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Preface

A measure assigns values to sets and generalizes the concept of length, area and
volume. Probability measures are a well known example of measures. Lebesgue
measures are another example. Most typically, measures are additive, as length,
areas and volumes are. That is, the measure of the union of two disjoint sets is
the sum of these two measures

#(AUB) = pu(A) + u(B)

for AN B = (. Again, probabilities are an example of additive measures.
Although not so much known, non-additive measures have also been studied in
the literature both for their mathematical properties as well as for their applica-
tion to real problems. Non-additive measures replace additivity my monotonicity.
That is,
H(A) < p(C) if AC C.

As all additive measures are monotonic, non-additive measures generalize addi-
tive ones.

Non-additive measures are also known by the term capacities, and fuzzy mea-
sures.

Non-additive measures permit us to represent interaction between the ele-
ments. For example, we might have pu(A U B) < u(A) + p(B) (negative inter-
action between A and B), and p(AU B) > p(A) + u(B) (positive interaction
between A and B).

Then, in the same way that there are fundamental concepts in measure the-
ory based on additive measures, there are some based on non-additive measures.
Some of these concepts are generalizations of corresponding concepts for addi-
tive measures. For example, the Choquet integral [1] is a generalization of the
Lebesgue integral in the sense that the Choquet integral of a function f with
respect to an additive measure corresponds to the Lebesgue integral. Other con-
cepts were introduced as new in this non-additive setting. This is the case of the
integral introduced by Sugeno in 1972 [4,5] which is now known as the Sugeno
integral.



VI Preface

This book has its origin in the 9th International Conference on Modeling
Decisions for Artificial Intelligence (MDAI 2012) that took place in Gironal
and, more specifically, in the panel session Fuzzy measures, fuzzy integrals and
aggregation operators hold in the conference. The panel gathered key researchers
with the aim of discussing new and challenging lines for future research in the
area of non-additive measures and integrals. The chapters of this book, written
by most of the panelists and two additional invited authors, are state-of-the-art
descriptions of the field that cover the lines of research discussed in the panel.

The first chapter is a review of uses and applications of non-additive measures
and integrals. The chapter presents most relevant definitions and also points out
to the other chapters in the book for further details and references. Links between
non-additive integrals and aggregation operators [6] are also highlighted.

In the second chapter, Narukawa presents an overview of integration with re-
spect to a non-additive measure. The chapter gives special emphasis to integrals
over continuous domains. The Sugeno, Choquet and generalized integrals are
presented and their properties reviewed. The case of multidimensional integrals
are discussed and a Fubini-like theorem is presented. The chapter concludes with
the Mo6bius transform and generalizations of the Moébius transform.

In the third chapter, Mesiar and Stupinanova focuses on different integrals
with respect to a non-additive measure. The authors discuss the approach to
integration introduced by Even and Lehrer [2] (decomposition integrals), the
Choquet and Sugeno integrals and also Shilkret and universal integrals.

Chapter four, by Honda, focuses on the definition of entropy for non-additive
measures (or capacities). First, Honda reviews the definition of entropy for prob-
abilities and then introduces different generalizations that exist for non-additive
measures. The author not only considers the case of measures defined on 2% but
also on measures defined on set systems (based on a subset of 2%). The problem
of the axiomatization of entropies is also discussed.

Non-additive measures and integrals have been used in applications. The fifth
chapter by Ozaki focuses on their application to economics. More especifically,
the author considers decision theory under risk, and decision theory under uncer-
tainty. The chapter describes some of the problems and paradoxes that cannot
be solved using additive models (as e.g. Ellsberg’s paradox).

Fujimoto in Chapter six surveys cooperative game theory, an important ap-
plication area for non-additive measures. Non-additive measures permit to rep-
resent coalitions in game theory. The chapter discusses with detail the case in
which not all coalitions can be formed, and how we can deal with this situa-
tion. The chapter also discusses indices that have been defined for games (as the
Shapley index [3]).

Flaminio, Godo, and Kroupa focus in Chapter seven on belief functions on
MV-algebras of fuzzy sets. Belief functions are totally monotone non-additive
measures. The authors discuss two ways of extending belief functions on Boolean
algebras of events to MV-algebras of events.

! http://www.mdai.cat/mdai2012



Preface VII

We hope that this book will provide a reference to students, researchers and
practitioners in the field.

The editors of this book would like to thank Prof. Kacprzyk for his encour-
agement to edit it and publish it in this series. Partial support by the Spanish
MINECO (TIN2011-15580-E) is acknowledged.

August 2013 Viceng Torra
L’Alcalatén Yasuo Narukawa
Michio Sugeno
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Use and Applications of Non-Additive Measures
and Integrals

Viceng Torra

IITA, Institut d’Investigacié en Intel-ligéncia artificial,
CSIC, Consejo Superior de Investigaciones Cientificas,
Campus Universitat Autdonoma de Barcelona s/n,
08193 Bellaterra, Catalonia
vtorra@iiia.csic.es, vtorraQieee.org

Abstract. Non-additive measures (also known as fuzzy measures and
capacities) and integrals have been used in several types of applications.
In this chapter we review the main definitions related to these measures,
motivate their use from the point of view of the applications, and describe
their use in different contexts.

1 Introduction

Non-additive measures and integrals have been used in different areas. They are
used to overcome the shortcommings of other (simpler) models. In particular,
they are used when models based on additive measures are not appropriate. In
this chapter we review the basic definitions of this topic and describe some of
the problems that can be solved using non-additive measures.

For the sake of completeness, Section 2lreviews definitions and results that are
needed in the rest of the chapter. Then, Section [ focuses on decision making.
We describe some paradoxes that can be solved using non-additive measures and
integrals and that cannot be solved with some of the alternative models. Section @l
focuses on the use of these integrals on subjective evaluation. Section [l reviews
some other applications in e.g. the field of computer vision. The chapter finishes
with some conclusions.

In this chapter we also establish some links between the topics described here
and the other chapters of this book.

2 Preliminaries

This section reviews a few definitions on probability, measures, aggregation op-
erators and integrals. We start reviewing the definition of o-algebra. The notion
of o-algebra is introduced because for some sets X it is, in general, not possi-
ble to consider all subsets of X and define the probability for these subsets. In
particular, generally it is not possible when X is not finite. A o-algebra is a set
of sets with appropriate properties to define the measure on them. See [26] for
details.

V. Torra, Y. Narukawa, and M. Sugeno (eds.), Non-Additive Measures, 1
Studies in Fuzziness and Soft Computing 310,
DOI: 10.1007/978-3-319-03155-2 1, (© Springer International Publishing Switzerland 2014



2 V. Torra

Definition 1. Let X be a reference set, and let A be a subset of p(X). Let us
consider the following properties:

Property 1: f e Aand X € A
Property 2: if Ac Athen X\ A€ A
Property 3: A is closed under finite unions and finite intersections:

if Ai,..., A €A, then U, A; € Aand NI, A; € A,
Property 4: A is closed under countable unions and intersections:
if A1, Ag,--- €A, then U2, A; € Aand N2, A; € A,
Then, we define algebra and o-algebra as follows.

1. A is an algebra (over a set) (or a field) if it satisfies Properties 1, 2, and 5;
2. A is a o-algebra (or a o-field) if it satisfies Properties 1, 2, and 4.

Note that Properties 1 and 4 imply Property 3. Therefore, any o-algebra is
an algebra. Nevertheless, Properties 1 and 3 do not imply Property 4.

When A is an algebra on the reference set X, A is called a measurable space,
the elements of A are called measurable sets, and a pair (X,.A) is called a
measurable space.

In probability, X is called the outcome space (and sample space in statistics),
elements in X are the possible outcomes, sets A € A are called events, and a
pair (X, A) is also called a measurable space.

When X is finite, p(X) is a o-algebra and, therefore, (X, p(X)) is a measur-
able space.

When X is the set of real numbers, it is usual to consider the Borel o-algebra.
We define it below. We begin defining the o-algebra generated by a class of
subsets S of X. This o-algebra is denoted by o(S).

Definition 2. Let S be a class of subsets of X ; then, the o-algebra generated by
S is the set of subsets of X that

1. contains S

2. is a o-algebra

3. is as small as possible (in the sense that any other set of subsets that contains
S also contains o(S)).

Let O be the set of all finite open subsets of R; then, B = () is the Borel
o-algebra of R.

2.1 Measures and Probability Measures

Let us start defining measures. See [20/66] for details.

Definition 3. Let (X,.A) be a measurable space; then, a set function p is an
additive measure if it satisfies the following conditions:
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(i) uw(A) >0 forall Ae A,

(if) u(X) < o0

(iii) p(Us2 A4;) = 02, u(A;) for every countable sequence A; (i > 1) of A that
is pairwise disjoint (i.e,. A;NAj =0 when i # j).

The triple (X, A, i) is known as a measure space.
Probability is an additive measure such that ;(X) = 1. We usually denote it
with P. The triple (X, .A, P) is known as a probability space.

Ezample 1. There is a unique measure m on (R, B) that satisfies m([a,b]) = b—a
for every finite [a, b] with —oco < a < b < co. It is the Lebesgue measure.

Definition 4. Let (X,.A) and (Y, B) be two measurable spaces and f a function
from X to Y. Then, it is said that the function f is a measurable function
from (X, A) to (Y,B) if and only if f~1(B) € A. Here, f~1(B) is defined by
{z € X|f(x) € B}.

A random variable is a function that assigns values in R to the outcomes in
the reference set.

Definition 5. Let (X, A) and (R, B) be two measurable spaces, then a measur-
able function f from X to R is a random variable.

Given a probability space (X, .4, P) and a random variable f : X — S C R,
we can define a new probability measure on the space S from P. This is shown
below. Note that in this definition we need a o-algebra S on the space S, as the
new probability should be defined over subsets of S.

Definition 6. Let (X, A, P) be a probability space and let f : X — S be a
random variable. Then, the expectation of [ is defined by

Bl = | pap

provided the integral exists.

2.2 Non-Additive Measures

In this section we review the definition of non-additive measures, also known as
fuzzy measures and capacities, and some families of these measures.

Definition 7. Let (X,.A) be a measurable space, a non-additive (fuzzy) measure
woon (X, A) is a set function u: A — [0,1] satisfying the following axioms:

(1) (@) =0, w(X) =1 (boundary conditions)
(ii) A C B implies u(A) < u(B) (monotonicity)

Note that a probability is a fuzzy measure, as the condition of additivity
implies monotonicity. Nevertheless, it is not true on the other way round. That
is, monotonicity does not imply additivity.

Let us now consider some definitions related to these measures.
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Definition 8. Let u be a non-additive measure on the measurable space (X, A).
Then,

w is additive if u(AU B) = pu(A) + w(B) when AN B = 0;

— p is null-additive if A, B € A with ANB =0, u(B) =0 implies (AU B) =
n(A);

— w is submodular if p(A) + u(B) > u(AU B) + u(AN B);

w is supermodular if (1(A) + p(B) < p(AU B) + p(AN B).

— w is symmetric if for finite X, when |A| = |B|, then u(A) = p(B). In general

if X CR, on u is said to be symmetric if m(A) = m(B) implies u(A) = pu(B)

(where m represents the Lebesque measure).

Non-additive measures can be represented through the Mobius transform. The
Mobius transform of a non-additive measure p on a finite set X is the function
m : p(X) — R defined below. The case of the Mobius transform of a fuzzy
measure on infinite sets is described in [49] (See Section 5 of Chapter 2 in this
book).

Definition 9. Let p be a non-additive measure on a finite set X; then, its
Mdbius transform m is defined as

my(A) =Y (~)1Plu(B) (1)

BCA
forall AC X.

The set of subsets A of X such that m,,(A) is not zero defines the focal set. That
is, F, = {A|m,(A) # 0}. If A is in F,, we say that A is a focal element.
Note that the function m is not restricted to the [0, 1] interval, but that m(() =
0, that > sy m(A) =1, and, if A C B, then >, m(C) <> cgm(C).
Given a function m that is a Mobius transform (i.e., that satisfies the three
conditions in the last paragraph), we can reconstruct the original measure as
follows:

forall A C X.

