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Notations

This thesis consists of independent chapters and for this reason all of them are self-

contained. It is possible that some of the notation is introduced in more than one chapter.

Anyway, the following symbols and notation are common for all the chapters.

IN
N*

Let x,y € RN:
xzy
x>y
x>y

The set of natural numbers

The set of natural numbers including 0
The set of integer numbers

The set of real numbers

The empty set

The set of all subsets of N

T is a subset of S

T is a subset of S and T is not equal to S
The cartesian product of T and S

The number of elements of S

the set of nonempty subsets of a set X
A binary relation on a set X

A binary relation on P*(X)

The end mark of a proof

The end mark of an example

The end mark of a remark

x; = y;foreachi =1,2, ...
x; > y;foreachi=1,2,..
Ifx>yandx #y

vii






INTRODUCTION 1

Introduction

This dissertation is devoted to the extensive field of decision-making, in both the indi-
vidual and collective cases. It is organized in four independent chapters. The first three
ones deal with different individual situations where a decision-maker has to decide.
Chapters 1 and 2 have to do with ranking different alternatives of a set and Chapter
3 involves cases in which the decision-makers’ preferences are represented as choice
functions.

In Chapter 1 we deal with the problem of resolving distributional conflicts among an
infinite and countable number of generations. In this context, economists are interested
in postulating axioms of equity among the generations and efficiency in a variety of
forms. The properties of efficiency under inspection are different versions of Pareto
axiom. Equity is considered many times a synonym of anonymity, and this property is
considered a suitable axiom for a social welfare function or relation.

We deal in this chapter with the Basu-Mitra (2003) approach to the problem of in-
tergenerational social choice, and contribute to such approach by analyzing the impact
of the structure of the feasible set of utilities on Banerjee’s (2006) impossibility theorem.
Here the properties under inspection are Weak Dominance and a weak equity postu-
late that was introduced in Asheim and Tungodden (2004), namely Hammond Equity
for the Future (HEF). Banerjee (2006) proves that they are incompatible under the Basu-
Mitra perspective when the feasible utilities are [0, 1]. Here we prove that if we consider
the discrete domain IN instead, then an explicit expression for a Paretian social welfare
function that accounts for a strengthened form of Hammond Equity for the Future can
be given.

In a similar line of inquiry we wonder whether different versions of the Hammond
Equity postulate can be combined into a Paretian social welfare function. Both the con-
tinuous [0, 1] and the discrete N* instances are analyzed. The analysis is more complex
than the previous case, and the range of situations is richer.In the continuous case all the
results we obtain are impossibility results. In the discrete case, nonetheless we prove
that HE is incompatible with any version of Strong Pareto, we obtain that there exist
social choice functions that combine a version of HE with a weaker expression of Pareto
postulate.

This chapter is based on Alcantud and Garcia-Sanz (2008).

Chapter 2 is devoted to the problem of extending an agent’s preference over a set of
alternatives to a ranking of its nonempty subsets. We first consider a situation in which
the decision is made in two or more different times (this question has been partially
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studied in Krause (2007) for the two-times case) and using the indirect-utility criterion
characterized by Kreps (1979). We characterize a ranking defined over sequences of
ordered subsets (elements of a direct product), each one from the set of alternatives in
each time. This ranking consists on the application of the indirect-utility criterion to
each coordinate in a lexicographic way.

Some rankings of subsets consisting on the lexicographic compositions of two cri-
teria of ranking subsets have been studied by different authors. Some of these compo-
sitions are completely characterized using suitable axioms. We address the interested
reader to Barbera et al. (2004).

In a second section we consider a model where we rank the subsets of a set of alter-
natives also applying the indirect-utility criterion, but now we consider the possibility
of having an adviser for those cases where such criterion produces ties. This adviser has
not an individual binary relation defined on the set of alternatives, but rather for any
subset of alternatives he selects some “focal elements” (those that he prefers the most),
that we represent by a choice function.

Chapter 3 deals with the rationality of choice functions. In Suzumura (1983) we can
find a survey of the characterization theorems considering the classical concept of ra-
tional choice functions defined on different domains. Here we adopt and extend this
classical concept: we also consider as rational the behavior of a decision-maker that ap-
plies sequentially such type of choices. This behavior is represented as the composition
of different choice functions in an established order. Aizerman and Aleskerov (1995)
also consider this kind of choice behavior and Kalai et al. (2002) study the rationality of
a choice function by multiple rationales when the choice is a sigle element in the set of
alternatives and applying all the rationales simultaneously at each instance. We follow
the line initiated by Manzini and Mariotti (2007) who consider the sequential rational-
ity of a choice function by the application of different rationales in a fixed order, and
specifically the case of two rationales. They restrict their study to the case of single-
valued choice functions. We think that it is interesting to analyze the problem in terms
of set-valued choice functions and this is the case we consider along Chapter 3.

We focus on how the compound function of two choice functions behaves and specif-
ically which properties verified by the two initial choice functions carry over to the com-
pound function. Aizerman and Aleskerov (1995) study some instances of this problem
for properties of choice functions defined over domains which contain all the finite and
nonempty subsets of a set of alternatives. We add to this study with the analysis of
some other properties in domains of the same kind, and with some properties of choice

functions defined on arbitrary domains.
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Finally we obtain some results of rationality in the classical sense for a compound
choice function defined on different domains and then, for the cases in which the do-
main contains all the finite and nonempty subsets of the set of alternatives, we give a
complete characterization of a choice function that is rational by two sequential criteria
in terms of two testable necessary and sufficient conditions.

In Chapter 4 we focus on problems where at least two agents are implied in such a
way that the decisions they take affect the others agents” outcomes.

It is not difficult to find problems of different social or economic situations where
different agents (players) appear with different points of view. Game Theory surged
in the 20th century as a branch of Mathematics that considers this class of situations.
As these problems are very common in the real life, Game Theory has achieved a high
impact in different branches of knowledge such as biology, politics, psychology,..., and
over all, economics.

The agents implied in a game problem have well-defined objectives, thus they act
rationally, and at the same time, they take into account the knowledge or expectations of
other decision-makers” behavior, thus they also act strategically.

In non-cooperative models, players can negotiate about what to do, but binding
agreements are not possible.

Opposite, in cooperative models binding agreements are possible, and also side pay-
ments can be allowed.

On the other hand, operations research analyzes situations where a decision-maker
faces an optimization problem guided by an objective function. Most fields within op-
erations research have been approached from a game theoretical perspective, for the
cases in which several decision makers interact in situations that can be modelled as
optimization problems. Borm et al. (2001) provides a review of this topic.

One of the major branches within operations research is queueing theory (see, for
example, Gross and Harris (1998)). Surprisingly enough, queueing models have rarely
been approached from the point of view of cooperative game theory. Gonzéilez and
Herrero (2004) is one of the scarce papers in which cooperation is analyzed in queueing
models. In this last chapter of the thesis we also approach different queueing situations
from that point of view. Thus we obtain different models of cost games and study if
cooperation is or not a good option. For those cases where the answer is affirmative we
propose and characterize an allocation rule for distributing the costs.

Recently we became aware of the paper of Yu et al. (2008) that also deals with coop-
eration in queueing systems. They optimize the capacity of the system (in the models
we study the capacity is given by the average times that the clients spend in the system
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or in the queue) and they do not fix maximum values for the times that the clients spend
in it.
This chapter is based on Garcia-Sanz et al. (2008).
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8 Chapter 1. Egalitarian evaluation of infinite utility streams

1.1 Introduction

The problem of “evaluating a stream” emerges from some economic problems which
have the common characteristic of “not having a natural termination date”. For in-
stance, the optimization of the economic growth with streams (of consumption, for ex-
ample) which extend over an infinite future.

We deal in this chapter with the problem of resolving distributional conflicts among
an infinite and countable number of generations.

In this context, economists are interested in postulating axioms of equity among the
generations and efficiency in a variety of forms.

The properties of efficiency are materialized as different versions of the Pareto ax-
iom. The equity is considered many times a synonym of anonymity, and the anonymity
property or the finite anonymity are considered suitable axioms to be verified for a so-
cial welfare function or relation. Hammond (1976) postulates another equity condition,
the Hammond Equity, that establishes that when comparing distributions that give all,
except two generations, the same benefits “any order-preserving change which dimin-
ishes inequality of utilities between the conflicting generations is socially preferable”.
Recently Asheim and Tungodden (2004a) have introduced a variation of the Hammond
Equity postulate, the “Hammond equity for the future” property. This property is a one
sided equity condition that states that “a sacrifice of the present generation leading to
an equal gain for all future generations is weakly desirable if the present remains better
off than the future” and it is considered instead of the anonymity property.

Another factor we have to take in consideration when dealing with the problem of
ranking infinite horizon intergenerational streams is the domain for the utility levels
associated with each period (equal across generations). Moreover it is more realistic to
make some restrictions over the domains we are dealing with. For example it seems
reasonable to consider that the human perception is not unlimited, so that a natural
restriction to impose is a discrete domain. It is also natural that the utilities have a well-
defined smallest unit (as happens when they measure monetary amounts).

In this field the researcher has a natural tendency to try and avail himself with an
explicit numerical expression associated with each infinite stream. But as suspected by
Ramsey (1928), respecting the equal treatment of all generations poses some intrinsic
incompatibilities for the efficiency that can be assured. Discounting future generation’s
endowments is common place but it does not treat all generations alike. The Rawlsian
criterion Wr(x) = inf {x; : i = 1,2,3,...} is ‘more ethical” in the sense that it is not influ-
enced by the position that each generation occupies, but it violates very weak versions
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of Pareto efficiency. Thus an alternative approach to the resolution of the aggregation
problem postulates the existence of social welfare relations instead.

The analysis of inter-generational equity in the context of aggregating infinite util-
ity streams started with the aforementioned work of Ramsey (1928) who established
a conjecture about the difficulty of aggregating infinite streams respecting an inter-
generational equity. Following Koopmans (1960), Diamond (1965) proves the impossi-
bility of having a Paretian welfare function, continuous in the sup norm, and that treats
all generations equally. The domain for the utilities he considers is the unit interval. Ep-
stein (1986), Shinotsuka (1998), Fleurbaey and Michel (2003), Suzumura and Shinotsuka
(2007) and Sakai (2003, 2006) also obtain impossibility results in the same line. Basu and
Mitra (2003) prove that the impossibility result from Diamond survives without the re-
striction of continuity and without any topological consideration or domain restriction.

Despite this negative situation Svenson (1980) makes a positive contribution by giv-
ing a non-constructive proof of the existence of a social welfare order over the set of infi-
nite streams of utilities verifying the Pareto condition and some requirements of equity
(anonymity). He considers a stronger topology than the one used in Diamond (1965)
and the same domain (the unit interval). Bossert et al. (2004) provide a strengthening
of Svenson possibility result and Hara et al. (2007) contains some other impossibility
results in this same line of inquiry. Basu and Mitra (2007) generalize the Svenson pos-
sibility result for a general domain for the utilities and at the same time they establish
the relation among these results in the sense that a social welfare order satisfying Pareto
axiom and anonymity can not be representable !.

In this sense Basu and Mitra (2007) consider the possibility of weakening the Pareto
axiom and obtain that it is possible to combine Anonymity and a weak form of the
Pareto postulate, labelled Weak Dominance, in a social welfare function irrespective of
the domain for the utility levels.

Nevertheless, for some other sets of axioms the structure of the domain is crucial
and in the same work Basu and Mitra prove that in their original impossibility re-
sult, if the Strong Pareto axiom is replaced by the Weak Pareto axiom the impossibil-
ity result remains. But if the domain considered for the utility levels changes to be
IN* ={0,1,2,...}, then the impossibility result becomes a possibility one.

The inspection of Paretian social welfare functions that agree with other equity ax-
ioms has little tradition in the literature. Asheim and Tungodden (2004a) obtain another
impossibility result for a social welfare order with domain of utilities the unit interval

1An order = on a set X is representable if there exists a real function f on X such that x = y & f(x) >

f).
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when they deal with the weak equity condition named “Hammond Equity for the Fu-
ture” (HEF) and some other postulates. The HEF axiom expresses a weak preference for
profiles where the sacrifice of the present generation makes all future generations better
off by a constant utility amount. It is introduced in that paper as a weak form of the
Hammond Equity postulate.

Asheim et al. (2007) prove that it is impossible to aggregate infinite utility streams
in an upper semi-continuous binary relation that satisfies a weak version of Weak Dom-
inance and HEF. The domain they consider is any Y such that [0,1] C Y C R.

Banerjee (2006) considers the Hammond Equity for the Future property in the case of
social welfare functions (instead of orders) and obtains impossibility when the domain
is the unit interval and the function verifies the Weak Dominance axiom.

We are not aware of any other work that studies the compatibility of equity axioms
other than anonymity with a Paretian function.

We prove in section 1.4 that under the conditions in Banerjee’s theorem the impos-
sibility also turns into possibility when we consider the domain of utilities IN* instead
of the unit interval and with a stronger form of the Hammond Equity for the Future.
Moreover we give a constructive proof, thus an explicit expression for a Strongly Pare-
tian social welfare function that accounts for a strengthened form of Hammond Equity
for the Future can be given.

In a similar line of inquiry we wonder whether different versions of the Hammond
Equity postulate can be combined into a Paretian social welfare function. Both the con-
tinuous [0, 1] and the discrete IN* instances are analyzed. Such problem is investigated
in section 1.5.

This chapter is based in Alcantud and Garcia-Sanz (2008).

1.2 Notation and Preliminaries

Let X denote a subset of RN, that represents a domain of utility sequences or infinite-
horizon utility streams. We adopt the usual notation for such utility streams: x =
(X1, wee) Xy eenene ) € X. By (y)con we mean the constant sequence (v, , ....), and = (X, (¥)con)
holds for (x,y,y,y,....). Wewritex > yifx; > y;foreachi = 1,2, ..., and x > yif x; > y;
foreachi=1,2,... Also,x > ymeans x > yand x #y.

A social welfare function (SWEF) is a function W : X — IR. In this paper we are
concerned with two sets of axioms of different nature on SWFs. Firstly we introduce

some consequentialist equity axioms.
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Axiom 1a (Hammond Equity, also HE). If x,y € X are such that x; > y; > yx > x for
some j, k € N, and x; = y; when j # t # k, then W(y) > W(x).

Axiom 1b (Hammond Equity -Lauwers’ version-, also HE(L)). If x,y € X are such that
Xj = Yj = Yk = x; for some j, k € N, and x; = y; when j # t # k, then W(y) > W(x).

Axiom 1c (Hammond Equity (a), also HE(a)). If x,y € X are such that x; > y; > y; >
xy for some j,k € IN, and x; = y; when j # t # k, then W(y) > W(x).

Axiom 1d (Hammond Equity (b), also HE(b)). If x,y € X are such that x; > y; = y; >
xy for some j,k € IN, and x; = y; when j # t # k, then W(y) > W(x).

Axioms 1a to 1d above are variations of a common equity principle: when there is
a conflict between two generations, every other generation being as well off, the stream
where the least favoured generation is better off must be weakly preferred.

The precise meaning of the term “conflict” produces different formal requirements.

We also discuss some implications of the following axiom, that was introduced in
Asheim and Tungodden (2004a).

Axiom 2 (Hammond Equity for the Future, also HEF). If x,y € X are such that x =
(%1, (¥)con) and 'y = (y1, (Y)con) (x1 > y1 >y > x), then W(y) > W(x).

HEF states the following ethical restriction on the ranking of streams where the level
of utility is constant from the second period on and the present generation is better-off
than the future: if the sacrifice by the present generation conveys a higher utility for
all future generations, then such trade off is weakly preferred. Asheim and Tungodden
(2004a) and Asheim et al. (2007), Section 4.3, explain that it is a very weak equity condi-
tion —under certain consistency requirements on the social preferences “condition HEF
is much weaker and more compelling than the standard ‘"Hammond Equity” condition”—

that can be endorsed both from an egalitarian and utilitarian point of view.

Notation. In all the axioms above, when W(y) > W(x) is requested in place of
W(y) > W(x) we refer to HE™, ... , HEF*.

As a reinforcement of HEF™ we introduce a consequentialist equity axiom in the
spirit of Lauwers” (1998) Non-Substitution property. It captures the following ethical
principle: a large but finite improvement in the first generation can never compensate a

sustained improvement for all future generations.

Axiom 2’ (Restricted Non-Substitution, also RNS). If x,y € X are such that x =
(x1, (%)con) and 'y = (y1, (¥)con) Withy > x, then W(y) > W(x).
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Of course, in addition we intend to account for some kind of efficiency. In this sense

the stronger axiom we deal with is the following.
Axiom 3 (Strong Pareto, also SP). If x,y € Xand x >y then W(x) > W(y).
The next efficiency axiom is implied by Strong Pareto.
Axiom 4 (Monotonicity, also MON). If x,y € Xand x >y then W(x) > W(y).
Other axioms that are succesively weaker versions of Strong Pareto follow.

Axiom 5 (Weak Pareto, also WP). If x,y € X and either x > y or there is j € IN such
that x; > y; and x; = y; for all i # j, then W(x) > W(y).

Axiom 6 (Dominance, also D). If x,y € X then (a) if there is j € IN such that x; > y;
and x; = y; for all i # j, then W(x) > W(y), and (b) if x > y then W(x) > W(y).

Axiom 7 (Weak Dominance, also WD). If x,y € X and there is j € IN such that x; > y;,
and x; = y; for all i # j, then W(x) > W(y).

1.3 Some relationships and other auxiliary results

We have mentioned that RNS implies HEF*. Besides RNS is stronger than Weak Non-
Substitution (cf., Asheim et al., 2006) and in the presence of either WD or MON, RNS
implies Non-Substitution (cf., Lauwers, 1998).

Our analysis below is simplified by recalling that the Rawlsian criterion Wg(x) =
inf{x; : i = 1,2,3,...} satisfies a reinforced version of MON (but not WD), generic
Anonymity (i.e., it attaches the same values to all the permutations of a given stream),
HEF", and all four versions of Hammond Equity (Axioms 1a, 1b, 1c, and 1d) that we
have stated. It does not agree with (Restricted, Weak) Non-Substitution. However a
modified version, namely Wrr(x) = inf {x; : i = 2,3, ...}, does satisfy MON and RNS.
Remark 1.1. Some trivial relationships among requirements we have defined follow. Of
course HE(L) = HE(a) = HE(b). Besides HE(a)= HE + HE(b) = HE, and the converse

is true under either WD or MON in well-established instances like /., the set of bounded
real-valued infinite sequences, or X = YN with Y C R order-dense. <

We now recall other relationships between HE and HEF under Monotonicity or

Dominance.

Lemma 1.1. Any HE or HE(b) and Monotonic SWF satisfies HEF. Also, if X = I or X = YN
with Y C R order-dense, then HE(b) plus D entail HEF.
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Proof. Asheim et al. (2006), Proposition 3, states a result alike the first statement for
social welfare relations. Its proof is direct and can be mimicked here.

Suppose now that W is a SWF on either X = [, or X = YN with Y C R order-dense,
and also that W agrees with HE(b) and D. In order to check that W satisfies HEF too,
take x,y € X such that x = (x1, (X)con) and y = (y1, (¥)con) with x; > y1 > y > x.
There is z such that y > z > x. Define z = (z,z,x,x,x,...), thus y > z and by D we
obtain W(y) > W(z). Because x;1 > z = z; = zp > x = xp and x; = z; for each i > 2,
HE(b) yields W(z) > W(x) thus W(y) > W(x). O

Remark 1.2. One can readily check that HE(L) is incompatible with Weak Dominance in

virtually any useful instance of X. <

We end this section with a technical result that is used later on.

Lemma 1.2. Suppose that W : YN — R satisfies HE (resp., HE(b)) and MON.

(a) If x,y € Xare such that x; > y; > yx > xi (resp., x; > y; = yx > x) for some
j,k € Nandy; > x; when j #t # k, then W(y) > W(x).

(b) If we further assume ys > xs for some j # s # k and SP, then W(y) > W(x).

Proof. Pick z € X such that z; = x; when j # t # k, z; = y;, zx = Y-

Using MON we obtain W(y) > W(z). If case (b) holds then SP entails W(y) >
W(z). In each instance the conclusion follows because HE (resp., HE()) yields W(z) >
W(x). O

1.4 Existence of RNS and SP Social Welfare Functions

Basu and Mitra, 2003, Theorem 1 states that no SWF is Strongly Paretian and Equitable
or Anonymous 2.

If we replace Anonymity by Hammond Equity for the Future, then Banerjee (2006)
proves that the impossibility of making these requirements compatible with an SWF
remains when Y = [0,1] even though we only require Weak Dominance instead of

Strong Pareto. We proceed to analize the situation when Y = IN*.

Theorem 1.1. There are SWF’s on X = YN, where Y = {0,1,2,....}, that satisfy both RNS
and Strong Pareto.

2The Anonymity axioms states that a finite permutation of a utility stream produces a utility stream
with the same social utility.
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Proof. Our proof is constructive: we give an explicit expression for an SWF on X that
satisfies RNS and SP.

Recall that the application

n *
P(n) = Ton foreachn € IN

maps IN* into [0,1) and satisfies: m < n if and only if ¥(m) < ¢(n) for every possible
m,n (Bridges and Mehta, 1996, p. 30).

Now for any x = (x1, X2, x3, ....) € X let

9 (s

W) =yl 4 3 U (L)
1=

This expression produces a well-defined function because ¥ (x;) € [0,1) when i =

3,4, .... The properties of i permit to prove that W is Strongly Paretian. In order to

check that WV satisfies RNS, take x, x} and iy’ > y elements from Y. Because

W(xi/ (y/>con) = Qb(xi) —|—yl + ll)(i/)
W(xlr (y)con) = ¢(x1) +y+ l/JEly)

we deduce that the difference

W(x1, (¥ )eon) = W1, ()eon) = ($(x1) = 9(x1)) + (v —y) + i(l/ﬂ(y’) — ()

is strictly positive. The reason for such inequality is that ¢(x]) — ¢(x1) > -1,y —y > 1,
and (') — p(y) > 0. a

The criterion given in Theorem 1.1 has other nice features, for example it must sat-
isfy all four sensitivity properties recalled in Asheim at al. (2007), namely Strong Sen-
sitivity, Sensitivity to the Present, Restricted Sensitivity, and Weak Sensitivity. A severe
drawback is that it discriminates future generations. Besides, it contradicts the Inde-
pendent Future postulate (cf., Fleurbaey and Michel, 2003) as the comparison between
the streams (0,1,0,0,0, ...) and (0,0,2,0,0, ...) proves. As a consequence of the results in
Section 1.5 below, it can not fulfil any version of HE either.
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1.5 Existence of HE and SP Social Welfare Functions

As happens with the weaker HEF, the problem of combining the ethics that the Ham-
mond Equity principle incorporates with efficiency under the Basu-Mitra approach de-
pends on the domain of utility streams. In subsection 1.5.1 we show that the problem
when the domain is X = [0, 1] has been ellucidated in part and we complete the cor-
responding study. An analysis of the case where X = YN with Y = IN* is performed in
subsection 1.5.2. Even though we have recalled the standard defense of this framework,
we emphasize that we do not argue in order to endorse any concrete structure for such

domain.

1.5.1 *“Continuous” domain

The next consequence of Lemma 1.1 follows immediately after Banerjee (2006), Theorem
1.

Corollary 1.1. There is no Dominant SWF on [0, 1]N that satisfies any of the axioms 1a to 1d.

Proof. We have argued that if a Dominant SWF satisfies any of the axioms 1a to 1d then
it satisfies HE(b). But Lemma 1.1 ensures that such SWF must satisfy HEF, which is
impossible by virtue of Banerjee (2006), Theorem 1. O

Despite this Corollary, one may wonder if there exist SFWs that are both HE(b) and
WD when X = [0, 1]N. We now show that the answer to this latter question is negative,
thus no version of the Hammond Equity postulate under inspection is compatible with a Domi-
nant SWF when the domain is [0, 1]N. This conclusion is unsurprising since HEF is much
weaker than HE in the presence of either MON or D, and HEF is already incompatible
with WD under the Basu-Mitra approach.

Proposition 1.1. There are not SWFs on X = [0,1]N that satisfy both HE(b) and WD.

Proof. We proceed by contradiction. Let W : [0,1]N — R be HE(b) and WD. For
each 0 < x < 1 welet L(x) := W(x,x,0,0,....) and R(x) := W(”Tx,x,O,O,....). Then
I(x) := (L(x),R(x)) is nonempty because W is WD.

Besides, 1 > y > x > O implies I(x) N I(y) = :

14+ x
L(y) =W(y,y,0,0,...) > W(T,x,O, 0,...) = R(x)

by application of HE(b) to 1% > y > x. This is impossible because an uncountable

number of different rational numbers are assigned. O
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Remark 1.3. Observe that the arguments in this section apply to I, as well. <

1.5.2 “Discrete” domain

Now we wonder if it is possible to combine any version of Hammond Equity with
WD (or stronger axioms) under the Basu-Mitra perspective when X = YN and Y =
{0,1,2,....}.

In Theorem 1.2 we show that the answer to that question is in the negative when SP
and either HE, HE(L), HE(a) or HE(b) is required. In fact in order to reach such negative
conclusion we only need that Y has enough elements as to make the Hammond Equity
principle meaningful. Observe that according to Remark 1.1 it suffices to deal with
HE(b) and HE.

Theorem 1.2. There are not SWFs on X = YN, where |Y| > 3 (resp., |Y| > 4), that satisfy
both HE(b) (resp., HE) and SP.

Proof. We first prove that HE and SP can not be displayed by any W on X.

We use a standard construction to produce a suitable uncountable collection {E; };c;
of infinite proper subsets of IN. We request that Vi,j € I [i < j = E; C E; and E; —
E; is infinite |. We also need that there is an index g € E; for all index i € I. In order
to justify that such collection exists, we take {r1,72,....} an enumeration of the rational
numbers in (0,1) and set E(i) = {n € N : r, < i} foreachi € I = (r1,1) in order that
q=r1 € E(i) foreachi € I.

In order to ease the notation we assume without loss of generality that {0,1,2,3} C

Y. Let us define the following two utility streams associated with each i € I:

1 if peE,p#q
riy=93 if  p=g

0 otherwise

1 if peE,p#q
lHp=1q 2 if p=q

0 otherwise

By SP, the open interval (W(I(i)), W(r(i))) is not empty.

We intend to check that j < i = W(I(i)) > W(r(j)), which is impossible because
an uncountable number of distinct rational numbers would be obtained. Let us fix k €
E; — E;. We claim that Lemma 1.2 (b) applies to coordinates q and k of (i) and (j).
Observe that 3 = r(j); > 2 = 1(i); > 1 = I(i)x > 0 = r(j)x. Also, when g # p # k we
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have: [(i), = r(j)p, when either p € E;NEjorp ¢ E;UE;, and [(i), = 1 > 0 = r(j), for
every p € E;, p ¢ E; (recall that there are an infinite number of elements in E; — E;). This
ends the argument for the case HE plus SP.

In order to prove that HE(b) and SP are incompatible in the current assumptions, we
assume that {0,1,3} C Y in order to ease the algebra. Then we mimick the argument

with the following variation of the I(i)’s streams (and the r(i)’s remaining the same):

. 1 if € E;
(i), = { pes

0 otherwise

Observe that we now appeal to the appropriate variation of Lemma 1.2 to conclude the

argument. O

Despite this negative result, Theorem 1.3 below assures that WP can be combined
with HE'/ HE(a)" / HE(b) ' even in the presence of Anonymity. In order to prove it we

state the following auxiliary result.

Lemma 1.3. The function v(n) = Y01 u L (n=0,1,2,...) is strictly increasing in n and
satisfies: x > y» = 11 >z = v(y1) —v(z) > v(x) —v(y2).

Proof. Fix x > y» > y; > z. Some straightforward computations yield

1 1 1 1
v(y1) —v(z) = 2z+1 (1+3 7 Tt 2y1—z—1) 2 Dz+1
and
1 1 1 1
v(x) = v(y2) = 57 ( + teot o) < om
since . 1
1 + E + o e —'l_ W < 2.
Because y, > z 4 1 the conclusion follows. O

Theorem 1.3. There are SWFson X = YN, where Y = {0,1,2, ...}, that satisfy both HE(a)™",
Anonymity, and WP.

Proof. We closely follow Mitra and Basu’s proof in (2007) that there are WP and Anony-
mous SFWs on X = YN. The binary relation on X given by x ~ y if and only if x; = y;
eventually is an equivalence relation. The equivalence class of x is denoted by [x].. We
select an element g([x]~.) from each equivalence class [x].. in the quotient set X. For
simplicity we write ¢* = g([x]~), and as usual g* = (g%, g3, ...). Thus when x, y satisfy
that x; = y; eventually one has ¢* = g¢7¥.
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Let us denote An(x) = v(x1) + ... +v(xn) — (v(g}) + ... +v(g))) foreach N € N
and x € X, and consider the function h(x) = limy_.(An(x)), which is well defined
because An(x) is eventually constant (for any fixed x). Then h is clearly Anonymous
and Weakly Dominant. We now prove that & satisfies HE(a)™".

If x,y € Xare such that x; > y; > yx > x; for some j, k € N, and x; = y; when
j # t # k, our construction entails g* = ¢¥. Therefore there is an index Ny such that
An(y) — An(x) = v(yj) —v(xj) +v(yx) — v(xx) for each N > Np. Now Lemma 1.3
yields An(y) — An(x) > 0 whenever N > Nj and thus h(y) > h(x).

Finally, we define the SWF that satisfies our requirements by the expression:

h(x)

s ———— +min{xy,x, ...}

W) =2 Tt

N[ =

It is clear that W is Anonymous because so is h. By mimicking Mitra and Basu’s argu-

ment, we can check that it is WP: the key point is that

is strictly increasing, with values in (— %, %)

and thus whenever y > x because min{y1,y2,...} = min{xq,x2,...} +1 we always get
W(y) > W(x). In order to prove that W is HE(a)", let us select x,y € X such that
Xj > yj = Yp > xi for some j,k € IN, and x; = y; when j # t # k. Now W(y) >
W(x) is enforced due to the following two inequalities: h(y) > h(x) as was proved
above, thus H(h(y)) > H(h(x)) because H is strictly increasing; and min{y1,y2,...} >
min{xy, xz, ...} d

1.6 Conclusions

Banerjee (2006) argued that “ ... a compromise that generates a possibility of ranking
infinite utility streams is open to debate and does not necessarily call for abandoning the
appealing equity postulate, Hammond Equity for the Future.” Here we provide support
for such possibility: if the feasible set of utilities is contained in IN* then it is possible to
strengthen HEF to RNS even if we require the full force of the Pareto postulate under
the Basu-Mitra approach. Our argument is constructive and a explicit criterion has been
provided. Evidences like the discouraging Zame (2007, Theorem 4') —which implies that
no Weak Paretian and Anonymous welfare relation can be “explicitly described”— make
this feature especially valuable.

