show that the similarity
values si"* are independent of the choice of 7, j and & for all v.

Thus, given these (s,),<m We can define for all ¢ € A

~ i<m Sjéj Pj
(PoC).(g) = 2izm GO

> j<m $iC5(q)

Obviously, (P o é)s satisfies the category based Concatenation Axiom.

Step 2.2: Completion to all ¢ € A(C), i.e. show that for all ¢ € A(C)
(PoC)slg) = (PoC)(g)
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We proof this by induction over k for ¢ € A(C') such that div(q) = k.

By Step 1 we know that the claim (P o C),(q) = (P o C)(q) is true for all ¢ € A(C)
such that div(q) < 3. This serves as the base case for the induction. Now we assume
that (P o (),(q) = (P o C)(q) for ¢ € A(C) such that div(q) = k — 1 and we will
show it for ¢ € A(C) such that div(q) = k.

A similar construction as in BGSS, but with different reasoning yields the result.
Let ¢ = Y, aug’ with oy > 0 and K C {1,...,m} such that |K| = k.

Define for all [ € K the frequency vector ¢(l) to be the vector in conv({(¢’)jex\i})
such that ¢ lies on the line generated by (¢(1), ¢'). By the category based Concate-
nation Axiom there exists some A € [0, 1] such that for all j € K

(PoC)(g) = A(PoC)(¢") + (1= A)(PoC)(g(h)):
We distinguish between two cases:

(i) If there exists a j € K such that ¢/ & C(g), then the category based Concate-
nation Axiom implies for ¢ = a¢’ + (1 — a)q(j) for an appropriate o € (0,1) that
(PoC)(q) = (PoC)(q(5)), since (PoC)(¢?) receives zero-weight. The same is true for
(P o C),, since it satisfies also the category based Concatenation Axiom. However,
since div(q(j)) = k—1, the induction assumption yields (PoC),(q(4)) = (PoC)(q(5))

and we get the desired result:

(PoC)(q) = (PoC)(q(4)) = (PoC)slq(s) = (PoC)slq)

(i) If for all j € K ¢/ € C(q), then there are k > 3 many ¢/ such that C'(¢’) # 0™.
Again, the category based Concatenation Axiom applied to the k many decomposi-
tions of ¢ = a/¢’ + (1 — a’)q(j) for appropriate o’ € (0,1) for all j € K yields that
(PoC)(q) lies in the interior of the intervals spanned by ((PoC)(¢?), (PoC)(q(3))) for
all ;7 € K. Since for no three different j € K these intervals can lie on the same line
by the Collinearity Axiom (since no three of {((PoC)(¢’) = P?);<c} are collinear),
there must exist some intersections of the lines. However, since (P o C')(q) lies in
all these intervals, the intersection must be unique and exactly equal to (P o C)(q).
However, also (P o C'),(q) lies on all these intervals, since by induction assumption
(PoC)(f) = (PoC)(f) for all f € A(C) such that div(f) < k — 1 (which ¢/ and
q(j) satisty). Thus the unique intersection can only be (P o é’)s(q), which shows the
equivalence of (P o C)(q) = (P o C),(q). This completes the proof for |C| > 3 and
eventually the Proposition 4.1 and Theorem 4.1. 0
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4.9 Proof of Theorem 4.2 (Prototype based belief

formation)

It is straightforward to show that the representation satisfies the axioms.

To show that the axioms imply the representation requires some work. As before,
we identify databases with their frequency vectors in order to adopt the approach
taken in BGSS (and use the mechanism of Bleile (2014a) (or Chapter 2)). However,
the additional categorization procedure alters the reasoning in the inductive proof
significantly.

The notation and definitions necessary for the framework of frequencies are identical

as in Section 3.9.2.

4.9.1 Translating the database framework into frequencies

Why is it viable?

We want to identify the prototype based belief induced by categorized databases,
ie. (PoC):C*xC* — A(R) by a belief (Po f) : A(C) x A(C) — A(R) based on
frequency vectors and their induced categorization structures f € P(A(C)), i.e. C
is represented by f and (P o C)(D, E) by (Po f)(fb, fz)-

Let (D, E) € A.

(1) In a first step we exploit Remark 4.3, i.e. (PoC)(D, E) = (PoC)(n(D),='(E)),
where m, 7" are permutations that reorder the cases in D and respectively in E ar-
bitrarily. Basically it says that orders of databases are totally immaterial for the
induced prototype based belief, i.e. only frequency vectors matter.

(2) a) The definition of a prototype based belief and database related categorization

structures yields
(PoC) (D, E) = P(CE(D)) = P(CF/(D)) = (P o C)(D, E?) for all Z € N

b) In addition the prototype based Concatenation Axiom implies for D = Do...oD
for all Z € N.

(PoC)(D? E) = (PoC)(D,E).
Combining (2)a) and (2)b) yields for all (D, F) € Aand V,Z € N

(PoC)DV,E?)=(PoC)(D,E) (4.3)
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4.9 Proof of Theorem 4.2 (Prototype based belief formation)

and thus the lengths of the involved databases are immaterial as well.
Combining (1) and equation (4.3) shows that we can identify any D, E € C* by
their frequency vectors fp, fg € A(C) for a prototype based belief formation.