There are several families of measures. We review some of them below. There
are several motivations for studying these families. One of them is because it is
more complex to define a non-additive measure than an additive one because we
need to assign a number to each set in the o-algebra. In the case of a finite set
X, this implies that we need to assign values to all A € p(X) which are 2!X|
values. On the contrary, for additive measures only | X | values are needed.

Decomposable Measures. Some families are defined in a way that the mea-
sure of a set can be computed from the values in the singletons and a parameter
that describes how the values of the singletons have to be combined. One way
to combine the values in the singletons is using a ¢t-conorm.
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Definition 10. Let u be a non-additive measure on a finite set X ; then, u is a
1 -decomposable measure if there exists a t-conorm L such that,

#(AUB) = p(A)Lpu(B) (2)
foral ANB =10

When »° -y pu({r}) = 1 and L is the Lukasiewicz t-conorm (L(z,y) =
min(x + y, 1)), the previous definition corresponds to a probability measure.
Sugeno A\-measures are an example of the previous family with Sugeno’s t-conorm
L(z,y) = min(l,x +y — Azy).

Definition 11. Let p be a non-additive measure on a finite set X ; then, i is a
Sugeno A-measure if for some fized A\ > —1 it holds that

#(AUB) = u(A) + u(B) + Au(A)u(B) 3)
forall ANB=10

Naturally, when A = 0, we have that the Sugeno A-measure is a probability dis-
tribution if ©(X) = 1, and when A = —1, we have that u(AUB) = S(u(A), u(B))
for the t-conorm S(a,b) = a 4+ b — ab (the algebraic sum).

When we require that pu(X) = 1, the measures on the singletons determine
the parameter A. Note that for finite X we have

w(X) = (/N Ueex [1 4 Av(zi)] = 1) = 1.
The following proposition establishes this result.

Proposition 1. [71] Let u be a Sugeno A-measure on a finite reference set X =
{z1,...,2zN}; then, for a fived set of 0 < p({z;}) < 1, there exists a unique
A€ (—1,400) and A # 0 that satisfies u(X) =1, that is, satisfies

A+ 1= I (1 + M({z})).
We consider now the family of distorted probabilities.

Definition 12. Let f be a real-valued function on [0,1] and let P be a probability
measure on (X, p(X)) with finite X. We say that f and P represent a fuzzy
measure p on (X, p(X)) if and only if p(A) = f(P(A)) for all A € p(X).

Definition 13. Let f be a real-valued function on [0,1]. We say that f is strictly
increasing with respect to a probability measure P if and only if P(A) < P(B)
implies f(P(A)) < f(P(B)). We say that f is nondecreasing with respect to a
probability measure P if and only if P(A) < P(B) implies f(P(A)) < f(P(B)).

Using the two definitions, we define distorted probabilities as follows.

Definition 14. Let p be a non-additive measure on (X, (X)) with a finite
X. We say that p is a distorted probability if it is represented by a probability
distribution P on (X, (X)) and a function f that is nondecreasing with respect
to a probability P.
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Proposition 2. (see e.g. [86] for a proof) Any Sugeno A-measure is a distorted
probability.

The family of Hierarchically L-Decomposable Fuzzy Measures (HDFM) is
another family of non-additive measures. They are a generalization of Sugeno
A-measures. The difference is that in the Sugeno A-measure the measure of any
aggregation of sets is always computed using the same expression (i.e., Equation
with a given ) and this is independent of the sets under consideration. In
contrast, in a HDFM the combination depends on the sets. In other words, in a
HDFM given disjoints A and B, u(AU B) is a function of x(A) and p(B) which
depend on A and B. For example, we can have something like:

(AU B) = pu(A) + n(B) + A(A, B)u(A)u(B).

In the general expression, a t-conorm is used to combine p(A) and p(B).

In order to know which t-conorm is used for a particular pair of sets, we start
with a dendrogram of the reference set. The leaves of the dendrogram are labeled
with the measures of the singletons and the remaining nodes are labeled with
t-conorms. Then, given a particular set A, A is decomposed in a hierarchical way
according to the dendrogram. This dendogram will typically have less nodes, and
only the leaves in the set A. The values of the leaves are then combined using
the t-conorms in the nodes.

The formalization of HDFM is based first on the hierarchy of elements. Its
definition follows. The original definition of these measures can be found in [77],
and a more detailed explanation with examples can be found in [86].

Definition 15. H is a hierarchy of a finite set of elements X if and only if the
following conditions are fulfilled:

(i) All the elements in X belong to the hierarchy, and they define the leaves of
the hierarchy:
For allz in X, {z} € H.
(ii) There is only one root in the hierarchy, and it is denoted by root. A node is
the root if it is mot included in any other node:
if root € H, then there is no other node m € H such that root € m.
(i) All nodes belong to one and only one node, except for the root:
if n € H and n # root, then there exists a single m € H such that n € m.
(iv) All nodes that contain only one element are singletons:
if |[n| =1, then there exists x € X such that n = {x} for alln € H.
(v) All non-singletons are defined in terms of nodes that are in the tree:
if In| # 1, then, for alln; € n, n; € H.

As stated before, given a dendrogram, we label the leaves with values and the
other nodes with t-conorms. This is shown in the next definition.

Definition 16. Let H be a hierarchy according to Definition[I3; then, a labeled
hierarchy L for H is a tuple L =< H, 1, m >, where L is a function that maps
each node n € H that is not a leaf into a t-conorm, and m is a function that
maps each singleton into a value of the unit interval.

For simplicity, we will express L(h) by L.
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To complete the definition of HDFM we need to define extension of a node.
It is the set of elements of X which are leaves of the node.

Definition 17. Let H be a hierarchy according to Definition I3 and let h be a
node in H; then, the extension of h in H is defined as:

_[h if |h| =1
EXT(h) == {UhiehEXT(hi) if [h] # 1.

Now, we review this family of measures.

Definition 18. Let L =< H, 1L,m > be a labeled hierarchy according Defini-
tion [I8; then, the corresponding Hierarchically |-Decomposable Fuzzy Measure
(HDFM for short) of a set B is defined as pu(B) = piroot(B), where pa for a node
A=A{a1,...,a,} is defined recursively as

0 if |B] =0
pa(B) =4 m(B) if |B| =1
LA(/’('al (Bl)v'"v/fcan(B")) Zf ‘B‘ > 1.

Here, B = BN EXT/(a;) for all a; in A.

The families of measures seen in this section have been mainly defined and
studied for finite X.

Level-Dependent Fuzzy Measures. Greco, Matarazzo and Giove [25] in-
troduced a generalization of the Choquet integral considering a set of fuzzy
measures. In this set, measures are indexed by a parameter ¢ that corresponds
to the level in the integration process. We review these measures below. The
level-dependent Choquet integral is introduced in Definition

Definition 19. [2F] Let (X,.A) be a measurable space. A level-dependent fuzzy
measure is a function p: A x (a, 8) — [0,1], (o, ) C R, such that

1. for allt € (o, B) and A C B with A,B € A, pu(A,t) < u(B,t),

2. for allt € (o, B), u(@,t) =0 and p(X,t) =1,

3. for all A € A, u(A,t) considered as a function with respect to t is Lebesgue
mesurable.

Note that for a given ¢, u*(x,t) is a fuzzy measure.

Other Extensions. Non-additive measures correspond to cooperative games in
game theory. Then, a non-additive measure represents the value of a coalitions.
Formally, we have that p(A) is the value of a given coalition A. For example,
we can represent the case that X is the set of parties in a parliament and
1(A) € {0,1} represents whether the coalition A C X is able to approve a law.
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In the setting of games it is of relevance to study the case where some coalitions
are not possible because they cannot be formed. E.g., parties x; and z2 cannot
collaborate in approving the law.

This situation is described in detail in [I8] (Chapter 6 in this book). See also
the book by Bilbao [6].

Another type of extension is when the measure is not defined on a set but
on a multiset. That is, we allow multiple appearances of the same object when
computing the fuzzy measure. This situation has been studied in e.g. [53/90].

2.3 Aggregation Operators

In this section we focus on the approaches to aggregate data supplied by a finite
set X = {x1,...,xn} of objects. We consider the aggregation of data proceeding
from the elements of this set. Typically, X represents the data sources that
supply some information to be aggregated. For example, X can be a set of
experts giving opinions, a set of criteria used to evaluate some alternatives, and
a set of sensors. Then, we will consider that we have a function that relates each
data source with the value its supplies. Let f be such function that assigns a
value in a certaine range D to each = in X. That is, f : X — ID. We will use q; to
denote f(x;). Then, aggregation operators take N values ay, ..., ay and combine
them in a single datum. That is, C : DV — D. C is usually required to satisfy
idempotency (unanimity) and monotonicity. See [86l5] for details on aggregation
operators. [86] gives examples of their application and discusses their differences.
In the remaining part of this section we review the most rellevant functions.

Definition 20. Given a domain D with a total order <p, an aggregation oper-
ator is a function C : DN — D satisfying idempotency and monotonicity.

In this section we review some of these operators, mainly focusing to the case
where D is a subset of R.

Definition 21. A vector v = (v1...vn) is a weighting vector of dimension N if
and only if v; € [0,1] and Y, v; = 1.

Definition 22. A mapping AM: RN — R is an arithmetic mean of dimension
N if AM(ay,...;an) = (1/N) SN | a;.

Definition 23. Let p be a weighting vector of dimension N ; then, a mapping

WM: RN — R is a weighted mean of dimension N if WMp(a1,...,ay) =
N

iz Pitti-
Note that the expectation as defined in Definition [0l is the continuous coun-

terpart of the expression given here for the weighted mean. The weighting vector
p corresponds to the probability on X.
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Definition 24. Let w be a weighting vector of dimension N; then, a mapping
OWA: RN — R is an Ordered Weighting Averaging (OWA) operator of dimen-
sion N if

OW Ay al,..., sz Ao (i),

where {o(1),...,a(N)} is a permutation of {1, ..., N} such that ay;_1) > aq ;) for
alli = {2,..., N} (i.e., ay(;y is the ith largest element in the collection a1, ...,an ).

Both OWA and weighted mean generalize the arithmetic mean.

The WOWA Operator. The WOWA operator was introduced in order to
aggregate data taking into account the weights of both the weighted mean and
the OWA. That is, to model situations in which both importance of information
sources (as in the weighted mean) and importance of values (as in the OWA)
had to be taken into account. The definition of the operator is as follows. See [82]
for a review of results related to the WOWA operator.

Definition 25. [7][75] Let p and w be two weighting vectors of dimension N;
then, a mapping WOWA: RN — R is a Weighted Ordered Weighted Averaging
(WOWA) operator of dimension N if

WOWAP’ al, e Q sz Ao (i),

where o is defined as in the case of OWA (i.e., a,(;) is the ith largest element in
the collection ay, ...,an ), and the weight w; is defined as

wi = w" (Y pop) — w (D Poti):

7<i 7<i

with w* being a nondecreasing function that interpolates the points

{@@/N, ng‘)}i=1,.._,N U {(0,0)}.

J<i

The function w* is required to be a straight line when the points can be interpo-
lated in this way.

The previous definition starts with the weights w and p, and from w we build
the function W*. An alternative approach is to start directly with the function
W*. This is defined below with the help of the set of functions that can be used
as W*.

Definition 26. A function @ : [0,1] — [0, 1] is a regular nondecreasing fuzzy
quantifier (nondecreasing fuzzy quantifier for short) if (i) Q(0) = 0; (i) Q(1) =
1; and (iii) x >y implies Q(x) > Q(y).



10 V. Torra

Definition 27. Let Q be a regular nondecreasing fuzzy quantifier, and let p be
a weighting vector of dimension N; then, a mapping WOWA: RN — R is a
Weighted Ordered Weighted Averaging (WOWA) operator of dimension N if

N
WOWARQ((M, ceey CLN) = Zwiag(i),
i=1

where o is defined as in the case of the OWA, and the weight w; is defined as

wi =Q Zpo(i) -Q Zpo(i)

J<i Jj<i

There have been implementations of the WOWA operator based on different
interpolation methods. In order to make clear the difference between the WOWA
operator and the interpolation method, we give a definition in which the interpo-
lation function is a parameter of the operator. We review this definition below.