Now we have more arguments to contribute to the following debate: in combining
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equity and Pareto-efficiency under the Basu-Mitra position, what is the influence of the
choice of the set of feasible utilities? If we are bound by the HEF/RNS ethics we con-
clude that the set of feasible utilities is the determinant factor: when it is [0, 1] even the
weakest possible combination ends in impossibility, but when it is IN* there is an ex-
plicit criterion that accounts for their strongest versions. It was known that this is not
the case when Anonymity is the equity principle under inspection: we can not assure
that a given structure produces compatibility or incompatibility without considering
the amount of Pareto-efficiency we want to reach. In addition, we have proved that if
we are interested in imposing the HE spirit instead then the appeal to [0, 1] as the set of
feasible utilities determines incompatibility, while the appeal to IN* does not (and the
other factors must be examined: namely, the precise form of the HE postulate and the
version of the Pareto axiom in use).

The following tables gather some of the results that have served us to motivate our
discussion, and permit to compare differences in the approaches when we vary the fea-

sible utilities.

Table 1. Summary of results for domains of utility streams YN under Anonymity

Y = IN* Y =[0,1]
SP Non-existence * Non-existence
WP Existence t Non-existence
D Existence Non-existence ¢
WD Existence Existence 1

Statement « is proven in Basu and Mitra (2003). All t, ¥ and ¢ appear in Basu and
Mitra (2007). The other statements in the table derive from ¢ and *.

In each of the four cases where compatibility is guaranteed, one can try to identify
the class of groups of permutations for which extended anonymity (or Q-Anonymity as
introduced by Mitra and Basu, 2007) is compatible with the respective efficiency axiom

under the Basu-Mitra approach. We have not pursued this topic yet.

Table 2. Summary of results for domains of utility streams YN under RNS

Y = IN* Y =0,1]
SP Existence Non-existence
WP Existence Non-existence
D Existence Non-existence

WD Existence Non-existence ¢
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Banerjee (2006) proves that ¢ holds even if RNS is weakened to HEF. Statement x is
justified in Theorem 1.1, where an explicit SWF that satisfies RNS and SP is provided.
The other statements in the table derive from them.

This results add to Asheim et al. (2007), where incompatibilities of HEF with the
Pareto postulate are obtained under continuity assumptions.

Table 3. Summary of results for domains of utility streams YN under different versions

of HE
Y = IN* Y =[0,1]
SP Non-existence * Non-existence
WP Depends on version t Non-existence
D Depends on version Non-existence
WD Depends on version Non-existence ¢

With respect to HE(L), all the combinations in the table are impossible as is stated
in Remark 1.2. Unless otherwise stated, the statements in the table concern all the other
variations of the Hammond Equity postulate.

Proposition 1.1 conveys statement ¢ irrespective of the version of HE that we re-
quire. The statements above ¢ are now trivial. Case x is non-existence for all the ver-
sions of Hammond Equity that we have dealt with by Theorem 1.2 plus Remark 1.1.
Combination 1t and the instances below it produce non-existence for HE(L), but even if
Anonymity is imposed we can combine HE(4)" and WP/D/WD into an explicit SWF
when Y = IN* (cf. Theorem 1.3).

We recall that the Rawlsian criterion proves that in tables 1 and 3 above, existence
is guaranteed when the efficiency axiom requested is MON (irrespective of X and the
equity axiom). As for table 2, the discrete case is trivial because in that case we can even
obtain SP, and Wggr(x) = inf {x; : i = 2,3,....} satisfies MON and RNS as mentioned
before.

This latter table permits us to contribute to de debate in Banerjee (2006) , regarding
how demanding are the properties of representability and continuity (in the adequate
sense) for a social welfare ordering. We thus narrow the focus to the continuous case of
our study. Bossert, Sprumont and Suzumura (2007) prove that there exist social welfare
orders that satisfy HE and Weak Pareto (which implies existence when HEF replaces
HE, because HE and WP together imply the HEF property in this context). We also have
that there are no social orders satisfying the postulates of HEF, WP and a kind of con-
tinuity (Roemer and Suzumura (2007), chapter 4), thus we have the same impossibility
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result when combining HE, WP and continuity in a social welfare order. Moreover we
have proved that there exist no social welfare functions satisfying HE and any version
of Pareto efficiency on these domains. In particular no social welfare orderings satisfy-
ing HEF and WP is representable. Thus we can conclude that continuity (in the sense
of Roemer and Suzumura (2007)) and representability are equally demanding in this
setting.
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2.1 Introduction

This chapter concerns rankings of subsets of a set of alternatives, also named opportu-
nity sets. The standard model of a situation of this class considers an agent’s preference
ordering over a set of alternatives and extend it to a ranking of its nonempty subsets. In
the literature about this topic there are many interpretations for these kinds of problems
and different axioms are considered suitable depending on the specific context.

A simple example where an agent ranks subsets of alternatives, already cited by
Kreps (1979), concerns ranking menus in a restaurant. The individual will choose a
meal, but initially he has to select a menu from which he will choose his meal later. We
can mention some other contexts where problems of this kind are found, such as vot-
ing situations (the selection of a committee), matchings and assignments (admission of
groups of students in colleges, hire several workers,...), coalition formations (an agent
has to assign different values to the different subsets of colleagues for making a coali-
tion), and so on.

In all these situations the elements are feasible alternatives and the subsets are “op-
portunity sets” (or menus) of feasible alternatives. There are different criteria to rank
these opportunity sets that can be applied considering the particular characteristics of
the situation we are dealing with. We can cite some of such situations in order to illus-

trate and motivate the chapter.

e Choice under complete uncertainty. In these situations a decision can lead to dif-
ferent consequences and the decision-maker has not the possibility of assigning
probabilities to them. So making a decision is equivalent to the ranking of the sets
of consequences. Different criteria can be considered suitable to be applied here:

the maxmin criterion (pessimistic), the minmax criterion (optimistic),...

e Freedom of choice and preference for flexibility. In this kind of contexts the decision-
maker attaches value not only to the quality of the choice, but also to the degree
of freedom he gets from it. For example, it is usual to prefer a situation where the
decision-maker makes the choice better than another one in which the decision-
maker is forced to select an alternative, even if the final option is the same in
both cases. It is also frequent that the decision-maker prefers those subsets with a
greater number of alternatives because (for example) all the alternatives are attrac-
tive for him, or because he does not know if he is going to change his preferences

before making the final choice,...

e Limited rationality. In this sense, in some decision-situations, one may tend to
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concentrate on certain “focal” elements or features ignoring the rest of elements
or available information.

We mention especially here the indirect-utility criterion because it is the one
we use in this chapter. It is applied when the quality of the final choice of
the agent is all that matters: those subsets with better “best elements” are

preferred.

There are many authors that have made an axiomatic approach of this topic: they se-
lect desirable criteria for a situation and seek to identify the rankings satisfying different
combinations of them.

Fishburn (1972) pioneered the study of preferences of voters over sets of alterna-
tives. Kannai and Peleg (1984) obtain an impossibility result for an order over the set
of subsets of a set verifying two attractive axioms. Some other impossibility results are
obtained weakening these axioms or considering some others (Barbera and Pattanaik
(1984), Fishburn (1984), Holzman (1984)). Bossert (1989) characterizes a preorder with
the Kannai-Peleg axioms and a neutrality property also used by other authors. Nehring
and Puppe (1996) extend an order over the set of elements to a ranking of its nonempty
subsets based on principles of independence and continuity. They characterize rankings
that depend on the maximal and minimal elements of the different subsets of alterna-
tives only. Bossert et al. (2000) and Arlegi (2003) approach the problem in the framework
of choice under complete uncertainty. They characterize four decision rules not focused
on worst or best outcomes only and with intuitive justifications in terms of “limited
rationality”.

This context has been extended to incorporate the value of freedom of choice (Bossert
et al. (1994), Puppe (1996), Pattanik and Xu (2000) and Xu (2004)). Dutta and Sen (1996)
and Alcalde-Unzu and Ballester (2005) among others characterize utilitarian rules, and
Alcantud and Arlegi (2008) axiomatize a meaningful family of additively representable
rankings of sets. Some other models have served to study these problems, an extensive
survey of which can be found in Barbera et al. (2004).

On the other hand, either individual or social decision making may be based in
multiple criteria that can be applied in more than one stage. For example, we can think
about a family deciding a place for holidays or how to distribute its income (different
criteria for parents and children). In many situations of this kind we give preference to
a criterion over another one, using a second criterion only for breaking ties produced by
the application of a first one: lexicographical order. Different procedures of choice for
such lexicographic applications of multiple criteria have been considered in Houy and
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Tademuna (2007). We deal with the lexicographical application of different criteria to
finite sequences of subsets of different sets of alternatives.

Lexicographic compositions of two criteria of ranking subsets have been studied
by different authors. Some of these compositions are completely characterized using
suitable axioms. We address the interested reader to Barberd et al. (2004). In this chapter
we also characterize two different criteria for ranking subsets based on lexicographic
compositions in the line of those in Barbera et al.

So, our approach in this work follows the line of choice under limited rationality
that determines the ranking of the subsets looking only at their best alternatives. Such
a model is the germ of the indirect-utility approach characterized by Kreps (1979): A =
B < max(A)Rmax(B), where R is an individual complete preorder on X (a finite set of
objects) that is not necessarily a linear order.

In section 2.3 we study a choice in different times. Both the sets of alternatives and
the decision-maker criteria can be different in the different times we deal with. We
define a ranking for sequences of ordered subsets (elements of a direct product), each
one from the set of alternatives in each time. We first study the case of two different
times, and thus we have pair of subsets of alternatives, and then we generalize it to the
case of n different times. The ranking we deal with is defined using the indirect-utility
criterion applied in each coordinate and with a lexicographical order.

This question has already been studied in Krause (2008) for the case of two different
times. He uses 5 axioms for its characterization including a neutrality one and a techni-
cal axiom called “simple time discounting”. He uses a slightly different notation from
ours and supposes that for all the subsets that include alternatives from both times “it
is natural” to assume its equivalence with a two-element subset, one from each time,
because he is concerned with the indirect utility context only. In this sense he expresses
the axioms for the set of two-element subsets. He also uses complete preorders defined
over the sets of alternatives in both choice times.

In this chapter we characterize this criterion with only 3 axioms in a model where
the preorders over the sets of alternatives are not fixed, in the line of Kreps (1979), and
separating the study from the line in Krause that considers fixed preorders over both
sets of alternatives. We also generalize and characterize the criterion for the case of
choices in n different times.

In section 2.4 we also rely on the indirect-utility criterion for ranking the subsets
of X, but we change the model considering the possibility of having an adviser. This
adviser has not an individual binary relation defined on X, but rather for any S C X
he selects some “focal elements” (those that he prefers the most), that we represent by a
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choice function C : P*(X) — P*(X) such that @ # C(S) C S. Then, when we compare
two subsets we take into account this adviser only for those subsets that after the first
ranking (that of the indirect-utility criterion) are in the same indifference class. We then
apply the indirect-utility criterion too, but now to those subsets previously selected by
the adviser.

We call the ranking defined under these characteristics “ranking associated to a
choice function”. It is a complete preorder.

Afterwards we consider the next question:

Given a ranking of subsets of a finite set X, =, which is a complete preorder (and
therefore there exists a complete preorder on X trivially induced by =: aRb < {a} =
{b}), when is this observed ranking a ranking associated to a choice function? We give
a complete answer to this question in terms of two testable conditions.

This last situation we deal with can be considered a choice in two different stages
where both the sets of alternatives and the decision-maker criteria are the same. Nev-
ertheless we want to remark that the ranking associated to a choice function is not a
particular case of the ranking in two times. Though the sets of alternatives are the same
in both times (this is a particular case of our first situation), in the second stage we are
not applying a criterion to the subsets of the set of alternatives, but to smaller subsets of
them that include the alternatives previously selected by an adviser.

2.2 Notation and Preliminaries

Along this chapter we denote by X a finite set of objects (or alternatives) and by P*(X)
the set of nonempty subsets of X.

Abinary relation on X, R C X x X, is interpreted as a preference relation of an agent,
that is xRy (or (x,y) € R) if and only if the element x € X is considered at least as good
as the element y € X. This relation produces in a natural way a strict relation P and an
indifference relation I :

xPy < {xRy and not yRx}

and
xIy < {xRy and yRx}.

Definition 2.1. Let X be a finite set of alternatives and R a binary relation on X. R is a total or
complete preorder if it is complete and transitive.
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Definition 2.2. Given a total preorder R on a finite set X, a best element for R is an element
x € X such that
xRx' forall x’ € X.

According to this definition a best element has not to be unique (it is unique when R
is a linear relation, i.e. it satisfies the antisymmetric property) and all the best elements
are indifferent among them.

Abusing notation, max(A) stands for a best element of a subset A C X.

Definition 2.3. Let X be a set and D a nonempty domain of nonempty subsets of X. A choice
function is an application C : D — P*(X) such that C(S) C S.

Along this chapter D = P*(X).

2.3 Choice in different times

In this section we study a choice situation in which a decision maker makes his choice
in different times and he can have different sets of alternatives in each time and differ-
ent binary relations on these sets of alternatives. Citing Krause (2008) “in reality agents
typically make a sequence of choices over time from a corresponding sequence of oppor-
tunity sets, rather than a single once-and-for-all choice from a single opportunity set”.
We can think for example in ordering different menus in a restaurant today for having
lunch, and the same tomorrow in a different restaurant with different menus (the set of
alternatives changes and perhaps our criterion for ranking meals too).

We divide this section in two subsections. In subsection 2.3.1 we formalize the case
in which the DM considers two different decision times. We introduce the axioms we
deal with, their independence and interpretation and the characterization theorem for a
two-times criterion. In subsection 2.3.2 we generalize the criterion, the axioms and the
characterization theorem to the case of n times. Nevertheless the proofs for this general
case are not very different to the ones for the two-times case we include them.

2.3.1 Choice in two different times

We first introduce further notation.

e X; and Y; are finite and nonempty sets of alternatives. They are available in times

1 and 2 respectively. X; and Y can be equal or different sets.
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e R; and R; are transitive and complete binary relations defined on X; and Y, re-
spectively. They capture equal or different decision-maker’s criteria. Their re-
spective strict relations are denoted by P; and P, and their respective indifferent
relations by I; and .

e The space of alternatives is P*(X7) x P*(Y2), and we denote a complete preorder
defined on it by = .

Let us first introduce some axioms on a complete preorder = over P*(X;) x P*(Y2).
As Proposition 2.1 below proves, they have important implications on the structure of
=

Axiom 1 (A1). Independence of fixed coordinates.
a) Given (A, B),(A’,B) € P*(X1) x P*(Y2), then
(A,B) = (A",B) = (A,B') = (A’,B’) for all B € P*(Y2).
b) Given (A, B), (A, B') € P*(X1) x P*(Y2), then
(A,B) = (A,B') = (A",B) = (A/,B’) forall A’ € P*(X;).
Axiom 2 (A2). Extension Robustness for both coordinates.

a) Given (A, B),(A’,B) € P*(X1) x P*(Y2), then

(A,B) = (A", B) = (A,B) ~ (AUA",B).

b) Given (A, B),(A,B") € P*(X1) x P*(Y2), then

(A,B) = (A,B) = (A,B) ~ (A,BUB').

Axiom Al states that the relation by = between two pairs of subsets remains the
same when one of the coordinates is fixed in both pairs, whatever the fixed coordinate
is.

Axiom A2 extends the Extension Robustness property introduced by Kreps (1979).
Such property establishes that adding a subset A’ that is at most as good as a given
subset A to A leads to a set that is indifferent to A itself. Axiom A2 establishes this
property for each coordinate when the other one is fixed.

The next proposition is crucial in the subsequent analysis. As we have explained

before, it supposes a key difference with Krause’s position.
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Proposition 2.1. Let = be a complete preorder defined over P*(Xy) x P*(Ya), that verifies
axioms (A1) and (A2). Then for any (A,B) € P*(X1) x P*(Y2) there exist a € A and
b € B such that (A,B) ~ ({a},{b}). Moreover the elements a € A and b € B verify that
({a},B) = ({ai},B) for all B C Y, and for all a; € A, and (A,{b}) = (A, {b;}) for all
A C Xj and for all b € B.

Proof. Let us denote A = {ay,...,a,} and consider

({a1}, B), ({42}, B), ..., ({an}, B) € P*(X1) x P*(Ya).

As we know that = is complete and transitive, we can suppose without loss of generality

({m},B) = ({a2},B) = ... = ({an}, B).

Taking into account again that = is transitive and applying axiom A2, part a), suc-
cessively we obtain

({m},B) ~ ({a1,a2},B) ~ ...~ ({m,...,a,},B) = (A, B).

If we now take B = {0, ..., by, } we can suppose in the same way that

({ar}, {b1}) = ({an} {02}) = ... = ({aa}, {bu})

and again by the transitive property and the application of axiom A2, part b), succes-
sively we obtain

({a}, {br}) ~ ({an}, {by, b2}) ~ ...~ ({a}, {by, - b }) = ({ar ], B).

By transitivity of the indifference relation we conclude

(A,B) ~ ({a1},{b1}).

This means that a = a; and b = b; satisfy our first claim. The second claim has been
established above for the set B. Axiom A1, a) extends it for any other subset B’ C Y.

We also have above that ({a1},{b1}) = ({a1},{b;i}) for all b; € B. Applying now
axiom Al, b) we obtain that (A, {b1}) = (A, {b;}) for all b; € B and for all A C X,
which proves the last claim in the proposition. O

Moreover these axioms are independent as we can observe in the next examples.
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Example 2.1. Let us consider the complete preorder defined on P*(X3) x P*(Y2) by

|A| > |A'|, or

A,B) = (A,B)
(4.B) = (4. 5) {|A\:|A’|and|3|>|3’|

This ranking satisfies A1, but it does not satisfty A2, as it can be immediately proved
by considering, for example, A and A’ different singletons. &

Example 2.2. Let us consider a complete preorder R defined on X. The ranking over
P*(X) x P*(X) defined as

max(A)Pmax(A’), or

(A,B) = (A,B) &
max(A)I max(A’) and max(A U B)Rmax(A’UB’)

is a complete preorder that satisfies A2, but it does not satisfy Al.

Indeed:

To prove property A2, part a), we have to consider (A, B) = (A’, B) and then con-
clude that (A,B) ~ (AU A’, B).

From (A, B) = (A’, B) we have two possibilities:

i) max(A)Pmax(A") = max(A)Imax(A U A’) and max(A U B)Imax(AU A’ U B)
which implies that (4, B) ~ (AU A, B).

ii) max(A)I max(A’) and max(A U B)R max(A’ U B) thus max(A)I max(A U A’) and
max(A U B)Imax(AU A" U B) which also leads to (A, B) ~ (AU A/, B).

For part b) we take (A, B) = (A, B) and we have to prove that (A, B) ~ (A,BUB’).
As we have that max(A)I max(A), we obtain max(A U B)Rmax(A U B’) and then
we have that max(A U B)I max(A U BU B") which concludes that (A, B) ~ (A, BUB’).
The assertion about property Al can be proved considering, for example, A =
{a}, A" = {a'},B = {b} and B’ = {V'} being aPb’'Pa’Pb. In this case (A, B) = (A, B'),
but (A’,B') = (A, B). o

Let us now define a preorder over P*(X;) x P*(Y2) associated with the respective
criteria Ry and R; over Xj and Y». Itis a criterion based on the indirect-utility assessment
in both coordinates and we denote it by =y« -

Definition 2.4. Let X; and Y, be finite sets of alternatives and Ry and Ry complete preorders
defined on Xy and Y, respectively. The indirect-utility criterion in two times associated with Ry



Chapter 2. Ranking opportunity sets.
34 A characterization of an advised choice

and Ry, =yxu, over P*(X1) x P*(Ya) is defined by:

a) max(A)P; max(A’), or

(A,B) zuxu (A", B') & { b) max(A)l; max(A’) and max(B)R, max(B’)

This ranking is a complete preorder that satisfies both axioms Al and A2 as it can
be easily proved. Moreover it also verifies the next axiom that implies that whenever a
pair is strictly preferred to another one with the second coordinates being equal, it does
not matter the subsets we have in this second place. That is, any pairs of subsets with
the same first elements maintain the same order when comparing them, whatever the

subsets in the second coordinate are.

Axiom 3 (A3). First component wins. If (A,B) > (A’,B), then (A, B") = (A’,B") for
any B',B" C Y,.

Let us give now some examples to prove the independence among A3 and Al and
A2.

The ranking in Example 2.2 satisfies axiom A3, but it does not satisfy axiom Al.

The ranking defined in the next example 2.3 verifies Al and A2 and it does not verify
A3, as it can be easily proved.

Example 2.3. Let X; and Y> be finite sets of alternatives and R; and R, complete pre-
orders defined on X; and Y, respectively. We define the ranking = over P*(X;) x
P*(Y2) by

max(B)P, max(B’), or

(4,B) = (A, B) & { max(B)l> max(B') and max(A)Ry max(4’)

&

The ranking in the Example 2.1 is a complete preorder that satisfies A3 and Al and
it does not satisfy A2.

Our main theorem in this subsection proves that the criterion given by Definition 2.4
is characterized by axioms Al, A2 and A3.

Theorem 2.1. A complete preorder = over P*(Xy) x P*(Y2) verifies A1, A2 and A3 if and
only if there exist complete preorders Ry over Xy and Ry over Y, such that === -

Proof. We have already mentioned that the ranking =7y associated with Ry and R,
satisfies axioms Al, A2 and A3.
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Let us prove now that if = is a complete preorder over P*(X;) x P*(Y;) verifying
axioms Al, A2 and A3, there exist complete preorders R; and R, over X; and Y, respec-
tively such that “>==>=y«uy”.

Let us define R; over X; as
xRix' & ({x},B) = ({x'},B) VBCY,

and R, over Y> as
yRay' & (A {y}) = (A {y'}) VAC X

Nevertheless the definitions of R; and R; are given for all B C Y, and for all A C
X1, it is enough to say that xRy if and only if there exists a subset B C Y, such that
({x},B) = ({x'}, B), and the same for R,. Applying then that = satisfies A1, we obtain
the relation for all A C Xj and for all B C Y5 as it is established.

The relations R; and R; are obviously complete preorders because = is a complete
preorder.

Now let us denote by =« ys the indirect-utility criterion in two times over P*(X;) X
P*(Y>) associated with Ry and R,. We prove that === .

We know that for every (A, B) € P*(X1) x P*(Y2) there exist elementsa € A, b € B,
given by Proposition 2.1, such that (A,B) ~ ({a},{b}), ({a},B) = ({a;},B) Va; € A
and for all B C Y, and (A, {b}) = (A, {b;}) Vb; € Band forall A C Xj.

Let us see that it is also true that (A, B) ~uxu ({a}, {b}).

Indeed we know that =7« ; satisfies axioms Al and A2, and then there must exist
a € Aand b € Bsuch that (A, B) ~yxu ({a}, {b}). As it must be also true (Proposition
2.1) that

({a},B) =uxu ({a;},B), Va; € Aand VB C Y,

we have that this is also true if 2; = a and then we have two possibilities.

a) aPia < ({a}, B) = ({a}, B), which is not possible because ({a}, B) = ({a;}, B) for
alla; € Aand forall B C Y;.

b) alja and max(B)R, max(B).
In this case, as we have max(B)I; max(B) we obtain that ({a}, B) ~yxy ({a}, B)

for all B. In particular if B = {b} we obtain that ({a}, {b}) ~uxu ({a},{b}).

Analogously we obtain that (A, {b}) ~uxu (A, {b}) for all A. Thus, if A = {a} we
have ({a}, {b}) ~uxu ({a},{b}) ~uxu ({a},{b}) and then (A, B) ~uxu ({a},{b}).
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Now let (A,B) ~ ({a},{b}) and (A’,B") ~ ({a’},{V'}) be such that (A, B) =uxu
(A’, B"). We have to prove that (A, B) = (A, B).
There are two possibilities to consider:

(i) aPya’, thus applying the definition of R; we have that ({a}, B) > ({a'}, B) for all
B € Y>. In particular we obtain that

({a}, {b}) = ({a'}, {b})

and applying axiom A3

({a}, {b}) - ({a'}, B') VB'.

Taking B’ = {V'} we conclude
({a}, {b}) - ({a'}, {V'}).
(ii) al;a’ and bRyb'. Then we have

({a},B) ~ ({a'},B) VB

and

(A, {b}) = (A {b'}) VA.

In particular if A = {a} and B = {V'} we obtain that

({a}, {b}) = ({a}, {b'}) ~ ({a'}, {0'})
and we conclude.

To end, we have to prove that if (A,B) = (A’,B’), then it must be (A, B) =uxu
(A, B).
If this is not true, ({a’}, {V'}) >=uxu ({a}, {b}) and we have again two possibilities:

(i) a’'Pyathus ({a'},B) = ({a}, B) VB, and in particular if B = {0’} we have

({a'} {t'}) > ({a}, {¥'}).
Applying A3 we obtain
({a'} {¥'}) >~ ({a}, {b})
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against the hypothesis.

(ii) a'Ia and b'P>b and then
({a'},B) ~ ({a}, B) VB
and

(A {V'}) = (A, {b}) VA.

Taking A = {a’'} and B = {b} we obtain

({a}.{b'}) - ({a'}, {b}) ~ ({a}, {b})

which also contradicts the hypothesis and concludes the proof.

2.3.2 Choice in n different times

In this subsection we generalize the indirect-utility criterion in two times to the case in
which a DM considers n different times. He can have different sets of alternatives in
each time and different binary relations defined on these sets of alternatives.

Our DM ranks subsets of alternatives in different times and we formalize this situa-
tion considering a ranking over the direct product of all the sets of nonempty subsets of
alternatives in each period

X =P (X1) x...x P*(Xy)

where X; stands for the finite set of alternatives in time i and R; for the binary relation
defined on X;.

Next definition formalizes the criterion consisting on the lexicographical application
of the indirect-utility criterion to the elements of X.

Definition 2.5. The indirect-utility criterion in n times associated with Ry, ..., Ry.

(Ay,...,An) =u (B1,...,By) ifand only if
e max(A;)l;max(B;) foralli=1,...,n,or

o Thereexists j € {1,...,n} such that max(A;)[;max(B;) foralli=1,...,j—1
and max(A])P] max(B])
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This criterion verifies the next axioms, that generalize the ones we have used in the
previous section, as it can be easily proved.

Axiom 1 (GA1). Independence of fixed coordinates.

If (Ay,...,An) = (By,...,B,) where A; = B; foralli € S C N, then it must be
(A}, Ay) 7 (By,..., By) where A} = Bj foralli € S and A} = A; and B} = B; for all
jeEN\S.

This axiom establishes that when we compare two elements in X with some co-
ordinates being equal, the relation between them does not change if we change such
coordinates in such way that they remain equal in both elements.

Next axiom enunciates the strong robustness property (Kreps (1979)) in each coordi-
nate when the others remain the same.

Axiom 2 (GA2). Strong Robustness in each coordinate.

If (A1,..., Ai ..., An) = (A1,..., Al..., Ay) thenit mustbe (Ay,..., A, ..., Ay) ~
(A1,...,AjUAL ..., Ay).

Next we proceed as in the previous section, when we dealt with two decision peri-

ods, in order to characterize the indirect-utility criterion in 7 times.

Proposition 2.2. Let = be a complete preorder defined over X = P*(Xq) x ... x P*(X,),
that verifies axioms (GA1) and (GA2). Then for any (A1, ..., Ay) € P*(X1) x ... x P*(X,)
there exist a1 € Aq,...,ay, € Ay such that (Aq,...,Ay) ~ ({m},...,{an}). Moreover the
elements a; € A; verify that (A, ... {ai},..., A}) = (AY,... {ai},..., A}) forall A C
Xj, j € N\ {i}, and for all a} € A;.

Proof. Let us take (Aq,...,A;) € Xand A; = {a%,a%, ... ,a%,l}. As we know that 3= is
complete, we can suppose without loss of generality that

({ar}, Az, An) = (a3}, Ag, o An) = = ({ay, ), A, A).

Taking into account that = is transitive and applying axiom GA2 successively we
obtain

({al}, Az, ..., An) ~ ({a},ad}, Ag, ..., Ay) ~ .o~ ({a},... a4k}, As, ... AY)

an then
({al}, Az, An) ~ (A1, ..., Ay).
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If we now take Ay = {af, ..., a3, } we can suppose in the same way that

({al}, {a3}, As, ..., An) = ({al}, {a3}, As, ..., AY) = .. 5= ({a%},{ai},Ag,...,An)
and applying again axiom GA2 successively (and the transitive property) we obtain
({a2}, {a2}, As, ..., Au) ~ (a2}, {a% a2}, As, ..., Ap) ~ ...~
~ ({a%},{a%,...,af,z},Ag,...,An) = ({ai}, As, ..., Ap).
By transitivity of the indifference relation we conclude
({ai}, {a3}, As, ..., Ay) ~ (A1, ..., An).
Let us now suppose (induction hypothesis) that

({ai}, {a3},... . {a1Y Ai o Ay) ~ (A, .. Ay)

o fi i
and A; = {al,...,api .

We can suppose that
({ai} et} ... Ao "L Aa} A A) = (e} {ad), - o) @} A, - An)
= ({al), {ad), .. a7, {ﬂ;i},Ai+1,---,An)~
Applying the transitive property and axiom GA2 successively we obtain

({al}, {a2},...,{a}, Aifr, ..., An) ~ (AL,..., Ay).

Therefore we can conclude by induction that

(A1, ..., An) ~ ({al},..., {a}).

This means that a; = a%, ...,a, = af satisty our first claim. The second claim has been
established above for the first coordinate and the sets A, ..., A,,. Axiom GA1 extends it
for any subsets A, C X,..., Al C X,.