Consequently, we can rewrite our framework into a frequency framework.

Categorization structures in frequency terms

Definition 4.10

A categom'zation structure f = {fl, s fL} on A(C) satisfies the following properties
(i) (f1)i = \CI lg,(ci) for alll < L andi <m

(ii) (fe)i > 0 if and only if (f]) =0 for all i < m and any distinct j,k < L (i.e.
disjointness)

(111) ZKL(fl) >0 for all i <m (i.e. all cases are categorized)

(w) for all 1 < L (f)); < 1/2 and f (i) < 1 for all i < m (i.e. specific content

structure)

Define for all | < L + 1 and any ¢ € A(C) A(l,q) := {j < m|(f;); > 0 and ¢; > 0},

i.e. the indices j such that case ¢’ contained in database q belongs to category fl.

Definition 4.11

Let f ={fi,..., f} be a categorization structure on A(C). A categorization struc-
ture f4 = {f2, ... ,fgﬂ} on q is defined by

(i) if div(q) < 4, i.e. ¢ € corv({q", ¢, ¢, q"}), then f9 = {fi =" fo = ¢, fs =
qj7f4 = qk,fs =07, .., fL—H =0"}

(i) if div(q) > 4, then f9 is given for all | < L+ 1 by

Laag(l)  lagg(m),

~ L if |A(l, q)| > 2

o= L Gagor Tato)

0=0m if|A(l,q)| <1

> i< Lu<rlagg= 1}(1 Al
ZZ<L 1~{l<L||Alq\ 1

- | =
A'Q
\_/

fin
By the equation (4.1) it is also possible to define C¥(D) in frequency term.

Definition 4.12
For any q,e € A(C) such that ¢; > 0 only if e; > 0:

fe( ) = {fl {g|3i<m ¢;>0 and fe(i) >0}( q), - fL+1 {gl3i<m ¢;>0 and f;_, (i) >0}( q)} € P(A(C))
is the result of an g-induced e-categorization function f : A(C) x A(C) — P(A(C)).
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4 Belief Formation Based on Categorization

Admissibility condition in frequency terms

Definition 4.13
Define the set of admissible pairs (q,e) € A(C) x A(C) by the following

A= {(q,e)| (i) for alli <m ¢; >0 only if e; > 0
(1) if div(q) = 2 then i <m ¢; =0 and e¢; > 0
s. th. for o€ (0,1) |fé(ag+ (1 —a)g)| =3

(iii) if div(q) > 3 then |[“(a)| =3}

Axioms in frequency terms

Prototype based Concatenation Axiom
For all (ag+ (1 — a)q’,e) € A for some « € (0,1), there exists A € (0,1)

(Pof)lag+ (1 —a)d,e)=APo f)(g.e)+(1=N)(Pof)de).

Identity Axiom
For all (¢, e),(¢',e) € A such that there exists a unique e-category ff(q) £ 0™ and
fe(d) # 0™ and fs(q) = 0™ = f¢(q) for all j # 1 < L +1 it holds

(Po f)(ge) = (Pof)lge)

Collinearity Axiom
No three distinct vectors of {((P o f)(¢7,¢));<m} are collinear for any (¢, ¢) € A.

4.9.2 Theorem 4.2, sufficiency part in frequency terms

Proposition 4.2

Let there be given a function (Pof) : A(C)xA(C) — A(R), where f a categorization
function f : A(C) x A(C) = P(A(C)) with related categorization structure f¢ for
all e € A(C). If the prototype based belief (P o f) satisfies the prototype based
Concatenation, Identity and Collinearity Axiom.

Then, for all e € A(C) and each | < L + 1 such that f¢ # 0™ there exist Pl
A(R) and a strictly positive -and unique up to multiplication with a strictly positive

number- values s = (s;) j<m such that for all admissible (q,e) € A

= ZZ<L+1 §(fl€> Q)Pfle
Po ,e) = — =
( N Zl§L+1 $(ff:a)

(4.4)
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4.9 Proof of Theorem 4.2 (Prototype based belief formation)

where 5(f7,q) = 3 ticmlgica A gicfey Bisie

4.9.3 Proof of Theorem 4.2, sufficiency part in frequency terms

Step 0:
We get directly that for all [ < L + 1 and all e C A(C) P/ must be chosen by
(P o f)(¢,€) for an appropriate j < m such that ¢/ C ff. By the Identity Axiom

this is unique.

The aim is to find the (s;);<m, such that the representation (4.4) holds for all ad-
missible pairs (¢,e) € A. We proceed in two steps, where the first step considers
(q,e) € A such that div(q) < 3 and in a second step we inductively generalize it to
q with larger diversity.