Definition 28. [8]] Let w be a weighting vector of dimension N with weights
w = (w1...wy), let I denote a particular interpolation method, and let I(w)
be the function that interpolates the points {(i/N,3 ;<, wj)}i=1,...n U{(0,0)}.
Then, we say that I is an interpolation method WOWA-consistent if I(w) is a
monotonic function, and I(w)(x) = x when x =1i/N for i=0,...,N.

Naturally, from this definition it follows I(w)(i/N) = >, w; and I(w)(0) =
0. The non-linear interpolation described in [788[79] and the linear interpolation
(see e.g. [10]) lead to WOWA-consistent interpolation methods. A comparison
of the sensitivity of the different interpolation methods is given in [S4J8T].

Note that taking into account Definition B8, we can define the WOWA oper-
ator as follows.

Definition 29. [8]] Let p and w be two weighting vectors of dimension N,
let I be a WOWA-consistent interpolation method; then, the mapping WOWA:
RN — R is a Weighted Ordered Weighted Averaging (WOWA) operator of
dimension N if

WOWAP’W’[(al, ) aN) = WOWApJ(w)(al, ...,aN),

Here we have reviewed the definition of the OWA and the WOWA in a discrete
domain. For continuous domains see [83J50/51] and Definition

The WOWA operator generalizes the weighted mean and the OWA and, as
we will see in the next section, the aggregation operators reviewed in this section
can be seen as particular cases of some integrals.

2.4 Choquet and Sugeno Integrals

Let us review the definition of the two main integrals for non-additive measures.
We begin with the Choquet integral, that reduces to the Lebesgue integral when
the measure is additive. [47] (Chapter 3 in this book) presents an overview of
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these integrals and other integrals for non-additive measures. [49] (Chapter 2
in this book) also considers these integrals and discuss the case of integration
of functions that take negative values. The asymmetric and symmetric (Sipog)
integrals are defined.

Definition 30. [J] Let X be a reference set, let (X,.A) be a measurable space,
let u be a non-additive measure on (X, A), and let f be a measurable function
f: X —[0,1]; then, the Choquet integral of f with respect to p is defined by

Culh) = [ ntryan

where s (r) := p({elf(x) > r}).
In the case of a discrete domain X, we have the following equivalent definition
for the Choquet integral.

Definition 31. Let p be a non-additive measure on X ; then, the Choquet inte-
gral of a function f: X — RT with respect to the fuzzy measure p is defined by

N
(©) [ fau =Y (f ) = Faimn Nl (4)
i=1

where f(xs;)) indicates that the indices have been permuted so that 0 < f(zs1)) <
o < fxsvy) £ 1, and where f(z50)) =0 and Ayqy = {25y, -+, To(n) }-

We can use this integral as an aggregation operator when we consider that f
is the function that associates each information source with its value. That is, as
above, f(x;) = a;. In this case, we can use CI,(a1,...,ay) to denote (C) [ fdu.

The WOWA operator is a particular case of the discrete Choquet integral.
This relationship was proven in [76]. In particular, for a finite set X the WOWA
operator with vectors p, w, and a WOWA-consistent interpolation method I cor-
responds to a Choquet integral with respect to the distorted probability defined
by p and I(w). Equivalently, it corresponds to the Choquet integral with respect
to the measure p(A) = I(w)(>_,c 4 p(2)).

This fact permits us to define the continuous WOWA (CWOWA) using a
probability measure P with density function p and a regular nondecreasing fuzzy
quantifier () as follows:

Definition 32. Let P be a probability measure on (R, B) with a density function
p, that is,

P((a,b]) = /[ P

where X is the Lebesque measure, let QQ be a monotone increasing function on
[0,1], and f : R — R a random variable. Then. Then, the continuous WOWA
operator of f is defined by

CWOWAL(H) = (C) [ fiu

where = Qo P.
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Then, the continuous OWA (COW A) is defined in terms of a symmetric
fuzzy measure. That is, COW A, (f) = (C) [ fdu when p is a symmetric fuzzy
measure.

As a consequence of all this, the weighted mean is a particular case of the dis-
crete Choquet integral. In fact, for a finite X, the weighted mean with weights
w; is the Choquet integral with measure p(A) = > 2,eA Wi- In general, as stated
above, the Choquet integral reduces to the Lebesgue integral for additive mea-
sures, which corresponds to the expectation of the function being integrated.
Similar results are obtained on non finite sets.

Let us now consider the Sugeno integral.

Definition 33. [68[69] Let X be a reference set, let (X,.A) be a measurable
space, let u be a non-additive measure on (X, A), and let f be a measurable
function f : X — [0,1]; then, the Sugeno integral of f with respect to p is
defined by

Su(f) := sup [rApp(r)],
rel0,1]

where iy (r) = p({zl () > 1}).
The definition for the discrete case follows.

Definition 34. Let y be a non-additive measure on X; then, the Sugeno integral
of a function f: X — [0, 1] with respect to u is defined by

(8) [ fan = mag min(f (). n(A,0) o)

where f(x(;)) indicates that the indices have been permuted so that 0 < f(x4)) <
o S flrgvy) <1 and Ay = {Zs(iys o To(n) }-

Sugeno integrals, due to the combination of weights and values through the
minimum, needs the function and the measure to be defined in the same domain.
It is usual to consider functions into [0, 1] and normalized fuzzy measures.

The Sugeno integral generalizes the weighted minimum and the weighted max-
imum. See [86] for the definition of these other operators, the relationship be-
tween all of them, and some examples of their application.

When the Sugeno integral is used as an aggregation operator, we usually use
SI,(a1,...,an) to denote (S) [ fdu. Here, a; = f(x;) as before.

Some Generalizations. We review in this section two level-dependent non-
additive integrals, and the twofold integral. The former is defined with respect
to a level-dependent fuzzy measure (see Definition [[). In the definitions V is
the maximum (or supremum) and A the minimum.

Definition 35. [25] Let X = (z1,...,zn) be the reference set, f : X —
(o, B) € [0,1], and let p be a level dependent capacity. Then, the level dependent
Choquet integral of f with respect to i is defined by:

CL(f) = / " A (1), vy, (6)
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where
Ag(t) = {z € X : flw) = t}.

Definition 36. [[6] Let X = (z1,...,zn) be the reference set, f : X —
(o, B) € [0,1], and let p1 be a level dependent capacity. Then, the level dependent
Sugeno integral of f with respect to u is defined by:

SL(f) =\ nlzeX:f) =t

te(0,1]
Let us consider now the twofold integral.

Definition 37. [5I80] Let X be a reference set, let (X, A) be a measurable
space, and let pc and ps be non-additive measures on (X, A). Then, for a mea-
1

surable function f: X — [0,1], let us define ¢y :[0,1] — EO, | by
¢r(@) =\ (rAus{f>r}).
0<r<z

Note that ¢¢(1) = S, (f) and @5 is nondecreasing, so the cardinality of noncon-
tinuous points of ¢y is at most countable. ¢y permits us to define a Lebesgue-
Stjeltjes measure vy, on the real line by

vy, ([a,b]) == ¢p(b+0) — ¢s(a —0).

Then, the twofold integral of a measurable function f : X — [0, 1] with respect
to fuzzy measures pg and pc is defined by

Tl o () = / ne(f > advg, (a).

For other integrals and generalizations of the integrals here see [49] and [47]
(Chapters 2 and 3 of this book).

2.5 Inequalities and Bounds

The literature on non-additive measures and integrals has also studied the con-
ditions that are required so that some well known equations and inequalities for
additive measures hold for non-additive ones. See e.g. [61I62] for some results in
the area and [56] for an overview of the topic.

2.6 Uncertainty Measures

The literature presents a considerable number of approaches with the generic
objective of capturing the uncertainty of a probability or, in general, of a non-
additive measure. They are the uncertainty measures. A well known example is
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entropy. We will review a few of them in this section. See [32] (Chapter 4 in this
book) for a detailed discussion of the entropy for non-additive measures.

Following [36,37}7 the measures of uncertainty can be classified in three
classes.

On the one hand we have the measures that focus on the ambiguity we have in
a piece of information. Ambiguity can be due to imprecision (or nonspecificity)
or due to discord (or conflict or strife). We have imprecision when there are
different possible alternatives. In this case, nonspecificity is to measure the size
of the set of possible alternatives. In contrast, other measures as entropy and
strife evaluate the degree of conflict, inconsistency or disagreement between these
alternatives. According to [27], “the more even the strength of the disagreeing
pieces of evidence is, the larger the conflict”. The term randomness is also used
for this latter set of measures (see e.g. Yager [03]). As we see below, nonspecificity
is zero for probabilities, and only entropy and other measures of conflict are able
to capture the uncertainty due to randomness.

On the other hand we have uncertainty due to fuzziness or vagueness because
of imprecise boundaries of sets (“lack of sharpness of relevant distinctions” as [37]
puts it (p. 268)). One approach to define measures of fuzziness is to take into
account that the larger the distinction between a fuzzy set and its complement,
the smaller its fuzziness. See [36J37] for details on measures of fuzziness and [34]
for references.

In this section we review the measures for imprecision (nonspecificity) and
conflict (entropy and strife). Measures of fuzziness are not discussed here. The
literature presents other measures that aggregate nonspecificity and conflict.
They are known as aggregate uncertainty measures (see for details [2736]).

Nonspecificity and Imprecision. One of the first measures of information
was the one defined by Hartley in 1928 [29]. This measure, based on (crisp) set
theory, is about the selection of an element from a set of candidates.

Let us consider a set A (subset of X) and a selection of m elements from
this set. Then, there are |A|™ sequences of m elements. Then, the basic idea of
Hartley’s definition is that the uncertainty of m selections should be proportional
to m. That is,

H(A™) = m - K(|A]), (7)

where K (|A|) is a constant that depends on |A| (the cardinality of the set A).
Let us now consider two sets A; and Ao, and two values m and my such that
|A1|™ = |A2|™2. From this last equation, Hartley derives:

m1 10g|A1‘ = M2 IOg|A2| (8)
In addition, using Equation [[lwe have that H(|A;|™!) = H(|A3|™2) corresponds

to
my - K([A1]) = ma - K(|Az]). 9)

! In [36], information is “conceived in terms of uncertainty reduction”.
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Equations R and @limply that K (]A|) = Ko log|A|. Since Ky is arbitrary, Hartley
removes it making the logarithmic base arbitrary. That is,

K(|A]) = log, |A], (10)

and H(JA|™) = mlog, |A|.

When b = 2, the uncertainty is measured in bits.

In 1970, Rényi [60] characterized Hartley’s measure in terms of three axioms:
additivity (H(n -m) = H(n) - H(m)), monotonicity (H(n) < H(n + 1)), and
normalization (H(2) = 1). That is, the only measure that satisfies additivity,
monotonicity, and normalization is Equation

In Equation [0, A is the set of alternatives, and the uncertainty is related
to the imprecision of the set. Klir and Wierman [36], Dubois and Prade [12]
and others use the term nonspecificity for this type of measure. Naturally, full
specificity (minimum imprecision) is achieved when we have only one alternative
(JA] = 1). Maximum nonspecificity (maximum imprecision) is achieved when
A=X.

In the area of evidence theory, the following definition was introduced by
Dubois and Prade [12] to compute the nonspecificity of an arbitrary non-additive
measure. A characterization of this measure was given by Ramer in [59].

Definition 38. Let u be a non-additive measure and let m be the Mdbius trans-
form of u (see Definition[d), then we define the nonspecificity of n by:

N(m) =Y m(A)log,|A| (11)
AEF,

where F,, is the set of focal elements of u.

When p is a probability, the nonspecificity of u is zero. The maximum of
this function is achieved for a measure p with Mdbius transform m(X) = 1 and
m(A) =0 for all other A # X.

Abelldn and Moral [I] generalize Definition to the case of convex sets
of probability distributiondd. Given a convex set of probability distributions C
they define the function f(A) = inf,cc P(A) (this corresponds to the lower
non-additive measure of C) and then define the nonspecificity of C as the non-
specificity of the Mobius transform of f.

The measures discussed in this section are only applicable to finite sets X.
The case of nonspecificity when the sets are on the real line or, in general, in the
n-dimensional Euclidean space was explored by Klir and Yuan [38].