We also have above that ({al}, {43}, A4s,..., An) = ({43}, {ajz-},Ag,...,An) for all
2
a;

S Az. Applying now axiom GAl again we obtain that (A}, {a3}, A}, ..., A}) =
(A}, {a]Z},A’,...,A;Z) for all ajz € Ajand for all A} C Xy, A5 C X3,..., A, C X, which
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proves the second claim in the Proposition 2.2 for the second coordinate. In the same
way we conclude the claim for any coordinate i € N. O

Next examples prove the independence of the GA1 and GA2 axioms.
Example 2.4. Let us consider the complete preorder = defined on P*(X3) X ... x P*(X,)
by

Z) |Az‘ = |B1| Vi = 1,...,1’1, or
(A1,....A4) = (By,...,By) & < i) Jj € {1,...,n} suchthat |A;| = |[B;| Vi=1,...,j —1
and ’A]‘ > |B]|
= satisfies GA1, but it does not satisfy GA2. &

Next example gives a complete preorder satisfying GA2 and not satisfying GA1.

Example 2.5. Let us consider a complete preorder R defined on X and the ranking over
PH(X) x ... x P*(X) defined as

i) (A1,...,Ay) = (By,...,By) < Jje€{1,...,n} such that max(A; U...UA;)I
max(ByU...UB;) Vi=1,...,j—1and max(A; U...UA;)Pmax(B;U...UB;)
ii) (A1,...,An) ~ (By,...,By) & max(AjU...UA;)Imax(B; U...B;) forall

i=1,...,n.

GAZ2 is satisfied because if
(A1,..., A ..., An) = (Al,...,Ag,...,An)

we have that
max(A;U...UA;)Rmax(AU...UA})

1

and then
max(A; U...UA;)[max(A; U...UA; UA))

which leads to
(Al,...,Al',...,An> ~ (A1,...,AiUA;,...,An)

In order to prove that GA1 is not satisfied let us take ay,a2,b1,b, € X such that
a1Pby PbiPa,. We have

({ﬂ]}, {E[z}, As, .. .,An) = ({E[l}, {bz}, As, .. .,An)
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but
({b1},{b2}, Az, ..., Ay) = ({1}, {az}, A3, ..., Ay)

because max({b1} U {b2}) = bpPmax({b1} U {a2}) = bs. <&

Moreover the ranking given in definition 2.5 also satisfies the next axiom.

Axiom 3 (GA3). Impatience.
(A],...,Ai,...,An) - (Al,...,Ag,...,An) =

(Al,...,Ai,...,An) — (A],...,Ag, §+1,...,A;1)

for all A;H C Xit1,.--, AL C X,

This last axiom implies that whenever an element is strictly preferred to another one
with only a different coordinate, then it does not matter which subsets we have in all
the coordinates after the different one. The element that was preferred goes on being
strictly preferred to those elements with the same coordinates until the different one,

whatever other subsets are in the rest of them.

It is immediate to prove that the rankings given in the examples 2.4 and 2.5 above
satisfy GA3. In order to finish the proof of the independence of this axiom and axioms
GA1 and GA2 we give in the next example 2.6 a ranking that obviously satisfies GA1
and GA2, but not GA3.

Example 2.6. Let Xy, ..., X, be finite sets of alternatives, Ry, ..., R, complete preorders
defined respectively over Xj, ..., X, and X = P*(X1) x ... x P*(Xy).
If (Ay,...,An),(By,...,By) € X we define

(A1,...,Ay) = (By,...,By) if and only if
e max(A;)[;max(B;) foralli=1,...,n,or

e There exists j € {1,...,n} such that max(A;);max(B;) foralli=mn,...,n —j+1
and max(A;)P; max(B;).

Next theorem characterizes the indirect-utility criterion in n times.
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Theorem 2.2. A complete preorder = over P*(X1) X P*(Xz) x ... x P*(Xy) verifies GA1,
GA2 and GA3 if and only if there exist complete preorders R; over XZ-, i=1,...,n,such that
===y, where =1 is the indirect-utility criterion associated with R;,i =1,...,n.

Proof. We have already mentioned that the ranking >=(; given by Definition 2.5 satisfies
axioms GA1, GA2 and GA3.

Let us prove now that if = is a complete preorder over P*(X1) x ... X P*(X,) verify-
ing axioms GA1l, GA2 and GA3, there exist complete preorders Rl over X;,Vi=1,...,n
such that “>==>=".

Let us define R; over X;, just as the generalization of R and R; in Theorem 2.1:

xiRiyi == (Al,...,{xi},...,An) = (Al,...,{yi},...,An)

forall Ay C Xy,...,Ai 1 € Xi1,Aiy1 € Xiga,- oo, An C© X

Nevertheless the definition of R; is given for all A; C X;, j € N\ {i}, it can be
defined considering that x;R;y; if and only if there exists a subset A; C X; for each
j € N\ {i} such that (Aq,...,{xi},..., An) = (A1,...,{yi},..., An). Applying then
axiom GA1 we conclude that the relatlon is verified for all A; C X, j € N\ {i} as the
definition establishes.

Now let us denote by = the total preorder over P*(X;) X ... x P*(X,) we have
called “indirect-utility criterion in n times” associated with Rj,..., R,. We prove that
FU=F -

We know that for each (Ay,...,A,) € P*(X1) X ... X P*(Xn) there exist elements
a; € Aj, foralli=1,...,nasin PropositionZ 2suchthat (Ay,..., Ay) ~ ({a1},...,{an}),
(A, {ai}, ..., An) = (A, {a}}, .. ) for all aj € A;, and for all A; C X,
je N\ {i}.

Let us see that it is also true that (Ay,..., An) ~u ({a1},..., {an}).

Indeed we know that = satisfies axioms GA1l and GAZ2, thus there must exist d; €
A;, i = 1,...,n,such that (Ay,...,A,) ~u ({@},...,{@,}). As it must be also true
(Proposition 2.2) that

(Al,...,{ﬁi},...,An) =U (Al,...,{ag},...,A,J, Vﬂ; - Ai andVAj - Xj,je N\{Z}

we have that this is also true if a; = 4; and then we must consider two possibilities.

a) a;iPa; < (Aq,...{ai},..., A) = (A,... {ai}, .. , which is not possible
because (Ay,...,{ai},..., Ay) = (Al,...,{a;},..., n) Va, € A; and for all
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b) a;I;a; and max(A;)P;max(A;).

This case is not possible because we have that max(A;)I;max(A;) forall j = i +
1,...,n. Then we obtain that (Ay,...,{d;},..., An) ~u (A1,...,{ai},..., Ay) for
all A; C X;,j € N e \{i}.

Let us now consider the elements (A1,..., A,) ~ ({a1},...,{an})and (A},..., A}) ~
({al}, ..., {a,}) such that (Ay,..., An) =u (A},..., A}). We have to prove that then
(A1,...,Ay) = (AL ..., A}).

There are two possibilities to consider:

(i) There exists i € N such that ajlja;- forallj=1,...,i—1and a;Pa!.

Applying the definition of the binary relation R; we have that (As, ..., {a;},..., An) >
(A1,... {ai},..., Ay) forall A; C X;,j € N\ {i}. In particular we obtain that

({a1},..., {an}) = ({a1},...,{a'}, ..., {an}).

Because of axiom GA3 we have

(a1}, Aan}) = ({a}, .o {ai}, Alpr, - AY) VA C X j=i+1,... 0.

Taking A; = {a}} Vj=1i+1,...,n we conclude
(a1}, Aan}) = ({an}, - {aia} {ai}, - {an )

As we have a;l;a; for all j = 1,...,i — 1, if we apply the definition of R, j =
1,...,i— 1 we have that

{ar}, - Aaiat {ai}, . Aan}) ~ ({ai} - {a})

and by transitivity

{a}, . {an}) = (o, {ah}).

(i) a;Lia; foralli=1,...,n.

In this case we have

{a}, - Aan}) ~ (@}, {an})
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and we conclude.

To end, we have to prove that whenever (A;,...,A,) = (A},..., A}), it must be
(A1,...,An) =u (A),..., A}).

If not, ({a}},...,{a,}) >u ({a1},...,{a,}) and then we have that there exists i €
{1,...,n} such that a;ljaj forallj=1,...,i —1and a,Pa;. Therefore

(o}, At A, An) = (@ {ai b {aid A, - An)

forallAj - X]', j: i+1,...,n.
In particular if we take A; = {a;}, j=i+1,...,n,wehave

(@i}, Aad) = (ad, o Aaid, o {an ).
Applying now axiom GA3 we obtain

(o}, Aa}) = (o}, Aaia b {aid - {an})

As we know that

(o}, Aai b Aad . Aan}) ~ (e}, {an})

because a}ljaj forallj=1,...,i — 1 we conclude

{m}, - Am}) = (o}, {an})

against the hypothesis. O

2.4 The case of an advised choice

In the same way that in the previous section, along this one we also consider a complete
preorder defined on a finite set X and extend it to a ranking of opportunity sets in two
steps. Again we appeal to the indirect-utility criterion.

Besides, for each complete preorder = on P*(X) we consider the complete preorder
R on X naturally induced by it and defined as

xRy < {x} = {y}, Vx,y e X.

The criterion of choice we consider in this section works as follows. In a first step, we
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apply the indirect-utility criterion directly to the subsets we are comparing, just as in the
classical way; and we use a second step to break ties only. In such a case we apply again
the indirect-utility criterion, but now to smaller subsets of each initial one. These smaller
subsets include some elements of the initial ones that we call “focal elements” and that
have been previously selected by “an adviser”. Therefore the situation is different from
the one in the previous section. There, both the set of alternatives and the preorders R
and R, defined on them could be different in the two different times in which the choice
took place. Now we consider the same set of alternatives and the same preorder defined
on it in the two different times. The only difference between these two different choice
times are the subsets to which we apply the indirect-utility criterion.

Before formalizing our criterion we introduce some examples from the real world to
motivate it.

Suppose that a couple is going to marry and they want to select a wedding list from
different shops. Each shop has its own catalogue with its wedding list and they have to
select one of them. In order to do that the woman ranks the catalogues looking only to
some concrete elements she considers indispensable in a wedding list and comparing
all these elements from the different catalogues. Then, her couple selects from each
catalogue in her best class of preference those presents that he considers indispensable
in his wedding list. Then she compares these subsets ranking them only looking to the
elements in them she likes the most. After having selected the catalogue, their relatives
and friends will decide which presents in the catalogue they buy.

Another example is a family making a decision about the place to spend some hol-
iday days. The parents select some places after considering how much they can pay,
how far the places are, and so on. Afterwards, in order to make the final choice they ask
their children opinion. Then they probably have smaller subsets of places for choosing.

The next definition formalizes this criterion for ranking subsets.

Definition 2.6. Let X be a finite set of alternatives and R a complete preorder on X, and let C
be a choice function on X. We define the ranking of subsets of X associated with R and C as:

A =c¢ Bifand only if
a) max(A)P max(B), or
b) max(A)Imax(B) and max(C(A))Rmax(C(B))

forall A,B C X.
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Remark 2.1. The ranking =¢ is a total preorder on the set of nonempty subsets of X
because R is a total preorder on X. <

Let us introduce now an analytical example of this criterion for ranking subsets.

Example 2.7. Consider X = {a,b,V’,c,c} and R a complete preorder defined on X satis-

tying
aPblb' PcPd

where P and I are the strict and the indifference relations associated to R.
Let C be the choice function defined on X given by:

C(S) = Sforall S with |§| =2
C({a,bt'}) = {a,b,V'}
CH{ab,c}) = {c}
C({a,b,d}) = {a,b,d}
C{Halt',cy) = {c}
C({ab,d}) = {d}
C{acd)) = {d)
c{bt,c}) = {b, ¢}
c({bb,dy) = {d)
c({bcd}) = {c,d}
C({t,cd) = e}

C({a,bV,c}) = {a,b,c}
C{abl,dy) = {d)
C({abcd}) = {d}
C({a, b, cd}) = {c,d}
C{b,V,cd}) = {c,d}
C({a,b,V,c,d}) = {d}

Let us now construct the ranking ’=¢ associated with C. We obtain:

{a} ~c {a,b} ~c {a,b'} ~c {a,c} ~c{a,d} ~c {a,b,t'} ~c{a,b,d} ~c{a,b, b, c} =

=c {a,b,c} ~c{abt,c} ~c{ab, c,d} ¢

—c{a,bt,d} ~c{a,c,d} ~c{abb,d} ~c {a,b,c,d} ~c {a,bbt, c,d} ¢
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>—c {b} ~c {b,} ~c {b, b/} ~c {b,C} ~c {b,d} ~c {b/,C} ~c {bl,d} ~c {b, b/,C} >—c

>c {b,C,d} ~c {bI,C,d} ~c {b, bI,C,d} -c
c {b, b/,d} -

=c {c} ~c {c,d}} =c {d}.
&

Of course the criterion stated in Definition 2.6 is not universal: there are complete
preorders that can not be represented in this form. The next example illustrates this
statement.

Example 2.8. Let X = {a,b}. We consider the complete preorder on P*(X) defined by

{a,b} > {a} ~ {b}.

Then = can not be represented as a ranking associated to a choice function C and the
complete preorder R on X induced by = and that is defined as

aRb and —(bRa) < aPb.

Indeed:
A choice function C : P*(X) — P*(X) can be defined in the three different forms:

a) C({a,b}) = {a},
b) C({a,b}) = {b}, or
¢) C({a,b}) = {a,b}.

In all of them C({a}) = {a} and C({b}) = {b}.
From definitions a) and ¢) we obtain that the best element in C({a,b}) is a in both
cases and thus

{a,b} ~c {a}.



Chapter 2. Ranking opportunity sets.
48 A characterization of an advised choice

From definition b) the best element in C({a,b}) is b and then

{a} ¢ {a,b}.

Therefore 3= =¢ for any possible choice function C : P*(X) — P*(X). O

Our goal in this section is to characterize the ranking introduced by Definition 2.6:
we want to identify the behavior of a decision maker that uses it. In this sense we
analyze some properties that this criterion satisfies. Before introducing them, we deal
with a bit of notation. The next subsection 2.4.1 completes the analysis.

Remember that X denotes a finite set of alternatives, and = a ranking of subsets of
X which is a complete preorder. Using the usual decomposition in mutually disjoint
indifference classes by > we can write (and so it is considered along the whole section)

X=X U...UX,

in such a way that x;,x/ € X; & {x;} ~ {x/}, and {x1} > {x2} > --- > {x,} for all
x; € Xj, i =1,...,n. Or in terms of the complete preorder R induced by = over the
set of alternatives X, all the elements in X; are indifferent by R and at the same time we
have x1Px,P ... Px, forall x; € X;and foralli=1,...,n.

We can consider the restriction of the preorder = to any domain of nonempty subsets
of X. Let P’(X) be one such domain and let us consider the restriction of = to it.

Definition 2.7. Let Ay, ..., Ay be elements in P’ (X). A chain of strict preferences
A=Ay = ... = Ap g
is maximum for A, in P'(X) with respect to the complete preorder ‘= if it verifies
Ay - Ay = .= Ap 1 = Ay

and also that if A € P'(X) verifies that A = Ay, then it must be A ~ A; for some i €
{1,...,p—1}.

It is obvious from Definition 2.7 that if two subsets in P’ (X) have the same maximum

chain, they have to be indifferent by »= . In fact the next proposition holds.

Proposition 2.3. Let A be a subset in P’ (X) and let us suppose that

Al - ... Ag
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and
Bl>‘...>‘B1/

are two maximum chains for A in P'(X). Then it must ber = kand B; ~ A, foralli =1, ..., k.

Proof. We know that A; > ... = A is a maximum chain for A in P’(X) and B; > A for
alli=1,...,r,s0foreveryi = 1,...,r it is forceful that B; ~ A forsomej=1,...,k
Because of B; < B; whenever i # j, it must be k > r. The same argument applied to the
fact that By > ... > B, is a maximum chain for A and A; = Aforall/ =1,...,k yields
us to k < r. Thus we obtain that r = k.

Moreover it must be B; ~ A; foralli = 1,...,k because if B; ~ Ajand i > jwe
obtain that

By >By = ...=Bi = Ajy1 ... = A

is a chain for A and it has more than k elements because i > j which contradicts the fact
that A; > ... > Ay is a maximum chain for A. The same argument in case that i < j
concludes the proof. O

Definition 2.8. A chain of strict preferences Ay > ... = Ay is maximum in P’ (X) with respect
to the complete preorder = if any subset in P’(X) is indifferent by = to any of the subsets in the
chain.

Then we obtain that every set of alternatives in P’(X) with a maximum chain with k
elements must be indifferent to the subset that appears in the place k + 1 in a maximum
chain in P’(X) as the next corollary states.

Corollary 2.1. If A € P'(X) has a maximum chain with k subsets of P'(X) and
A=Ay = ... = Ay

is a maximum chain in P’ (X) with respect to the complete preorder =, then A ~ Aj1.

Let us now introduce two new properties for a ranking of subsets defined on X.

Property P1. If A and B are subsets of the finite set X and there exists an elementa € A
such that for every b € Bis {a} > {b}, then A - B.

We denote by [X;] the set of subsets of X with best elements with respect to the
complete preorder R in X;.
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Property P2. Forany i = 1,...,n we can find subindexes i, ...,i, such thati = i; <
ip < ... <ip < nand for any maximum chain in [X;]

A=A = ... = Ay

we have that AN X;, # @ forall A € [X;] verifying that A ~ Ay.

Remark 2.2. We obtain from P2 that in a maximum chain in [X;], it must be A; ~ X;
because, in other case, X; ~ Ay with k > 1, thus X; should verify that X; N X; # @ with
iy # i, which is impossible. <

Property P1 is fairly intuitive. If a single subset of a set A is strictly preferred to all
the single subsets of a set B, the set A is strictly preferred to the set B.

Property P2 requests that when a set A with best elements in a class i verifies that
X; (a set with all its elements in the class i) is strictly preferred to it, A must contain
elements from another class worse than class i. In fact, all the subsets in [X;] with a
maximum chain of order 2 in [X;] must contain elements in X;, for some i, > iy = i.
Those subsets in [X;] with a maximum chain of order 3 must contain elements in X;, for
some i3 > ip > i; = i, and so on those subsets in [X;] with a maximum chain in [X;] of
order k must contain elements in some X; withn > i > ... > i3 > i > iy = i. We have
that ANX; # @ forall A € [X;]. Then if A € [X;] has a chain with no elements in [X;]
(there are no elements in [X;] strictly preferred to A), thatis A ~ Ay, then AN X; # &,
and A can also have elements in other X]’.s with i < j or not.

Now we consider the ranking of subsets associated to a complete preorder R and a
choice function C defined on a set X given in Definition 2.6 and denoted by >=¢ .

It is obvious that = verifies P1.

Indeed, if there exists a € A such that {a} >¢ {b} Vb € B = max(A)Pmax(B) =
A ¢ B.

In Example 2.7 above we can observe that every subset with best element a is strictly
preferred to those subsets with best elements b or b/, which at the same time are strictly
preferred to those subsets with best element c, that are strictly preferred to the subset
{d} (the only one with the best element d).

Let us now prove that =¢ also satisfies P2.
Let us consider any i = 1,...,n and let

X; ~c A1 ¢ Az >‘C-~->‘CAp

be a maximum chain in [X;] with respect to =¢ .
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As we know that max(A;) € X; forall A; € [X;] we obtain

max(C(A;))Pmax(C(Az))P...Pmax(C(Ap)).

This fact implies the existence of subindexes i = iy < i» < ... < i, < 71 such that
max(C(4;)) € X,.

We now prove that these subindexes iy, ..., i, verify property P2.

Let us take a subset A € [X;] with a maximum chain in [X;| with k elements. We
have (Corollary 2.1)
Al >=c Ay »¢c...>c A »c A

and
A ~c Agyr

Then the definition of >=¢ leads us to
max(C(A))I max(C(Ax.1))

and
max(C(Ag1)) € X

Iky1

which let us conclude that

max(C(A)) € X;,,, andthus ANX; , # @.

iky1

Following the Example 2.7 above we can illustrate this theoretical part. There we
havethat X = X UXo UX3U Xy = {a} U{b, b’} U{c}U{d} and

Xi] = {{a}, {a,b}, {a,0'} {a,}, {a,d}, {a,b,0'}, {a,b,c}, {a,b,d}, {a,V,c}, {a,b,d)},
{a,c,d}, {a,b,V,c}, {a,b,t,d}, {a,b,c,d}, {a, b, c,d}, {a, b, c,d}}
[Xa] = {0}, {0}, {b,0}, {b,c}, {b,d}, {V/,c}, {V/,d}, {b,¥,c}, {b,V/,d}, {b,c,d},
{V,c,d},{bV, cd}}
%] = {{c}, {e,d})
X4 = {{}}.
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Thus, in [X;] we have a maximum chain

{a} =¢ {a,b,c} =¢ {a,b,c,d}

among other possibilities.

In this chain 77 = 1. Now, if we take all the subsets in [X;] indifferent to {a,b,c}
we can observe that all of them have elements in X5, thus we can choose i, = 2 > 1,
and in X3, thus we can also select i; = 3 > 1. Now, considering all the subsets in [Xj]
indifferent to {a,b,c,d} we observe that they all have elements in X4, but not in X3,
hence we can only choose i3 = 4 > i; = 2 or 3 > i; = 1. These subindexes verify P2 for
[X4].

In [X5]

{b} =c {b,c,d} =¢ {bV/,d}

is a maximum chain among other possibilities.

In this chain we have that i; = 2. Now we consider all the subsets in [X;] that are
indifferent to {b, ¢, d} and observe that they all have elements in X3 and X4, thus we can
choose iy = 3 or i; = 4. Nevertheless we know that the maximum chain in [X,| has three
elements therefore if we choose i, = 4 we have not any possibility for i3. Thus i, = 3
and then iz = 4.

In [X3] there is a maximum chain with an only element, for Example X3, thus we
only have i; = 3 for [X3] and the same for [X4] thus i; = 4 in this last class of subsets.

2.4.1 A characterization of the ranking of subsets denoted by ¢

In this subsection we solve the problem under inspection. Our primitive concepts are
the finite set X and a ranking of subsets of X, namely =, which is a complete preorder on
P*(X). The question now is if we can define a choice function C over the set X in such a
way that the ranking of subsets associated with it (and the preorder R trivially induced
by *=) coincides with the given ranking. We give a complete answer to this question in
terms of suitable properties.

We have already mentioned above that not any complete preorder on P*(X) can be
represented as a complete preorder associated with a choice function (Example 2.8). We
also mentioned some examples of the real world where this kind of behavior takes place.
The next example shows that we can also find cases in which different choice functions
define the same ranking, so that even if we take into account different advisers, the final
choice can be the same.
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Example 2.9. Let X = {a,b} and > a ranking of subsets of X defined as

{a} ~ {a,b} - {b}.

If we consider C({a,b}) = {a}, then =¢='= .
But the choice function C’({a,b}) = {a,b} also verifies that =¢'="= . &

Therefore in cases where it is possible to find a choice function C in such a way
that >==’=¢, this choice function may not be unique. In order to propose a canonical
expression for a solution to our problem we first prove the next lemma.

Lemma 2.1. Let X be a finite set of objects and = a complete preorder on P*(X). If we can
define different choice functions C1,Cy, ...,Cr on P*(X) such that ===¢, foralli =1,...,r,
then the choice function given by C = Cy U ... UC,! also verifies that === .

Proof. If A,B C Xand A ’=c, Bforalli =1,...,r, we have:
a) max(A)P max(B), or
b) max(A)Imax(B) and max(C;(A))Rmax(C;(B)), foralli=1,...,r.

If case a) happens for all A,B C X such that A =¢. B, then the definition of C is
irrelevant i.e., for any choice function C we obtain that A = B.

Then we have to deal with the case b) in which it happens that there exist A,B C
X such that A =¢. B for alli = 1,...,7 and such that max(A)Imax(B). Therefore
max(C;(A))Rmax(C;(B)) foralli € {1,...,r}.

We have

C(A) = C1(A)U...UC(A) and C(B) = C1(B) U...UC,(B),

thus
max(C(A)) = max({max(C1(A)),...,max(C,(A))})

and
max(C(B)) = max({max(C1(B)), ..., max(C,(B))}).

As we have that max(C;(A))Rmax(C;(B)) foralli =1,...,r, we conclude that

max(C(A))Rmax(C(B))

HCLUCU...UC)(S) =Ci(S)UCa(S)U...UCH(S), ¥S C X.
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which implies that A ’=¢ B. O

This lemma let us deal with a canonical choice function for a ranking of subsets = .
This canonical choice function is an application

C:P*(X) — P*(X) such that =¢='>
maximum in the sense that if there exists another choice function
C': P*(X) — P*(X) verifying =¢r=:=

then
C'(S) CC(S) forall S C X.

Now we suppose that we have a complete preorder = over P*(X) such that there
exists a choice function C on X such that >==}=; . We look for a canonical expression for
this choice function.

Recall that
X=XjU...UX,

in such a way that all the elements in X; are indifferent by R and at the same time we
have x1Px;P - - - Px, for all x; € X;. We associate with each complete preorder = on
P*(X) that satisfies property P2 a choice function according to the following recursive
definition for the subindexes that P2 assures.

Let us consider [X;] foranyi =1,...,n and let
A=Ay = ... = Ay

be a maximum chain in [X;] with respect to =, so that P2 assures that we can find
subindexes i = iy < iy < ... <i, < nsuchthat Ay NX; # 2.

We take the first subindex i1(i) = i, so that all the subsets S; in [X;] indifferent to
X; ~ Aj verify 51N X; # @. We denote this subindex by i1 (i) because we want to
remark that it depends on the domain [X;] from X where we are.

Let us now consider all the subsets S in [X;] indifferent to A;. We denote iy (i) the
minimum subindex ! € {i +1,...,n} that verifies that S, N X; # & for all S, ~ Aj.

Now we denote i3(i) the minimum subindex ! € {i»(i) +1,...,n} that verifies that
S3 N X; # @ for all S3 ~ As.



2.4. The case of an advised choice 55

Recursively we obtain i = i1 (i) < i2(i) < ... < ip(i) < nsuchthat Sy N X, ;) # @ for
all Sy € [X;] indifferent to Ay, and with all the i, (i), = 1,..., p as minimum as possible
verifying the necessary condition of non empty intersection.

Adding up the different maximum chains obtained by this way for every [X;] we
obtain a maximum chain in X with respect to =

Xy~ Ai1(1) Il Az'p(l) = Xo ~ Ail(Z) Il Ai,,(z) ==Xy~ Ail(n) (2.1)

Then every subset of X must be indifferent to one of the subsets in this chain. The

next expression gives us the canonical choice function associated to = .

Definition 2.9. Let S be a subset of X with a maximum chain with respect to = as given by
equation (2.1). Let us suppose that S ~ A; (), that is, S is a subset with its best elements in Xj
and indifferent to the subset in place r in the maximum chain in Xy. Then

C(S) = SN (X, U Xiy11 U--- U Xy).

Remark 2.3. The definition of C can be given in many different forms. In fact, when
S ~ Aj (x) any definition of C(S) such that

C(S)N X4 #@and SN (X1 U...UXj 1) =D

verifies that ’==7=¢ . We choose the one given in Definition 2.9 by virtue of Lemma 2.1.<

The next theorem is our main result in this section and it states the characterization
of the complete preorders on P*(X) that can be represented as a preorder associated

with a choice function over P*(X) through properties P1 and P2.

Theorem 2.3. Let X be a finite set of objects and = a complete preorder on P*(X). There exists
a choice function C : P*(X) — P*(X) such that =='=¢ if and only if = verifies properties P1
and P2.

Proof. We have already mentioned that the complete preorder = given in Definition
2.6 verifies properties P1 and P2.

Now, let us suppose that we have a complete preorder = on P*(X) that verifies
properties P1 and P2 thus we can define the canonical choice function associated with
=, C: P*(X) — P*(X), as the one given in Definition (2.9).

Finally we check that »===¢ .

In the first place, we suppose that A = B, and we prove that A =¢ B.
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If A = B there must exist a € A such that {a} = {b} for all b € B, because in other
case, for all a € A there would exist b € B verifying that {0} > {a}. Then there would
exist b’ € Band a’ € A such that {V'} > {a'} = {a} foralla € A. Applying now that ;=
verifies property P1 we conclude that B > A.

Then, if {a} > {b} for all b € B the definition of ¢ yields A >¢ B.

Therefore, let us suppose that there exists b € B such that {a} ~ {b} < alb. This
means that max(A)I max(B).

Case 1. Ifa € X; and A ~ X;, we would have that C(A) = A, thus
max(C(A))I max(A)I max(B)R max(C(B))

and this takes us to
A >=¢ B.

Case?2. a € X;and X; = A. As we know that A >= B itis also true that X; = B.

Now because of property P2 we have subindexes iy, ...,i, such thati = i} < i <
o< ip < n and in such way that if

Al = ... Ag

is a maximum chain for A € [X;],itis AN X, # @.

Now two possibilities arise:

i) If both A and B have a maximum chain with k elements we would obtain
A~ Agpq ~ B, thusC(A) = An(X;,,U...UX;,)and C(B) = BN (X;,,, U
...UX,), which implies that max(C(A))I max(C(B)) and therefore A ~¢ B.

ii) If A and B have different maximum chains, the one for A has fewer subsets
from [X;] than the one for B because A = B. Thus, if the maximum chain for
A is of order k (A ~ Aiq), and the maximum chain for B is of order | (B ~
Ajpq), thenC(A) = AN(X;,,U...UXy)and C(B) = BN (X;,, U...UX;)
where i; 1 < i1 which implies max(C(A))P max(C(B)) and then A ¢ B.

To finish the proof we need to check that if A >=¢ B then A = B, which is equivalent to
prove that
A= B= A>¢B.

In case that A = B, we have that A and B have different maximum chains and we

obtain as in case 2 ii) above that A > B, which concludes the proof. O
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Remark 2.4. We want to remark that although we have used in the proof of Theorem 2.3
the definition of C given by Definition 2.9 the precise construction of the subindexes is
not relevant in the proof. The only relevant issue is that they form a nondecreasing se-
quence. For this reason the theorem can be proved from any set of subindexes verifying
proposition P2.

In this connection recall that Example 2.9 has illustrated a related fact: different ad-
visers” choice may produce the same ranking when the decision maker’s ordering re-
mains unchanged. Example 2.10 below emphasizes this feature of the model. <

We also want to remark that in Example 2.8 property P2 is not verified. In fact the
relation {a,b} > {a} would imply that the subset {a} should contain elements of at
least two different indifference classes by R, which is obviously impossible.

We finish recalling the ranking given in the Example 2.7. Now we investigate if we
can “recover” the adviser’s choice through the explicit construction given by the proof
of Theorem 2.3.

Example 2.10. Recall that we have X = {a} U{b,V'} U{c} U{d} = X1 UXo U X3 U Xy.