Step 1: (q,e) € A such that div(q) < 3, i.e. take any triplet {i,7,k} C {1,..,m}
such that ¢ € conv({(¢")vefi,jk}})-

Step 1.1: (¢,e) € A such that div(q) =1 is covered in Step 0.
Step 1.2: (g,e) € A such that 2 < div(q) <3 and 3 < div(e) <4

Note that (g, e) with div(e) = 2 are not admissible.

By the definition of an e-categorization structure the categorization step vanishes for
all such pairs (q,e). This means that the prototype based framework (and axioms)
directly amounts to the BGSS framework, i.e. (P o f)(q,e) coincides with the belief
P(q) in BGSS. Applying their proof yields the desired representation for all (g, e)

with the above properties.
Step 1.3: (¢,e) € A such that div(q) < 3 and div(e) > 4
Step 1.3.1: Determine the similarity weights (s,)vci k)

Define for all triplets {7, j, k} C {1,..,m} qj; ;,, == 3@+ ¢+ ) )

Obvious div(gj, ; ) = 3 and to fulfill the admissability take e such that [ f*(q{; , )| =
3 and hence each ¢" for v € {i, j, k} needs to be contained in a different category of
fe

We assume for convenience that ¢" € f5 (it simplifies the notational effort

extensively) for v € {i, j, k} which is possible after renaming the categories appro-
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4 Belief Formation Based on Categorization

priately.
Observe that, since (qj; ; 4, €) is admissible, also (¢, e) € Afor any ¢ € conv({q*, ¢, ¢*})
and g C e.

Now, we use Qi jry O determine the values (s,)vefijry given in the representa-
tion of the theorem. By the prototype based Concatenation Axiom there exist
A = (Ao)vefijry € int(A?) such that

(POf)(CJE,j,k},e)Z Z )\vpf;f’

vef{i,g,k}

where we have used that (P o f)(¢",e) = P’ as shown in Step 0.

The representation of the theorem (plugging in the definition of 3) delivers

(P (e} f~)<q* ) 6) _ Zve{i,j,k‘} Svl/BPfg
{i,5,k}> Z’L)G{i,j,k} Svl/?)

Equating these two equations and using that (Pff)ve{i,j,k} are not collinear yields

a solution for (s,)y—ijr, (ie. S, = ﬁ) These s, might depend on the

specific triplet used in gj; ; 1, Whereas obviously Pl = (Po f )(¢", €) is independent
of {i,j, k}, since only depending on e and ¢”. However, similar as in Step 2.1 of the
previous proof (or as in BGSS) we can show that the similarity values can be chosen
independently of the particular triplet.

Thus, given these s = (s, ..., $;,) we define for any triplet {1, j,k} C {1,...,m} and
q € conv({¢’, ¢/, ¢"}) and e such that (¢, e) € A the following prototype based belief

- S e tigi) SoloPT
(Po f)s(g,e) = St .
Zve{i,j,k} Svqu

(4.5)

Recall that we assumed for convenience that ¢” € ﬁf, which allows this easy repre-
sentation.

Furthermore, observe that P, satisfies the prototype based Concatenation Axiom.
Step 1.3.2: Completion to all (¢,¢) € A such that div(q) <3

Define E := {(¢q,e) € A| (Po f)s(qg,e) = (Po f)(g,e)}. In the following we want to
derive that for all ¢ € conv({¢, ¢/, ¢*}) and all e such that (¢,e) € A also (q,¢e) € E.

As in BGSS, the idea is to show that for all simplicial points g of any simplicial
partition (see Section 2.9.6 for a definition) such that (g,e) € A as well (g,e) € £
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4.9 Proof of Theorem 4.2 (Prototype based belief formation)

holds. We apply the mechanism as in Bleile (2014a,b) to cover all simplicial points
recursively. Based on this, it is possible to cover each q € conv({¢’, ¢’,¢"}) by se-
quences of (appropriate) simplicial points.

In order to illustrate the intuition, we will describe only the first step, i.e. the
simplicial points of the first simplicial partition. The further steps are analogously

modified versions (to the prototype based setup) of arguments used in Bleile (2014b).

Remark 4.4

For all e € A(C) such that ¢ C e, the pair (¢',e) is admissible. However, for q
such that div(q) € {2,3} this does not hold true in general. Nevertheless the sets of
frequency vectors e € A(C') that makes (g, €) admissible for div(q) = 3 coincides with
the set of frequency vectors that "make” (¢, e) admissible for ¢ C q and div(q') = 2.
This follows directly from the definition of the admissibility condition (ii). This
guarantees that there exists a common set of vectors e that make any t-th (t > 1)
simplicial point admissible, when it is paired with such an e. This is important for
our recursive procedure of combining all (differently diverse) simplicial points (as

well become clear below).

Consider q such that 2 < div(q) < 3

Step A:

Consider any two distinct ¢*,¢/ (1,7 < m), wlo.glet i = 1,5 = 2. Define ¢ :=
%ql + %qz and obviously div(qi) = 2. For all e such that (¢, e) € A, there exist some
¢* (which might be different for different e) such that for v € (0,1) |f¢(ovg} + (1 —
a)d®)] = 3. ¢! is a simplicial point of the first simplicial partition of the triangle
spanned by conv({q', ¢%,¢*}).