Their definition is based on a Hartley-like function H L that can be applied to
any convex subset A of a set X C R"™. That is, let C be the family of all convex
subsets of X, then a Hartley-like function has the following form:

HL:C—R*.

2 Recall that given a belief function Bel on X, the closed convex set of probability
distributions Cp; is defined by all probabilities {(p.)|z € X} satistying (i) p. € [0, 1]

for x € X and Y p, = 1; and (ii) Bel(A) < > 4 pe < 1— Bel(A) for all A C X
and where A is the complement of A.
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An example of such function is the following one:

n

HL(A) =minln | JT 1+ A(A:,)] + A(A) — [T (MA,)]

teT
i=1 i=1

where A denotes the Lebesgue measure, T' denotes the set of all transformations
from one orthogonal coordinate system to another, and A;, denotes the ith
projection of A within the coordinate system ¢. This function satisfies the set
of properties that Hartley-like functions are required to satisfy in [3836] (see
these references for details). One of the properties is that the function HL has
to be coordinate invariant. That is, the function does not change under isometric
transformations of the coordinate space. That is why in the definition the set T
is considered.

Using H L, nonspecificity for non-additive measures on R™ is defined as follows,
when the set of focal elements of the fuzzy measure p, i.e., F,, is finite.

NL(m)= > m(A)HL(A) (12)

ACF,

Conflict. The most well-known measure of uncertainty is the Shannon entropy,
introduced by Shannon in 1948 [65]. Its definition follows.

Definition 39. Let pu be a probability measure on a finite reference set X, and
m be its probability density function (its Mobius transform) then the Shannon
entropy is defined by

H(p) = =Y m({x})logy m({z}).

zeX
with 0log 0 defined as 0 (to allow for probabilities equal to zero).

There are different characterizations of this function using different sets of
properties. See e.g. [3I13] for details.

This measure can be seen as a measure of conflict. This is illustrated in [36]
with the following expression that is equivalent to the one above for the entropy:

H(p) =Y m{a})C(x) (13)
zeX

where C(z) = —log, [1 — Con(z)] and Con(z) =3_ ,, m({y}).
In this expression, Con(x) corresponds to the probability that conflicts with
z (i.e., the one assigned to elements y € X such that x # y), and C(z) is a
function that is monotonic increasing with respect to Con(x). So, H(u) is the

average of Con(z) for all x in X, or the expectation of conflict.
In the case of non-additive measures, there are several alternative definitions
for measures on finite sets. We review two of them below. They are the lower and
upper entropies. [32] (Chapter 4 in this book) reviews these and other measures.
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Definition 40. [/3[77] Let p be a non-additive measure on a finite set X =
{x1,...,2N}; then, the lower entropy H; of 1 is defined by

Hy(p) = Z Z Yo (N)R[(T U {z:}) — p(T)], (14)

i=1 TCX\{x:}

where h is defined as follows

h(x) := {axlnw Zi i 8, (15)
and + 1)1
(n) = P . M (16)

Definition 41. [9]] Let p be a non-additive measure on a finite set X =
{z1,...,2zN}; then, the upper entropy H, of u is defined by

N

Hy(w) ==Y h| > )T u{z}) (D] |, (17)

=1 \TCX\{z:}
with v¢(n) defined as above.

In this second definition, the entropy of a fuzzy measure p corresponds to the
entropy of the Shapley value of the measure u (see Definition 7 in [I8], Chapter
6 in this book). The two definitions above satisty

1. Hi(p) < H,(w) for all p;
2. Hi(p) = H,(p) if and only if p is additive.

The comparison of the two entropies is given in [45]. For some other properties
of these entropies see [32] (Chapter 4 in this book) and also [86].

Marichal and Roubens introduced in [45] a definition of entropy for non-
additive measures p : 2% — L when X is finite and L is an ordinal scale. Let
L={lo,..., 0}, with log <p Iy <p -+ <g, l; then, the ordinal entropy Hy, of p
is defined by

Er(p) =g =2,

where R = {u(A)|A C X}
Equation suggested other generalizations of entropy. We review the one
introduced by Klir and Parviz in [35]. First, note that Con(z) in Equation [I3]

can be written as
Con(x) = Z m(A).
An{z}=0

Recall that in this expression m is the Mdbius transform of y (i.e., the probability
density function of p). Then, the strife ST of a non-additive measure p is defined
by:
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ST(i) == 3 mAogs (1= 3 mim' 7 7

AEF, BEF,

Definition B9 is on finite sets, the analogous definition not restricted to finite
sets is the Boltzmann entropy. Its definition is

b
mmz—/Vmwb&mw»

where m is a probability density function of y on [a,b]. Nevertheless this defi-
nition is not an extension of the Shannon entropy. This is so because when we
consider a sequence of discrete distributions on [a, b] with an increasing number
of terms, the Shannon entropy does not converge to the Boltzmann entropy.

To solve this problem, the Shannon cross-entropy was defined. The definitions
follow. They are defined in terms of two probability density functions p and gq.
First, we give the one for continuous functions and later the one for discrete
ones:

b X
B(p,q) = / p(x) log, ng; dz

and (@)
p(x
rzeX q
Up to our knowledge, entropies for non-additive measures not restricted to
finite sets have not been studied in the literature.

3 Decision Making

In this section we review first some models for decision making, and then focus on
problems that cannot be solved with the classical models but that can be solved
with the models based on non-additive measures. In [55] (Chapter 5 in this book)
some representation theorems are given for the models discussed briefly here.

3.1 Classical Expected Utility

In classical expected utility theory we consider a (finite) state space, which we
denote by S, and a set X that corresponds to a (finite) set of outcomes. Then,
let A denote an algebra on X. Then (X,.A) is a measurable space. Let P be a
probability measure on this space, and, thus, (X,.A, P) is a probabilistic space.
Let u : X — R* be a utility function.

We define an act as a function from S to X. Let f be one act, then f is a
random variable. F corresponds to the set of acts. That is,

F={fIf:8— X}
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Then, we also have preferences on F, which are denoted by <. < is a weak order
on F' and some properties are expected on <. See [55] (Chapter 5 in this book)
for details.

Then, in classical expected utility theory, the preferences < are represented
by a probability on S. In other words, given the tuple (S, X, F, <) we expect to
have a probability P on S such that E(u(f)) < E(u(g)) when f < g. Here E is
the expectation. Because of that, to represent preferences by expected utility we
need to find a (subjective) probability P such that F(u(f)) < E(u(g)) for all f
and g in F such that f < g. Here, naturally,

E(u(f)) =Y u(f(s)P({s}) = D> u(s)P(f ().
seS zeX
Alternatively, if there is a probability P and a utility function w such that
E(u(f)) < E(u(g)) if and only if f < g

we say that P and u represent <.

3.2 Choquet Expected Utility Model

Schmeidler defined in [64] the Choquet expected utility model for decision under
uncertainty. This model uses a Choquet integral and a non-additive measure.
This model is as follows.

Definition 42. A decision maker ranks acts in F according to the Choquet
expected utility model if there is a utility function u : Rt — R*, and a non-
additive measure p such that f < g for f,g € F if and only if

CIu,u(f) < CIu,;A(g)
where

Cun(f) = (©) / u(f)dp

is the Choquet integral of u(f) with respect to pu.

3.3 Rank-Dependent Expected Utility Model

Quiggin defined in [58] an alternative model based on distorted probabilities.
This model also uses a Choquet integral with a non-additive measure. However,

in this case, the measure belongs to the family of distorted probabilities (see
Definition [I4)).

Definition 43. A decision maker ranks acts in F according to the rank-dependent
expected utility model if there is a utility function u : Rt — R*, a probability
distorting function w (i.e., a nondecreasing function w : [0,1] — [0,1]), and a
non-additive probability P such that f < g for f,g € F if and only if

Ju,w,P(f) < Ju,w,P(g)
where

Juwr(f) = (C) / u(f)d(wo P).
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3.4 Ellsberg Paradox

In this section we define Ellsberg paradox and we show how non-additive mea-
sures can be used to solve this problem. This problem was defined in [14], a
solution using the Choquet integral can be found also in [52].

Ezample 2. Let us consider an urn with balls of three colours: red, black, and
yellow. The number of red balls is 30. The exact number of black and yellow
balls is not known, but their total is 60. Therefore, S = {R, B,Y}.

Let fr mean that you will get $ 100 only if you take a red ball and fp mean
that you will get $ 100 only if you take a black ball. Under these alternatives,
most people prefer fr. Therefore, we have fp < fr. Now, let fry mean that
you will get $ 100 if you take either a red or a yellow ball, and let fpy mean that
you will get $ 100 if you take a black or a yellow ball. Under these alternatives,
most people select fgy. Therefore, fry < fpy.

To complete the formalization, we have X = {0,100}. Table [[l represents the

acts fB, fr, fry, fByY-

Table 1. Balls and acts in Ellsberg’s paradox

Color of balls Red Black Yellow

Number of balls 30 60
Ir $100 0 0
/B $0 $100 O
fry $100 0 $100
fBy $0 $100 $ 100

This problem cannot be formalized by means of expected utility theory. Note
that in order to get a representation of < in terms of a utility function and a
probability distribution, we need that

E(u(f)) < E(u(g)) forall f<g.
Therefore, from fry < fpy we have that

E(u(fry)) = u(0)P(B) + u(100)P(Y) + u(100)P(R)
< u(100)P(B) + u(100)P(Y) + u(0)P(R) = E(u(f5y))

or, equivalently,
u(0)P(B) 4+ u(100)P(R) < u(100)P(B) 4+ u(0)P(R) (18)
On the other hand, from fp < fr we have that

E(u(fp)) = u(100)P(B) + u(0)P(Y) + u(0)P(R)
< u(0)P(B) 4+ u(0)P(Y) + u(100) P(R) = E(u(fr))
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or, equivalently,
u(100)P(B) + u(0)P(R) < u(0)P(B) + u(100)P(R). (19)

So, as inequality [[9 is in contradiction with inequality I8 it is not possible to
find functions v and P according to <.

In contrast, the Choquet integral utility model can be used to solve this para-
dox. In particular, we can use the Choquet integral with the following measure
to represent the preferences.

= p0) =
ME{R}) =1/3, p({B}) = p({Y'}) = 2/9
1(

- n({R,Y}) =5/9, p({B,Y}) = n({R,B}) =2/3
(R,B,Y}) =1

The following computations illustrate that the paradox is solved because it is
now possible to find u such that for all f < g holds

Clu(u(f)) < ClLu(u(g))

This is the case, for example, for u(z) = x. In particular, from fry < fpy we
have

ClLu(u(fry)) = w(0)p({B}) + w(100)u({Y, k})
<u(100)p({B,Y}) + w(0)p({R}) = CL.(u(fBy))

or, equivalently,
0-2/9+100-5/9 < 100-2/3+0-1/3.
On the other hand, from fp < fr we have that
Lu(u(fB)) = u(100)u({B}) + u(0)n({Y, k})
< ClLu(u(fr)) = w(0)p({B,Y}) + u(100)u({ R})
or, equivalently,
100-2/9+0-5/9<0-2/3+100-1/3.

In [55] (Chapter 5 in this book), it is discussed, following [15], that a submodu-
lar non-additive measure is not necessary nor sufficient for explaining Ellsberg’s
paradox. Examples are given to illustrate these facts. Ellsberg paradox is an
example of ambiguity aversio

3 Ambiguity aversion or uncertainty aversion describes an attitude of preference for
known risks over unknown risks.
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4 Subjective Evaluations

Another area where integrals have been applied is the area of subjective evalua-
tion. This topic already appears as one of the motivations in Sugeno’s work [69]

(p- 2).

“The purposes of this dissertation are to propose the concept of fuzzy
measures and integrals [11,12] as a way for expressing human subjectivity
and to discuss their applications.”

Dubois and Prade [I1] define subjective evaluation as follows.