Now, let us suppose that we observe the next ranking on P*(X) :

{a} ~{a,b} ~{a,b'} ~{a,c} ~ {a,d} ~ {a,b,b'} ~ {a,b,d} ~{a,bV, c} -

= {a,b,c} ~{a,b,c} ~{alb,cd} -

= {a,V',d} ~{a,c,d} ~{ab,d} ~{ab,cd} ~ {abb, cd} -

= {b} ~{b'} ~{b, '} ~{b,c} ~{bd} ~{V,c} ~{b,d} ~{bV,c} -

= {b,c,d} ~{V,cd} ~{bl, cd} -

= {b,b,d} -

= {c} ~ {c,d} = {d)}.
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Because it is the ranking ’=¢ associated with C in Example 2.7 it is a complete pre-
order that agrees with properties P1 and P2.

Let us now construct the choice function C’ as in Theorem 2.3.

In [X;] we choose the maximum chain

{a} = {a,b,c} - {a,b,c,d}.

In [Xz]
(b} = {b,c,d} = {bV/,d}.

In [X3] we have a maximum chain with an only element {c}, and the same happens
in [X4] where we have the maximum chain {d}.

Adding up all these chains we have the maximum chain in X
{a} = {a,b,c} = {a,b,c,d} = {b} = {b,c,d} = {bV,d} » {c} = {d}.

For those subsets S C X that are indifferent to {a} we define C'(S) = SNX =S. We
have i1(1) = 1.

For those subsets S that are indifferent to {a, b, c} we can observe that the minimum
subindex j verifying that j > 1and SN X; # @ is j = 2. Then we take i>(1) = 2 and
define C'(S) = SN (X, U X3 U X4). Thus

C'({a,b,c}) = {b,c}, C'({a,b',c}) = {V',c} and C'({a, V', c,d}) = {V,c,d}

definitions that are different from the definitions of the initial C in the Example 2.7.

Let us consider now those subsets in [X;] indifferent to {a,b, c,d}. All of them have
elements in Xy, but not in X3, thus i3(1) = 4 and C'(S) = S N X4. Then we have

C'({a,b',d}) ={d}, C'({a,c,d}) ={d}, C'({a,b,,d}) ={d}, C'({a,b,c,d})={d}

and C'({a,b,V',c,d}) = {d}.

Let us continue now with the subsets in [X5].

For those subsets S in this class indifferent to {b} we define C'(S) = S (we have
i1(2) = 2).

Observing the sets S in [X;] that are indifferent to {b, ¢, d} we have that all of them
have elements in X3 and in X4 (3,4>2), and then i(2) = 3 or ip(2) = 4. As we have
to consider the minimum of these subindexes we take i;(2) = 3, and then i3(2) = 4.
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Therefore we have
C'({b,c,d}) ={c,d}, C'({b',c,d}) ={cd}, C'({b, b',c,d} ={cd}

and

C'({b,v',d}) = {d}.

In [X3] we have an only subindex i1(3) = 3 and then

C'({c,d}) = {c,d}.

We can check that the definition of C’ does not coincide with the definition of C in the
Example 2.7. <&

Remark 2.5. The ranking in the example above does not verify P1 if we have, for example
{b,c} > {a,b,c}.
It does not verify P2 if we change the relation for, for instance, the subset {4, c} and

{a} = {a,c} > {a,b,c} = {a,b,c,d}

is a maximum chain for 3= in [X7], and the other relations being the same as above.
In this case we can not find the subindexes iy = 1,...,i, < 4 verifying property P2
for [Xi]. <

2.5 Conclusions and future research

In this chapter we have dealt with rankings of subsets of a set of alternatives in different
times by using the indirect-utility criterion. In section 2.3 we have considered the pos-
sibility of having different sets of alternatives and different complete preorders defined
on them. We have characterized the ranking of subsets in different times comparing
sequences of subsets, one of every set of alternatives, using the indirect-utility criterion
in each coordinate and applying it in a lexicographical way.

In section 2.4 we have considered a two-period selection, but now with an only set
of alternatives. We rank the subsets applying the indirect-utility criterion too, but now,
in those cases where this produces ties we take into account an adviser that selects, for
any subset of alternatives, a smaller subset of them which we represent with a choice
function. Then the decision-maker applies the indirect-utility criterion to these smaller

subsets. We characterize this ranking of subsets via two properties.
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In the case we use an adviser we want to consider in the future the case in which
the choice function that represents it verifies some rationality properties. We intend to

focus our interest on advisers that behave in a “sensible” way.
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3.1 Introduction

In many decision problems the decision-maker’s preference is represented by a choice
function rather than a binary relation. Moreover, choice theory has a very important
factor of applicability, and its results underlie some economic, psychological, sociologi-
cal,... models, which awards to its study an extra appeal. The description of individual
choices by means of a binary relation is very common. The choice functions consisting
of the selection, for every set of alternatives, of those elements that are best preferred
outcomes for a binary relation is considered a “reasonable” choice. The interesting ques-
tion is the converse: given a choice function, is there a single underlying binary relation
from which our choice function is derived as we have detailed above? If the answer
is positive we say that the choice function is rational or that there exists a binary rela-
tion that rationalizes it. Different methods for axiomatizing “rational choice” have been
developed on the basis of choice functions generated by binary relations and optimiza-
tion criteria that are referred to as “revealed preferences”. In Suzumura (1983) we can
find a survey of the characterization of this classical concept of rational choice functions
that has been extensively studied for different authors among we can cite Arrow (1959),
Richter (1966), Wilson (1970), Sen (1971),...

Non-classical choice mechanisms have also been considered for other authors such
as Aizerman and Malishevski (1981). In this line of research, Nehring (1996) gives a first
contribution to the problem of the existence of maximal elements for non-binary choice
functions. Other results in the same line are in Tian and Zhou (1995), Rodriguez Palmero
and Garcia Lapresta (2002) and Alcantud (2002, 2006). Some extensions of the classical
notion of rationality are Gaertner and Xu (2004) who give a concept of rationality based
on the classical one but taking into account that some available alternatives can have a
“degree of availability” because the decision-maker can consider the choice procedure
unacceptable or some of these alternatives are forbidden for any law; or Bossert and
Suzumura (2007) who “introduce a model of choice where external norms are taken
into consideration” and such model includes the traditional model as a particular case.

The reasons of the interest in choice theory are diverse. We can cite, among others,

the next ones.

e Many problems of decision theory, applied mathematics,... are based on the choice

of the “best” options in some sense from each given set of possibilities.

e Many economic and social models examine questions of individual choice. Also in

psychological phenomena, the idea of describing an individual behavior in terms
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of choosing the best options is a very attractive topic.

e DPolitical problems also deal with models of this kind for formalizing different con-
cepts of individual voting choice and when the option that maximizes the individ-

ual utility also maximizes collective utility.

As expected, the study of rationality of a decision-maker is very extensive in the
literature. Given the choice of an agent, the literature of “revealed preference” tries to
explain this behavior.

In this regard we can find different results about the possible rationality of a choice
function depending on the satisfaction of some suitable properties. The meaning of
“rationality” has had different interpretations and we deal with the one that identi-
fies a rational choice function with the optimization of a binary relation irrespective
of the properties that this binary relation verifies. Nevertheless the literature on ratio-
nal choice functions also deals vastly with questions about which properties the binary
relation that rationalizes a rational choice function verifies: acyclicity, transitivity, quasi-
transitivity,... We also include some results in this line.

Moreover the possible rationality of a choice function does not only depend upon
the properties that it verifies, but also upon the domain it is defined on. The problem of
choice implies the definition of the set of options and its relevant subsets. The possible
presence of restrictions over the subsets is essential in the formal model. Sen (1971),
Bandyopadhyay and Sengupta (1991) among others deal with choice functions defined
on domains that contain all the finite and nonempty subsets of a universal set of alter-
natives. Nevertheless Sen (1971) remarks that “while it is not required that the domain
includes all infinite sets as well, nothing would of course be affected in the results and
the proofs even if all infinite sets are included in the domain”, and that “it is not really
necessary that even all finite sets be included in the domain. All the results and proofs
would continue to hold even if the domain includes all pairs and triples but not all finite
sets”. In chapter 2 of Suzumura (1983) we can find a survey of this topic including the
case with a domain consisting on an arbitrary family of nonempty subsets of an arbi-
trary nonempty universal set of alternatives. More recently Bossert et al (2006) “develop
new necessary conditions for choice functions defined on arbitrary domains to be ratio-
nalized by binary relations that are quasi-transitive or acyclic”, and give a new sufficient
condition for a choice function to be rationalized by an acyclic binary relation.

Another aspect to bear in mind in the problems of decision is the possibility of hav-
ing different criteria for making a choice. If that is the case, we can give priority to some

of them over the others and apply them in a sequential way, which we call “sequential
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choice”. In case that we have two criteria applied in a sequential we say that the choice
is made by two sequential criteria. This means that we compose two choice functions in
an established order (Aizerman and Aleskerov (1995) also consider this kind of choice
behavior and name this operation “superposition” of choice functions). So despite we
follow the classical rationality requirements we admit a mechanism for making a deci-
sion that is rather natural and logical, but that can produce a choice that is not rational
in a classical sense: the composition of choice functions. So our DMs consider rational
not only a choice function that is derived from a single binary relation, but also the se-
quential application of such type of choices. Examples of elections of this type are rather
frequent: selecting people applying criteria that reduce successively the set of alterna-
tives, selecting places or hotels for holidays (for example, we eliminate first those that
are too far, then those that are too expensive, and so on),...

Some authors have also studied similar aspects of choice theory: Kalai et al. (2002)
study the rationality of a choice function by multiple binary relations when the choice is
an only element in the set of alternatives and applying all the relations simultaneously
at each set of alternatives. Houy (2007) includes the study of the order of the criteria,
if it affects or not to the final choice, and different procedures of choice for such lexico-
graphic applications of multiple criteria have been considered in Houy and Tademuna
(2007). We follow the line initialized by Manzini and Mariotti (2007) who consider the
sequential rationality of a choice function by the application of different binary relations
in a fixed order, and specifically the case of two relations, but they also limit themselves
to the case of single-valued choice functions. We think that it is interesting to analyze
the problem in terms of set-valued choice functions and this is the case we consider in
this chapter.

We study how the compound function of two choice functions behaves, that is which
of the properties verified by the two initial choice functions are also verified by the
compound function. Aizerman and Aleskerov (1995) make this study for some proper-
ties and choice functions always defined over domains which contain all the finite and
nonempty subsets of a set of alternatives. We add to this study with the analysis of
some other properties in domains of the same kind, and with some properties of choice
functions defined on arbitrary domains. From the results of this study and the different
rationality characterization theorems we obtain some corollaries establishing the ratio-
nality of a choice function that is obtained as the composition of other two functions
that are rational in a certain sense.

For those problems in which the domain contains all the finite and nonempty subsets

of the sets of alernatives, we consider a choice function that does not verify the prop-
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erties of rationality that the different rationality theorems demand. We wonder when
we can find two rational choice functions (verifying the demanded properties) such that
the choice made by the sequential application of these two functions coincides with the
choice made by the decision-maker and that we had observed. When the answer is
positive we say that the choice function is “rational by two sequential criteria”.

We give a complete characterization of a choice function that is rational by two se-
quential criteria in terms of two testable necessary and sufficient conditions.

The rest of the chapter is organized al follows. In section 3.2 we set our notation and
recall different properties of rationality that afterwards will appear in the rationality
theorems. Section 3.3 is devoted to the analysis of the rationality properties that are
preserved under the operation of composition. In section 3.4 we characterize the class
of choice functions that are rational by two sequential criteria, and we conclude with

some final remarks in section 3.5.

3.2 Definitions and properties of rationality

In this section we set the notation and introduce different properties of rationality for a

choice function that are usual in the literature about this topic.

Definition 3.1. Let X be a set and D a nonempty domain of nonempty subsets of X. A choice
function is an application C : D — P(X) such that C(S) C Sand C(S) # & forall S € D.

Let C be a choice function on a domain D.

(i) C verifies the Chernoff condition if for any S, T € D such that S C T we have

C(T)NS CC(S)
which is equivalent to
VS, Te€D, C(SUT)CC(S)UC(T)
whenever S, T € D = SUT € D (Sertel and der Bellen (1979)).

(ii) C satisfies the Arrow’s axiom, if for any S, T € D such that S C T then
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(iii)

(v)

(vi)

Remark 3.1. It is obvious that Arrow’s axiom is stronger than the Chernoff condi-
tion. <

C satisfies the Concordance condition if for all S,T € D suchthat SUT € D

C(SUT) 2C(S)NC(T).
The next proposition is obtained directly from these definitions.

Proposition 3.1. A choice function C satisfies the Chernoff condition and the Concor-
dance property if and only if it satisfies:

Forall S, T € Dsuchthat SUT € D,

C(S)NC(T) CC(SUT) C C(S)UC(T).

C satisfies the property v (Sen 1971) if for any collection of subsets { M, };c in the
domain D such that U;c;M; € D, it is true that

X € C(MZ) Viel=xc¢€ C(UiEIMi) .

This property generalizes the Concordance property. Moreover, if we consider a
domain D that contains all the subsets with two elements of the set of alternatives
and apply this property to them, we obtain a weaker property also named the Di-
rect Condorcet Property in the literature and that we call the “binariness property”.

C satisfies the Binariness property if for any S € D and x € S we have:
xeC({xy}),YyeS=xeC(S)

where D must contain all the subsets of the set of alternatives with two elements.

Remark 3.2. If a choice function C verifies Arrow’s axiom, then C(U;c; M;) N M; =
C(M;), and from here we obtain that C verifies property o and therefore the bina-
riness property’. <

C satisfies the property of Independence of Irrelevant Alternatives (IIA)? if for any
S,T € Dsuchthat S C T we have

!The domain must be closed under the union of sets.
%In Aizerman and Aleskerov (1995) this property is called “independence of outcast of options”.
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(vii)

C(T) C S = C(S) =C(T)

or equivalently

SCT\C(T)and T\S' € D=C(T\S') =C(T)
C satisfies the Superset property if for all S, T € D
SCTandC(T) CC(S) = C(S) =C(T).

It is clear that when a choice function satisfies the IIA property it also verifies the

superset property, but both properties are not equivalent.

Remark 3.3. If a choice function satisfies Arrow’s axiom and we consider S, T € D
such that S C Tand C(T) C S, then we conclude that C(S) = C(T), which means
that the Arrow’s axiom implies the IIA property and thus the superset property.<

Definition 3.2. Let X be a set of alternatives and D a nonempty domain of nonempty
subsets of X. Let C be a choice function on D. We define the binary relations on X denoted
by R¢ and R}, as:

e (x,y) € Re < there exists S € D such that x,y € S and x € C(S).
e (x,y) € R} & thereexists S € D such that x,y € S, x € C(S) andy € S\ C(S).

Definition 3.3. Let {x1,...,x;}, with t > 2, be a finite sequence in a set X and C a choice

unction on a domain D. {x1,...,x:} is an H-cycle of order t if it verifies:
Y
(xl,xQ) S Ré, (xi, xi+1) € Re (VZ =2,3,...,t— 1) and (xt, xl) € Rc.

Definition 3.4. Let {x1,...,x;}, with t > 2, be a finite sequence in a set X and C a choice
function on a domain D. {x1,...,x;} is an SH-cycle of order t if it verifies:

(x1,x2) € Re, (x4, xi41) € RE(Vi=2,3,...,t —1)and (x4, x1) € R¢.

Definition 3.5. A finite sequence {x1,...,x;}, with t > 2, in a set X in such a way that
we have a choice function C on a domain D, is a cycle of order t if it verifies:

(xi,xi+1) € Ré (Vl =1,2,3,...,t— 1) and (xt,xl) € Ré
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If a cycle exists, then an SH-cycle exists and then an H-cycle exists, but the con-

verses are not true.

(viii) C satisties Houthakker’s axiom of revealed preference if there exists no H-cycle of any
order.

(ix) C satisfies the strong axiom of revealed preference if there exists no SH-cycle of any

order.

Remark 3.4. Houthakker’s axiom of revealed preference implies the strong axiom
of revealed preference. <

(x) C satisfies the weak axiom of revealed preference if for any x,y € X, if (x,y) € R, then
(y,x) € Rc. Equivalently, there exists no H-cycle of order 2 (therefore no SH-cycle
of order 2).

(xi) C is acyclic if it has not cycles of any order.

Definition 3.6. Let C be a choice function on a space of alternatives, and let (S, ...,S¢)
be a finite sequence of sets in such a space. We say that this sequence is C-related if and

only if
Vie{l,...,t =1}, §;NC(Si+1) # @and S;NC(S1) # @

(xii) C satisfies the Hansson’s axiom of revealed preference if for any C-related sequence of
setsitis $;NC(S;11) =C(S;)NS; i foralli=1,2,...,t—1.

The next proposition establishes some equivalences and implications among some
of the properties introduced above. They are useful when we deal with the rationality

theorems we state in the sections bellow.

Proposition 3.2 (Suzumura (1983), page 26). o Houthakker’s axiom of revealed prefer-

ence and Hansson’s axiom of revealed preference are equivalent.

o The strong axiom of revealed preference is implied by Houthakker’s axiom and implies the
weak axiom of revealed preference.

o The weak axiom of revealed preference implies Arrow’s axiom.

3.3 Rationality properties of a compound choice function

As we have already mentioned in the introduction we admit as rational a choice made

by the sequential application of different choice functions that are derived from different
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binary relations. In this sense we first need to consider choice functions that are rational
in a certain sense and study if their compound choice function is well-behaved with
respect to rationality. More technically we study the preservation of properties of choice
functions under the operation of composition. In this sense it is worth investigating the
properties of the choice function that we obtain as the composition of other two choice
functions belonging to a particular domain.

In this section we make this study and also recall some classical theorems of rational-
ity that are present in the literature about this topic. We derive from them some results
of rationality of a compound choice function.

As the conditions of rationality for a choice function depend on the domain they
are defined on, we divide this section in two subsections. In the first one we deal with
choice functions defined on domains that contain all the finite and nonempty subsets of
the set of alternatives, and in the second one we consider choice functions defined on
arbitrary domains.

First of all we set our framework.

X denotes a general set of alternatives. A binary relation on X, R C X x X, is in-
terpreted as a preference relation of an agent, that is xRy (or (x,y) € R) if and only if
the element x € X is considered at least as good as the element y € X. This relation
produces in a natural way a strict relation P and an indifference relation I on X defined
as:

xPy < {xRy and not yRx}

and

xIy < {xRy and yRx}.

Let us recall now some properties of a binary relation that are relevant in different

contexts of choice theory.
Definition 3.7. Let X be a set of alternatives an R a binary relation defined on X.
e Ris reflexive if xRx forall x € X.

e R is transitive if whenever xRy and yRz it is xRz where x,y, z are arbitrary elements of
X.

e Ris complete if for any x,y € X it is xRy or yRx.

e Risan ordering if it is transitive and complete.
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e Ris quasi-transitive if it is not transitive, but the strict relation derived from it is transi-
tive.

e R is acyclic if for any finite sequence of alternatives {x1, ..., x;} such that
(x1,x2) € P(R), (x2,x3) € P(R), ..., (xt—1,x:) € P(R)

one has (xt,x1) € P(R), where P(R) is the strict relation derive from R.

The next definitions respectively formalize: i) the concept of “rational choice func-
tion”, and ii) the idea of sequential application of two criteria of decision-making as a

compound function.

Definition 3.8. A choice function C on D (see Definition 3.1) is rational if there exists a binary
relation R on X such that C(S) = {x € S:Vy € S, (x,y) € R}, for any set of alternatives
S € D. That is, the choice is made by the optimization of a preference relation.

When the preference relation R is an ordering, we speak of complete or full rationality, or

we say that the choice function C is completely or full rational.

If the preference relation R is quasi-transitive, we say that the choice function C is quasi-

transitive rational.

If the relation R is acyclic, we say that the choice function C is acyclic rational.

Definition 3.9. Let X be a set of alternatives and
C1:D— P(X) and Cp: D' — P(X)

two choice functions with domains D and D' respectively in such a way that C;(D) C D’. We
define the composition of Cy with C; and write

CroC: D — P(X)
as the choice function C such that:
AeD=C(A)=(Cr0C)(A) =Ca(C1(A)).

As we have mentioned above our aim in this section is the inspection of the ratio-
nality properties of the composition of two choice functions. The analysis depends both
on the properties of each factor and the structure of the domain they are defined on. We

proceed considering different classes of domains in two different subsections.
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3.3.1 Choice functions on domains containing all the finite and nonempty
subsets of the set of alternatives

In this subsection we deal with domains D that contains all the finite and nonempty sets
of the set of alternatives. Some results are also true if we consider domains containing
only all the subsets with two and three elements of the set of alternatives (see Sen (1971)
and Suzumura (1983)), but for the sake of simplicity we refrain from distinguishing
these situations.

The order in our exposition is the following. We state the rationality characterization
theorems, beginning with the result that characterizes the full rationality and followed
by the subsequent theorem for the quasi-transitivity rationality. Then the theorem that
characterizes acyclicity rationality (<> rationality) is presented. After each case we study
the possible preservation of the properties involved by the operation of composition and
when possible, we state the corresponding theorem of rationality of the compound func-
tion. We consider not only compound functions of rational choice functions in the same
sense (both full, quasi-transitive or acyclic rational at the same time), but also when one
of them is, for example, full rational, and the other only quasi-transitive rational, etc. We
give examples for those cases in which the properties verified by the initial functions are
not verified by the compound function of them.

To begin with we present the characterization theorem for full rational choice func-

tions.

Theorem 3.1 (Arrow 1959). A choice function C over D is full rational if and only if it satisfies
Arrow’s axiom.

We now recall some results about the properties verified by a compound choice func-
tion that Aizerman and Aleskerov (1995) have stated.

Theorem 3.2. Let us denote by K, H, C, O (as in Aizerman and Aleskerov (1995)) the domains
of choice functions that verify Arrow’s axiom, the Chernoff condition, the Concordance property
and the IIA property respectively. Then:

o The domain K is closed unconditionally under the composition of choice functions. Oppo-
site, none of the domains H, C, O, HNC, HNO, CNO, HNCNO is closed unconditionally
with respect to the composition of choice functions.

o IfCy €K, thenif C; €H, C, O, HNC, HNO, CNO or HNCNO, we have that C; o C; €H,
C, O, HNC, HNO, CNO or HNC NO respectively.

These results are not true if we interchange Cy and C, above.
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Remark 3.5. Though the compound function of two choice functions that verify the Cher-
noff condition does not necessarily verifies such property, we prove below (Remark 3.9)
that such compound function satisfies a weaker property that we call property P. <

From Theorems 3.1 and 3.2 we conclude that the choice function that results of the
composition of two full rational choice functions is also full rational in the classical sense

as is established in the next corollary.

Corollary 3.1. Let C; and C, be choice functions defined on domains D and D' that contain all
the finite and nonempty subsets of a set of alternatives X, and such that C1(D) C D’. If C; and
Cy are both full rational (or, which is equivalent, satisfy Arrow’s axiom), then C = C, o Cy is full
rational.

In Suzumura (1983) and Sen (1971) we find the next equivalences that establish the
full rationality of a choice function with some other properties different to (but equiva-
lent to in these domains) Arrow’s axiom.

Theorem 3.3. Let C be a choice function on a choice space containing all the finite and nonempty
subsets of a set of alternatives X. The next properties of C are mutually equivalent:

i) Full rationality.

ii) Houthakker’s axiom of revealed preference.
iii) Strong axiom of revealed preference.
iv) Weak axiom of revealed preference.

v) Arrow’s axiom.

From Theorems 3.1, 3.2 and 3.3 we obtain the next result that establishes the full
rationality of the composition of two choice functions when both of them verify full
rationality.

Corollary 3.2. Let C; and Cy be choice functions defined on choice spaces D and D' (respec-
tively) that contain all the finite and nonempty subsets of a set of alternatives X, and such that
C1(D) C D'. Then we have:

i) If C1 and Cy are full rational, then Cy o Cy is full rational.

ii) If C1 and Cy verify Houthakker’s axiom of revealed preference, then C; o Cy also verifies it,
and so it is full rational.
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iii) If Cy and C, verify the strong axiom of revealed preference, then Cy o Cy also verifies it, and
so it is full rational.

iv) If Cy and Cy verify the weak axiom of revealed preference, then C; o Cy also verifies it, and
so it is full rational.

Let us continue with the same study, but now for quasi-transitive rational choice

functions. We begin recalling the characterization theorem for this case due to Blair
(1976).

Theorem 3.4 (Blair et al. 1976, p. 367). A choice function C on a space that contains all the
finite and nonempty subsets of the set of alternatives is quasi-transitive rational if and only if it
verifies the properties: Chernoff condition, superset and binariness.

We know (see Theorem 3.2) that if C; verifies the Arrow’s axiom and C, verifies the
Chernoff condition, the choice function C = C; o C; satisfies the Chernoff condition too.
We now study what happens when we pick C satisfying the superset property or the
binariness property and C; fulfils the Arrow’s axiom or weaker properties. We obtain
that both properties are preserved in such situation as the next propositions state.

Proposition 3.3. Let C; and Cy be choice functions respectively defined on domains D and
D' that contain all the finite and nonempty subsets of a set of alternatives X, and such that
C1(D) C D'. If Cy verifies the Arrow’s axiom and Cy the superset property, then the choice
function C, o Cy verifies the superset property.

Proof. Let us suppose that S and T are subsets of alternatives in D and
SCTand (Ca0C1)(T) C (Ca0Cq1)(S).

We have to prove that (C; 0 C1)(S) = (C2 0 C1)(T).
C verifies the Arrow’s axiom so that C1(T) N'S = C1(S), and then C1(S) C C1(T).
By assumption we have

C2 (C1(T)) € G2 (Ca(S))
and also that C; verifies the superset property. We can conclude then

(C20C1)(S) = (CaoCy)(T).
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Proposition 3.4. Let D and D' be two domains containing all the finite and nonempty subsets
of the sets of alternatives. Let Cy be a choice function defined on D that verifies the binariness
property and the Chernoff condition, and moreover C1(D) C D'. If C is a choice function
defined on D’ that verifies the binariness property, then the compound function C = Cp o Cy

verifies the binariness property.

Proof. We have to prove that forany S € D
X € (CQ oCl)({x,y}),Vy eS=>xe¢ (Cz OCl)(S).

From the assumptions we have that x € C;({x,y}) Yy € S, and we know that C;
verifies the binariness property, thus we obtain x € C;(S).

Since C, verifies the binariness property too we have
x € Co({x,z}) Vz € C1(S) = x € C2(C1(9)).

Then we are done if we prove that for any z € C1(S), x € C2({x,z}) holds true. Indeed:
z € C1(S) implies, because of C; verifies the Chernoff condition, z € C1({x,z}), for
allx € S.
Because x € C1({x,y}) forally € S, we can conclude

Ci({x,z}) = {x,z} forany z € C;(S) and x € S.
From x € C(C1({x,y})) Vy € S we obtain, in particular
x € Co(Ci1({x,z})) = C2({x,z}) Vz € C1(S),

and from this and the fact that C, verifies the binariness property, we obtain x € (C; o
C1)(S), which concludes the proof. O

From Theorem 3.4 and Propositions 3.3 and 3.4 we obtain the next result that estab-
lishes the quasi-transitive rationality of the compound choice function of a full rational

choice function with a quasi-transitive one.

Corollary 3.3. Let Cy and Cy be choice functions defined on domains D and D’ that contain
all the finite and nonempty subsets of a set of alternatives X, and such that C;(D) C D'. If
Cy is full rational and C, is quasi-transitive rational, then the choice function C = Cy o0 Cy is
quasi-transitive rational.
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Proof. C; verifies the Chernoff condition and the binariness property because it ver-
ifies the Arrow’s axiom and those properties are implied by it (see Remarks 3.1 and
3.2). From Theorem 3.2 we know that C, o C; satisfies the Chernoff condition and from
Proposition 3.3 we have that C; o C; verifies the superset property. As Proposition 3.4
establishes that C; o C; also verifies the binariness property, we conclude that it is quasi-

transitive rational. O

We do not need to study the composition in the reverse order (C; verifying the su-
perset property or the binariness property, and C, verifying the Arrow’s axiom) because
we know that in this case the Chernoff condition is not preserved, thus the compound

function can be neither full rational nor quasi-transitive rational.

Next we study the composition of two quasi-transitive choice functions. In this case

the compound choice function has not to be necessarily quasi-transitive rational.

Proposition 3.5. Let C1 and C; choice functions defined respectively on domains D and D' that
contain all the finite and nonempty subsets of a set of alternatives X, and such that C;(D) C D'.
Let us suppose that Ci and C, are quasi-transitive rational choice functions. Then C = Cp o Cq
does not necessarily verify the superset property thus it is not necessarily a quasi-transitive
rational choice function.

The next example proves this proposition.

Example 3.1. Let us consider the set X = {x,y,z,t}. We define the next choice function
on P*(X) :

(e = {xo9)
(ez) = {02} Gl{ryah) = (op2)

Qe = {0 Glxu) = (w1 _
() = 7Gxz = {zg CPEHTEEE
() = ) alvzt) = v
(=) = =

C1 verifies the property <y (and therefore the binariness property), the Chernoff condition
and the superset property.
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We define now C; on P*(X) according to:

C{ry)) = ()

CZ({x/Z}) = {x,z} CZ({x/y/Z}) {x,y,z}

Get) = (o) Glne)) = (o) _
Giva) = 13 Glrzy) = (nz COVET Tl
Gip ) = ) Gzt = (v

Gz = {2)

C, also verifies the property 7, the Chernoff condition and the superset property.
Then we have that C = C; o C; is given by

{x,y}
= {xz} C({xyz})
= {t}  C{xyt})
( )
( )

( )

({x 2}) {xy,2}
({xt})

CHy.z}) = {yz}  C{xzt}

(v t})

({z/t})

{y,t}
= {z}
= vz}

CHxy zt}) =y, 2}

= {yt} C{yzt}
{z}

and it does not verify the superset property because C({x,z,t}) = {z} G C({x,z}). ©

From Proposition 3.4 we obtain the weaker result that states that the compound
choice function of two quasi-transitive rational choice functions verifies the binariness

property.
Proposition 3.6. Let C be a choice function on a domain containing all the finite subsets of a set

of alternatives X. If C is the compound function of two quasi-transitive rational choice functions,
then C verifies the binariness property.

Finally we set the conditions for a choice function to be acyclic rational or, which is

equivalent, rational.

Theorem 3.5 (Blair et al. 1976). A choice function on a domain containing all the finite and
nonempty subsets of a set of alternatives X is acyclic rational (< is rational (Suzumura (1983),
page 35)) if and only if it verifies the Chernoff condition and the binariness property.