The prototype based Concatenation Axiom delivers the existence of 3,7 € (0,1)
such that

(Pof)(qfm¢) = B(Pof)a,e)+(1—pB)(Pof)d" e)
(Pof)ae) = v(Pof)d

Hence we get (using the notation that (a,b) indicates the line running through a

and b) that (P o f)(qi,e€) is contained in

(P o f)(g" e),(Pof)ae)n((Pof)d" e),(Pof)afiame)- (4.6)

The same holds true for (Po f )s, since it also satisfies the prototype based Concate-
nation Axiom. Moreover, by Step 0 we know already that for all (¢/,¢) € A, also
(¢/,e) € E and that for any triplet {, 7, k} and all (qf;j1y- €) € Aalso (g7 ;,y.€) € E.
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4 Belief Formation Based on Categorization

Thus, it only remains to check, whether the induced prototype based beliefs of
(¢4, e), (¢ e), (¢",e) and q{ 2,y are not collinear. Then, the two lines involved in
(4.6) have an unique intersection. This implies that (Po f)(qi,e) and (Po f)(qi,¢)
must coincide, since both lie on both lines, i.e. (qi,e) € E. However, the non-
collinearity can be easily seen, since (¢”,e) for v = 1,2,k induce three different
prototype based beliefs P75 (since | f¢(aq! + (1 — a)g¥)| = 3 for any « € (0,1)) that
are not collinear by the Collinearity Axiom.

Analogously, we can analyze all simplicial points of the first simplicial partition of
conv({q", %, ¢"}), i.e. for ¢f = 3(¢* +¢*) and ¢} = 1(¢*+¢*). Following the (slightly
modified) reasoning/method as in Sections 2.9.6 or 3.9.3 (or Bleile (2014a,b) Step 1),
we can show that for the chosen e, all simplicial points of any t-th simplicial partition
are in E. Finally, one can find a sequence of simplicial points that converges to any
q € A({q¢", ¢% ¢*}), where their induced prototype based belief converge. For the
details see the proofs of BGSS or the above mentioned sections. Thus, for a given e
such that (¢, e) € E (which induces ¢* as above) we have for all ¢ € conv({q", ¢*, ¢*})
as well (¢, e) € A.

Step B:

Observe that for each admissible pair (¢q,e) € A such that div(q) = 2 the frequency
vector e induces a set of frequency vectors eqq := {¢* | Ik < m s. th. |f¢(aql + (1 —
a)g| = 3}.

Hence keeping ¢, ¢ fixed, the same procedure as in Step A can be applied to the
triangle conv({q", ¢, ¢*}) for all k < m such that ¢* € e,y for this specific e.

Step C:
Now, apply Step A and B to all e such that (¢,e) € A for div(q) € {2,3}.

Step D:

Finally, applying the procedure to all possible pairs ¢*, ¢?, instead of i = 1,j = 2,
we get that for all admissible (g, e) € A such that div(q) < 3 the claim (g,e) € E,
i.e. A= FE for all q such div(q) < 3, which concludes the proof of Step 1.

Now, we consider the situation for (¢,e) € A such that div(q) > 3. Therefore

we need an extended definition of (P o f) for (¢,e) € A(C) x A(C):

~ ' Zigm SiQi(ZlgL—H 1f; (qi)Pfle)
(Fofla.e) = Zigm Sid; '
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The indicator function appears in comparison to definition (4.5) since at this point,
it is not anymore clear to which category ff a specific unit vector ¢* belongs. Basi-

cally, (P o f)s is a reformulation of the representation (4.4).
Step 2: Show that (¢,e¢) € E for all (¢,e) € A such that div(q) > 3

We prove inductively over k that for all q such that div(q) = k with 3 < k < m
and all admissible pairs (¢,e) € A it holds, that (P o f).(g,e) = (P o f)(g,€), ie.
(g,e) € E.

We take the situation div(q) = k = 3, which was shown in Step 1, as the basis of the
induction and assume that the claim is true for all (¢, e) € A such that div(q) = k—1
for k > 3.

Take any (¢,e) € A such that div(q) = k, w.lo.g. ¢ € int(conv({q,..,¢*})). By
admissibility | fe(q)] > 3 holds, i.e. there are at least two categories ff for some
| < L + 1 containing at least two different cases ¢/ for some j < m and another
category containing at least one different case. W.l.o.g. let these categories be given

in the following way (for distinct 4, j, k # 1,2)

U

{¢",q'}

{. ¢’}

{"}

D Qforalll #1,2<L

U

=R
_l’_
—

—~ —~ — —~
X

N—r N—r N—— S—
1)

Now, let ¢ be decomposed by ¢ = ayq" + (1 — a4)q(t), where for ¢t = 1,2 ¢(¢) is
the point in conv({¢’|j < k,j # t}) that is on the line connecting ¢ and q and
a; € (0,1) accordingly. By the prototype based Concatenation Axiom we know that
there exist A\, € (0, 1) such that