“Formally speaking, the subjective evaluation problem can be viewed as
the synthesis, the identification of a function which maps the attribute
values describing the situation to evaluate into a discrete domain (clas-
sification), or a continuous one (absolute evaluation). More generally, we
may look for the degree of membership of the situation to a category,
or have a function yielding a fuzzy evaluation. This function is in gen-
eral not available as such, but is implicitly, and partially, described in
terms of criteria, or by means of expert rules, or through some fuzzy
algorithm. It may also happen that the function is only partially known
by exemplification through prototypical examples of situations for which
the evaluation is available.”

One of the approaches to subjective evaluation is to consider multiple criteria,
and aggregate them by means of an aggregation function. Using the notation of

Section 223 we have a set of finite criteria X = {x1,...,2n}, a set of functions,
one for each object to be evaluated f;, and then the aggregation function C to
combine the values f;(z1),..., fi(xn).

As described in Section 23] several functions exist for combining these values.
The weighted mean is one of them. In this case, the weights correspond to the
importance of the criteria (i.e., p; corresponds to the importance of criteria ;).
Then, an object with evaluation f; is prefered to another object f; with respect to
weights p1, ..., pn when WM (fi(z1), ..., filzn)) = WMy(fj(21),. .., fi(zN)).
As stated in Section 23] the weighted mean corresponds to the Lebesgue inte-
gral. That is, an integral with an additive measure.

Several examples have been presented in the literature to show the limitations
of models based on additive measures to represent preferences. We review some
of them below. We describe an example introduced by Grabisch [2I] and another
by Greco et al. [25]. The first one can be solved with the Choquet integral, but
not with a weighted mean. In the second case, the Choquet integral is not suitable
but, in contrast, the level-dependent Choquet integral can be used.

4.1 Grabisch’s Example

The example consists on the evaluation of three students in a school, according
to the marks on three subjects. The goal is to represent a subjective evaluation
of the director of the school.
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Table 2. Marks of the students in mathematics (M), physics (P), and literature (L)
according to Grabisch [21]

Student MP L
Ada f4 1816 10
Byron fp 101218
Countess fc 14 15 15

Ezxample 3. Let us consider three students A, B, and C (for Ada, Byron, and
the Countess) and their marks in three subjects Mathematics, Physics, and Lit-
erature according to Table [2] (marks in a scale of [0,20]). The preferences of the
director of the school are as follows:

— The director wants to assign the same weight to mathematics and physics,
and more weight to this subjects than to literature. This is so because the
school is scientifically oriented.

— The director wants to represent the following preference on the students:

B<A<C. (20)

This preference is based on the fact stated above that the school is more
scientifically than literary oriented, and, thus, more importance is attributed
to mathematics and physics than to literature. So, in short, the director
prefers A and C to B. Nevertheless, as for the director C and A are equally
good at scientific subjects, C' is prefered to A because C' is also good in
literature.

If we try to model the ranking of the director in terms of a weighted mean of
the marks of the students, we have

E(s) =wp -ma(s) +wp -mp(s) +wr -mp(s)

where myy(s) is the mark of the student s in mathematics, mp(s) is the mark of
the student s in physics, and my, (s) is the mark of the student s in literature, and
where wys, wp, and wy, are the weights of the subjects (mathematics, physics,
and literature). In this case, it is impossible to find weights so that E(B) <
E(A) < E(C) and at the same time wy; = wp > w.

In contrast to the weighted mean, the Choquet integral permits the represen-
tation of directors preferences. For this purpose we can use the fuzzy measure
defined as follows:

= (@) =0, u({M,P,L}) =1
WM S p({PY) = 045, p({1)) = 03

* Note that there are weights that satisfy Equation 20 but then the other conditions
are not satisfied. This is the case e.g. of the weights wy = 1/4, wp = 1.5/4 and
wr = 1.5/4 which imply E(B) = 13.75 < E(A) = 14.25 < E(C) = 14.75 but then
wy < Wy,
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= p({M, P}) = 0.5 < p({M}) + n({P})
— p({M,L}) = p({P,L}) = 0.9 > 0.45 + 0.3

Then, we define the evaluation of a student using the Choquet integral of the
corresponding function with respect to this fuzzy measure. That is, E(s) =
C) [ fsdp. In our example, this leads to

— E(Ada) = ffAd,u—139
- E(Bymn fdep =136
— E(C’ountess C) [ fedp =14.9

which satisfies the preferences expressed in Equation

4.2 Greco, Matarazzo and Giove’s Example

A kind of extension of the example presented by Grabisch [2I] (ExampleBlabove)
was introduced by Greco et al. in [25]. In this case, the director has a set of
preferences on 8 students.

Ezample 4. Let S = {s1, s2, s3, S4, S5, S6, $7, Sg} be a set of students with marks

on the subjects mathematics, physics, and literature according to Table [Bl

Table 3. Marks of the students in mathematics (M), physics (P), and literature (L)
according to Greco, Matarazzo, and Giove [25]

Student M P L

S1 282827
Sa 272828
S3 2626 25
Sy 252626
Ss 232322
Se 222323
Sz 191918
Sg 181919

For these marks, the subjective evaluation of the director of the school is as
follows:

S7 <83 <855 <855 <853<5,<5 <5

For this problem, there is no set of weights that permits to represent director’s
preference in terms of an average (weighted mean) of the marks with respect
to the weights. Note that E(S2) < FE(S1) implies wy > wg, but E(S3) <
E(S4) implies wy; < wy,. In fact, the Choquet integral is neither appropriate to
represent this problem. No fuzzy measure exists to express this preference using
a Choquet integral. This is so because CI(s1) > CI(s2) implies

Cl(s1) =27 p({M, P,L}) + 1 p({M, P})
> 27 u({M,P,L}) +1- u({P,L}) = CI(52)
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This means p({M, P}) > -u({P, L}), and, in contrast, CI(s3) < CI(s4) implies

Cl(ss) = 25 u({M, P,LY) + 1 u({M, H})
<25 - p({M,P,L}) +1-pu({P,L}) = CI(s4)

This means p({M, P}) < u({P, L}), which is in contradiction with the previ-
ous equality.

Greco et al. prove in [25] that the level-dependent Choquet integral can be
used to express the preferences, but that two other alternative models are not ad-
equate. In particular, they prove that neither the bipolar Choquet integral [22/23]
nor the Cumulative Prospect Theory functional [91] are valid approaches.

5 Other Applications

There has been a large number of other applications of fuzzy integrals. The
fields of computer vision and information fusion have used these integrals for
different purposes. We review some of these applications below. Other applica-
tions not discussed here include computer vision and fuzzy inference (control).
[33] reviews applications in computer vision and [83J63J85] are on applications
to different aspects of fuzzy inference and control. In particular, [83] focuses on
defuzzification, and [63I85] on the computation of the output fuzzy set.

5.1 Integrals and Data Fusion

[19] considers the problem of land mine detection. The authors describe a system
that collects data from multiple sensors and then fuse the information using
two soft computing approaches. The output of the system is a mine confidence
value. That is, a confidence that a mine is present at a particular location.
One approach uses fuzzy logic rules (a Mamdani system [42]), and the other a
fuzzy integral. In the former approach two fuzzy rule systems are implemented
and running in parallel. The authors state that one is for linked or spatially
correlated targets and the other for unlinked targets. In the other approach, both
Choquet and Sugeno integral were considered in the fusion process. Measures
were determined heuristically. The authors use Sugeno A-measures and they
interpret the measure of a singelton as the “(possibly subjective) importance of a
single information source in determining the evaluation of land mine confidence”.
Although the fuzzy measures used in this work are determined heuristically, the
authors describe that in [20] they compared the use of training algorithms based
on quadratic programming versus an heuristic assignment.

The problem of gray level and color image segmentation has been considered
by different authors considering non-additive integrals. See e.g. [33]. Most of the
papers use Sugeno A-measures determined from the measures on the singletons.
The problem of color image segmentation is also considered in [67]. In this case,
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the author also considers the use of a Choquet integral with a Sugeno A-measure.
One of the interests of this paper is that they determine the measure by means of
an unsupervised approach based on a self-organizing feature map (SOFM) [39].
[40] is another example of unsupervised approach.

Recently, the Choquet integral has been used for regression. See [72I73] for
details. This problem can be seen both as an application or as a way to determine
the corresponding non-additive measure.

5.2 Identification of Measures

The problem of measure determination (model fitting) briefly mentioned in Sec-
tion Bl is reviewed in more detail in [86]. Basically, we have heuristic methods,
and methods that extract the measure from examples. Among the former, we
might have an expert that just assigns the values of the measure for all subsets,
or an expert that assigns a few relevant parameters from which to extract these
values. An example of the later is when the measure is determined as the one
that maximises the entropy for a given orness. That is, the expert settles the
orness, and the measure is found from this value. Among the later, we have
supervised approaches and unsupervised ones. In the supervised case, we have
some examples with known input-output pairs, which are used to learn the val-
ues of the measure. The case described above using a self-organizing feature map
to determine the measure is an example of unsupervised approach.

5.3 Integrals and Distances

Pham and Yan in [57]@ use the Choquet integral to compute the distance be-
tween pairs of objects in a clustering algorithm (the mountain clustering algo-
rithm [95]). Their application, on the segmentation of color image data, defines
a distance between a point z and a cluster center p by d(z,p) = 1 — o*(z, p),
where the similarity ¢* is computed using the Choquet integral. The authors
report that both Choquet and Sugeno integrals were considered and the solu-
tions obtained from the Choquet integral were found better than the ones of the
Sugeno integral. Apparently, o(z, p) is computed as the Choquet integral of the
three RGB colours of a pixel. That is,

o(z,p) = CIM((RI - Rp)Qa (Gz — Gp)za (Bz — Bp)2)~ (21)

The integration is done with respect to a Sugeno A-measure.
The use of Choquet integral as a fundamental brick to build a distance funcion
has been used in other contexts. In [2] the Choquet integral is used to compare

® The authors also discuss in their paper three interpretations for the fuzzy integral: (i)
fuzzy expectation (according to [70]), (ii) the maximal degree of agreement between
two opposite tendencies (according to [92]), (iii) the maximal grade of agreement
between the objective evidence and the expectation (following [7I]). Nevertheless,
they state that in their paper a fuzzy integral is considered as a maximum degree of
belief for an object to belong to a certain class.
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a set of numerical records against a given one in order to find the nearest one.
Formally, given two records a = (a1,...,an) and b = (b1,...,bx) where a; and
b; are values for variable V; in R (and thus, a and b are in R"Y), the distance
between a and b is defined by

du(a,b)Q :CIM = (((11 —bl)z,...,(aN —bN)Q) (22)

where p is a fuzzy measure defined on the set of variables Vi, ..., V. Note that
this is the same expression given in Equation 21] above.

This function does not satisfy the triangle inequality but only non-negativity,
reflexivity, and symmetry. Note also that Equation 22 corresponds to the square
of the distance (i.e., d(a,b)? = d(a,b) - d(a,b)).

Abril et al.[2] explains how to determine (i.e., learn according to machine
learning jargon) the measure for the distance in Equation 22 from a set of ex-
amples. More specifically, the authors solve a record linkage problem [16]. In
short, there are two files A and B both containing the same data from the same
individuals in terms of the same variables Vi,...,Vx. Records in A and B are
not exactly the same due to errors in the data. The problem consists of assigning
each record in A to the correct record in B. For a given record a;, the distance
d(a;,b) is computed for all b € B and the record with a minimal distance is as-
signed to a,. As stated above d,,(a, ) is the distance of Equation[22 Given A, B
and an assignment of records from A to B, the optimal measure p is found that
corresponds to the assignment that minimizes the number of incorrect links.

Narukawa in [48] also discusses distances defined by a Choquet integral. Let
@ be a non-additive measure on (X, A), and let Cp, (1) be the following subset of
measurable functions

Cylp) = {f e M) [ IfPdu < oo},

where M is the class of measurable functions. Then, [48] introduces the pth
power norm of a function f for p > 1 for submodular p as

151k = () | prdu)l/p.

and prove that if p is submodular and continuous from below, then the space
(Cp(10), 1| f]14,p) is complete. This result is later used to define distances on fuzzy
sets.

The properties of the distance based on the Choquet integral are also discussed
in [7], where the authors characterize the class of measures that induce a metric
with the Choquet integral.