Using again Proposition 3.4 and Theorem 3.2 we conclude directly from Theorem
3.5 the acyclic rationality of a compound choice function that results of the composition
of a full rational choice function with an acyclic rational choice function.

3The same text establishes that this property is not true for choice functions on general domains.
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Corollary 3.4. Let Cy and C be choice functions defined respectively on domains D and D’ that
contain all the finite and nonempty subsets of a set of alternatives X, and such that C1(D) C
D'. Let Cy be full rational and let Cy be acyclic rational. Then, the compound choice function

C = C; 0 Cy is acyclic rational (or equivalently it is rational).

Moreover if we compound two quasi-transitive rational choice functions we obtain

a choice function that is not necessarily acyclic rational, because it may not verify the

Chernoff condition as the next example proves.

Example 3.2. Let us consider the choice functions defined by the expressions

G{xy}) = {xy}
Gi({x,z}) = {xz}
G{xt}) = {xt}
G{y.z}) = {y}
Gy th) = {yt}
G({zt}) = {zt}
and
G{{xy}) = {xy}

( )

( ) = {xz}
CHxth) = {xt}
( ) = {y.z}
( ) = vt}
({zt}) = |z}

C1({x,y,2})
Cl({xl Y t})
Ci1({x,z,t})
G({y zt})

Co({x,y,z}
C({x,y,t}
Co({x,z,t}

(

)
)
)
C({y,zt})

{x,y}

{xy,t} B
(x,2,t} and C1({x,y,z,t}) = {x,y,t}

{y t}

{xy,2}

1E2723 S C({xy, 2t} = {xy,z}
{x,z}

{y,z}

that verify the binariness property (in fact, the stronger property ), the Chernoff con-

dition and the superset property.

Then the compound function C = C; o C; is given by

( ) {xy}
( ) = {xz}
( ) = {xt}
CHy.z}) = {y}
vt} = {yt}
({zt}) = A{z}

C({xy,z})
C{xy t})
C({x,zt})
C{y,zt})

{xy}

{?;y;? and C({x,1,2,t}) = {x,y, 1}

{y, t}
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and it does not verify the Chernoff condition because

{x,z,t} C{x,y,zt}

but
CHxyzt})N{x zt} = {xt} € {x,z} =C({x,zt}).
<&

This example entails that the composition of two acyclic rational choice functions
may not be an acyclic rational choice function.

Proposition 3.7. If C; and C; are choice functions respectively defined on domains D and D'
that contain all the finite and nonempty subsets of a set of alternatives X, and such that C1(D) C
D', that verify the Chernoff condition and the binariness property, then the compound function
Cy o Cy may not verify the Chernoff condition (Example 3.2), thus it may not be acyclic rational
(& rational). That means that the compound choice function of two acyclic rational (< rational)
choice functions is not necessarily rational.

From Proposition 3.4 we can conclude the weaker result that states that when we
compound two acyclic rational choice functions we obtain a choice function that verifies
the binariness property (just as in the case of two quasi-transitive choice functions, as
Proposition 3.6 establishes).

Proposition 3.8. Let C be a choice function over a domain containing all the finite and nonempty
subsets of a set of alternatives X. If C is the compound function of two acyclic rational (rational)
choice functions, then C verifies the binariness property.

3.3.2 Choice functions defined on arbitrary domains

Throughout this subsection we do not impose any restriction on the domains under
inspection. In particular, they may not contain all the finite and nonempty subsets of
the set of alternatives.

The organization of this subsection is alike the previous one. First, we state the char-
acterization theorems of rationality for choice functions. Then we consider two choice
functions verifying different properties of rationality and study when the compound
function of them verifies such properties. When it is possible we state the correspond-
ing result of rationality of the compound choice function.

We begin with an analysis of full rationality. We make use of the following charac-
terization.
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Theorem 3.6 (Suzumura 1977). A choice function over a domain D is full rational if and only

if it satisfies Houthakker’s axiom of revealed preference.

Now we proceed to study the behavior of the compound choice function of two full
rational choice function on these domains. First of all we prove that the condition of full

rationality is preserved when we compound two choice functions that verify it.

Proposition 3.9. If two choice functions Cy, defined on an arbitrary domain D, and C, defined
on an arbitrary domain D' such that C1(D) C D', satisfy Houthakker’s axiom of revealed
preference, then the compound function C = C, o C; satisfies Houthakker’s axiom of revealed

preference.

Proof. Let us suppose that C; and C; have not H-cycles and that nevertheless C = C; 0 (4
has an H-cycle. This implies that there exists a finite sequence of alternatives {x1,...,x:}
with t > 2 such that:

(x1,x2) € RE, (x4,%i41) € Re i=2,...,t —1and (x;,x1) € Re.
So we obtain:
(xl,xz) € Ré =3Se€D:x1,x€85,x] € C(S) and x; € S\C(S) (31)

(xi,xiH) € Rc=3S5,€D: Xi, Xiy1 € S;and x; € C(Sl) Vi=2,...,t—1 (3.2)

and
(xt,x1) € Re = 35St € D : x4, x1 € Syand x4 € C(S¢) (3.3)

From equation (3.1) we have:

(@) x1 € Cz(cl<5)) = X1 € Cl(S), and

(b)
Case1: xp & C1(S), or

2 # C(Gi(S)) = { Case2: x2 € C1(S)\ C2(C1(S))

Case 1: (x1,x2) € R¢,.

From equation (3.2) we conclude that for all i = 2,...,¢ — 1 there exists S; € D
such that x;, x;11 € S; and x; € C1(S;), thus (x;,xj41) € R, Vi =2,...,t — 1. From
(3.3) we have that there exists S; € D such that x1,x; € S; and x; € C1(S;) thus
(xt,x1) € Rc,. Therefore we obtain that C; has an H-cycle, and we conclude.
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Case 2: (x1,x2) € Re,, (x2,x1) € Re, and (x1,x2) € RE, (because x; € C2(C1(S)) and
x2 € C1(S) \ C2(C1(S)) where S € D and then C1(S) € D’). Now we deal with two
different possibilities:

i) If xjpq € C1(S;)Vi=2,...,t —1 (and recalling that x;, x; 11 € S; with S; € D)
we obtain (x,xi+1) € Rc,,i = 2,...,t — 1, because x; € C»(C1(S;)) as equation
(3.2) establishes. If we also have x; € C;(S¢), equation (3.3) implies that x; €
C2(C1((S¢)), and we conclude the existence of an H-cycle for C;, which ends the

argument.

ii) If xi11 & C1(S;) forsomei =2,...,t —1, we obtain that (x;, x;+1) € R¢, and

(xi/ xi+1/ xi+2/ e X, X1, X2, 000 xi*l)

is an H-cycle of C; which finishes the proof.

In case that it is x1 & C1(S¢), (x4, x1,...,x¢—1) is an H-cycle for C; and the proof

also concludes.
OJ

Thus we can establish the full rationality of a compound choice function of two full

rational choice functions over arbitrary domains.

Corollary 3.5. If C; and Cy are choice functions defined on arbitrary domains D and D’ re-
spectively and such that C1(D) C D', and both of them satisfy Houthaker’s axiom of revealed
preference, then the compound choice function C; o Cy is full rational. Equivalently: if two choice
functions are full rational, their compound function is also full rational.

Because of the equivalence between the Houthaker’s axiom and the Hansson’s ax-

iom we also have the same result for this property.

Corollary 3.6. If C; and Cy are choice functions defined on arbitrary domains D and D’ re-
spectively such that C1(D) C D', and both of them satisfy the Hansson's axiom of the revealed
preference (which is equivalent to saying that both functions satisfy the Houtaker's axiom of the
revealed preference, and then equivalent to saying that both functions are full rational), then the
compound choice function C; o Cy is full rational.

Let us now continue with the case of quasi-transitive rational choice functions, for
which we have the next result.



3.3. Rationality properties of a compound choice function 85

Theorem 3.7 (Suzumura 1983, p. 50). A choice function C on a space of choice is quasi-
transitive rational if it satisfies the strong axiom of revealed preference.

When we study if the sufficient condition of quasi-transitive rationality (the strong
axiom of revealed preference) is preserved by the composition of two choice functions
(defined on arbitrary domains) we obtain that the answer is negative, as the next propo-
sition establishes.

Proposition 3.10. If two choice functions Cy, defined on an arbitrary domain D, and Cy, defined
on an arbitrary domain D' such that C1(D) C D', satisfy the strong axiom of revealed prefer-
ence, then the compound function C = C, o Cq does not necessarily satisfy the strong axiom of
revealed preference.

Next example proves this proposition.

Example 3.3. Let X = {x,y, z,t} and the domain of choice D = {{x,y},{y,z}, {2z, t},
{x,t}} and over it we define a choice function C; as

G{xy}) = {x}
G{y.zt) = {y.z}
G({zt}) = {zt}
G{xt}) = {t}

Now we consider the domain D’ = {{x,y},{y,z}, {z, t}, {x,t},{x},{t}} and over it we
define a choice function C; as

( ) {x,y}
( ) = Ay}
C({zt}) = {z}
{xt}) = {xt}
G{x) = {x}
Gt = {t}

We have that C;(D) C D’ thus we can define over D the choice function C = Cp 0 (4
that is given by

) = {x}

Cly.z}) = v}

) = {z}

) = {t}
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As we can observe, C; and C; have not any SH-cycles therefore both of them verify the

strong axiom of revealed preference, but {x,y, z,t} is an SH-cycle for C. &

Therefore if we compose two choice functions that verify the strong axiom of re-

vealed preference, we obtain a choice function that may not be quasi-transitive rational.

We also have that if C; (over an arbitrary domain D) has not SH-cycles (which im-
plies that it is quasitransitive rational) and C, (over an arbitrary domain D’ such that
C1(D) C D’) is full rational (it verifies the Houthaker’s axiom of revealed preference),
then the choice function C = C; o C; does not necessarily satisfy the strong axiom of

revealed preference, thus it is not necessarily quasi-transitive rational or full rational.

This is proved considering in Example 3.3 above, the choice function C} defined as

GHxyh) = {xy}
vz} = {y}
Gzt = {z}
GUxth) = {x}

GHx) = {x
G =

in place of C,. In this case {x,y, z, t} is also an SH-cycle for C} o C;.

If we consider the reverse statement, that is, C; verifies Houthaker’s axiom of re-
vealed preference (it is full rational) and C, verifies the strong axiom of revealed pref-
erence (which implies that it is quasi-transitive rational), then the compound choice
function C = C; o C; may not verify the Houthaker’s axiom of revealed preference and
then it is not necessarily full rational as the next example shows.

Example 3.4. Let X = {x, v,z t} and the domain of choice D = {{x,y}, {x,z},{z t},
{x,y,t}} and define a choice function C; on D by

G{xyl) = {x}
Gi({xz}) = {xz}
Gzt = {zt
Gxy 1)) = {xt}

Now we consider the domain D’ = {{x,y},{x,z}, {z, t}, {x,t},{x,y,t},{x}} and define
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a choice function C; on D’ by

Gxyl) = {x}
C({xzh) = {xz}
Gzt = {zt)
Gxt}) = {#}

GHxyth) = {t}
G{x}) = {x}

We have that C; (D) C D’ thus we can define the choice function C = C, o C; over D
by
CHxyl) = {x}
C({xz}) = {xz}
C{zt}) = {zt}
CHxyty) = {#}
As we can observe, C; has no H-cycles (thus it has not SH-cycles, either) and C; has not

any SH-cycles (it has H-cycles), but {¢,x,z} is an H-cycle for C, thus it does not verify
Houthaker’s axiom of revealed preference and therefore it is not full rational. &

Nevertheless, we have a positive result when we compound a full rational choice
function with a choice function that has not any SH-cycle (and then, it is quasi-transitive
rational). The result is a quasi-transitive rational choice function, as the next proposition

establishes.

Proposition 3.11. Let C; be a choice function defined on an arbitrary domain D that has not
any H-cycle (< is full rational) and C, a choice function defined on a domain D’ such that
C1(D) C D’ and such that it has not any SH-cycle (which implies that Cy is quasi-transitive
rational). Then the compound choice function C = C, o Cy has not any SH-cycle, thus it is
quasi-transitive rational.

Proof. Let us suppose that C has an SH-cycle, hence there exists a finite sequence of
alternatives {x1, ..., x;} such that

(x1,x2) € R, (x4, xi41) € RE i=2,...,t —1and (x;,x1) € RE
and we have the following assertions.

There exists S; € D such that x1,x; € Sy and x; € C(51).
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Forany i = 2,...,t — 1 there exists S; € D such that x;, x;11 € S;, x; € C(S;) and
xXit1 € 5i \ C(S)).

There exists S¢ € D such that x;, x1 € St, x; € C(S;) and x1 € 5S¢\ C(Sy).

From these facts we obtain
x1,% € C1(S1), and x; € C1(S;) Vi=2,...,L

Moreover, x;11 € S;\C(S;) fori =2,...,t —1land x1 € S; \ C(S}).

Now if x;11 € C1(S;) forsomei =2,...,t—1,then {x;, xj11,...,Xxt,X1,...,%;_1} isan
H-cycle for C; which is against the hypothesis, and the same holds for {x;, x1,...,x;_1}
if x1 € C1(St). Therefore

Xiy1 € C1(Si) Vi=1,2,...t—1, and x1 € C1(St).

From here we conclude that {x1,x2,...,x:} is an SH-cycle for C; which produces a
contradiction and finishes the proof. O

We now continue with the case of acyclic rational choice functions. First we state the

characterization theorem for this type of rational choice functions.

Theorem 3.8 (Suzumura 1983, p. 51). A choice function defined on an arbitrary domain is
acyclic rational if it satisfies the weak axiom of revealed preference and R is acyclic.

Our next proposition studies the preservation of the sufficient properties for a choice
function to be acyclic rational by the operation of composition. The weak axiom of
revealed preference is preserved, however the acyclicity of R is not.

Proposition 3.12.  a) If C; (defined on an arbitrary domain D) and C; (defined on an arbi-
trary domain D’ such that C1(D) C D’) are two choice functions that verify the weak
axiom of the revealed preference, then the compound function C = C; o Cq also satisfies

this axiom.
b) If R¢, and R¢, are acyclic, then RE may not be acyclic, where C = C; o Cy.

Proof. a) Because C; and C; satisfy the weak axiom of revealed preference we have

that none of them has H-cycles of order two, that is:

If (x,y) € Re, = (y,x) € Re,.



3.3. Rationality properties of a compound choice function 89

If (x,y) € Réz = (y,x) € Re,.

Let us now suppose that C has an H-cycle of order two, thus there exist alternatives
x,y such that (x,y) € R¢ and (y, x) € Rc. Then

(x,y) eRE=3S€eD:x,ycS,xecC(S)andy € S\ C(S).

Therefore

X e C(S) = Cz(Cl(S)) =X E Cl(S). (3.4)

Moreover
(y,x) ERc =35 € D:x,ye S andy € C(S") = C2(C1(S))

and therefore
y e Cl(S’) = (y, X) € RC1- (35)

From y ¢ C2(C1(S)), two cases arise:

(@) If y ¢ C1(S) we conclude, because in that case we have by (3.4) that (x,y) €
Ra, and also by (3.5) that (y,x) € Rc¢,, which contradicts the fact that C;
verifies the weak axiom of revealed preference.

(b) Ify € C1(S), asy & C2(C1(S)) we obtain that (x,y) € R¢, by (3.4).

Moreover we have that x,y € S’ and y € C»(C1(S’)), and then

b.1) If x € C1(S’) we finish, because in that case (y, x) € Rc,, thus C, does
not verify the weak axiom of revealed preference.

b.2) If x ¢ C1(S’) we obtain from (3.5) that (y,x) € R¢,, but C; verifies
the weak axiom of revealed preference and this implies (x,y) ¢ Rc, which
contradicts the fact that x € C;(S) and y € S.

b) The next example proves this part.

Example 3.5. Let us consider the choice functions on the set of finite and nonempty
subsets of the set {x1, x2, x3} given by:

Ci({x1,x2}) = {x1} (x1,%2) € Re,
Cl({xl,X3}) = {x1,X3} N (xl,X3) S RC1 and (X3,X1) S RC1
Ci({x2, x3}) = {x2} (x2,x3) € R¢,

Ci({x1,x2,x3} = {x1,x2,x3} (x2,x1) € Re, and (x3,x2) € R,
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C({x1,22}) = {x1} (x1,x2) € R¢,

Ca({x1,%3}) = {x3} N (x3,x1) € R¢,,
CQ({.X‘Q, X3}) = {XZ, X3} (XQ, X3> S RCZ and (X3, X2> € RCZ
Co({x1,x2,x3} = {x1,x2,x3} (x2,x1) € R, and (x1,x3) € Rg,.

Ra and REZ are acyclic. Let us consider the compound function C = C; o Cy,

defined as:
C , =
(fx1,20) = {) -
C({x1,x3}) = {x3} .
= (x3,x1) € R§
C({x2,x3}) = {x2} (x2,%3) € R
C({x1,x2,x3} = {x1,22, 23} ' ¢
We have that (x1, x2, x3) is a cycle for R{ and so C is not acyclic. &

O

As we have shown above, when we compound two choice functions C; and C; (re-
spectively defined on general domains D and D’ such that C;(D) C D’) verifying the
weak axiom of revealed preference and such that R, and Rj;) are acyclic, we can obtain

a choice function that is not acyclic rational.

Contrary to this discouraging situation we have a positive result when we com-
pound a full rational choice function with another one that verifies the weaker axiom of
revealed preference and that R} is acyclic. In such a case we obtain an acyclic rational

choice function as the next proposition proves.

Proposition 3.13. Let C; be a full rational choice function on an arbitrary domain D (< C; has
not H-cycles) and Cy a choice function on an arbitrary domain D’ (such that C1(D) C D’) that
verifies the weak axiom of revealed preference and such that R, is acyclic (which implies that C;
is acyclic rational). Then C = C; o Cy is also acyclic rational.

Proof. It is clear from Proposition 3.12 that C = C; o C; verifies the weak axiom of
revealed preference.
Let us see that R is acyclic.

Otherwise, there exists a finite set of alternatives {x1, ..., x;} such that

(xi,x;41) € P(RG) Vi=1,...,t —1and (x¢, x1) € P(R})
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where P(R}) is the strict preference relation associated to Rp.

From this we obtain that foralli =1, ..., — 1 there exists S; € D such that x;, x;11 €
Si, x; € C(S;) and x;41 € S;\ C(S;), and there exists S; € D such that x;,x; € S,
x¢ € C(S¢) and x1 € S¢\ C(Sy).

Then we have

X; € 62(61(51')) and x;.1 ¢ Cz(Cl(Si)) Vi=1,...,t—1

and
xt € Co(C1(St)) and x1 & C2(C1(Sy)).

If x; 1 & C1(S;) forsomei = 1,...,t —1, then {x;,x;1,..., X, X1,...,X;_1} iS an
H-cycle for C; against the hypothesis, and the same would be true for {x;, x1,...,x;_1}
if x7 & C1(St). Therefore x;, x;+1 € C1(S;) foralli = 1,...,t —1, and in the same way
xt, x1 € C1(S¢).

We conclude that (x;,x;.1) € Rzz foralli=1,...,t—1,and (x;, x1) € Réz. Because
C, verifies the weak axiom of revealed preference we obtain that (x;y1,%;) ¢ Rg, for
alli = 1,...,t —1and (x1,x) ¢ Rg, . This implies that (x;,x;+1) € P(Rc;) for all
i=1,...,t—1land (xt,x1) € P(Re;) which is not possible because R¢, is acyclic, and

the proof concludes. O

Remark 3.6. Proposition 3.13 remains true if we interchange the properties of C; and C,
and reinforce Houthaker’s axiom to the strong axiom of revealed preference. We omit

the proof because it is essentially the same as the one for Proposition 3.13 above. <

Finally we state the conditions for a choice function over an arbitrary domain to be

rational.

Theorem 3.9 (Suzumura 1983, p. 51). A choice function C is rational if it satisfies the weak

axiom of revealed preference.

Because of Proposition 3.12 a) we conclude that the composition of two choice func-

tions that verify the weak axiom of revealed preference is a rational choice function too.

Corollary 3.7. If C; and C, are choice functions (defined on arbitrary domains D and D’ re-
spectively such that C1(D) C D’) that satisfy the weak axiom of revealed preference, then the
compound choice function C; o Cy is rational.

As the strong axiom of revealed preference is implied by Houthakker’s axiom and

implies the weak axiom of revealed preference (Proposition 3.2) we obtain that when
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two choice functions verify either Houthakker’s axiom, the strong axiom of revealed
preference or the weak axiom of revealed preference, then their compound function is

rational.

3.4 Choice functions rational by two sequential criteria

This far we have considered choice functions that are rational in some way depending
on the properties that they verify and the domains they are defined over.

Besides we have focused on the composition of two choice functions and studied
when the properties verified by two choice functions are transferred to the compound
function of them. As corollaries we have obtained some results that include different
conditions for a compound choice function to be rational.

Now we take the reverse position. Along this section we consider the problem of the
decomposition of a given choice function with respect to some rational (in the classical
sense) choice functions. That is, the choice made by the decision-maker for any set of
alternatives is our primitive concept. We investigate if such behavior can be explained
by the sequential application of two “rational” choice functions in an established order:
given a choice function, we wonder if there exist two (full, acyclic, quasi-transitive,...)
rational choice functions such that their compound function produces the choice that
we had observed. Of course the case when the primitive choice function is already
“rational” has been studied before.

Our main finding is Theorem 3.11 that characterizes the choice functions that can
be expressed as the composition of two rational choice functions using two testable
properties. One of these properties is property 7y and the other one is introduced below
(see Definition 3.12).

Along this section we always deal with choice functions defined over domains that
contain all the finite and nonempty sets of the set of alternatives.

First we introduce the “upper and lower approximations of a choice function” (Aiz-
erman and Aleskerov (1995)), that intend to approximate a non rational choice function

by a rational one. To that purpose we introduce the next definitions.

Definition 3.10. Let C be a choice function on D. The upper approximation of C in the class of
choice functions on D satisfying certain properties is another choice function C* on D in that
class such that C(S) C C*(S) for any S € D, and such that if C is another choice function on
D in the same class and verifying that C(S) C C(S) forall S € D, it must be C*(S) C C(S)
forall S € D.
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Definition 3.11. Let C be a choice function on D. The lower approximation of C in the class of
choice functions on D satisfying certain properties is another choice function C' on D such that
C'(S) C C(S) forany S € D, and such that if C is another choice function on D in the same
class and verifying that C(S) C C(S) forall S € D, it must be C(S) C C!(S) forall S € D.

In both definitions we say that the functions C* and C' are in a class Q if they verify
the properties of all the functions in such class.

The next result (Theorem 5.15 in Aizerman and Aleskerov (1995)) settles which choice
functions can be approximated by choice functions verifying the properties y and Cher-
noff.

Theorem 3.10. For any choice function C there exists an upper approximation that verifies the
Chernoff condition and the binariness property (in fact it verifies property -y) and this function
is given by

C*(S) = {x € S:Vy € S there exists S’ € D such that x,y € S' and x € C(S')}.

Moreover if the choice function C verifies the binariness property, it also has a lower approxima-
tion that is defined as

Cl(S)={xeS:xeCc({xy}), VyeSs}
and that also satisfies the Chernoff condition and the binariness property.

We stress the fact that for any choice function C on a domain DD verifying the bina-
riness property, the choice functions C! and C* defined above satisfy that for all S € D

C'(S) C C(S) C C¥(S).

Thus C*(S) # & for all S € D (remember that we have C(S) # & forall S € D
(Definition 3.1)). By virtue of Theorem 3.5 we conclude that C* is rational.

The case of C! deserves an special remark.

Remark 3.7. The choice function that we have denoted C' verifies the binariness property
and also the Chernoff condition, but it must not verify that C'(S) # @ forall S € D (see
Example 3.8 bellow). Theorem 3.5 is a characterization theorem for choice functions C
satisfying that C(S) # @ forall S € D, thus when C' verifies such property we can apply
that theorem and conclude that C' is also rational. Nevertheless, even when C!(S) may

be empty, we can find a binary relation R’ on the set of alternatives that rationalizes it.
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This relation R’ is defined by
xR'y if and only if x € C({x,y}).

Therefore C' is always rational.
Moreover we can always assure that for any subset S € D with two elements C!(S) #
& because C(S) # @ forall S € D and thus R’ is complete. <

Now let us introduce a new property for a choice function C on D.

Definition 3.12. A choice function C satisfies the Property P if given two elements x,y of the
set of alternatives and S, T € D, in such a way that

vyt cScT,
then
ifC({x,y}) = {x} and x € C(T), it must bey & C(S).

This property is weaker than the Chernoff condition and therefore whenever a choice
function is rational it verifies property P. On the other hand this property allows for
cyclical patterns even in pairwise comparisons.

The next example shows that if a choice function satisfies property P it must verify
neither binariness property nor the Chernoff condition, which are the two necessary
and sufficient conditions for a choice function over a domain containing all the finite

and nonempty subsets of the set of alternatives to be rational.

Example 3.6. Let C be a choice function defined on the domain of nonempty subsets of
X ={x,y,zt} given by

) = {xuy}
) = B Clxysh) = )
) = (e Clonth) = Dowb o g
) = W Clran) = ey CEEDTl
) = Wi Clpnd) = ()
) = {21

This function does not verify the binariness property because x ¢ C({x,y,z}) and x €

C({x,y})and x € C({x,z}).
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Moreover it does not verify the Chernoff condition because C({x,y,z,t}) N{x,y,z}) =

{xy} £ C({xy,2}).

Nonetheless C verifies property P. <&

Nevertheless we now prove that a choice function verifying property P can be writ-
ten as the composition of two rational functions. We formalize this concept in the next
definition.

Definition 3.13. A choice function C on D is rational by two sequential criteria if there
exist two rational choice functions Cy defined on D and Cy on D' with C1(D) C D', such that
C=Cy0Cy.

Obviously, if C is a rational choice function then it is rational by two sequential cri-
teria by considering, for example, C; = C and C; the trivial choice function (C2(S) = S
forall S € D').

We first prove a lemma that leads us to consider an initial choice function C that

verifies property 7.

Lemma 3.1. If Cy and C, are choice functions (defined respectively on domains D and D' that
contain all the finite and nonempty sets of the set of alternatives and such that C;(D) C D’) that
verify the Chernoff condition and the binariness property, then the compound function C, o Cy

verifies property 7.

Proof. Let {S;};c a collection of subsets of alternatives in D. We must prove that
X e (Cz ocl)(Si), Viel=x¢€ (Cz oCl)(Ui@Si).

We know that
X € (Czocl)(si), Viel=xe C1(Si) Viel

Because C; verifies the Chernoff condition we obtain that
xeC({xy}) Vyes, Viel e xeCi({xy}) Yy € UicSi,
and C; satisfies the binariness property, thus we have
x € C1(UierSi)-
On the other hand we know that C, verifies the Chernoff condition, and then

x € C(Ci(Sy)) Viel=xeCo({x,y}) Vy € C1(S;) Vie L
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Thus applying that C, verifies the binariness property we have
x € C2(Vie1Ci(S:))-
Taking into account now that C; verifies the Chernoff condition we have
C1(UierSi) € UierCa(S).

Because
x € C2(UjerCi(S;)) N C1(VierSi),

and C, verifies the Chernoff condition we conclude that
x € C2(C1(UjerSi)) = (C20Cq)(UierSi)

which finishes the proof. O

As we have already mentioned, if we want to obtain a choice function that may not
verify the necessary properties of rationality as the compound function of two rational
ones, in such way that both of them must verify the Chernoff condition and the bina-
riness property, we have to consider an initial choice function that verifies property -.
Our next theorem proves that this property together with property P characterize such

functions.

Theorem 3.11. Let C be a choice function on a domain D that contains all the finite and
nonempty subsets of the set of alternatives. C is rational by two sequential criteria if and only if
it verifies properties v and P.

Proof. We first prove that if C verifies properties P and v, then it is rational by two
sequential criteria.

Indeed let C be a choice function defined on a domain D satisfying the mentioned
properties. Then we have by Theorem 3.10 that there exist an upper approximation
and a lower approximation of it which verify the Chernoff condition and the binariness
property (in fact they verify the stronger property ), thus both of them are rational
choice functions in the classical sense (see Theorem 3.5 and Remark 3.7). We consider
these functions defined on the same domain D as C is defined on. Theorem 3.10 gives

their respective expressions:

C*(S) = {x € S:Vy € S there exists S’ € D such that x,y € S'and x € C(S')}
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and

C'(S)={xeS:xeC{xy}), Vy € S}.

Let us now prove that C; = C* and C; = C! satisfy C = Cy 0 Cy.

i)

ii)

C(S) C (Ca0C1)(S):
x € C(S) = x € C1(S), because we can select S’ = S forally € S.
Let us now suppose that x ¢ C>(C1(S)).

In this case there exists y € C1(S) such that {y} = C({x,y}) because of the defini-
tion of Cs.

From y € C;(S) we obtain that for all s € S there exists Sys such thaty,s € S;s and
y € C(Sys).
As C verifies property y we conclude that y € C(UsesSys).

Then we have
{x;]/} cSC Sgssys

with {y} = C({x,y}) and y € C(UsesSys)-
Applying now that property P is verified by C we conclude that x & C(S), against
the hypothesis.

Therefore we conclude that x € C2(C1(S)).

C(S) 2 (C20C1)(S):

Select x € C2(C1(S)), thus by the definition of C; we have that x € C({x,y}) for all
y € C1(S). In particular x € C({x,y}) forall y € C(S) (because C(S) C C;(S)). As
we have that C verifies property v we conclude that x € C(C(S)) C C(S).

Conversely, let us prove that if C is the compound choice function of two rational

choice functions, then C satisfies properties P and .

Let us denote by R; and R» the binary relations that rationalize C; and C, respec-

tively, i.e.,

and

C1(S) ={x€S:(xy) €Ry, Vy € S} =Cg,(S)

Ca(S) ={x € S:(x,y) € Ry, Vy € S} =Cg,(5),

and C(S) = C2(C1(8)) = Cr,(Cr, (S))-
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Let us now prove that C = C; o C; verifies property +.

Let {S;}ic; be a collection of sets in the domain D such that x € C(S;) foralli € I.
We must prove that x € C(U;¢; Si)-
We have
x € Cr,(Cr,(Si)) foralli e I

and then
X € CRl(Si) Viel

which implies
xRyyforally € S; Vie I = xRy Vy € | JS; = x € Cg, (| Si).
iel i€l

If x & Cgr,(Cr,(Uic; Si)), then there exists z € Cr, (U, Si) such that ~(xRyz).