(Pof)(a,e) =M(Pof)d e)+ (1= A)(Pof)lalt),e)

This is possible since (¢*,e) € A and (q(t),e) € A, since fe(q(t)) = f¢(¢) by con-
struction. Since in addition (¢*, e), (¢(t),e) € E by the induction assumption (since

div(q(t)) = k —1) and (P o f)s satisfies the prototype based Concatenation Axiom,

we have

(Pof)a.e) (Pof)lae)e [V ((Pof)de) (Pof)alt)e))

t=1,2
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4 Belief Formation Based on Categorization

This intersection is unique since for ¢t = 1, 2 it can be shown that the following holds:
(Po f)(q*e) = P & (P, (Po f)(a(t),e)) = h (4.7)

If this would not be true, i.e. if P5 would be on this line h, it would require
that (P o f)(q(t),e) is on the line between P/f and Ps. However, by construction
(P o f)(q(t),e) € int(conv({PTF, P PJi . })), which implies that it cannot lie
on (Pf f,Pf26 ) , since by the Collinearity Axiom no three of (Pfle)l are collinear.

Thus in sum, claim (4.7) is true, which implies that for t = 1,2 the lines based on

((Po f)(¢'e), (Po f)(q(t),e)) are distinct and intersect uniquely in (P o f)(g,e) =

(Po f)s(g,e), ie. (q,e) € E.
This completes the entire proof. O

162



Bibliography

1]

[12]

[13]

[14]

Ahn, D. (2008). Ambiguity Without a State Space. Review of Economic Stud-
tes, 71, 3-28.

Al-Najjar, N. I. and Pai, M. (2014). Coarse decision making and overfitting.
Journal of Economic Theory, 150, 467-486.

Allport, G.W. (1954). The Nature of Prejudice. Addison Wesley, Cambridge.

Anderson, J. R. (1991). The adaptive nature of human categorization. Psycho-
logical Review, 98-3, 409-429.

Anderson. J.R. (2005). Cognitive Psychology and Its Implications. Worth, New
York.

Andrews, R.L., Srinivasan, T.C. (1995). Studying Consideration Effects in
Empirical Choice Models Using Scanner Panel Data. Journal of Marketing
Research, 32-1, 30-41.

Apesteguia, J., Ballester, M. (2013). Choice by Sequential Procedures. Games
and Economic Behavior, 77, 90-99.

Arad, A., Gayer, G. (2012). Imprecise Data Sets as a Source of Ambiguity: A
Model and Experimental Evidence. Management Science, 58-1, 188-202.

Bargh, J.A. (1994). The Four Horsemen of Automaticity: Awareness, Inten-
tion, Efficiency, and Control in Social Cognition. Handbook of Social Cognition,
1, 1-40.

Bargh, J.A. (1997). The Automaticity of Everyday Life. The Automaticity of
Everyday Life: Advances in Social Cognition, 10, 1-61.

Bargh, J.A. (1999). The Cognitive Monster: The Case Against the Controlla-
bility of Automatic Stereotype Effects. Dual Process Theories in Social Psy-
chology, 361-382.

Bettman, J.R. (1979). Issues in Research on Consumer Choice. Advances in
Consumer Research, 6, 214-217.

Billot, A., Gilboa, I., Schmeidler, D. (2004). An Axiomatization of an Expo-
nential Similarity Function. Mimeo, University of Tel Aviv.

Billot, A. Gilboa, I., Samet, D., Schmeidler, D. (2005). Probabilities as
Similarity-Weighted Frequencies. Econometrica, 73, 1125-1136.

163



Bibliography

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

164

Bleile, J. (2014a). Cautious Belief Formation. Working Paper No. 507, Center
for Mathematical Fonomics, Bielefeld.

Bleile, J. (2014b). Limited attention in Case-based Belief Formation. Working
Paper, Center for Mathematical Fonomics, Bielefeld.

Bleile, J. (2014c). Categorization based Belief Formation. Working Paper, Cen-
ter for Mathematical Eonomics, Bielefeld.

Broadbent, D. E. (1958). Perception and Communication. Pergamon Press,
New York.

Caplin, A., Dean, M., Martin, D. (2011). Search and Satisficing. American
Economic Review, 101-7, 2899-2922.

Cherepanov, V., Feddersen, T., Sandroni, A. (2013). Rationalization. Theoret-
ical Economics, 8, 775-800.

Chiang, J., Chib, S., Narasimhan, C. (1998). Markov chain monte carlo and
models of consideration set and parameter heterogeneity. Journal of Econo-
metrics, 89-1-2, 223-2/8.

de Clippel, G., Eliaz, K. (2012). Reason-based choice: A bargaining rationale
for the attraction and compromise effects. Theoretical Economics, 7, 125-162.

Dekel, E., Lipman, B. (2012). Costly Self-Control and Random Self-Indulgence.
Econometrica, 80-3, 1271-1502.

Dulleck, U., Hackl, F., Weiss, B. Winter-Ebmer, R. (2011). Buying online: An
Analysis of Shopbot Visitors. German FEconomic Review, 12-4, 395-408.