A different topic is the definition of distances for non-additive measures. In
the case of additive measures we have distances as the Hellinger distance [31],
the Kullback and Leibler divergence and the f-divergence. In [89] a definition of
the Hellinger distance for non-additive measures was proposed.



28 V. Torra

5.4 Integrals and Distributions

Expression has been used in [88] in another context to define a probability
distribution based on the Choquet integral. More specifically, the exponential
family of Choquet integral based class-conditional probability-density functions
is defined by:
P(z) = Il(ef;CIu«zfm)@(mfm))

where K is a constant so that the function is a probability, and where v ® w de-
notes the elementwise product of vectors v and w (i.e., (VW) = (viwy ... VWy)).

This distribution has similarities with the multinomial normal distribution in
the sense that both are multivariate and permit us to represent interactions (and
non-independence) between the variables. Nevertheless, the type of interactions
they represent are different. Because of that a more general distribution was
also introduced, the exponential family of Choquet-Mahalanobis integral based
class-conditional probability-density functions is defined by:

1
Pla) = emiChatvow)

where K is a constant that is defined so that the function is a probability, where
LLT = @ is the Cholesky decomposition of the matrix Q, v = (z — m)TL,
w = LT(z —m), and where v ® w denotes the elementwise product of vectors v
and w.

6 Conclusions

In this chapter we have reviewed several definitions related to non-additive mea-
sures and some of their results. We have briefly discussed some applications. We
have shown that non-additive measures and integrals solve some of the short-
commings of alternative models.

As a summary, we have seen that non-additive measures when combined with
Choquet integrals have more expressive capabilities than additive measures with
the Lebesgue integral, or in the discrete setting that the Choquet integral has
better modeling capabilities than the weighted mean.

Although no discussed here, it is important to point out that in practical
problems, it is not always the best option to select the model with better mod-
eling capabilities because it can cause overfitting (see e.g. [30]). In practice, it is
important to find a good trade-off between the simplicity of the model and the
complexity of the data or the situation to be represented.
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Abstract. This chapter surveys the fundamental aspect of non-additive
measures and integral with respect to a non additive measure.

Several basic definitions of non additive measure, Sugeno integral and
Choquet integral are presented. The basic properties of the generalized
fuzzy integral which is a generalization of both Sugeno and Choquet inte-
gral are shown. The generalized Mobius transform and the representation
of Choquet integral are also shown.

Keywords: non additive measure, fuzzy measure, Choquet integral,
Sugeno integral, Mébius transform.

1 Introduction

A measure is a generalization of the concept of length, area and volume. Suppose
1(A) denotes the ”length” of a set A.

The properties of the notion of ”length” are non-negativity and additivity:
u(AUB) = pu(A)+ p(B) for ANB =0 A, B €S, where S is a universal set and
S is a class of subsets of S.

In the Lebesgue’s measure theory[21], the assumption of additivity is re-
placed by a countable additivity or o—additivity; p(UierAs) = > n(4i),
where A; € S, A; N A; = 0,i,j € I,I :countable. Lebesgue integral has a lot
of useful properties for both theory and application. Especially it is applied for
a fundamental background for probability theory [I7I19)].

However some observation says that probability theory based on Lebesgue
measure and integral is too restrictive for Human Centered System. The prob-
lem is caused by the additivity of measure and integral. We need another measure
theory, that is, non-additive measure theory or fuzzy measure theory. In fact,
non-additive measure has been used with various names in various fields: J.
von Neumann and O. Morgenstern [52] called cooperative games in economics,
which is without integral. Auman and Shapley [I] organized the theory of non
atomic games systematically. Choquet[6] studied a non additive set function
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called capacity on the class of compact sets in potential theory. He also consid-
ered a functional extending capacity, which was called Choquet integral later.
Sugeno[65] called a non additive set function a fuzzy measure and proposed the
integral with respect to a fuzzy measure in systems science. He named his inte-
gral the fuzzy integral, which is known as Sugeno integral today. Schmeidler [61]
used a non additive set function, named a non additive subjective probability
in Economics and he considered the Choquet integral with respect to a non ad-
ditive subjective probability. The researchers of Discrete convex analysis study
a non additive set function called matroid or submodular function [40/4TIT4].
Their Lovész extension is the same as the Choquet integral. Denneberg [10] ’s
monograph titled non additive measure and integral show a lot of mathematical
results.

In this paper, we present several basic definitions and results of non additive
measures and integral. The paper is organized as follows: In section 2, we show
some basic definition of a non additive measure. Comonotonicity is the impor-
tant concept, considering the integral. Continuity of a non additive measure is
useful for some convergence theorems of functions or integrals. We show some
basic definitions of integral with respect to a non additive measure in Section 3.
The most fundamental integrals are Sugeno integral and Choquet integral. We
show their definition and basic properties. Some results about the extension of
Choquet integral are presented in Section 3.

The generalization of both Sugeno and Choquet integral is called a general-
ized fuzzy integral in Section 4. We present a multidimensional integral which
correspond to Fubini’s theorem in classical theory.

In section 5, we study Mobius transform of a non additive measure and a
representation of integral using the Md6bius transform. We show that the gener-
alized representation theorems of Choquet integral and show that they coincide
if the universal set is finite.

We conclude with Concluding remarks.

2 Non-Additive Meeasure or Fuzzy Measure

Let S be a universal set and S be a sigma algebra of S. We say that (S,S) is
a measurable space. In this section, we will present several properties of non-
additive measures.

2.1 Basic Definitions

Definition 1. Let (S, S) be a measurable space and R be a set of non-negative
real numbers.

We say that a set function p : & — Ry is a non-additive measure or fuzzy
measure if y satisfies the next conditions:

L pu(0) =0,
2. ACB,A,BeS = u(A) <uB).
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Remark. If a set function p on S satisfies u(#) = 0, we say that x4 is a non mono-
tonic non-additive measure or a non monotonic fuzz measure. A non monotonic
fuzzy measure is studied in [36/75]

Example 1. (Old rare books) Suppose there are rare books consisting of two
volumes: x1, xo. Let X := {x1,z2}. Suppose that there is a secondhand bookseller
who buys them at the prices: v({z1}) dollars per first volume, v({x2}) dollars
per second volume, v(X) dollars per set of two volumes. If he sets a high value
on a complete set, then

v(X) > v({z1}) + v({z2}).

Example 2. (The workers in a workshop)

Let X be the set of the workers in a workshop, and suppose that they produce
the same products. For each A € 2%, the members of A work in the workshop. A
group A may have various ways to work: Let u(A) be the number of the products
made by a group A in one hour. Then p is a measure of the productivity of a
group: the attribute of 2% in question is the productivity. By the definition, the
following statements are natural:

— A and B work separately, then u(AU B) = p(A) + p(B).

— A and B work with effective cooperation, u(AU B) > u(A) + pu(B).

— A and B work with incompatibility between A’s operations and B’s,
u(AU B) < pu(A) + pu(B)

As shown in the previous examples, a non additive measure represents a fact
that can not be represent with an additive set function. The biggest problem is
how to define each ;(A) for A € 2%. To avoid combinatorial explosion, a lot of
special non-additive measures are proposed as follows.

Definition 2. Let p be a non-additive measure on (S,S).
1. Sugeno A measure: [6H] for some fized A > —1 it holds
(AU B) = pu(A) + pu(B) + Au(A)u(B)

forall ANB =10
2. Possibility measure:Zadeh [T7] in the context of fuzzy sets.

Pos(AU B) = max(Pos(A), Pos(B))
3. Necessity measure:[T7]

Nec(AN B) =min(Nec(A), Nec(B))
4. the 0-1 possibility measure Poss focused on A:

Posa(B)=1 i ANB#0,=0if ANB=10
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the 0-1 necessity measure Necs focused on A (Unaminity game):
Neca(B)=1if ACB,=0if A¢ B

[73153] p is called null-additive if p(A U B) = p(A) whenever A,B € S,
ANB =10 and p(B) =0.
[T 1 is called weakly null-additive if n(AU B) = p(A) whenever A,B € S,
ANB =10, u(A) =0 and p(B) = 0.
Decomposable measure: [T0]3]|]
if there exists a t-conorm L such that for all A, B C X with AN B = it
holds:
p(AU B) = p(A)Lu(B),
where L is t-conorm [18J30] L : [0,1] x [0,1] — [0,1] :
(i) L(z,y) = L(y,z) (commutativity)
(il) L(L(z,y),2) = L(z, L(y,2)) (associativity)
(iii) L(z,y) < L(2,y) if x <2’ and y <y’ (monotonicity)
(iv) L(x,0) ==z for all z (neutral element 0)
Distorted probability: [57)[4)]
w(A) := f(P(A)), where P is probability and f is monotone function with
F(0)=0,7(1) = 1.
Belief function:[9[65]

Bel(A1U...UAy) > > Bel(A;) = > Bel(A; N Ag) + ...
J i<k
+(=D)" M Bel(A1 N ...NAy)
Plausibility function: [9]63)]

Pl(A1N..NAy) <> PI(Aj) =Y Pl(A;UA) + ...
J Jj<k
+(=D" T PI(A U ... UA,)
k order monotonicity: [G[5]
(a) k-order monotone (or k-monotone) for k > 2, if for all family of k
subsets A1,... Ay in X,

plJA) = D> 0" u)

i=1 OAICT,.. .k i€A;

1-monotonicity is defined as monotonicity.

(b) totally monotone if it is k-monotone for any k > 1.

(¢) k-order alternative (or k-alternative) for k > 2, if k-order monotone (or
k-monotone) if for all family of k subsets A;,... A in X,

p((A) < > "))

i=1 OAICT,.. .k iCA;
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2-monotonicity is sometimes known by super modularity or convexity, 2-
alternating fuzzy measures are sometimes called submodular measure.
13. Inter-additive fuzzy measure: [35]
Let P ={X1,..., X} be a partition of X then P is a p-inter-additive par-
tition of X if
u(4) = 3 (AN x;)

X, eP

for every A € 2%,

2.2 Measurable Function and Comonotonicity

Let (S,S) be a measurable space. We say that a function f : S — R is mea-
surable, if {z|f(x) > a} € S for all real number a. F(S) denotes the class of
measurable functions on S. and FT(S) denotes the class of non negative mea-
surable functions on S.

The concepts related to convergence of measurable functions are the same as
the classical ones.

Definition 3. Let f, f, € F(S) (n=1,2,... ).

1. We say that {f} converges almost everywhere to f on S, and denote it by
fn = (p—a.e.)f, if there exists a subset E C S such that u(E) = 0 and
fon— fonS\E.

2. We say that {f} converges almost uniformly to f on S, and denote it by
fo = (@ —aw.)f, if for any € > 0 there exists a subset E. € S such that
w(S\ Eo) <€ and fn, — f uniformly on E..

The comonotonicity of measurable functions are one of the most important
properties when we consider the additivity of integral.

Definition 4. f,g € F(S) f and g are comonotonic, if z,2’ € S

f(x) < f(2') = g(x) < g(2)

The next proposition gives a necessary and sufficient condition for comono-
tonicity.

Proposition 5. [I0] Let f,g € F(S). The following conditions are equivalent.

1. f and g are comonotonic.

2. (f(z1) — f(z2))(g9(x1) — g(x2)) <O for all 1,22 € S.

5. {alf(x) > a} C {elg(x) > b} or {alf(x) > a} > {alg(x) > b} for al

a,b e R.

There exists a function F : S — R and increasing functions u,v on R such

that f = u(F),g =v(F).

5. There exist continuous increasing functions u,v on R such that u(z)+v(z) =
z,2€ R and f =u(f+g),9=v(f+9).

+~
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2.3 Continuity

The continuity is a basic assumption for the convergence theorem of the se-
quence of measurable functions. Sugeno’s original definition of fuzzy measure
[65] assumes continuity as shown in Definition [fl However it is pointed out that
Sugeno’s continuity is too restrictive. That is, Possibility measure and Necessity
measure are not included in Fuzzy measure [55]. Due to this problem, several
alternative definitions of continuity have been proposed. Definition 7 reviews
some of them.

Definition 6. Let p be a non additive measure on (S,S) and A, A, € S (n =
1,2,...).