But on the other hand x € Cg,(Cg,(S;)) for all i € I and z € Cg,(Ujc;Si) <
Uie1 Cr, (Si) thus z € Cg,(S;) for some i € I and thus xRz, which leads to a contra-
diction.

To end the proof we argue that C satisfies property P.

We take

{xybcscrT

such that
{x} = (C20C1)({x,y}) and x € (C20Cq)(T).

We prove that y € C(S).
Indeed let us now suppose that y € C(S). Then we have

(y,8) € Ry foralls € Sand (y,s') € Ry forall s’ € S such that s'Rys forall s € S.
As we also have that x € (C; 0Cy)(T) we obtain that
(x,t) € Ry forallt € T.
We deduce that, in particular

i) (y,x) € Ry because x € Sand (x,y) € Ry because y € T, and

ii) (y,x) € Ry because xR;t forallt € Tand S C T.

Thus
Cr,({x,¥}) = {x,yt and y € Cr,({x,y}) = C({x,y})

which contradicts the hypothesis. O
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The next remark gives a different proof for the fact that the composition of two ra-
tional choice functions, both of them verifying that the choice is never empty, verifies
properties P and y without using the binary relations, but only with the properties ver-
ified by C; and C;.

Remark 3.8. We can give a proof of the necessary condition of Theorem 3.11 when we
suppose that both rational choice functions verify the condition of not making an empty
choice for any subset of alternatives.

If C = C; 0 C; where C; and C; are rational, they both verify the Chernoff condition
and the binariness property. We conclude from Lemma 3.1 that C satisfies property 1.

Let us now prove that C satisfies property P.

We take

{xybcscrT

such that
{x} =(Ca0C1)({x,y}) and x € (C20C1)(T).

We have to prove that y ¢ C(S). We proceed by contradiction.
Let us suppose that
y€C(S) = (C20G1)(S)

and therefore

VRS C1(S).

C; verifies the Chernoff condition thus it mustbe y € C1({s,y}) foralls € S, in particular

yeG({xy}).
From {x} = (C 0 C1)({x,y}) we obtain that x € C;({x,y}) too, thus we conclude

Ci({xy}) = {x v}

Then we have
{x} = (C20C)({x,¥}) = C2({x,¥}). (3.6)

Moreover x € (C0C1)(T) = x € Cy(T).
Because C; satisfies the Chernoff condition it must be true that x € C;(S) and then

{x,y} € C1(S).

The facts that y € C2(C1(S)) and C; verifies the Chernoff condition entail y € C»({x,y})
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which contradicts equation (3.6) and ends the argument. <

Remark 3.9. In Remark 3.8 above we have not used the fact that the choice functions C;

and C, verify the binariness property, and thus we have proved the next result:

If C; and C; are two choice functions that verify the Chernoff condition, then C; o C;
satisfies property P.

Recall (Theorem 3.2) that when the two initial choice functions satisfy the Chernoff
condition, the compound function of them must not verify it. We have reinforced the

analysis by proving that at least it verifies the weaker property P. <

As a corollary we can obtain the case of single-valued choice functions that has been
studied by Manzini and Mariotti (2007). For such case property P becomes

{x,y} €S C Tsuchthat {x} =C({x,y}) and {x} = C(T) = {y} # C(S)

which is exactly the property that Manzini and Mariotti use (together with property )
for characterizing “single-valued choice functions rationalized by two rationales”. In
fact they consider in property P the strict inclusions {x,y} C S C T, but when we
deal with single-valued choice functions, S = T implies obviously that C(T) = {x} =
C(S) # {y}, and if {x,y} = Sthen C({x,y}) = {x} = C(S) = {y} # C(S). Moreover
their approach is different in the sense that they consider that a choice function C is
rational when there exists an acyclic binary relation P such that C(S) = {x € S|}y €
S for which (y, x) € P} instead of the definition of rational choice function that we use
(see Definition 3.8), and they obtain asymmetric binary relations, property that is not
verified by the relations that we obtain in the proof of Theorem 3.11.

The next example illustrates our result (Theorem 3.11) and at the same time proves
that a choice function that verifies the two properties in the hypothesis of such Theo-
rem 3.11 must not verify the Chernoff condition, thus it must not be a rational choice
function.

Moreover we see that a choice function rational by two sequential criteria can be

decomposed as the composition of two rational choice functions in more than one way.

Example 3.7. Let X = {x,y,z,t} and we define the choice function C on P*(X) as:



3.4. Choice functions rational by two sequential criteria 101

Cxyh) = {xu}
Cnz)) = (xzh Cnmzh) = {ny)

CUxt)) = {xth Cnnt) = {nui) )
Cnz) = ) Clxzt) = (rz C¥EH=led
Cint) = Wt Cwat) = {ni

izt = 1z}

This choice function satisfies property 7y and property P. It does not satisfy the Cher-
noff condition ({x,z,t} C {x,y,zt} but C({x,y,zt}) N{x,zt} = {x,t} € {x,z} =
C({x,z,t})).

The rational choice functions C; and C, such that C = C; o C; are defined in this way
following the line given in the proof of Theorem 3.11:

Ci({x,y}) {x,y}

Gl{xz)) = {xz} Glnwz)) = (o)

Gt = (ot Glxuth) = font L
Glnz) = b Glxzt)) = {yzy CUEEEH=ivy
alnt) = W alwath) = b

Gzt = (=4

C2({x,y}) {x, v}

Glxz) = (nz)  GUxwz) = (o)

Gty = ot Glont) = owth oo
Gnz)) = {1} Gxzt)) = {nz CHEyEH=ivy
Gyt = {vt}  CGHyzt}) = Ay}

Gzt = {2

It is direct to prove that C = C; o Cy.

Nevertheless these choice functions C; and C, do not provide a unique solution to

our problem as we can see by considering, for example, the choice function C) defined
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as follows.

Gtxy)) = )

Glxzh) = (x2) Gz = {ow2)

GUet) = (ot GHew)) = oud o .
Gy = na) Gllrzt) = (rz 0RO
GUph) = fwh Glyz)) = lve)

Gzt = {2

C} verifies property v and the Chernoff condition. Some simple computations show that
C=Clol. <&

We finish with an example in which a single-valued choice function C is considered.
Such function verifies properties v and P and we construct C; and C; as in Theorem
3.11 in such a way that C = C; o C;. In this example the choice function C, verifies that
C2(S) = @ for some S € D.

Example 3.8. Let X = {x,y,z}, D = P*(X) and C the choice function defined on D as
CHxyl) = {x}

C{x,z}) = {z} C{xyz}) ={z}
CHy.z}) = {y}

C verifies the properties v an P in a trivial way (and it does not verify the Chernoff

condition) thus we can define C; and C; as in Theorem 3.11. Their respective expressions

G{xyl) = {x}
G({xz}h) = {z} G(xyz}) ={z}
G{y.z}) = {vz}

and

G{xy}) = {x}
G({xz}) = {z} GHxyzh) =2
G{yzh) = v}
C is rational because it verifies the Chernoff condition and the binariness property. C,

is rationalized by R, defined as

xRpy and —(yRax),zRox and —(xRpz), yRoz and —(zRay).
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3.5 Conclusions and future research

In this chapter we have considered the classical concept of rational choice function when
we deal with a function that is rationalized by a single rational. Nevertheless we further
consider as rational a decision-maker behavior that makes his choices applying different
rational choice functions (in a classical sense) successively.

We have studied the choice functions that result when we compound choice func-
tions verifying the different properties of rationality and analyze their behavior, that is
we study which properties of rationality it verifies.

The following tables gather these results. In Table 1 we consider the case in which
the choice functions are defined on domains containing all the finite and nonempty sub-
sets of the set of alternatives. In Table 2 we summarize the case in which the domain
is arbitrary. The notation we use is: A= Arrow’s axiom, CH= Chernoff condition, C=
Concordance property, IIA= Independence of Irrelevant Alternatives, SUP= Superset
property, B= Binariness property, H= Houthakker’s axiom of revealed preference, SR=
Strong axiom of revealed preference, WA= Weak axiom of revealed preference, FR= full
rational, QTR=quasi-transitive rational, AR=Acyclic rational and R= rational (for do-
mains that contain all the finite and nonempty subsets of the set of alternatives AR=R).
In both cases we have two tables, but the one on the right gathers the results obtained
directly from the results on the table on the left and the rationality theorems.

Table 1. Results for domains containing all the finite and nonempty subsets of the set of

alternatives.
C C CrolC
1 2 200 C: Cs CroCh

A A A x

FR FR FR
A CH CH % R OTR OTR
A C Cx

FR R R
A IIA ITA %

QTR QTR B
A suUP suUP

R R B
B+CH B B

The assertions * are proved in Aizerman and Aleskerov (1995). These authors also
proved that Arrow’s axiom is the only property unconditionally preserved by the com-
position of two choice functions in this list, and that it this not the case for properties
C, CH and ITA. These are preserved when C, satisfies the respective property and C;
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satisfies Arrow’s axiom. We have proved that the same is true for properties SUP and B
and moreover that the binariness property is satisfied by C, o C; when it is satisfied by
both C; and C; and C; satisfies the Chernoff condition.

Table 2. Results for arbitrary domains.

Cl Cz Cz o) C1 Cl Cz Cz ] Cl
H H H FR FR FR
H SA SA FR SA QTR
H WA+R;, acyclic AR FR WA+R;, acyclic AR
WA WA WA WA WA R

As far as we know this study does not appear in previous literature. We obtain in
this case that the results are not very different from those in Table 1, bearing in mind
that the conditions of rationality are only sufficient conditions except the case of FR in
which H is a necessary and sufficient condition. The sufficient conditions for QTR (SA)
and AR (WA and R, acyclic) are not preserved when C; and C; satisfy them, but they
are when they are satisfied by C, and C; is FR (<> satisfies H).

In the last part of this chapter we have dealt with the problem of the decomposition
of a choice function by two choice functions that are rationalized by a single binary
relation in the classical sense. We have obtained a characterization theorem for choice
functions defined over domains that contain all the finite and nonempty subsets of the
set of alternatives which is a common assumption to many related analysis.

For a future research we intend to extend this study to the case of the decomposition
by more than two rational choice functions with weaker rationality properties. That
should permit to check for a wider range of “rational” behavior.

Moreover the problem of the decomposition by two rational ones is not solved yet
in the case of choice functions defined over arbitrary domains. A similar result to the
one given in our characterization Theorem 3.9 for domains containing all the finite and
nonempty subsets of the set of alternatives, or at least the identification of significant

sufficient conditions as in such theorem would provide very interesting insights.
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4.1 Introduction

The study of cooperation and competition in operational research models is a fruitful
and challenging topic nowadays. Most fields within operations research are being ap-
proached from a game theoretical perspective, for the cases in which several decision
makers interact in situations that can be modelled as optimization problems. Borm et
al. (2001) provides a review of this topic.

One of the major branches within operations research is queueing theory. Competi-
tion in queueing models has been treated in many papers, a survey of which is Hassin
and Haviv (2003) (for a survey in the control of queues, the reader is referred to Tadj
and Choudhury (2005)). There are also a number of papers on cooperative issues in
sequencing and scheduling (see, for instance, a review in Curiel et al. (2002) or other
recent references such as Moulin and Stong (2002) and Maniquet (2003)). However, sur-
prisingly enough, queueing models have rarely been approached from the point of view
of cooperative game theory. Gonzalez and Herrero (2004) is one of the scarce papers in
which cooperation is analyzed in queueing models. It considers a Markovian situation
in which several agents maintaining their own servers agree to cooperate and hold a
common server for their populations. Each agent has specified a maximum value for
the expected time in the system of the members of his population. The problem of how
to allocate among the agents the cost of a common server, that fulfills the specification
of each one, is dealt with, and applied to a cost sharing problem in the Spanish health
system.

The study of cooperation in queueing models is a relevant issue which deserves the
attention of game theorists and operation researchers. In many real world situations
several providers of a particular service agree to maintain common servers which are
available for all their populations: think of a group of banks which share a network of
cash machines, a cluster of universities which hold one high-performance computer, or
a set of hospitals keeping a joint blood bank. In all these situations questions like how
to allocate the cost of the common servers or when a group of service providers should
cooperate are really relevant and should be approached from a scientific point of view.
This chapter is based on Garcia-Sanz et al. (2008) which is devoted to deal with such
questions in some Markovian models.

Moreover we have recently become aware of the paper of Yu et al. (2008) that also
deals with cooperation in queueing systems. Nevertheless they do not consider dif-
ferent maximum values for the expected times in the system of the members of each

populations, but the same for all of them, before and after cooperation.
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The organization of this chapter is as follows. In Section 4.2 we set up our notation
and analyze a variation of the model in Gonzalez and Herrero (2004). In this model, each
agent has a specification for the maximum time in the system and for the probability that
one of his customers spends more than this maximum. In Section 4.3 we consider a new
variation which allows for preemptive priority schemes to decrease the total cost. In this
kind of problems it is usual to wonder how to share the earnings or costs of the grand
coalition if all agents cooperate. So, in this context a rule for allocating the holding costs
of the common server is introduced and axiomatically characterized. This rule can be
easily computed and, moreover, provides core allocations. In section 4.4 we consider
the model in Gonzalez and Herrero (2004), but in this case the agents are interested in
the time in the queue instead of in the time in the system. In section 4.5 we conclude

with some final comments.

4.2 Basic Markovian models

Consider a basic queueing system where customers arrive requiring a service, have to
queue while the unique server is occupied, are selected from the queue by a certain dis-
cipline (i.e., a specification of the order in which they are selected), and leave the system
after having been served. An M/M /1 model describes a system of this kind, when the
arrivals occur according to a Poisson process with parameter A (i.e., inter-arrival times
are independent and identically distributed following an exponential distribution with
mean %), the service time follows an exponential distribution with average %, and the
queue discipline is FCFS (first to come, first to be served). The steady state condition for
this system is A < u. From now on we only deal with M/M/1 systems in steady state.
We assume that the reader is familiar with elementary issues of Markovian queues, more
precisely, with the model M/M/1. Anyway, we briefly recall whenever needed some
features in connection with that model (which is treated in deep, for instance, in Gross
and Harris (1998)).

Consider a situation in which n agents run n M/M/1 systems which provide a sim-
ilar service. Each agenti € N = {1, ...,n} runs his own queue and provides the service
to his own population, A;, y; denoting the parameters characterizing agent i’'s M/M/1
system. Besides, each agent i wants that the average time that his customers spend in
the system does not exceed a certain maximum value t;. Moreover, the cost of main-
taining a server is supposed to be a linear function of its efficiency, measured by the
inverse of its expected service time (which, according to the properties of the exponen-
tial distribution, turns out to be the expected number of service completions per time
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unit), i.e. ¢(i) = ky;, for all i € N. Generally game theory deals with solutions which
are invariant to scale changes, so we assume without loss of generality that k = 1. Now,
since agents want to minimize the cost and since the expected time of a customer i in
such an M/M/1 system is known to be (y; — A;) "}, then

and thus

. 1
c(i) =i = 0 + A
1

Gonzélez and Herrero (2004) considered the following question. How is the new situ-
ation if some agents agree to maintain one common server to attend their customers?
They assume that this unique server should assure that the average time of a customer
in the system is the lowest of the maximum admissible values for all the agents that
make the arrangement (notice that this includes a feasibility assumption which guaran-
tees that it is possible to ensure the desired service rate at the common server). If we
take S the coalition of these agents and denote t° := min{t; : i € S} and As := Y;cq Ay,

the cost of the unique server is

c(S) = tls + As. (4.1)

Notice that } ;.5 c(i) > ¢(S), so sharing the server in this way leads to a cost reduction.
Equation (4.1) defines a cost TU-game (N, ¢). Remember that a cost TU-game is a pair
(N, c), where N is a finite set of agents and c is the characteristic function, which assigns
for every S C N a real number ¢(S) that indicates the cost of a particular project for the
agents in coalition S, being C (&) = 0 by convention. It is common to identify the game

(N, ¢) with its characteristic function.

Gonzélez and Herrero (2004) observe that c defined by (4.1) is the sum of an additive
game plus an airport game. So, c¢ is a concave game and its core is known to be the
convex hull of the marginal contribution vectors. Moreover, its Shapley value ®(c) can
be easily computed and provides core allocations. For details on concave games and on

airport games the reader can consult Owen (1995).

In the following we extend the model in (4.1) to deal not only with expected times.
We consider the case where every agent i needs to guarantee for each of his customers
that his time in the system will be smaller than or equal to a critical value w; with a
sufficiently high probability 1 — «;. In this case the cost of the unique server for coalition

S is given in the following proposition.
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Proposition 4.1. In the conditions above, the cost of a common server which fulfills the condi-
tions of the agents in S is given by:

—Ina;

¢(S) = Ag + max{ }. 4.2)
i€S

1

Proof. Letus denote by W, the random variable “time in the system spent by a customer
of type i". Therefore, for all i € N, the condition

POW; < wj) > 1—u;

must hold. It is a well-known result that the time that a customer spends inan M/M/1
system with parameters A and y follows an exponential distribution with mean ;417)\ So,

i will maintain a server with expected service time y; such that
P(Wi < wi) =1- ef(yff)\i)w" =1—uq,,

which implies that

and thus

Now if a coalition S forms to maintain a common server which fulfills the specifications
of all the agents, it should be satisfied that, foralli € S,

PWs <wj) >1—ua,

where Ws is the random variable “time in the system spent by a customer of any agent

in S". Then, the average service time y of the server must satisfy for everyi € S

1 — ¢~ (B=Lies Ai)wi >1—ua

which implies that

foralli € S. So, forall S C N,
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Equation (4.2) defines a cost TU-game (N, ¢). We remark that our model includes as
a particular case the cost game in Gonzélez and Herrero (2004). Indeed, taking a; = %,
for all i € N, we obtain exactly the same game as in their paper. Moreover, we note
again that ¢ is the sum of an additive game plus an airport game which, once more,
implies that ¢ is concave, its core can be fully described and its Shapley value provides
a specially noticeable core allocation. Following Littlechild and Owen (1973), the next

corollary gives an explicit expression of the Shapley value in this context.

Corollary 4.1. The Shapley value of the game (N, ¢) is given by

—Ina 1 —Ina —Ina
D) (€) = 0 A L
len(l) n—1 wn(z) wn(l)
1 —In K@)y  — In Xrr(i—1)

foralli € N, and where 7t is a permutation of N such that

— 11’1 0(7.[(1) S — 11’1 0‘71(2) S g — 11’1 0(7.[(”) ‘
Wr(1) Wr(2) Wr(n)
We finish this section with two remarks. The first has to do with the motivation of
the new model treated here. The second is a technical comment.

Remark 4.1. The new model treated in this section is very natural and can be applied
in many different scenarios, for instance in the cost sharing problem in the Spanish
health system described in Gonzalez and Herrero (2004). In fact, it is quite sensible to
specify, for some specially delicate pathologies, a maximum value for the time in the
system (with a high probability) instead of a maximum value for the expected time in

the system. <

Remark 4.2. In this section we have considered queueing systems with an FCFS disci-
pline. Actually, this assumption is only necessary to obtain expression (4.2) for ¢. The
expression for c given in this section is still valid if we simply assume that the system
discipline satisfies the conservation law (see Kleinrock (1976) for details on the conser-

vation law). <
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4.3 Cooperation under preemptive priority

In this section we deal with the following question. Taking into account that the different
players have different specifications for their populations, would it be helpful in order
to diminish the cost of the common server that a priority scheme in the queue discipline
is adopted?

We assume that the agents in N have agreed to run a common server to attend their
customers. However, now we suppose that a priority scheme with n classes (one for
each agent) has been established. In this section we always deal with priority schemes
allowing preemption. Each class i € N corresponds to agent i, so it generates an ex-
pected number of clients per time unit A;, and it has a maximum value ¢; for the ex-
pected waiting time in the system. We will moreover allow the use of mixing priority
schemes. A mixing priority scheme (or priority policy) consists of multiplexing a finite
set of priority schemes in such a way that each of them will operate during a desired
percentage of time. The following theorem proves that in this context there always ex-
ists a priority policy whose associated cost is less than or equal to the cost of the FCFS
system given in (4.1).

Theorem 4.1. For any vector (11, ..., t,) of maximum expected waiting times in the system for
the agents in N, there exists a priority policy that ensures these waiting times with a cost less

than or equal to the one given by the approach in (4.1).

Proof. Let us denote by IT(N) the set of permutations of the finite set N. Let ¢ € II(N)
be an ordering of the n classes which establishes the priority scheme of the queue. Here
o (i) represents the position which has been assigned to the class i. The smaller the
position index, the higher priority associated to the class. It is well-known (see, for
instance Gross and Harris (1998), page 233) that for any y > Ay, the expected waiting
time in the system for each class i under the priority scheme ¢ is

Wilo, 1) = : . (43)

Notice that W;(co, ) is a decreasing function of y. We denote by W(c, i) the vector
whose coordinates are given by (4.3) and by F (N, u) the set
F(N,u) =conv{W(o,u) e R": 0 € TI(N)},

where conv stands for convex hull. We distinguish two cases.
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Case 1.t € F(N, u) for some y > An.

Theorem 2 in Coffman and Mitrani (1980) established that t = (#4,...,t,) is achiev-
able by some priority policy using a common server with a service rate y if and only
if (t1,...,tn) € F(N,u). Then, since t, A and y must satisfy the conservation law for
queueing disciplines (see e.g. Kleinrock (1976), page 114) the following equation holds:

E ;=
ieN/\N

1
p—AN

(4.4)

Hence, the common service rate y can be obtained solving equation (4.4). Its value is

AN
=ANt+ = 4.5
H=an Yl At (45)
Clearly, )
H<AN+ N (4.6)

so, in view of (4.1), the cost of the common server diminishes if a priority scheme is
adopted under which the required vector (1, ..., t,) isin F(N, u).

Case 2. t & Uy=a, F(N, p).

From Lemma 2 in Coffman and Mitrani (1980), it is derived that any vector of ex-
pected waiting times in the system (t1,...,t,) with t; = t; for every i,j € N belongs to
the interior of F(N, i) for some u. (Note that, in this case, y = Ay + %N.)

To prove the result, assume without loss of generality that t; = . Let [(t) be the
line segment with extreme points t and f = (#,...,# ). The segment [(#) is included in
the halfspace H" = {x € R" : ¥;cn /{\T"Ixi > tN}. Indeed, the hyperplane defining the
halfspace H * contains f and its normal vector (%, e, %) > 0. Thus, f + R C HT.
Now, since clearly I(t) C  + R", the inclusion I(t) C H follows.

The above construction proves that I(t) intersects [J,~,, F (N, ) in a subsegment.
All the points in that intersection, with the exception of f, are attainable by priority
policies with service rates smaller than }N + An, that corresponds to the policy attaining
f. (Notice that the service rate decreases while ||W|| increases along the ray {x € R :
X1 =X =...= X, > 0}, see (4.3). An illustration can be found in Figure 2.)

Hence, any service rate y* associated with a point

e (m\{EHn U FINp)

U>AN

satisfies the aspiration level given by ¢ and with a service rate smaller than the one in
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(4.1), namely %N + AN. O

Now we illustrate the result above for the two-classes situation. Here, the extreme
points of the set (N, u) are given by

(— K ) ” L
p=A" (= A1) (= AN) " (= A2)(p— AN) = A2™

Of course, it must hold that p > Ay = Ay + A,. Figure 1 illustrates this result where
M=A =1

W» . (Wi (o) Wa (o))

 Wi=W,

n=52 L -’ (Wi () Wa (T,10))

Figure 1: Vectors of achievable expected waiting times in the system.

According to Theorem 2 in Coffman and Mitrani (1980), any (f;, t2) which lies inside
the region limited by the curves corresponding to the orderings ¢ and 7 is achievable

using a certain priority policy, by a server with common service rate

A+ A
=M+A+
B+ ot
as it is derived from the conservation law (4.4).

Figure 2 displays the case where (t1,t2) € U~ F (N, ). The cost associated with
f, according to Theorem 4.1, is less than or equal to %N + An.
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Ws (W1 (o,1),Wa(ou))

(t1,t2) @
!  Wi=W,

~1
N
N

(W (T,0), Wa (T,10))

Wy

Figure 2: The case where (t1,£) ¢ F(N, u).

From now on we consider problems where the expected waiting time vector in the
system t = (t;);c is achievable. (Notice that t being achievable implies that for any S C
N then (t;);cs is achievable as well.) Let us denote by QS the set of queueing situations
(N, {Ai}ien - {ti}icn) such that N is finite and (¢;)ieny € F(N, ) withp = Ay + %
Then, the maintenance cost of a common server for any coalition S C N is given by

As
e(S) =As+ =——. (4.7)
(5)=4s Lies Aiti
Notice that, as we have already remarked, ¢(N) is smaller than or equal to the total cost
in Gonzélez and Herrero’s model.

The problem now is how to allocate ¢(N) among the agents. In order to do it, we
consider the cost TU-game (N, ¢) given by equation (4.7). Observe first that, for each
SCN,

1
i

&(S) =y e({i}) =¢(S) = }_(Ai+

i€S i€S

) <0.

In the class of queueing situations QS, an allocation rule f is a function which asso-
ciates to each (N, {A;};cn, {ti}icn) € QS a non-negative vector in RN, denoted by
F(N,{Ai}icn - {ti}icn), such that the sum of its components equals ¢(N). We define
the proportional allocation rule, denoted by ¢*, as
p _ Ai
¢ (N AAitien {titien) = Ai+ 55— (4.8)

YAt
JEN 7



4.3. Cooperation under preemptive priority 119

According to this rule, each agent i € N pays an additive part A; plus a splitting of ZATN]t,
jEN

proportional to A;. Notice that

A A
A —+  —TEN
RSP )
JEN
so ¢? can also be said to allocate to each agent a splitting of ¢(N) proportional to A;.
An important property for an allocation rule f is that it provides core allocations. In

this context this means that, for every (N, {A;};cn, {ti}icny) € QS and every S C N,

Zfi(Nr {/\i}ieN ’ {ti}ieN) < C_(S)

ieS

or, in words, that the allocation of the total cost ¢(N) is acceptable for every coalition
S C N. The following proposition shows that the proportional allocation rule in fact
provides core allocations.

Proposition 4.2. ¢” provides core allocations.

Proof. For each coalition S # @, the difference Y ¢! (N, {A;};cn, {ti}ien) — €(S) is
i€S

5 A Ai
~ N At =Y At T
IGS],GN 77] ZGS]ES 171

O

An obvious consequence of Proposition 4.2 is that each game ¢ associated with an
element of QS is totally balanced. The following example shows that ¢ needs not to be
concave and also that the Shapley value of ¢ may fall outside its core.

Example 4.1. Take N = {1,2,3}, Ay = Ay = A3 = 1, and t; = 1, t, = 47.29 and
tz3 = 53.71. After some algebra, it is easy to check that (N, {A;}icy, {ti}ien) € QS. Then
we have:

o c({1}) =2, e({2}) = 1.021, ¢({3}) = 1.019,
o ¢({1,2}) =2.041,¢({1,3}) = 2.037, 2({2,3}) = 2.02,

o ¢({1,2,3}) = 3.029.
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Consider S = {1} C T ={1,2} and i = 3. Then

c(Su{i}) —e(S) <e(Tu{i}) —e(T),

so C is not a concave game. Moreover, if we compute the Shapley value of this game we
obtain that ®(¢) = (1.343,0.845,0.841), which is not a core allocation because ®1(¢) +
P, (c) =2.188 > ¢({1,2}) = 2.041. &

In summary, ¢ is a reasonable allocation rule that (a) can be easily computed and
(b) provides core allocations. So, this rule is our proposal for allocating the maintenance
cost of the common server in this context. We finish the section providing an axiomatic
characterization of this rule which shows that it has excellent properties from the point
of view of the immunity to possible manipulations.

To start with, let us introduce two appealing properties for an allocation rule f de-
fined on QS.

P1. Non advantageous reallocation. Let the queueing situations (N, {A; }ien, {ti}ien) €

QS and (N, {}\i}ieN/ {Ei}iEN) € QS be such that Z )\iti = Z }Lifi and )\N = 7\1\]. Then
ieEN ieEN

ZT:fi(N/ {Aitien {titien) = ZT:fi(N/ {Ai}ien, {Ei}ien)

forany T C N with At = AT

The meaning of this property is that a rule should be invariant to reallocations of the
parameters A; within any coalition T while keeping the total cost. This reallocation is
one possible way in which a certain coalition can manipulate its parameters to obtain
some advantage. Another possible way is performing artificial mergings or splittings.
These manipulations are prevented by the next property. Before its introduction we
need the following definition.

Definition 4.1. Let (N,{A;}ien, {ti}ien) € QS be such that t; = t, for every i € N.
Then for each S C N, the S-manipulation of (N, {A;}ien, {ti}ien) is the queueing situation
(Ns, {Ai}iENS’ {ti}iENS> S QS where

e N°=(N\S)uU{is},
o Aig = YiesAj, and

ot =1



4.3. Cooperation under preemptive priority 121

Notice that, in these conditions, ¢(N) = ¢(N®) for every S C N. Now we present
the second property.

P2. Non advantageous merging or splitting. Let (N, {A;}icn, {ti}ien) € QS be such
that t; = t, for every i € N. Then, foreach S C N,

fis (N {Ai}iens, {ti}iens) = Y_fi(N, {Aitien, {ti}ien)-

ieS

It is clear that the proportional allocation rule ¢” satisfies P1 and P2. Moreover, the
next theorem shows that these two properties characterize the proportional allocation
rule.

Theorem 4.2. The proportional allocation rule P is the unique allocation rule defined on QS
which satisfies P1 and P2.

Proof. We have already mentioned that ¢? satisfies P1 and P2. Let us check its unique-
ness. Take an allocation rule f defined on QS which satisfies P1 and P2. Consider
(N, {Ai}ien, {ti}ien) € QS and fix arbitrarily j € N. We have to prove that

fi(NAAiYien, {titien) = Aj+ —

YAty
ieN
We define for alli € N N
=Y Ky =
l keN”*N
observe that P1 implies that
fi(NAAiYien {titien) = fi(N, {Ai}ien, {Ei}ien) (4.9)

(notice that P1 can be applied because Y ;c 5 Aif; = Yicn Aiti)-
Now take the S-manipulation of (N, {A;}ien, {fi}ien) for S = N\ {j}. We know that:

e ¢(N°) = ¢(N), (4.10)
o ¢(N®) = £i(N®, {Aitiens, {Fitiens) + fis (N, {Ai}iens, {Fitiens), (4.11)
e &(N) = fi(N,{Ai}ien, {Eitien) + Y_fe (N, {Ai}ien, {Eitien)- (4.12)

=
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Since (4.10), (4.11), and (4.12) hold, and f satisfies P2, then

Fi(N, {Aitien, {Fitien) = Fi(N®, {Ai}iens, {Fi}iens)-

Hence, it is clear that f;(N, {A;}ien, {ti}ien) can be written as a function of Ay, Ajand
t; (notice that f; =  does not really depend on j). So,

fi(N, {Ai}Yien, {Ei}ien) = F(An, A, B).