Eichberger J., Guerdjikova, A. (2010). Case-Based Belief Formation under Am-
biguity. Mathematical and Social Sciences, 60-3, 161-177.

Eliaz, K., Spiegler, R. (2011a). Consideration sets and competitive marketing.
Review of Economic Studies, 78, 235-262.

Eliaz, K., Spiegler, R. (2011b). On the Strategic Use of Attention Grabbers.
Theoretical Economics, 6, 127-155.

Ellsberg, D. (1961). Risk, ambiguity and the Savage axioms. Quartely Journal
of Economics, 75, 643-669.

Epstein, L.G., Schneider, M. (2007). Learning Under Ambiguity. Review of
Economic Studies, 7/, 1275-1303.

Fryer, R., Jackson, M. O. (2008). A categorical model of cognition and biased
decision making. The B.E. Journal of Theoretical Economics (Contributions),
8-1, 1-42.

Gérdenfors, P. (2000). Conceptual Spaces: The Geometry of Thought. MIT
Press, Cambridge.



Bibliography

[32]

[33]

[34]

Gelman, S. A., Markman, E. M. (1986). Categories and induction in young
children. Cognition, 23, 183-209.

Gensch, D. H. (1987). A Two Stage Disaggregate Attribute Choice Model.
Marketing Science, 6, 223-251.

Gerasimou, G. (2013). A Behavioural Model of Choice in the Presence of De-
cision Conflict. School of Economics and Finance Discussion Paper No. 1302,
University of St Andrews.

Gigerenzer, G., Todd, P., ABC Research Group (1999). Simple Heuristics That
Make Us Smart. Oxford University Press, New York.

Gilboa I., Schmeidler, D. (1995). Case-Based Decision Theory Quarterly Jour-
nal of Economics, 110, 605-639.

Gilboa, I., Schmeidler, D. (2001). A Theory of Case-Based Decisions. Cambridge
University Press, Cambridge, UK.

Gilboa, I., Schmeidler, D. (2003). Inductive Inference: An Axiomatic Ap-
proach. Econometrica, 71, 1-26.

Gilboa, 1., Lieberman, O., Schmeidler, D. (2006). Empirical Similarity. Review
of Economics and Statistics, 88, 433-444.

Gilboa, 1. (2009). Theory of Decision under Uncertainty. Econometric Society
Monographs. Cambridge University Press, Cambridge.

Gilboa, 1., Schmeidler, D. (2010). Case based Predictions: Introduction.

Gilboa, 1., Lieberman, O., Schmeidler, D. (2011). A similarity-based approach
to prediction. Journal of Econometrics, 162-1, 124-131.

Gilboa 1., Postlewaite, A., Schmeidler, D. (2012). Rationality of belief or: why
savages axioms are neither necessary nor sufficient for rationality. Synthese,
187-1, 11-51.

Goldstone, R. (1994). The role of similarity in categorization: Providing a
groundwork. Cognition, 52-2, 125-157.

Goldstone, R.L., Son, J.Y. (2005). Similarity. The Cambridge handbook of
thinking and reasoning. Cambridge University Press, 13-36.

Gul, F. Pesendorfer, W. (2001). Temptation and Self-Control. Econometrica,
69, 1403-1435.

Gul, F., Natenzon, P., Pesendorfer, W. (2012). Random Choice as Behavioral
Optimization. Working Paper.

Hau, R., Pleskac, T.J., Hertwig, R. (2010). Decisions From Experience and
Statistical Probabilities: Why They Trigger Different Choices Than a Priori
Probabilities. Journal of Behavioral Decision Making, 23, 48-68.

165



Bibliography

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

166

Hauser, J. R., Wernerfelt, B. (1990). An evaluation cost model of evoked sets.
Journal of Consumer Research, 16, 383-408.

Hauser, J. R. (2013). Consideration Set Heuristics. Forthcoming, Journal of
Business Research.

Hayne, H. (1996). Categorization in Infancy. Advances in Infancy Research,
10.

Heit, E. . Features of Similarity and Category-Based Induction. Proceedings of
the Interdisciplinary Workshop on Categorization and Similarity, University
of Edinburgh, 115-121.

Heit, E., Rubinstein, J. (1994). Similarity and Property Effects in Inductive
Reasoning. Journal of Experimental Psychology: Learning, Memory and Cog-
nition, 20-2, 411-422.

Horan, S. (2013). A Simple Model of Biased Choice. Working paper, forthcom-
ing: Journal of Economic Theory.

Houy, N. (2007). Rationality and order-dependent sequential rationality. The-
ory and Decision, 62, 119-1534.

Houy, N., Tadenuma, K. (2009). Lexicographic compositions of multiple crite-
ria for decision making. Journal of Economic Theory, 144, 1770-1782.

Houy, N. (2010). A characterization of prudent choices. Social Choice and Wel-
fare, 34-2, 181-192.