1. p is said to be continuous from below if for every increasing sequence { A}
of measurable sets, it holds that

Bl An) = 05, #An)
that is, Ap T A= u(Ay) T u(A).
2. w is said to be continuous from above if for every decreasing sequence {A,}
of measurable sets, it holds that

Bl An) = 05, #An)
that is, Ap L A= u(Ay) | u(A).
3. We say that a non additive measure which is continuous from both above and
below is continuous.

Definition 7. Let p be a non additive measure on (S, S).

1. [73] p is said to be autocontinuous from above if for A € B limy, oo (AU
By,) = p(A) whenever limy, oo u(Bpn) =0 .

2. [22] i is said to be strongly order continuous if Ny, | N and u(N) = 0 imply
1(Nn) 1 0.

3. [39] w is said to be strongly order totally continuous if, for every decreas-
ing net B of measurable sets such that NB is measurable and p(NB) = 0,
infBeB /,(,(B) =0.

4. [T p is said to be null-continuous if N, T N and u(Nn) = 0 for every
n=12,... imply u(N) = 0.

5. [67] 1 said to have property (S) if p(Nn) — 0 implies that there exists a
subsequence {Ny,} of {N,} such that p(Ng, U2, Ny,) = 0.

6. [39] u is said to satisfy the Egoroff condition (for short Ec) if, for every
doubly-indezed sequence Ny, such that Npyn DO Ny for m > m' and
n < n' and p(UX_, N2, Nppn) = 0, and for every € > 0, there exists a
sequence {np} such that w(US_1 Ny, ) < €.

7. [12] We say that p has a pseudo metric generating property (for short "p.g.p.”),
if both limy, 00 1(Ay) = 0 and lim,, o u(B,) = 0 implies lim,, o0 (A, U
B,) =0 for{A,},{B.} C B.
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8. [13] 1 is said to be exhaustive if limy, o0 p(Ay) = 0 for any infinite disjoint
sequence {An} C B.

9. [23] 1 is said to satisfy condition (E) if NJ* L N™ as n — oo for every
m and p(USS_1N™) = 0 imply that there exist strictly increasing sequences
{n;} and {mz} such that (U2, NJ') — 0 as k — oc.

10. [68] p is said to satisfy condition (M) if p(Us, N2, N;) =0 implz'es that for
every € there exists a strictly increasing sequence {my} such that p(Upe; N
N;) <e.

Theorem 8. (Egoroff’s theorem) [23[39] Let p be a monotone non-additive
measure on S. The next conditions are equivalent.

1. p satisfies condition (Ec).
2. p satisfies condition (E).
3. fn —Bmee) £ amplies f, —H—aw) f,

The interrelations among each definition are summarized as follows.
Theorem 9. Let u be a monotone non-additive measure on S.

[24)] Continuity implies condition (E).

[23]39] Strong order continuity and property (S) implies condition (E).
[39] Strong order total continuity implies condition (E).

[68] Continuity implies condition (M) and null-continuity.

[68] Strong order continuity and property (S) implies condition (M) and
null-continuity.

[23139] Condition (E) implies strong order continuity.

[68] Condition (M) and null-continuity implies condition (E).

[25] Strongly order continuity and property (S) implies property (E).

[25] If v is order continuous and has p.g.p., then it is strongly order contin-
uous and has property (S).

Crds o o~
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3 Integral with Respect to a Non Additive Measure

In this section, we will present the integral with respect to a non-additive mea-
sure, that is, Sugeno integral and Choquet integral.

3.1 Sugeno Integral

Sugeno [65] proposed the integral with respect to a non additive measure. The
integral was called a fuzzy integral. However it is called Sugeno integral now.

Definition 10. Let p be a non-additive measure on (S,S) with p(S) =1
Let f : S — [0,1] be a measurable. The Sugeno integral of f with respect to
u is defined as follows;

s) / Fp = Veepo (r A pp(r)

where () = p({e|f(2) > r}).
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The Sugeno integral is shown as the coordinate of intersecting point of the
graph below

pr(r)

0 s 1

The integrand f for Sugeno integral is restricted to f : S — [0,1]. The def-
inition of Sugeno integral can be extend so that its integrand is a member of

FH(S).

Definition 11. Let p be a non-additive measure on (5,8) with p(S) = oo.
Let f € F*(S). The Sugeno integral of f with respect to u is defined as

() / Fldi ==V ye(o.0) (1 A (1)

where pr(r) == p({z|f(z) > r}).
The basic properties of Sugeno integral is following:
Theorem 12. Let pi be a non-additive measure on (S,S) with u(S) = oo(resp.1).
1. (S)/a/\fdu =aAl (S)/fd,u for f,g € FT(S)(respawith0 < f,g <1)
2. f < g implies (S)/fdu < (S)/gdu

3. (S)/f\/gd,u:(S)/f\/gdu for comonotonic f,g € F*(S).

Suppose that a non additive measure p is continuous. Then the following
monotone convergence theorem for Sugeno integral can be shown [65].
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Theorem 13. [65] Let p be a continuous non-additive measure on (S,S) with
w(S) =o0. Let {fn} be a monotone sequence of measurable functions.
Then we have

lim (5) / frdp = (S) / lim f,dpu.
n—oo n—oo

Sugeno integral uses only the order of each value of the function, and does not
require addition or multiplication. Sugeno integral is useful for problem with an
ordinal scale, but it is weak for transformation of scale. Even if u is c—additive,
Sugeno integral des not coincide with Lebesgue integral. That is, Sugeno integral
is not an extension of classical integral.

3.2 Choquet Integral

Choquet [6] proposed his functional in potential theory, which is an extension of
capacity on a class of compact sets to a sets of functions. Later the functional
was regarded as the integral with respect to a non additive measure [32J61].
Vitali [72] introduced a similar idea on 1925, although he did not consider a non
additive measure. Konig [20] proposed horizontal integral, which is also similar
to the Choquet idea.

Definition 14. Let p be a non additive measure on (S,S) and f : .S — [0, 00).
The Choquet integral of f with respect to p is defined by

©) [ 1= [ "

where pr(r) == p({z|f(z) > r}).

Example 3. ( Old rare books ) Suppose that there is a secondhand bookseller
who buys them at the prices: v({x1}) dollars per first volume, v({z2}) dollars
per second volume, v(X) dollars per set of two volumes.

Since he sets a high value on a complete set,

v(X) > v({a1}) + v({a2}).

A certain person sells f(x1) first volumes and f(xz2) second volumes to the
secondhand bookseller. We may assume that f(x1) > f(x2).
He gets
f(@2)p(X) + (f(21) = f(w2)) ().

This is a Choquet integral.

Example 4. (The workers in a workshop)

Let X be the set of the workers in a workshop, and suppose that they produce
the same products. For each A € 2%, the members of A work in the workshop.
Let 11(A) be the number of the products made by A in one hour. Suppose a person
x; works f(x;) hour and f(x1) < f(ze) < -+ < f(zy).
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The group (all member) X works f(x1) hours. the group ( member excludes
x1) X\ {z1} works f(x2) — f(x1) hours. the groups X \ {x1, 22} works f(x3) —
f(z2) hours. and so on.

Last x,, works f(x,) — f(xn—1) hours.

Then the total numbers of the products is

J@0u(X) + (f(@2) = F@))p(X\ 1)) + (F(as) = F(2))p(X\ {z1,22})
oot (f(@n) = f(@a—)u({za})

This is the Choquet integral of f with respect to p.
The basic properties of Choquet integral are presented as follows.

Theorem 15. Let pi be a non-additive measure on (S,S).

1. (O) / 1adu = ap(A) where 14 is a characteristic of A € S.
2. (C)/afdu:a(C)/fd,u for f € FT(S).

5. f <g, f.g € F(S). implies (C) / fdu < (C) / gdp.

Suppose that a non additive measure p is continuous. Then we have the
monotone convergence theorem for the Choquet integral. The theorem follows
and its proof is in [I0].

Theorem 16. Let p be a non-additive measure on (S,S), which is continuous
from below. Let { f.} be a monotone increasing sequence of measurable functions.
Then we have
lim (C’)/fndu = (C’)/ lim f,du.
n— oo

n— o0

Generally the Choquet integral is not additive. We can the consider the con-
dition under which the Choquet integral is additive. Dellacherie [8] shows that
the Choquet integral is additive if f and g are comonotonic.

Theorem 17. [8[10] If f,g € F*(S) are comonotonic, then

(C)/f+gdu= (C)/fdu+(0)/gdu-
Taking a notice of a measure, we have the next theorem from the definition.

Theorem 18. Let (S,S) be a measurable space, f be a bounded nonnegative
measurable function on S and A € S.

1. (O) / fdPosy = max f(x) where Posy is the 0-1 possibility measure focused
x
on A.
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2. (C)/deecA = miﬂ f(x) where Necy is the 0-1 necessity measure focused
TE
on A.

If we consider the Sugeno integral, we have a similar max-min theorem as the
one for the Choquet integral.

Theorem 19. Let (S,S) be a measurable space, f be a bounded nonnegative
measurable function on S with0 < f <1 and A€ S.
1. (S)/fdPosA = max f(x) where Posy is the 0-1 possibility measure focused
€
on A.

2. (S) | fdNecs = rréigl f(x) where Necy is the 0-1 necessity measure focused
x
on A.

3.3 Extension of Choquet Integral

We have defined a Choquet integral of a non-negative function with respect to

a non additive measure. In this subsection, we will show some extensions of the

Choquet integral for a real valued function f that may take a negative value.
If u(S) < oo, we can define the Choquet integral of f.

Definition 20. Suppose that (S,S) be a measurable space and p be a non
additive measure on S with p(S) < co.
Let f € F(9).

(©) / fu=(C) / (f VO - (C) / (=1) v 0)dp
where (A) := u(S) — pu(A) for A€ S.

We say that i is a conjugate of u. Let f € F(S), C.(f) denotes a Choquet
integral of f with respect to pu, that is,

Cu(5) = (©) [ s
This integral is known as the asymmetric integral.

The extended Choquet integral has both monotonicity and comonotonic addi-
tivity. Conversely, a functional on F(S) with both monotonicity and comonotonic
additivity can be represented as a Choquet integral.

Theorem 21. [10/67]

1. f,g € F(S) are comonotonic,

Culf +9) = Cu(f) + Culg)-
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2. Let I : F(S) — R with I(f) < I(g) for f < g f,g € F(S) and I(f + g) =
I(f) + I(g) for comonotonic f,g € F(S). Then there exists a non-additive
measure such that

I(f) = Cu(¥)
for f e F(S).

Another extension is known as Sipos integral.

Definition 22. [64]. Suppose that (S,S) be a measurable space and u be a
non additive measure on S.
A Sipos integral or symmetric integral is defined by

Cu(f) == Cu(f V0) = Cul((=f) VO).
for f € F(S).

The Cumulative Prospect Theory (CPT) by Tversky and Kahnemann [70]
is a generalization of both the asymmetric integral and the Sipos integral. We
review CPT below.

Definition 23. Suppose that (S,S) be a measurable space and p and u~ be
a non additive measure on S. A CPT functional CPT : F(S) — R is defined by

CPT s - (f) i= Cos (F V 0) = Cue ((—f) V O).

The next theorem presents a necessary and sufficient condition for a CPT
functional on some topological setting.

Theorem 24. [43] Let S be a Locally compact Hausdorff space and C(S) be
a class of continuous functions with compact support and I : C(S) — R a
comonotonically additive and monotone functional.

Then there exist non additive measures u*, u~ on (S,S) such that

I(f) = CPTM+,/L_ (f)

for f € C(S).

If S is compact, we have p= = p~.

Example 5. Let S be a countable set, that is, S := {a1,a2,...}. Then S is
a locally compact Hausdorff space with the discrete topology and S = 2. Let
C(S) be the class of continuous functions with compact support and f € C(S5).
Then |f(S)| < oo, that is, the support of f is a finite set. Let I : C(S) = R a
comonotonically additive and monotone functional.

Then there exist non additive measures u*, u~ on (S,S) such that

I(f) = CPT,+ - (f)
for f € C(S).
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If S is a finite set, that is, S := {a1,az2,...,an}. C(S) is a class of all real
valued function on S. Since u~ = pt, we have

CPT,.,-(f) = (C) / fut
for f € C(S).