Suppose that F is linear in its second variable (we will prove below that this is actually
true). Then,

fi(N,{Ai}ien, {Ei}ien) = g(AN, D)A;. (4.13)
Thus .

¢(N) = ¥ fi(N,{Aitien, {ti}ien)

JEN
- g(/\N/E))\N/
and so g(An, f) = Ex\j). Now, in view of (4.9) and (4.13), we get:
¢(N) Aj
N, (e, {idien) = 520 =+
iEN

So, to finish the proof we just need to check that F is linear in its second variable. Notice

that we have a collection of functions

{F(a, B)la, p € (0, +00)}

such that F(a,-,B) : (0,a] — [0,a + %], for all o, € (0,+c0). Let us take now
a,B,x,y € (0,400) with x + y < a. Then, there exists (N, {A;}ien, {ti}ien) € QS where
ti = Bforeveryi € N, Ay = x, and A, = y. Define the S-manipulation of this problem

for S = {1,2}. Then, since f satisfies P2,

Fla,x+y,B) = fis(N° {Ai}iens, {ti}iens)
= fi(N, {Ai}ien, {titien) + f2(N, {Ai}ien, {ti}ien)
F(a,x,B) + F(a,y,B).

So, for every a, € (0, +00), F(a, -, B) is additive. Since F(a, -, B) is also non-negative, it
is clear that it is increasing. It is an easy exercise to prove that every additive, increasing
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function h : (0,a] — [0, + %] is also linear. This completes the proof. O
Finally we check that these two properties are independent.

(i) The rule f! which assigns to each queueing situation (N, {A;}ien, {ti}ien) € QS
the vector whose jth coordinate is given by

FHN, A Yien, {ti}ien) = N
where |N| is the number of agents in N, satisfies P1, but it does not satisfy P2.

(ii) The rule f? which assigns to each queueing situation (N, {A;}ien, {ti}ien) € QS
the vector whose jth coordinate is given by
RN Ao (B o) = <5Le(N)
j s VM SieNs Vi SiEN 'ZN/\iti
S

satisfies P2, but it does not satisfy P1.

4.4 Thebasic Markovian model with expected times in the queue

When we need a service and have to queue in order to get it, many of the times we
are very worried about the time we have to spend in the queue, but not so much about
the service time. For example, in the context of a health system that we have already
mentioned above, it is reasonable to deal with times in the queue instead of times in the
system, because the times that what we really want to diminish are the waiting times
for a surgical intervention instead of the time of the surgery itself.

This section shows some difficulties when extending the results in section 4.2 to
the case in which the agents are concerned with expected times in the queue instead of
in the system. Surprisingly enough, this slight variation leads to a scenario in which
sometimes it is better for the agents not to cooperate.

Consider again the same situation as in Gonzélez and Herrero (2004) but in such
a way that now each agent i has a maximum admissible value t! € (0, +o0) for the
expected time of his customers in the queue. In a stationary M/M/1 system with pa-

rameters A and y, the average waiting time in the queue by a customer is given by

A
p(p—A)
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So, each i will choose a server with an expected service time y; such that
q,2 4 _
tiny —tipidi — A =0

which implies that

q 72 q
_ hAE \/(ti) AP ANt AN A
Hi = = Ei +

q B3 49
2t1. 2 tl.

From the fact that 4; > A; for all i € N, it follows that only the positive square root is
possible, and rewriting the expression, the cost of maintaining a server i in this situation
is

4
Ait!

(i) =

N>
N

+ 2 1+

If coalition S C N forms, all the agents in S assume that the common server should
assure that the average time in the queue of a client is the lowest of all the maximum

admissible values for all the agents that have made the arrangement, and then

As </\5>2 As _As  As 4
2

c(s) = =3 R E

2 s 2 2 AgtiS (414)

where t7° = minies{t?}, and Ag = Y ics Ay
The following example shows that in a situation like this, players may prefer not to
cooperate.

Example 4.2. Take N = {1,2} and Ay = A, = 1, #] =100, #] = 1. Then:
e (I(N)=1+,/1+2=1+3.

e I+ =1+ /(D) + o+ i+ (D) + L =1+026+ V125
Hence, ¢7(1) +¢1(2) < ¢7(N). &

So, in the case that the agents are concerned with the time their customers spend in
the queue, instead of with the time their customers spend in the system, maybe they
will not have incentives to cooperate, at least under the conditions considered up to
now. The next proposition gives a sufficient condition that makes cooperation to be a
good option.
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Proposition 4.3. A sufficient condition in order that Y ;s ¢7(i) > ¢7(S) for a coalition S C N
is that
Ait] < Agt®® (4.15)

foralli € S.
The proof is immediate if the terms ) ;5 % S+ ﬁ and %, /14 Aﬁqs are compared.

Taking t] = 4 in the Example 4.2 above, one checks that the condition in Proposition

4.3 is not necessary.

The interpretation of condition (4.15) is clear. It says that the common server has to
be able to take on more work than each one of the individual servers whilst maintaining
expected sojourn time guaranties for the individual agents. In particular, this is true
when the values ] are homogeneous (notice that in Example 4.2 above t] and t] are
strongly discrepant).

The problem now is how to allocate the total cost c?(N) in those cases in which
condition 4.15 is satisfied, and therefore the agents have incentives to cooperate.

Let us denote by QS the set of queueing situations (N, {A;};cx , {t] }ien) such that

N is finite and A;t] < Agt? for all i € S. If all the agents in N agree to maintain a
1
)\thN
order to allocate this total cost among the agents, we consider the cost TU-game (N, c7)

common server, the cost they will have to assume is ¢(N) = ATN + ATN 1+ .In

with characteristic function given by equation 4.14.

Definition 4.2. In the class of queueing situations QS9, an allocation rule f is a function
which associates to each (N, {A;};cn, {t!}ien) € QST a non-negative vector in RN, denoted
by f(N,{Ai}ien o {t] }ien), such that the sum of its components equals ¢ (N).

The following example shows that this game is not necessarily a concave game.

Example 4.3. Take N = {1,2,3}, A1 =3,A, =2, A3 =4,and t{ = 7,t] =8 and t] = 3.
Then we have:

o c1({1}) = 3,136634177, ¢1({2}) = 2,118033989, c7({3}) = 4,309401077,
o ¢1({1,2}) = 5,138993315, c7({1,3}) = 7,318813079, c’({2,3}) = 6,31662479,
o 1({1,2,3}) = 9,32182538.

Consider S = {1} C T ={1,2} and i = 3. Then

A(SU i) — ¢1(S) < (T U {i}) — c(T),

and this implies that c7 is not a concave game. &
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So, the Shapley value is not necessarily a core allocation, and moreover the expres-
sion of this game makes it a bit difficult to calculate. Then we propose another rule in
order to allocate the cost ¢7(N) when the sufficient condition (4.15) is true. We define a
proportional allocation rule as

A A 4 A;
Ty =244 2 140 = 4
@; (c7) > + 21/ +AthN ANC (N)

This rule assigns to each agent i a splitting of ¢7(N) proportional to A;.
Nevertheless this value is not necessarily either a core allocation. For instance, if we
calculate ¢7(c7) in the Example 4.3 above we obtain

¢1(c?) = (3,107275127,2,071516751, 4,143033502),

which is not a core allocation because

1(c”) + @3(c") > &1({1,2}).

The next proposition gives a necessary and sufficient condition for the proportional

rule to be a core allocation.

Proposition 4.4. A necessary and sufficient condition in order that
Z §0?(N/ {Aitien, {t?}ieN) < A(S)
ies

is that

Ast? < Ant1"

forall S C N.

The proof is immediate if the terms ) ;g % + Yies % 1+ ﬁ and c1(S) = % +

N
As
2

1+ —%5 are compared.
Agtl

This condition states that the common server for the whole coalition has to be able to
take on more work than the common sever for any other coalition S C N. In particular it
is true if all the values t! are homogeneous, as it happened with the sufficient condition
4.3.

Besides this proportional rule we have proposed can be easily computed and verifies
excellent properties from the point of view of the immunity to possible manipulations.
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We go on providing an axiomatic characterization of it in a similar way as we character-
ize the proportional rule given by equation 4.2 in section 4.3.

To start with, let us redefine the two properties introduced in section 4.3 for char-
acterizing the rule ¢” to the case of an allocation rule f defined on QS7. We omit their
intuitions because of the similarity with the properties P1 and P2 in section 4.3.

Q1. Non advantageous reallocation. Let the queueing situations (N, {A;}ien, {t/ }ien) €
QS%and (N, {A;}ien, {F}icn) € QS7 be such that Ay = Ay and #4" = 1", Then

Zfz N {/\ }ZGN/ tq}zeN Zfl N {/\ }ZEN/ {t }ZEN

ieT ieT

forany T C N with At = AT.

Definition 4.3. Tuke (N, {A;}ien, {t!}ien) € QST where t] = #1 for all i € N. For each
subset S C N, the S-manipulation of (N, {A;}ien, {t]}ien) is the new queueing situation
(N®, {Ai}iens, {t1}iens) € QST where
o N° = (N\S) U {is},
/\ZS = ZiES /\l’, and
Is

Notice that, in these conditions, c¢/(N) = ¢7(N®) for every S C N. Now we present
the second property.

Q2. Non advantageous merging or splitting. Take (N, {A;}ien, {t7}ien) € QST where
t? = t7for every i € N. Then, foreach S C N,

fis (N®, {Ai}iens, {t Hiens) = Y_fiN, {Ai}ien, {t] }ien)-

i€eS

It is clear that the proportional allocation rule ¢7 satisfies Q1 and Q2. Moreover, the
next theorem shows that these two properties characterize it.

Theorem 4.3. The proportional allocation rule ¢ is the unique allocation rule defined on QS1
which satisfies Q1 and Q2.

Proof. We have already mentioned that ¢7 satisfies Q1 and Q2. Let us check its unique-

ness. Take an allocation rule f defined on QS7 which satisfies Q1 and Q2. Consider
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(N, {Mitien, {t1}ien) € QST and fix arbitrarily j € N. We have to prove that

A A 4
fi(N,{Ai}ien, {t?}ieN) - ?] + ;m

We define for alli € N, ;7 = iru]f]l{tZ} Then Q1 implies that
S

qu(N, {Aitien, {t}ien) = qu(N/ {Aitien, {f }ien)- (4.16)

Now take the S-manipulation of (N, {A;}ien, {Fl }ien) for S = N\ {j}. We know
that:

o ¢(N®) = ¢1(N), (4.17)

o (1(N®) = fj(N° {Aitiens {TT Fiens) + fis (N®, {Aibiens, {E iens), (4.18)

o I(N) = fi(N, {Ai}ien, {F }ien) + Y_fe (N, {Aitien, {H }ien)- (4.19)
7

Since (4.17), (4.18), and (4.19) hold, and f satisfies Q2, then

fi(N, {Ai}ien, {F}ien) = fj(NS/ {Aitiens, {H }iens)-

Hence, it is clear that fj(N, {A;}ien, {f?}ie N) can be written as a function of Ay, A; and
f? (notice that f? = #1 does not really depend on j). So,

fi(N{Ai}ien, {H }ien) = F(An, A}, B7).

Just as in the proof of Theorem 4.2 we have that F is linear in its second variable (we

only have to consider F(a,-, ) : (0,a] — [0,5+ 5,/1+ %], for all o, B € (0, +0)).
Then,

SN AAYien, {F}ien) = g(An, ) A;. (4.20)

Thus
¢!(N) = jezl\lj(j(Nr{Ai}ieNr{f?}ieN)

= g(/\N/ Eq)AN/
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and so g(An, 1) = Cq/&]). Now, in view of (4.16) and (4.20), we get:
¢1(N) A A 4
(N, {Aiien, {tT}ien) = A=+ 1+ —.
f]( /{ z}zeN/{ l}lGN) )\N ] 2 + 2 +ANl‘qN

O

Moreover, also as in section 4.3 we have that these two properties are independent.
We conclude this section with the particular case in which all the agents fix the same

maximum values for the expected times that their agents spend in the queue.

44.1 The case t? =t foralli ¢ N

In this section we consider different n parallel M/M/1 systems with parameters A; and
i, and all of them with the same maximum value for their customers waiting in the
queue t] = #1.
In this case it is clear that the sufficient condition (4.15) for cooperation is true. More-
over it is also true that At < Ant9, thus 'ngoi(c‘7 ) — c7(S) < 0 and therefore ¢7(c7) is
1S

a core allocation. In fact, under this condition the rule ¢7(c7) is characterized only by
property Q2, as it is established in the next corollary.

Corollary 4.2. The allocation rule ¢7 defined over the subset of QS where t! = t1 forall i € N
is the only allocation rule over this subset that verifies Q2.

We also have that, under the condition of t] = 1 for every i € N, the cost game ¢ is
concave as the next proposition states.

Proposition 4.5. In the conditions above the cost game ¢ is a concave game.

Proof. We have to prove that forany S, T C NsuchthatS C Tandi ¢ T
cl(SU{i}) —c1(S) = c1(tT U {i}) — I(T).

We have

. ()\5 —|—/\,')2 )\5 —|—/\1' /\% )LS
q — 1 — — _9 2
c1(SU{i}) —c1(S) \/ 1 + ~ 1 + -

Let us consider the real function

flx) =

(x+A1)%  x+A; x? x
\/ i FIRETE
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We have that f/(x) < 0.If we take x = Ag and y = At we have Ag < At and we obtain

c1(SU{i}) = cU(S) = f(As) = f(Ar) = H(TU{i}) = c'(T)
which concludes the proof. O

We obtain as a corollary that in this case the Shapley value is a core allocation too.

4.5 Conclusions and future research

In this chapter we have studied some queueing problems from the perspective of co-
operative game theory. In this sense we have dealt with a situation in which different
agents maintain their own servers to attend their own populations, and fix a maximum
time for their clients in the system. Then we have considered the possibility of cooper-
ating and maintaining a common server to attend all the populations with a maximum
time in the system equal to the minimum of all the times that they had before coopera-
tion. We obtain a cost game that is the sum of an additive game plus an airport game.
Then the Shapley value is easy to calculate and always provides a core allocation.

Afterwards we deal with the possibility of reducing still more the cost of the com-
mon server introducing a priority discipline in the queue. We have proved that there
exists a preemptive priority discipline that satisfies all the agents’ time exigences be-
fore cooperation and with a smaller cost than with the discipline “first to come first to
be served”. The cost game we obtain in this case is not concave and we propose and
characterize a rule to allocate the common cost different to the Shapley value and that
is always a core allocation.

Finally we deal with the same situation of different parallel servers, but when they
all consider a maximum value for the expected time that their clients spend in the queue,
instead of in the system. Surprisingly enough, this apparently slight change leads to a
very different situation: cooperation is not always a good option in the sense that the
cost does not always diminish. We give a sufficient condition for cooperation to be a
good option and propose and characterize an allocation rule for distributing the cost.
We also give a necessary and sufficient condition for this allocation to stay in the core of
the game.

For the future we have in mind to study some other allocation rules for the game of
times in the queue that always stay in the core in case that cooperation is a good option.

We also want to study some other queueing situations from the point of view of
cooperative game theory; for instance we would like to consider different models in
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which there is not a place where to queue and therefore the cost function has to take
into account the losses of clients. The same models with different cost functions are
other possibilities for future research.
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Resumen en castellano

La presente tesis se enmarca dentro del amplisimo campo de la Teoria de la Decision.
El individuo se enfrenta a un mercado de posibilidades en diferentes contextos y debe
seleccionar una o varias alternativas entre todas las posibles, utilizando diferentes crite-
rios de racionalidad, utilidad, etc.

El enfoque bésico en los problemas de seleccion de alternativas se basa en el uso de
relaciones binarias. Este modelo se encuentra ya expuesto en el seminal texto de Debreu
“Theory of Value”(1959). Se trata de aproximar el problema explicitando cudl de entre
cada dos opciones posibles es preferida a la otra, lo que matemdticamente se modeliza
mediante relaciones binarias.

Los trabajos pioneros al respecto, como los de Edgeworth y Pareto, suponian la aso-
ciacién de un valor numérico, “utilidad”, para cada uno de los posibles resultados, de
modo que cuanto mayor fuera la utilidad de un resultado mds preferido se consideraba.
Fueron los teoremas de Debreu (1959) y otros los que dieron condiciones que justifica-
ban matemdticamente esta suposicion.

Sin embargo, en este tipo de modelizacién se supone un comportamiento transitivo
por parte del decisor que la experiencia demuestra que no es siempre real. Este aspec-
to fue ampliamente considerado por Arrow (1951). En la tesis abordamos el estudio de
diferentes situaciones de eleccién en las que tratamos de “explicar” la preferencia reve-
lada por parte del decisor en diferentes contextos.

Otro lenguaje también extensamente utilizado en la descripcién de diversos pro-
blemas de eleccién es el de las funciones de eleccién. En el presente trabajo consideramos
diversos aspectos sobre la racionalidad del comportamiento de un decisor que, de ca-
da posible conjunto de alternativas a su alcance, selecciona un subconjunto (Aizerman
(1985)).

Todo lo anterior se restringe a procesos de eleccién en los que no hay interaccién
entre individuos.

La rama de las Matemadticas que surge para estudiar las situaciones conflictivas, esto
es, aquellas situaciones en las que varios agentes toman decisiones y el resultado final
depende de las decisiones de todos, es la teoria de juegos.

Las primeras aportaciones a la teoria de juegos datan de principios del siglo XX con
los trabajos de Zermelo (1913), Borel (1921) y von Neumann (1928). Sin embargo, se
puede considerar que la teoria de juegos nace como disciplina cientifica en el afio 1944
a partir de la publicacién del libro “Theory of Games and Economic Behavior” de John von

Neumann y Oskar Morgenstern. Posteriormente, en el afio 1950, John Nash defini6 el
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concepto de equilibrio en juegos en forma estratégica.

La teoria de juegos se puede dividir en dos grandes areas: juegos no cooperativos y jue-
gos cooperativos. En los modelos no cooperativos los agentes no pueden tomar acuerdos
vinculantes y se estudia coémo debe actuar cada uno de los jugadores para maximizar
sus propios beneficios. En los modelos cooperativos los agentes si pueden tomar acuer-
dos vinculantes, e incluso formar coaliciones, y el objetivo es repartir el beneficio o el
coste resultante.

La tesis estd organizada en cuatro capitulos independientes. Los tres primeros abor-
dan diferentes situaciones de decision individual en las que un decisor debe elegir entre
varias alternativas u ordenarlas segtn sus preferencias. El tltimo capitulo considera
problemas en los que hay al menos dos agentes implicados. En concreto estudia dis-
tintos juegos cooperativos que surgen al representar diversas situaciones de teoria de

colas. Presentamos a continuacion un resumen de cada uno de ellos.

Egalitarian evaluation of infinite utility streams: analysis of some Pareto effi-
cient axiomatics

En el primer capitulo tratamos de resolver conflictos de distribucién entre un ntimero
infinito y contable de generaciones. En este contexto los economistas estan tradicional-
mente interesados en postular y combinar axiomas que garanticen un cierto trato equi-
tativo entre las distintas generaciones, con axiomas de eficiencia.

Las propiedades de eficiencia se materializan en diferentes versiones del axioma de
Pareto. La propiedad de equidad es a menudo considerada sinénima de la de “anoni-
mato”, que se sefiala como la adecuada para ser verificada por una funcién o relaciéon
de bienestar social (aparte de diferentes condiciones de continuidad). Hammond (1976)
postula otra condicién de equidad, la “Equidad de Hammond”, que establece que al
comparar distintas distribuciones que asignan los mismos beneficios a todas las genera-
ciones excepto a dos, “cualquier cambio que disminuya las desigualdades entre las ge-
neraciones en conflicto preservando el orden entre ellas es socialmente preferible”. Re-
cientemente, Asheim y Tungodden (2004a) han introducido una variacién de la propie-
dad de Hammond para comparaciones interpersonales: la propiedad de “Equidad de
Hammond para el futuro”. En ella se postula que “un sacrificio de la generacién pre-
sente que supone una ganancia igual para todas las generaciones futuras es débilmente
deseable siempre y cuando la presente generacién contintie en mejor situaciéon que las
siguientes”.

Otro factor a tener en cuenta en el problema de ordenar “cadenas de utilidad in-
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tergeneracional infinitas” es el dominio para los niveles de utilidad asociados a cada
periodo (igual para todas las generaciones). En este contexto resulta mas realista exi-
gir ciertas cualificaciones a los dominios que se consideran. Por ejemplo, puesto que la
percepcién humana no es ilimitada, parece razonable que el dominio considerado sea
discreto. También es una restriccion natural que las utilidades tengan una unidad patrén

(como ocurre cuando se miden cantidades monetarias).

En este tema existe una tendencia natural por parte del investigador a intentar en-
contrar una expresion numeérica explicita asociada con cada cadena infinita de utili-
dades. Sin embargo, como ya sospeché Ramsey (1928), respetar el igual trato para to-
das las generaciones supone algunas incompatibilidades intrinsecas para asegurar la
eficiencia. Descontar la dotacién de la generacion futura es lo usual para conseguir-
lo, pero obviamente no trata a todas las generaciones por igual. El criterio de Rawls,
Wr(x) = inf{x; : i = 1,2,3,...} es ‘mas ético’ en el sentido de que no estd influen-
ciado por la posicién que ocupe cada generacién, pero aunque es monétono viola las
versiones mas débiles del axioma de eficiencia de Pareto. Por ello, una aproximacioén al-
ternativa a la resolucién del problema de agregacion postula la existencia de relaciones

de bienestar social.

La busqueda de la equidad intergeneracional en el contexto de agregacion de ca-
denas de utilidad infinitas se inici6 con el trabajo de Ramsey (1928), que establecia
una conjetura sobre la dificultad de agregar dichas utilidades eficientemente respetan-
do la misma. Diamond (1965) prueba la imposibilidad de conseguir una funcién de
bienestar paretiana, continua respecto de la norma del supremo y que trate igual a to-
das las generaciones, cuando se considera el intervalo unidad como dominio para las
utilidades. Por su parte Basu y Mitra (2003) prueban que este resultado de imposibili-
dad permanece sin la hipétesis de continuidad y sin ninguna restricciéon ni cualificacién

topoldgica ni del dominio.

Por su parte Svenson (1980) hace una demostraciéon no constructiva de la existencia
de un orden de bienestar social sobre el conjunto de cadenas infinitas de utilidades veri-
ficando la condicién de Pareto y algtin requerimiento de equidad (anonimato). Para ello
considera una topologia mds fuerte que la usada en Diamond (1965) y el mismo dominio
(el intervalo unidad). Bossert et al. (2004) proporcionan un resultado de posibilidad mas
fuerte que el de Svenson, y Hara et al. (2007) aportan algunos otros resultados de im-
posibilidad en la misma linea. Basu y Mitra (2003) amplian el resulado de posibilidad
de Svenson para un dominio general de utilidades y, al mismo tiempo, establecen la

relacion entre estos resultados en el sentido de que un orden de bienestar social que
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satisface los axiomas de Pareto y anonimato no puede ser representable !.

Asheim y Tungodden (2004) obtienen otro resultado de imposibilidad para un orden
de bienestar social cuando el dominio de utilidades es el intervalo unidad, exigiendo la
condicién de equidad denominada “Equidad de Hamond para el futuro” (HEF) y otros
postulados adicionales.

Asheim et al. (2007) prueban que es imposible agregar cadenas infinitas de utilidad
con una relacion binaria superiormente semicontimua que satisfaga Dominancia Débil
y HEF. El dominio que consideran es cualquier Y tal que [0,1] C Y C R.

En este sentido Basu y Mitra (2007) consideran la posibilidad de debilitar el axioma
de Pareto y obtienen que es posible combinar anonimato y una forma débil del postu-
lado de Pareto (denominada Dominancia Débil) en una funcion de bienestar social, sea
cual sea el dominio para los niveles de utilidad.

Por otro lado, en el estudio de ciertas combinaciones de axiomas la estructura del
dominio es crucial. En el mismo trabajo, Basu y Mitra prueban que en su resultado
original de imposibilidad, si el axioma fuerte de Pareto es sustituido por el axioma débil
de Pareto el resultado de imposibilidad permanece. Pero si el dominio considerado para
los niveles de utilidad fuera N* = {0,1,2,...}, entonces el resultado de imposibilidad
se transforma en uno de posibilidad.

La basqueda de funciones de bienestar social que verifiquen otros axiomas de equi-
dad no es frecuente en la literatura.

Banerjee (2006) considera la propiedad HEF en el caso de funciones de bienestar so-
cial (en lugar de 6rdenes) y obtiene otro resultado de imposibilidad cuando el dominio
es el intervalo unidad y la funcién tiene que verificar el axioma de Dominancia Débil.

No conocemos ningtn otro trabajo que estudie la compatiblidad de axiomas de
equidad diferentes del de anonimato con una funcién paretiana.

Probamos en este capitulo que, bajo las condiciones del teorema de Banerjee, la im-
posibilidad también se transforma en posibilidad si el dominio de utilidades es IN* en
lugar del intervalo unidad, cuando se exige un axioma mads fuerte que el axioma HEF:
el axioma de “no sustitucion restringida (RNS)”. Ademds, nuestra demostracioén es con-
structiva, de modo que obtenemos una expresion explicita para una funcién de bienestar
social que verifica el axioma de Pareto Fuerte y RNS (més fuerte que el axioma HEF).

En una linea similar de investigacién nos planteamos la existencia e interrelaciones
de diferentes versiones del postulado de equidad de Hammond que puedan ser com-

binadas con funciones de bienestar social paretianas. Se consideran ambos dominios, el

1'Un orden = sobre un conjunto X es representable si existe una funcién real f sobre X tal que x = y <

f(x) = fy).
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discreto N* y el continuo [0, 1]. En el caso continuo todos los resultados que se obtienen
son de imposibilidad, mientras que en el discreto, si bien concluimos que el axioma
fuerte de Pareto no puede combinarse con ninguna de las expresiones del axioma de
equidad de Hammond, demostramos que si es posible obtener funciones de bienestar
social que satisfagan una expresién de tal axioma con una versién mas débil del axioma
de Pareto.

Este capitulo estd basado en Alcantud y Garcia-Sanz (2008).

Ranking opportunity sets. A characterization of an advised choice

Son numerosos también los problemas de decisién en los que se hace una seleccion de
un subconjunto de alternativas previa a la eleccion final del agente. El capitulo 2 trata de
la ordenacién de tales subconjuntos de alternativas, también denominados “conjuntos
de oportunidades”. En el modelo estdndar se considera una relacién binaria definida
por el agente sobre el conjunto de alternativas, que se extiende a una relacién en el con-
junto de subconjuntos no vacios de dicho conjunto de alternativas. En la literatura sobre
el tema existen numerosas interpretaciones para este tipo de problemas y se consideran
adecuados distintos axiomas dependiendo de los contextos especificos.

Un ejemplo sencillo en el que un agente “ordena” subconjuntos de alternativas apa-
rece citado ya en Kreps (1979), y consiste en la ordenacién de diferentes ments en un
restaurante: el individuo elegira un plato, pero inicialmente ha de seleccionar un ment
para ya més tarde quedarse con una tinica comida. Otros contextos en los que podemos
encontrar situaciones de este tipo son diversos casos de votaciones como la seleccién
de un comité, la admisién de un grupo de estudiantes en un colegio, la seleccién de un
grupo de trabajadores, la formacién de coaliciones (el agente debe asignar valor a los
diferentes grupos de colegas con los que asociarse), etc.

En todas estas situaciones los elementos son posibles alternativas y los subconjuntos
de posibles alternativas son “conjuntos de oportunidades” (o ments). Existen diferentes
criterios para ordenar estos conjuntos, que pueden ser aplicados considerando las carac-
teristicas particulares de la situacion tratada. Citamos algunas de tales situaciones para

ilustrar y motivar el capitulo.

o Eleccion bajo incertidumbre total. En estas situaciones una decisién puede llevar a
diferentes consecuencias y el decisor no tiene posibilidad de asignar probabili-
dades a las mismas. Diferentes criterios pueden ser aplicados en estas situaciones:

el criterio maxmin (pesimista), el minmax (optimista),...

o Libertad de eleccion y preferencia por mayor flexibilidad. En este criterio el decisor da
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valor no sélo a la calidad de la eleccién sino también al grado de libertad del que
disfruta. Por ejemplo, es usual preferir una situacién en la que el decisor selecciona
por si mismo un elemento que otra en la que es obligado a optar por una alterna-
tiva concreta, aunque la opcién final sea la misma en los dos casos. También es
frecuente que un decisor prefiera un subconjunto con mas alternativas donde ha-
cer su eleccion final que otro que contenga menos, porque (por ejemplo) todas las
alternativas son atractivas para él, o porque no sabe si sus preferencias cambiaran

en el futuro antes de que deba hacer una tdltima eleccion.

o Racionalidad limitada. En ocasiones, en los procesos de eleccién se tiende a con-
siderar sélo ciertos elementos “focales”, o ciertos rasgos, ignorando el resto de

elementos o de la informacién disponible.

Mencionamos aqui especialmente el criterio de utilidad indirecta, que es el
que utilizamos a lo largo del capitulo 2. Este se aplica cuando sélo importa
la calidad de la eleccién final del agente: se prefiere a aquellos conjuntos con

“mejores maximales”.

Muchos autores han realizado aproximaciones axiomaticas de estos problemas: se-
leccionan ciertos criterios deseables para situaciones concretas y buscan érdenes que
satisfagan diferentes combinaciones de los mismos.