Jarvis, L., Wilcox, J. (1977). A model for predictive measurements of adver-
tising effectiveness. Industrial Marketing Management, 6, 9-14.

Jones, G. Y. (1983). Identifying basic categories. Psychological Bulletin, 94,
428-428.

Krueger, J., Clement, R. (1994). Memory-based judgments about multiple cat-
egories. Journal of Personality and Social Psychology, 67, 35-47.

Kruschke, J.K. (1992). ALCOVE: An exemplar-based connectionist model of
category learning. Psychological Review, 99, 22-44.

Lleras, J.S., Masatlioglu, Y., Nakajima, D., Ozbay, E.Y. (2010) and (2012).
When more is less: Limited consideration. Unpublished paper.

Lombardi, M. (2009). Reason-Based Choice Correspondences. Mathematical
Social Sciences, 57, 58-66.

Malt, B. C., Ross, B. H., Murphy, G. L. (1995). Predicting features for members
of natural categories when categorization is uncertain. Journal of FExperimental
Psychology: Learning, Memory, and Cognition, 21, 646-661.



Bibliography

[65]

[66]

[67]

[68]

[69]
[70]

[71]

Manzini, P., Mariotti, M. (2007). Sequentially Rationalizable Choice. American
Economic Review, 97, 1824-1839.

Manzini, P., Mariotti, M. (2012a). Choice by lexicographic semiorders. Theo-
retical Fconomics, 7, 1-23.

Manzini, P., Mariotti, M. (2012b). Categorize Then Choose: Boundedly Ratio-
nal Choice and Welfare. Journal of the Furopean Economic Association, 10-5,
1141-1165.

Manzini, P., Tyson, C. J., Mariotti, M. (2013a). Two-stage threshold represen-
tations Theoretical Economics, 8-3.

Manzini, P., Mariotti, M. (2013b). Moody Choice. Working Paper.

Marinacci, M. (2002). Learning about Ambiguous Urns. Statistical Papers, /3,
143-151.

Masatlioglu, Y., Ok, E. A. (2005). Rational Choice with Status Quo Bias.
Journal of Economic Theory, 121, 1-29.

Masatlioglu, Y., Nakajima, D., Ozbay, E.Y. (2012). Revealed attention. Amer-
ican Economic Review, 102, 2183-2205.

Medin, D. L., Schaffer, M.M. (1978). Context theory of classification learning.
Psychological Review, 85, 207-238.

Medin, D. L. (1983). Structural principles of categorization. Interaction: Per-
ception, Development and Cognition, 203-230.

Medin, D. L., Aguilar, C. (1999). Categorization. MIT Encyclopedia of the
Cognitive Sciences.

Miller, G. A. (1956). The magic number seven, plus or minus two: Some limits
on our capacity for processing information. The Psychological Review, 63, 81-
97.

Mohlin, E. (2014). Optimal Categorization. Journal of Economic Theory, 152,
356-381.

Mullainathan, S. (2002). Thinking Through Categories. MIT Working Paper.

Murphy, G. L., Medin, D.L. (1985). The Role of Theories in Conceptual Co-
herence. Psychological Review, 92, 289-316.

Murphy, G. L., Ross, B. H. (1994). Predictions from uncertain categorizations.
Cognitive Psychology 27, 148-193.

Murphy, G. L. (2002). The Big Book of Concepts. MIT Press, Cambridge.

Nedungadi, P. (1990). Recall and Consumer Consideration Sets: Influencing
Choice Without Altering Brand Evaluations. Journal of Consumer Research,
17-3, 2653-276.

167



Bibliography

[83]

[84]

[85]

[36]

[87]

[38]

[89]

[90]

[91]

[95]

[96]

[97]

[98]

[99]

168

Osherson, D. N.; Wilkie, O., Smith, E. E., Lopez, A., Shafir, E. (1990).
Category-Based Induction. Psychological Review, 97, 185-200.

Papi, M. (2012). Satisficing choice procedures. Journal of Economic Behavior
and Organization, 84-1, 451-462.

Peski, M. (2011). Prior symmetry, similarity-based reasoning, and endogenous
categorization. Journal of Economic Theory 146, 111-140.

Pessemier, E. A. (1978). Stochastic properties of changing preferences. Amer-
ican Economic Review, 68-2, 380-385.

Posner, M. L., Keele, S. W. (1968). On the genesis of abstract ideas. Journal
of Experimental Psychology, 77, 353-3635.

Pothos, E. M., Chater, N. (2002). A simplicity categorization. Cognitive Sci-
ence, 26, 303-3435.

Quinn, P.C., Eimas, P.D. (1996). Perceptual Organization and Categorization.
Young Infants: Advances in Infancy Research, 10, 1-36.

Reed, S. K. (1972). Pattern Recognition and Categorization. Cognitive Psy-
chology, 3, 382-407.

Reutskaja, E., Nagel, R., Camerer, C. F., Rangel, A. (2011). Search Dynamics
in Consumer Choice Under Time Pressure: An Eye-Tracking Study. American
Economic Review, 101-2, 900-926.