Fishburn (1972) fue pionero en considerar preferencias de votantes sobre conjuntos
de alternativas. Kannai y Peleg (1984) obtienen un resultado de imposibilidad para un
orden sobre el conjunto de subconjuntos de un conjunto verificando dos axiomas atrac-
tivos. Algunos otros resultados de imposibilidad se obtienen debilitando estos axiomas
o considerando algunos otros (Barbera y Pattanaik (1984), Fishburn (1984), Holzman
(1984)). Bossert (1989) caracteriza un quasi-orden con los axiomas de Kannai-Peleg y
una propiedad de neutralidad también utilizada por otros autores. Nehring y Puppe
(1996) extienden un orden sobre el conjunto de elementos a un ranking de sus subcon-
juntos no vacios basado en principios de independencia y continuidad. Caracterizan asi
rankings que dependen sé6lo de los elementos méximo y minimo de los diferentes sub-
conjuntos de alternativas. Bossert et al. (2000) y Arlegi (2003) aproximan el problema en
una situacion de elecciéon bajo incertidumbre completa, describiendo cuatro reglas de
decisién que no se basan solamente en los peores y mejores elementos y que se justifi-
can intuitivamente en términos de “racionalidad limitada”.

Este contexto se amplia para incorporar el valor de la libertad de eleccién (Bossert et
al. (1994), Puppe (1996), Pattanaik y Xu (2000) y Xu (2004)). Dutta y Sen (1996) y Alcalde-



Resumen en Castellano 143

Unzu y Ballester (2005), entre otros, caracterizan las reglas utilitarias, y Alcantud y Ar-
legi (2006) una familia significativa de rankings de conjuntos aditivamente representa-
bles. Algunos otros modelos han servido para estudiar estos problemas. En Barbera et
al. (2004) puede encontrarse un amplio resumen al respecto.

Por otro lado, tanto la teorfa de la decisién individual como la colectiva pueden
basarse en mdltiples criterios que pueden ser aplicados sucesivamente, todos a la vez,
etc. Por ejemplo, podemos pensar en una familia decidiendo dénde ir de vacaciones
o cémo distribuir su salario (probablemente los padres y los hijos tendrdn diferentes
criterios). En muchas situaciones de este tipo damos preferencia a un criterio sobre otro
y usamos un segundo criterio s6lo en caso de empate entre alternativas después de
aplicar el primero (6rdenes lexicograficos).

El estudio de composiciones lexicogréficas de dos criterios para ordenar subconjun-
tos de alternativas ha sido realizado por diferentes autores. Algunas de tales composi-
ciones estdn completamente caracterizadas usando los axiomas apropiados. Remitimos
al lector interesado a Barbera et al. (2004).

Nuestra aproximacion al respecto sigue la linea de eleccién bajo el modelo funda-
mental que determina el ranking de subconjuntos, considerando sélo las mejores al-
ternativas de cada uno de ellos. En este sentido el modelo responde al principio de
racionalidad limitada, de modo que el agente se concentra en ciertas alternativas “clave”:
el subconjunto de los mejores elementos. Tal modelo es el germen del criterio de utilidad
indirecta caracterizado por Kreps (1979). Nosotros analizamos una situaciéon en la que
se supone que tenemos definido un preorden completo R sobre X (un conjunto finito de
elementos) que no es necesariamente un orden lineal.

En una primera seccién estudiamos una eleccién que se realiza en diferentes momen-
tos del tiempo. Ambos, los conjuntos de alternativas y los criterios de decisién en cada
momento, pueden ser diferentes. Definimos una relacién binaria para tuplas de subcon-
juntos ordenados (elementos de un producto directo), cada uno del conjunto de alterna-
tivas disponibles en cada uno de los momentos de eleccién considerados. Comenzamos
con una subseccién en la que tratamos el problema con s6lo dos momentos distintos
de eleccién, de modo que tenemos parejas de subconjuntos de alternativas, y luego lo
generalizamos al caso de n momentos diferentes. El ranking que aplicamos se define
utilizando el criterio de utilidad indirecta (A > B < méx(A)R max(B)) aplicado a cada
una de las coordenadas con un orden lexicografico.

Esta cuestion ya ha sido estudiada en Krause (2008) para el caso de dos tiempos de
eleccion diferentes. El caracteriza este criterio mediante 5 entre los que incluye un axio-

ma de neutralidad y otro axioma técnico llamado “simple time discounting”. Krause uti-
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liza una notacién ligeramente diferente de la nuestra y supone que para cualquier sub-
conjunto que incluya alternativas de ambos momentos de decisién “es natural” supon-
er su equivalencia con un subconjunto de dos elementos, uno de cada momento, dado
que so6lo se trata con el criterio de utilidad indirecta. En este sentido sélo expresa los
axiomas para los subconjuntos de dos elementos. Utiliza también preérdenes comple-
tos definidos sobre los dos conjuntos de alternativas.

En el presente trabajo caractizamos el criterio definido, tanto para el caso de dos
momentos de eleccién como para el caso general de n momentos diferentes, con sé6lo 3
axiomas y en un modelo donde los preérdenes sobre los conjuntos de alternativas no
estan fijados, en la linea de Kreps (1979).

En una segunda seccién utilizamos también el criterio de utilidad indirecta para
ordenar los subconjuntos de un conjunto de alternativas X, pero cambiamos el modelo
anterior considerando la posibilidad de tener un “consejero”. Este consejero no tiene
definida una relacién binaria sobre X, pero para cualquier subconjunto S C X selecciona
algunos “elementos fundamentales” (los que él prefiere), que representamos mediante
una funcién de elecciéon C : P*(X) — P*(X) tal que a cada conjunto S € P*(X) le
asigna un subconjunto no vacio de él mismo C(S) C S. Asi, en nuestro ranking de
subconjuntos sélo recurriremos al consejero para aquellos subconjuntos que resulten ser
indiferentes por nuestro primer criterio (el de la utilidad indirecta). Aplicamos entonces
ese mismo criterio de utilidad indirecta, pero ahora a los subconjuntos previamente
seleccionados por el consejero.

Al ranking de subconjuntos asi definido lo denominamos “ranking asociado a una
funcién de eleccién”, que es un preorden completo.

Finalmente consideramos la cuestién siguiente. Dado un orden de subconjuntos de
un conjunto finito X, =, que es un preorden completo (de tal modo que existe un pre-
orden completo sobre X inducido trivialmente por =: aRb < {a} = {b}), ;cudndo es
este orden observado el ranking asociado a una funcién de eleccién?. Probamos que esta
pregunta tiene una respuesta positiva cuando = verifica dos propiedades concretas.

La situacion de esta segunda secciéon puede ser considerada un eleccién en dos mo-
mentos del tiempo en los que los conjuinto de alternativas y los criterios de decisiéon
(relacion binaria sobre el conjunto de alternativas) son los mismos. Sin embargo quere-
mos incidir en que el ranking asociado a una funcién de eleccién no es un caso particular
de la primera situacién, dado que en el segundo momento de decisién no aplicamos el
criterio de utilidad indirecta a los subconjuntos del conjunto de alternativas sino a sub-

conjuntos de cada uno de ellos previamente seleccionados por nuestro consejero.
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Rational choice by two sequential criteria

En el capitulo 3 abordamos problemas en los que la preferencia del decisor se representa
mediante una funcién de eleccién en lugar de una relacién binaria. Esta rama de la teoria
de la decisién tiene ademads un factor importante de aplicabilidad, de modo que sus re-
sultados subyacen a diversos modelos econémicos, sociolégicos, psicolégicos, etc., lo
que proporciona a su estudio un atractivo afiadido. Las funciones de eleccioén que, para
cada conjunto de alternativas, seleccionan aquellas que son consideradas las mejores
respecto de una cierta relacion binaria sobre el conjunto de alternativas, son conside-
radas “elecciones razonables”. La cuestién més interesante radica en el estudio de cuén-
do, dada una funcién de eleccién, podemos garantizar la existencia de una relacién bina-
ria tal que la eleccién observada coincida con los mejores elementos por dicha relacién.
Si la respuesta es positiva decimos que la funcién de eleccién es racional o que existe
una relacién binaria que la racionaliza. Los diferentes métodos de axiomatizacién de
una “eleccion racional” que han sido desarrollados sobre la base de funciones de elec-
cién generadas por relaciones binarias y criterios de optimizacién, quedan recogidos
bajo la llamada teoria de la “preferencia revelada”. En Suzumura (1983) encontramos
una recopilacién de las caracterizaciones de este concepto cldsico de funciones de elec-
cién racionales, que ha sido ampliamente estudiado por diversos autores entre los que
podemos citar a Arrow (1959), Richter (1966), Wilson (1970), Sen (1971),...

Algunos mecanismos de elecciéon no clasicos han sido considerados por otros autores
como Aizerman y Malishevski (1981). En esta linea, Nehring (1996) da una primera
contribucién al problema de la existencia de elementos maximales para funciones de
eleccion “no binarias”. En Tian y Zhou (1995), Rodriguez-Palmero y Garcfa-Lapresta
(2002) y Alcantud (2002, 2006) aparecen resutados en ese mismo sentido. Gaertner y
Xu (2004) presentan algunas extensiones de la nocion clasica de racionalidad dando un
concepto de la misma basado en el modelo clasico, pero teniendo en cuenta que algunas
de las alternativas pueden tener un cierto “grado de disponibilidad”. Este se puede
dar si el decisor puede, por ejemplo, considerar el proceso de eleccién inaceptable, o
si alguna de las alternativas estd prohibida por alguna ley. Bossert y Suzumura (2007)
“presentan un modelo de eleccién donde se tienen en cuenta diversas normas externas”,
modelo que incluye al tradicional como un caso particular.

Las razones del interés de la teoria de la eleccién son diversas. Podemos citar entre

otras las siguientes.

e Numerosos problemas de teoria de la decisién, matematica aplicada,... se basan en

la eleccién de las “mejores” opciones en algtin sentido de cada conjunto dado de
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posibilidades.

e Muchos modelos econémicos y sociales examinan cuestiones de elecciéon indivi-
dual. También en fenémenos psicolégicos la idea de describir el comportamiento
individual en términos de eleccién de las mejores opciones es un tépico muy atrac-

tivo.

e Algunas cuestiones politicas tienen que ver con modelos de este tipo cuando se
formalizan diferentes aspectos de eleccién individual y cuando la opcién que maxi-

miza la utilidad individal también maximiza la utilidad colectiva.

Como era de esperar, el estudio de la racionalidad de un decisor es amplio en la li-
teratura. Podemos encontrar al respecto diferentes resultados de la posible racionalidad
de una funcién de eleccién dependiendo de si satisface o no las propiedades adecuadas.
El significado de “racionalidad” ha tenido diferentes interpretaciones y nosotros uti-
lizamos la que identifica una funcién racional con la optimizacién de una relacién bi-
naria, independientemente de las propiedades que dicha relacién binaria verifique. Sin
embargo, la literatura sobre funciones de eleccion racionales también considera amplia-
mente la cuestion de qué propiedades verifica la relacién binaria que racionaliza a una
funcién de eleccién: aciclicidad, transitividad, quasi-transitividad,... Incluimos también
en esta tesis algunos resultados en esta linea.

Ademas, la posible racionalidad de una funcién de eleccién no depende sélo de las
propieda-
des que verifica, sino también del dominio sobre el que esta definida. El problema de
eleccion implica la definicién del conjunto de opciones y sus subconjuntos. La presen-
cia o no de restricciones sobre los subconjuntos es esencial en el modelo formal. Sen
(1971), Bandyopadhyay y Sengupta (1991) entre otros consideran funciones de eleccién
definidas sobre dominios que contienen todos los subconjuntos finitos y no vacios de un
conjunto universal de alternativas. Sin embargo Sen (1971) observa que, si bien no se re-
quiere que el dominio incluya también a los subconjuntos infinitos, ningtn resultado se
veria afectado si tal cosa ocurriera, y también que para los resultados que él demuestra
bastaria con que el dominio incluyera todos los subconjuntos de 2 y 3 elementos. En el
capitulo 2 de Suzumura (1983) encontramos una recopilacién de esta cuestion incluyen-
do el caso en el que el dominio consiste en una familia arbitraria de subconjuntos no
vacios de un conjunto universal de alternativas. Mds recientemente Bossert et al. (2006)
desarrollan nuevas condiciones necesarias para que funciones de eleccién sobre domi-
nios arbitrarios sean racionalizadas por relaciones binarias quasi-transitivas o aciclicas,

y dan una nueva condicién suficiente para el caso de racionalidad aciclica.
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Otro aspecto a tener en cuenta en los problemas de decision es la posibilidad de con-
tar con varios criterios diferentes para decidir. Podemos, en tales casos, dar prioridad
a algunos de ellos sobre los otros y aplicarlos de modo secuencial, lo que se denomi-
na “eleccién secuencial”. En caso de que tengamos dos criterios aplicados de manera
secuencial decimos que la eleccién de hace mediante dos criterios secuenciales. Esto
supone formalmente que componemos dos funciones de eleccién en un orden estable-
cido (Aizerman y Aleskerov (1995) también consideran este tipo de comportamiento de
eleccion y denominan a la operaciéon “superposiciéon” de funciones de eleccién). Asi,
aunque seguimos los requerimientos clasicos de racionalidad, admitimos un mecanis-
mo para tomar decisiones (la composicién de funciones de eleccién) que es bastante
natural y l6gico, aunque puede dar lugar a elecciones no racionales en sentido clési-
co. Nuestro decisor considera racionales no sélo las elecciones derivadas de una tinica
relacién binaria, sino también la aplicacion secuencial de tal tipo de elecciones. Ejemplos
de esta situacion son bastante frecuentes: selecciéon de personal aplicando criterios que
reducen sucesivamente el conjunto de alternativas, seleccién de lugares y hoteles para
vaciones (por ejemplo, eliminamos primero los que estdn demasiado lejos de la playa,
luego los que son demasiado caros, y sucesivamente),...

Algunos autores han estudiado aspectos similares de teoria de la eleccion. Kalai et al.
(2002) estudian la racionalidad de una funcién de eleccién por la aplicaciéon de multiples
relaciones binarias cuando la eleccién es un tinico elemento del conjunto de alternati-
vas y aplicando todas las relaciones simultdneamente. Houy (2007) también estudia si
el orden de aplicacion de los criterios afecta o no a la eleccion final. Nosotros seguimos
la linea iniciada por Manzini y Mariotti (2007), que consideran la racionalidad secuen-
cial de una funcién de eleccién por la aplicacion de diferentes relaciones binarias en un
orden fijo, especificamente en el caso de dos relaciones. Estos autores se restringen tam-
bién al caso de funciones univaloradas. Nosotros creemos que es interesante el anélisis
del problema en términos de funciones de eleccién no univaloradas y es el caso que
tratamos en el capitulo 3 de esta tesis.

Estudiamos cémo se comporta una funcién compuesta de otras dos, esto es, qué
propiedades de las verificadas por las funciones iniciales verifica la funcién compues-
ta. Aizerman y Aleskerov (1995) hacen este estudio para algunas de las propiedades y
para funciones de elecciéon siempre definidas sobre dominios que contienen todos los
subconjuntos finitos y no vacios del conjunto de alternativas. Nosotros afiadimos a esos
restultados el andlisis de algunas otras propiedades sobre dominios de la misma clase,
y también el estudio de lo que ocurre con algunas propiedades para funciones de elec-
cién definidas sobre dominios arbitrarios. De los resultados que obtenemos concluimos



148 Resumen en Castellano

algunos corolarios que establecen la racionalidad de una funcién de eleccién obtenida
como composicién de otras dos que son racionales en algtn sentido.

Para aquellos problemas en los que el dominio contiene todos los conjuntos finitos
y no vacios del conjunto de alternativas, consideramos una funcién de eleccién que no
verifica las propiedades de racionalidad que demandan los diferentes teoremas de elec-
cién racional. Nos preguntamos cudndo podemos encontrar dos funciones de elecciéon
racionales (que verifican las propiedades exigidas) y tales que la eleccién en dos pasos
por estas dos funciones coincida con la realizada por el decisor, que habiamos observa-
do. Cuando la respuesta es positiva decimos que la funcién de eleccién es “racional por
dos criterios secuenciales”.

Finalmente damos una caracterizacién completa de las funciones racionales por dos
criterios secuenciales en términos de dos condiciones necesarias y suficientes contrasta-
bles.

Cooperation in Markovian queueing models

El cuarto y ultimo capitulo de la tesis considera problemas en los que al menos dos
agentes estdn implicados, de modo que las decisiones de cada uno afectan a los resulta-
dos de todos.

No resulta dificil encontrar situaciones sociales o econémicas en las que coinciden
distintos agentes y con distintos puntos de vista. La Teoria de Juegos es la rama de las
Matematicas que considera esta clase de situaciones.

Los agentes implicados en un problema de juegos tienen objetivos bien definidos,
de forma que acttian racionalmente, y al mismo tiempo tienen en cuenta el conocimiento
o expectativas del comportamiento de los otros decisores, de modo que también acttan
estratégicamente.

En los modelos no cooperativos, los jugadores pueden negociar sobre qué hacer, pero
no son posibles los acuerdos vinculantes. Por el contrario, en los modelos cooperativos
si lo son, y también los pagos laterales pueden estar permitidos.

Por otro lado, la Investigacién Operativa analiza situaciones en las que el decisor se
enfrenta a problemas de optimizacién guiado por una funcién objetivo.

El estudio de la cooperacién y la competicion en modelos de Investigacién Operativa
es un tema fructifero y atractivo hoy dia. Muchos campos dentro de la Investigaciéon
Operativa, en los que varios agentes interacttian en situaciones que pueden ser mode-
lizadas como un problema de optimizacién, han sido abordados desde la perspectiva

de la teoria de juegos. Borm et al. (2001) proporciona una recopilacién al respecto.
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Una de las grandes ramas de la Investigacion Operativa es la teoria de colas. La com-
peticién en modelos de colas ha sido considerada en munerosos articulos, un compen-
dio de los cuales es Hassin and Haviv (2003) (para un resumen del tema de control de co-
las remitimos al lector a Tadj and Choudhury (2005)). Hay también varios articulos que
tratan de aspectos cooperativos de secuenciacién y planificaciéon (véase, por ejemplo,
una muestra en Curiel et al. (2002) o algunas otras referencias recientes como Moulin
y Stong (2002) y Maniquet (2003)). En cualquier caso, de modo bastante sorprendente,
los modelos de colas en raras ocasiones han sido tratados desde el punto de vista de la
teoria de juegos cooperativos. Gonzélez y Herrero (2004) es uno de los escasos articulos
en los que se analiza la cooperacion en modelos de colas. Se considera una situaciéon
de Markov en la que varios agentes que mantienen sus propios servidores se ponen de
acuerdo para cooperar y mantener un servidor comun que atienda a todas sus pobla-
ciones. Cada agente especifica un valor médximo para el tiempo que sus clientes pasan
en el sistema. Se estudia el problema de cémo distribuir el coste del servidor comtn que
satisfaga las especificaciones de cada uno de los agentes, y se aplica a un problema de
distribucién de costes en el sistema de salud espafiol. También mds recientemente Yu et
al. (2008) estudia modelos de cooperacién en sistemas de colas. Estos autores no fijan sin
embargo diferentes valores méximos para los tiempos en el sistema de los clientes, sino
que es el mismo para todas las poblaciones tanto antes como después de la cooperacion.

El estudio de la cooperaciéon en modelos de colas es un tema relevante que puede
suscitar el interés de tedricos de juegos y de especialistas en Investigacion Operativa. En
muchas situaciones del mundo real los proveedores de un servicio particular se ponen
de acuerdo para mantener servidores en comtn que atiendan a todas sus poblaciones:
pensemos en un grupo de bancos que comparten una red de cajeros automaticos, un
grupo de universidades que comparten un ordenador de gran potencia, o un grupo de
hospitales con un banco de sangre comun. En todas estas situaciones son importantes
cuestiones que deben ser enfocadas desde un punto de vista cientifico, como son la
distribucién del coste de los servidores comunes o cudndo es interesante cooperar para
un grupo de proveedores o receptores de servicio.

En este capitulo, basado en Garcia-Sanz et al. (2008), tratamos tales cuestiones en
algunos modelos de Markov.

En un primer momento tratamos una variacién del problema estudiado en Gonzélez
y Herrero (2004). En este modelo, cada agente especifica no sélo el valor maximo de-
seable del tiempo de sus clientes en el sistema sino también un valor méximo para la
probabilidad de que sus clientes gasten mas que ese tiempo, algo que creemos bastante

razonable en estas situaciones. Por ejemplo, en el caso del sistema espafiol de salud no
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s6lo es razonable asignar un valor maximo para el tiempo que estdn los enfermos en
el sistema (espera y atencion), sino que la probabilidad de que dicho tiempo supere el
maximo fijado debe ser baja. También estudiamos el caso bastante natural en el que el
valor maximo se fija para el tiempo que un cliente debe pasar en la cola, en lugar de
en el sistema. Son numerosos los ejemplos que podemos considerar en los que lo que
realmente nos preocupa es el tiempo que pasamos esperando haciendo cola, y précti-
camente nos es indiferente el tiempo real que se emplee en atendernos (pensemos, por
ejemplo, en el caso de las listas de espera en los hospitales). Finalmente consideramos la
posibilidad de que se puedan disminuir los costes del servidor comtin permitiendo una
disciplina de prioridades en la cola diferente de la de “primero en llegar, primero en ser
servido”.

Ademads, en este tipo de problemas es usual plantearse como distribuir los costes
producidos si se formara la gran coalicién en la que todos los agentes cooperan. En
cada caso proponemos una regla para distribuir tales costes. En el primero, el valor
de Shapley, y en los casos en los que consideramos el tiempo de espera en la cola y
la posibilidad de prioridades en la misma, proponemos una regla y la caracterizamos

axiomaticamente.

Conclusiones y cuestiones abiertas

En el primer capitulo de esta tesis hemos estudiado la posibilidad de obtener un ran-
king de cadenas infinitas de utilidades sin abandonar el postulado de equidad conocido
como “equidad de Hammond para el futuro” (HEF) ademaés del axioma de Pareto. Pro-
porcionamos una expresion explicita de un tal compromiso cuando el conjunto de posi-
bles utilidades estd contenido en IN*. Los resultados de imposibilidad de Zame (2007,
Theorem 4') —que suponen que ninguna relacién de bienestar social que verifique las
propiedades Pareto débil y anonimato puede ser “descrita explicitamente”— hace nues-
tro resultado especialmente valioso.

Ademads obtenemos argumentos para contribuir al debate sobre cudl es la influen-
cia del dominio de utilidades cuando se combina equidad y eficiencia de Pareto en la
aproximacién de Basu y Mitra. Si nos basamos en la ética dada por las propiedades
HEF/RNS concluimos que el dominio de utilidades es un factor determinante: si es
[0,1], incluso la més débil de las combinaciones posibles da lugar a un resultado de im-
posibilidad, pero cuando es IN* hay criterios explicitos para las versiones més fuertes.
Este no era el caso cuando el Anonimato era el principio de equidad considarado: no

podemos asegurar que una estructura dada produzca compatibilidad o incompatibili-
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dad sin considerar el grado de eficiencia de Pareto que se pretende.

Ademas probamos que si imponemos HE, entonces el dominio [0, 1] determina in-
compatibilidad mientras que IN* no (deben examinarse los otro factores: la forma pre-
cisa del postulado HE y la versién del axioma de Pareto que se usa).

En la misma linea nos planteamos la existencia de diferentes versiones del axioma
de Equidad de Hammond (HE) que pueden ser combinadas con funciones de bienestar
social paretianas, tanto en el dominio discreto N* como en el continuo [0, 1].

Las siguientes tablas incluyen algunos resultados que han servido para motivar
nuestro trabajo, y que permiten comparar diferencias entre las distintas aproximaciones

al cambiar el dominio de las utilidades.

Tabla 1. Resumen de resultados en dominios de cadenas de utilidad YN bajo Anonimato

Y = IN* Y =10,1]
SP No existe No existe
WP Existe t No existe
D Existe Non existe ¢
WD Existe Existe §

La afirmacion % estd probada en Basu y Mitra (2003). Las marcadas con t, f y ¢
aparecen en Basu y Mitra (2007). Las otras afirmaciones de la tabla se deducen de ¢ y t.
En cada uno de los cuatro casos donde la compatibilidad se garantiza, se puede
intentar identificar los grupos de permutaciones para los que el anonimato extendido,
(o Q-Anonimato como esta introducido en Mitra y Basu, 2007) es compatible con los
axiomas respectivos de eficiencia en la aproximacién de Basu y Mitra. No nos hemos

propuesto atn este aspecto, que abordaremos en trabajos futuros.

Tabla 2. Resumen de resultados para dominios de cadenas de utilidad Y™ bajo RNS

Y = N* Y =[0,1]
SP Existe x No existe
WP Existe No existe
D Existe No existe
WD Existe No existe ¢

Banerjee (2006) prueba que ¢ es cierta incluso si RNS es sustituida por la propiedad
mas débil HEF. En el capitulo 1 justificamos la afirmacién x y proporcionamos una ex-
presion explicita para una funcién de bienestar social que satisface HEF* y el axioma
fuerte de Pareto. El resto de afirmaciones de la tabla se deducen de ellas.
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Estos resultados se afiaden a Asheim et al. (2007), donde se obtienen incompatibili-
dades de HEF con el postulado de Pareto bajo suposiciones de continuidad.

Con respecto al axioma denotado HE(L), todas las combinaciones en la tabla son
imposibles. Salvo que se diga lo contrario, las afirmaciones en la tabla siguiente se refiren

todas a las otras variaciones del postulado de Equidad de Hammond.

Tabla 3. Resumen de resultados para dominios de cadenas de utilidad YN bajo
diferentes versiones de HE

Y = IN* Y =10,1]
SP No existe x No existe
WP Depende de la version § No existe
D Depende de la versiéon No existe
WD Depende de laversion No existe ¢

La afirmacion ¢ estd demostrada en el capitulo 1 con independencia de la versién de
HE que se utilice. Las afirmaciones por encima de ¢ son entonces inmediatas. El caso x
supone la no existencia para todas las versiones del axioma de Equidad de Hammond.
La combinacién de I y las afirmaciones por debajo dan lugar a la no existencia para
HE(L), pero incluso si se impone Anonimato podemos combinar HE(a)™ y WP/D/WD

y obtener una funcién de bienestar social cuando Y = IN*.

Recordamos que el criterio Rawlsiano prueba que en las tablas 1 y 3 anteriores, la
existencia estd garantizada cuando el axioma de eficiencia requerido es Monotonia (con
independencia de X). También para la tabla 2 el caso discreto es trivial porque en tal
caso podemos incluso obtener SP y Wrr(x) = inf {x; : i = 2,3,...} satisface MON y

RNS como mencionamos anteriormente.

La segunda situacién que hemos considerado (capitulo 2) tiene que ver con la exten-
sién de un preorden completo definido sobre un conjunto de alternativas a un ranking
(que también serd un preorden completo) de los subconjuntos del conjunto de alterna-
tivas. Hemos estudiado situaciones en las que la decisién se toma en momentos dife-
rentes del tiempo, aplicando en todos ellos el criterio de utilidad indirecta. Definimos
un primer ranking en tiempos diferentes ordenando tuplas de subconjuntos de alterna-
tivas (cada uno del conjunto de alternativas disponibles en cada uno de los diferentes
momentos de eleccién). Los conjuntos disponibles pueden ser iguales o distintos, repre-

sentando la comun situacién en la que un decisor no tiene generalmente a su disposicién
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las mismas posibilidades en los distintos momentos del tiempo en los que tiene que ele-
gir. Ademas los predrdenes definidos sobre cada uno de estos conjuntos pueden también
coincidir o no, dada la posibilidad de que se produzca un cambio en las preferencias de
un decisor de un momento del tiempo a otro. Hemos caracterizado el ranking de tuplas
de subconjuntos que consiste en la aplicacién del criterio de utilidad indirecta, en orden
lexicografico, a cada una de las coordenadas, empezanco con la situacién particular en
la que s6lo hay dos momentos diferentes para la toma de decisiones y generalizdndolo
después al caso de n momentos de eleccién diferentes. Ademads también tratamos una
situacién de ordenacién de subconjuntos de un tinico conjunto de alternativas, sobre el
que tenemos definido un preorden completo. En este caso consideramos, si hay indife-
rencia entre dos subconjuntos al aplicar el criterio de utilidad indirecta, la posibilidad
de que un “consejero” seleccione de cada subconjunto unas cuantas alternativas “fo-
cales”, sobre las que aplicar el criterio de utilidad indirecta. Para el futuro pensamos en
la caracterizacion de otros tipos de criterios en dos o mds tiempos utilizando rankings
alternativos al de la utilidad indirecta. También en el caso de utilizacién de un consejero
pensamos en la posibilidad de ser més exigentes y no permitir “cualquier consejo”, sino
que éste venga dado por una funcién de eleccién que verifique ciertas propiedades de

racionalidad.

Y son precisamente cuestiones de racionalidad de funciones de eleccién el aspecto
estudiado en el tercer capitulo. Establecemos diferentes resultados de racionalidad en
sentido cldsico para funciones de eleccién que se obtienen componiendo otras dos, tanto
en el caso en el que el dominio de las funciones de eleccién verifica la restriccion comun-
mente aceptada de contener todos los subconjuntos finitos y no vacios del conjunto de
alternativas, como para aquellos casos en los que el dominio de las funciones de elec-
cién es arbitrario. Nosotros consideramos como racional a un decisor que obtiene su
eleccion aplicando sucesivamente dos o més funciones de eleccién que son racionales
en el sentido cldsico (esto es, su eleccion resulta de optimizar una relacion binaria sobre
el conjunto de alternativas). Caracterizamos completamente las funciones de elecciéon
sobre dominios que contienen a los subconjuntos finitos y no vacios del conjunto de al-
ternativas que descomponen como composicién de dos funciones de eleccién racionales
en sentido clésico.

Dejamos pendiente para futuras investigaciones un resultado andlogo para el caso
de dominios arbitrarios o, al menos, la identificaciéon de condiciones suficientes en la
linea de los teoremas de racionalidad para las funciones de eleccién sobre dominios

arbitrarios. La descomposicién de una funcién de eleccién como composiciéon de maés
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de dos funciones racionales también resulta interesante y ademads permitiria calificar
como “racional” un rango mds amplio de comportamientos.

El cuarto y altimo capitulo de la tesis lo hemos dedicado al estudio de la cooperacién
en algunas situaciones de colas, mediante su aproximacion tedrica a través de la teorfa
de juegos cooperativos. Hemos estudiado cudndo la cooperacion es interesante para los
agentes en las diversas situaciones consideradas. En algunos casos en los que no resulta
de entrada beneficiosa, damos condiciones suficientes para que lo sea. En todos los casos
en los que la cooperacion es atractiva hemos propuesto y caracterizado una regla para
la distribucién de los costes generados por la cooperacion de todos los agentes.

Hay atin muchos modelos de colas que no se han considerado desde la perspectiva
de la teoria de juegos cooperativos y que son atractivos para futuros trabajos. También

puede resultar interesante estudiar nuestros modelos con diferentes funciones de coste.
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