Rips, L. J. (1975). Inductive Judgements About Natural Categories. Journal
of Verbal learning and Verbal Behavior, 14, 665-681.

Rips, L. J. (1989). Similarity, typicality, and categorization. Similarity and
analogical reasoning, 21-59.

Roberts, J. H., Lattin, J. (1991). Development and Testing of a Model of
Consideration Set Composition Journal of Marketing Research, 28, 429-440.

Roberts, J. H., Lattin, J. (1997). Consideration: Review of research and
prospects for future insights. Journal of Marketing Research, 34, 406-410.

Rosch, E., Mervis, C. B. (1975). Family resemblances: Studies in the internal
structure of categories. Cognitive Psychology, 7, 573-603.

Rosch, E., Lloyd, B. (1976). Cognition and categorization. Lawrence Erlbaum
Associates, Hillsdale.

Rosch, E. (1978). Principles of Categorization. Cognition and Categorization,
27-48.

Rubinstein, A., Salant, Y. (2006). A model of choice from lists. Theoretical
Economics, 1, 3-17.



Bibliography

[100] Salant, Y., Rubinstein, A. (2008). (A,f): Choice with Frames Review of Eco-
nomic Studies, 75, 1287-1296.

[101] Savage, L.J. (1954). The foundations of statistics. New York, John Wiley and
Sons.

[102] Schank, R. C. (1986). Explanation Patterns: Understanding Mechanically and
Creatively. Hillsdale, NJ: Lawrence Erlbaum Associates.

[103] Schwartz, B. (2004). The Paradox of Choice: Why More is Less. Harper Peren-
nial, New York.

[104] Shafir, E., Simonson, 1., Tversky, A. (1993). Reason-based choice. Cognition,
49, 11-36.

[105] Shugan, S. M. (1980). The cost of thinking. Journal of Consumer Research,
27-2, 99-111.

[106] Simon, H. A. (1955). A behavioral model of rational choice. Quarterly Journal
of Economics, 69-1, 99-118.

[107] Simon, H. A. (1957). Models of Man: Social and Rational: Mathematical
Essays on Rational Human Behavior in a social setting. New York: John Wiley
and Sons, Inc.

[108] Simon, H. A. (1959). Theories of Decision-Making in Economics and Behav-
ioral Science. American Economic Review, 49-3. 253-283.

[109] Smith, L. B. (1989). From global similarity to kinds of similarity: The con-
struction of dimensions in development. Similarity and analogical reasoning,
146-178.

[110] Smith, E.E., Patalano, A.L., Jonides, J. (1998). Alternative strategies of cat-
egorization. Cognition, 65, 167-196.

[111] Stigler, G.J. (1961). The economics of information. Journal of Political Econ-
omy, 69-3, 213-225.

[112] Tversky, A. (1972). Elimination by Aspects: A Theory of Choice. Psychological
Review 79, 281-299.

[113] Tversky, A. (1977). Features of Similarity. Psychological Review, 84-4, 327-
352.

[114] Tversky, A., Sattath, S., Slovic, P. (1988). Contingent weighting in judgment
and choice. Psychological Review, 95, 371-384.

[115] Tyson, C.J. (2008). Cognitive constraints, contraction consistency, and the
satisficing criterion. Journal of Economic Theory, 127-1, 51-70.

[116] Tyson, C. J. (2013). Satisficing Behavior with a Secondary Criterion. Working
Paper.

169



Bibliography

[117] Vanpaemel, W., Storms, G. (2008). In search of abstraction: The varying
abstraction model of categorization. Psychonomic Bulletin and Review, 15-4,
732-749.

[118] Wright, P., Barbour, F. (1977). Phased Decision Strategies: Sequels to an
Initial Screening. In Multiple Criteria decision Making, 91-109. Amsterdam:
North-Holland Publishing Co.

170



Kurzer Lebenslauf

Jorg Bleile

Geboren am 26.12.1980 in Mullheim.

Abitur 2000 am Markgrafler Gymnasium in Millheim.

Zivildienst in Bad Krozingen von 10/2000 bis 08/2001.

Diplom in Mathematik an der Albert-Ludwigs-Universitat Freiburg von 10/2001 bis
11/2007 mit Auslandsaufenthalt an der University of British Columbia, Vancouver.
Diplom in Volkswirtschaftslehre an der Albert-Ludwigs-Universitat Freiburg von 10/2006
bis 04/2009.

Wissenschaftlicher Mitarbeiter (Forschung und Lehre), Lehrstuhl fir Wirtschafts-
theorie Albert-Ludwigs-Universitat Freiburg von 07/2009 bis 08/2010.
Wissenschaftlicher Mitarbeiter (Lehre) in der Justizvollzugsanstalt Freiburg im Rahmen
der Fernuniversitat Hagen (und KIT) von 10/2009 bis 07/2010.

Doktorand (Dr. rer. pol.), International Research Training Group: Economic Behavior and
Interaction Models (EBIM), Universitat Bielefeld und Paris 1 Pantheon-Sorbonne seit

10/2010.