Remark. Let L be a lattice. A lattice valued Sugeno integral is proposed and
studied in [16], where a CPT type extension of Sugeno integral is also proposed
and studied. The representation of L valued functional as Sugeno integral is also
studied in [58)[7I29].

Next we will show two other extensions of Choquet integral, that is, the Cho-
quet integral with constant and the multistep Choquet integral.

Definition 25. Let (S,S) be a measurable space, ;v a non additive measure on
S and b is a real number. The Choquet integral with constant b of f : S — RT
with respect to p is defined by

Cup(f) =Cu(f)+b.
The multistep Choquet integral is proposed and studied in [3TI37I38/44]

Definition 26. Let S be a finite set and S = 2°.

Let py, po, ..., ity be non additive measures on S and by, ba, ... b, be real
numbers. Then we define the 1st step Choquet integrals as a set of Choquet
integrals with constant: {Cyu, b, (f), - Cpp v, (f)} for f: S — RT.

Let 11 be a non additive measure on 2% and b a real number. Two step
Choquet integral I of f with constant is defined by I(f) := Cpup(Chip,)-

We can define the n—step integral with constant inductively.

Theorem 27. [77)]
Sugeno integral can be represented as a two-step Choquet integral with con-
stant.

4  Generalized Fuzzy Integral

We define a generalized non additive integral in terms of a pseudo-addition &
and a pseudo-multiplication []. The generalized non additive integral is one of
the generalizations of both Choquet integral and Sugeno integral. Formally, &
and [J are binary operators that generalize addition and multiplication, and
also max and min. We want to recall that generalized fuzzy integrals have been
investigated by Benvenuti et al. in [2].

4.1 Generalized Fuzzy Integral

Note that we will use k € (0,00) in the rest of this paper.
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Definition 28. A pseudo-addition @ is a binary operation on [0,k] or [0, 00)
fulfilling the following conditions:

(A1) z2060=00z==x.

(A2) 2@y <u®v whenever x < u and y < v.
(A3) r@y=yDz.

(Ad) (z0y)Dz=2® (Y@ 2).

(A5) x, = x,yn — y implies T, Dy, —> D Y.

A pseudo-addition @ is said to be strict if and only if t ®y < x ® z whenever
x>0 andy < z, forz,y,z € (0,k); and it is said to be Archimedean if and only
ife®x>a for all x € (0,k).

Definition 29. A pseudo-multiplication [ is a binary operation on [0,k] or
[0,00) fulfilling the conditions:

(M1) There exists a unit element e € (0,k] such that e =elz =z.
(M2) 20y <ullv whenever x < u and y < v.

(M3) zDy=yuz.

(M4) z0y)Bz=2E@wHz).

(M5) z, — z,y, — y implies x, Dy, — zHy.

Example 6.

1. The maximum operator xVy is a non Archimedean pseudo-addition on [0, &].

2. The sum z + y is an Archimedean pseudo-addition on [0, c0).

3. The Sugeno operator © +)y := 1A (z +y + Azy) (-1 < A < 00) is an
Archimedean pseudo-addition on [0, 1].

Proposition 30. (Ling, 1965, [Z7])

If a pseudo-addition & is Archimedean, then there exists a continuous and
strictly increasing function g : [0, k] — [0, 00| such that @y = ¢~ (g(x)+g(v)),
where g(=Y is the pseudo-inverse of g defined by

(1) e L9 () ifu < g(k)
g )_{k if u> g(k).

The function g is called an additive generator of &.

Definition 31. Let p be a non additive measure on a fuzzy measurable space
(S,8); then, we say that p is a ®-measure or a ®-decomposable non additive
measure if p(AU B) = p(A) @ u(B) whenever ANB =1 for A/B € S.
A ®-measure u is called normal when either ® =V, or & is Archimedean and
gop is an additive measure. Here, g corresponds to an additive generator of &®.
When @ is a t-conorm 1, the ®-measure u is the decomposable measure in
Definition 2 (8).
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Definition 32. Let k € (0,00), let @ be a pseudo-addition on [0,k] or [0, 00)
and let [ be a pseudo-multiplication on [0, k] or [0,00); then, we say that [ is
@-fitting if

(F1) a2z =0 impliesa =0 or x =0, and a | 0 implies a D | 0.

(F2) al(zdy) =(aBDz)® (aDy).
(F3) (edb)Hz=(alz)® (bUx).

Under these conditions, we say that (®,) is a pseudo-fitting system.
Let @ be a pseudo-addition; then, we define its pseudo-inverse —g as
a—gb:=inf{cb®c>a}
for all (a,b) € [0, k]

Definition 33. [2] For any r > 0 and A € S, the basic simple function b(r, A)
is defined by b(r, A)(z) =r ifx € A and b(r, A)(z) =0 if x € A.
Then, we say that a function f is a simple function if it can be expressed as

f= ib(ai,Ai) fora; >0 (1)
i=1

where Ay 2 Ay D --- D A, A; €S.

Expression[dl is called a comonotonic additive representation of f. f can also
be expressed as f := VI b(al, A;) foral > --->al, >0, where Ay 2 Ay D -+ D
A,, A; € S. This expression is called a comonotonic mazitive representation of

f-

Definition 34. [66] Let p be a non additive measure on a measurable space
(X,X), and let (®,1) be a pseudo-fitting system. Then, when p is a normal
@®-measure, we define the pseudo-decomposable integral of a measurable simple
function f on X such that f = @1} 1b(r;, D;) where D; N D; # 0 for i # j, as
follows:

(D) [ fdu = @i D (D).
Since p is an @-measure, it is obvious that the integral is well defined.

Definition 35. Let 1 be a non additive measure on a measurable space (S,S),
and let (®,0) be a pseudo-fitting system. Then, the generalized fuzzy integral
(GF-integral) of a measurable simple function f := ®_,b(a;, A;), with a; > 0
and A1 D As D ... Ay, A; € X, is defined as follows:

(GF) / fdp =@ a; O p(A;).
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The GF-integral of a simple function is well defined [2].
The next proposition follows from the definition of the pseudo-inverse —g, the
generalized t-conorm integral (Definition BH]), and the t-conorm integral (Defini-

tion [34)).

Proposition 36. Let i be a non additive measure on a measurable space (S,S),
and let (®,) be a pseudo-fitting system. Then, if 1 is a normal ®-measure, the
generalized fuzzy integral coincides with the pseudo-decomposable integral.

Example 7

1. When @ = + and [ = -, the generalized fuzzy integral is a Choquet integral.
2. When @ = V and [ = A, the generalized fuzzy integral is a Sugeno integral.

Theorem 37. [{9] Let (S,S, 1) be a fuzzy measure space and let (®,) be a
pseudo-fitting system. Then, for comonotonic measurable functions f, and g, we
have

(GF) [ (70 9)dn=GP) [ 1auo GF) [ gin.

We call this property the comonotonic @-additivity of a generalized fuzzy
integral.

4.2 Multidimensional Integral

We consider first the case of the product of two fuzzy measurable spaces. Let X
and Y be two universal sets and X x Y be the direct product of X and Y, let
(X, X) and (Y,)) be two fuzzy measurable spaces; then, we define the following
class of sets:

XxY:={AxB|lAe X,Be)}
Now, let us consider the measurable space (X x Y, X x }). Suppose that
X :=2% and Y :=2Y. Note that X x Y # 2*X*Y if | X| > 1 and |Y| > 1.
Therefore, the class of X x Y-measurable functions is smaller than the class
of 2%X*Y_measurable functions.

Example 8. Let X := {x1, 22} and Y := {y1, y2}; then, we have

2% % 2¥ .= { @,{(1'1,y1)},{($1,y2)},{($2,y1)},
{(z2,y2)} {(z1,91), (w2, 91) }, {(%1, ¥2), (w2, y2) }
{(x1,91), (x1,92) }, { (22, 1), (2, 92)},
{(@1,91), (21,92), (T2, y2), (2,92)} }

HEI’ICE, {(xlayl)a (xZayZ)} ¢ 2X X 2Y'

The next proposition follows from the definition of a X x )Y-measurable
function.
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Proposition 38. Let f: X xY — [0,k] be a X x Y-measurable function; then,

1. for fizedy €Y, f(-,y) is X-measurable, and
2. for fizxed x € X, f(x,-) is Y-measurable.

Example 9. Let X :={x1,22} and Y := {y1,y2}. Let (X, X) and (Y,)) be the
two measurable spaces defined with X = 2% and Y = 2Y. Under these conditions,
we consider the two functions below and study whether they are X x Y-measurable
functions.

1. Let us define f : X xY —[0,1] by
f(x1,91) = f(21,92) = 0.2,
f(x%yl) = 067
f(w2,y2) = 1.

Then, we have,

{(w,y)\f(x,y) 2 1} = {(l‘g,yg)}
{xZ} X {92}7
{(z.y)lf(z,y) = 0.6} ={

(z2,y1), (¥2,92)}
= {1’2} X {xlayQ}a
{(@. )| f(z,y) = 0.2} = {(z1,91), (z1,92), (¥2,91), (z2, y2)}
= {z1,22} X {y1, 92}
Therefore, f is X x Y-measurable.
2. Let us define g: X xY — [0,1] by

g(w1,91) = 0.2,
g(w1,y2) = 0.4,
g(z2,91) = 0.6,
g(z2,92) = 1.

Then, we have

{(@.y)lg(z,y) = 0.4} = {(z1,22), (T2, 91), (v2,92)} € X x V.
Therefore, g is not a X x Y-measurable function.

In fact, if A€ X x Y, we have |A| =0,1,2, or 4.

Theorem 39. (Fubini-like theorem) [49] Let (X, X, ) and (Y, Y, v) be two fuzzy
measure spaces, (®,0) be a pseudo-fitting system and let f : X xY — [0, k] be
a X x Y-measurable function. Then, there exists a fuzzy measure m on X x Y
such that

@r) [(GP) [ sdwdv = (Gr) [ ram
—@p) [(cr) [ favdn

4.3 Extension of the Domain

We assume that X and Y are algebras. Even if | X|, |Y| are finite and such that
X :=2% and Y := 2Y, the class of X x ) is smaller than the class of 2X*Y as we
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have shown in Example 21. In general, the class of X x )J-measurable functions
is too small as shown in Example 23.

We consider an extension of the domain of the measure. In general, unless
there are additional constraints or conditions on the fuzzy measures, it is impos-
sible to extend the domain. However, in our case, we assume that p on (X, X)
and v on (Y,)) are normal ®-measures. In this case, an extension is possible.
We define the extension below.

Definition 40. Let us define the class X x Y of sets A € 2X%Y py
X xY:={Ac2¥Y|A=UjcsA;, A; € X x Y, 1 : finite}.
We say that (X x Y, X x V) is an extended fuzzy measurable space.

Proposition 41. Let (X, X) and (Y,Y) be two fuzzy measurable spaces. Let
(X xY, X xY) be an extended fuzzy measurable space.

1. X x Y is an algebra.

2. Let f on X XY be X x Y-measurable
(a) f(z,-) is X-measurable.
(b) f(-,y) is YV-measurable.

Corollary 42. Let (X x Y, X x )) be an extended fuzzy measurable space. Let
us suppose that | X|, |Y| are finite. If X = 2% and Y = 2Y, then X x Y = 2X*Y.

It follows from Corollary 2] that every function f: X x Y — [0,k] is X x Y-
measurable, if | X/, |Y| are finite.

Definition 43. Let (X, X,u) and (Y,Y,v) be two fuzzy measure spaces, and
(X XY, X x)) be an extended fuzzy measurable space. We define the fuzzy
measures m and m on X X Y induced by u and v by

m(C) := sup{ Bier u(A;) Qv(B;)|C = Uier(4; x By),
A x B € X x Y, I: finite}
and
m(C) := inf{ ®;ecr n(A;) D v(B;)|C = Uier(4; X B;),
A x B € X x Y, I: finite}

where each A; x B; and A; x Bj are disjoint. We call m(C) the upper &-fuzzy
measure induced by u and v, and m(C) the lower ®-fuzzy measure induced by
and v.

5 Mobius Transform of a Non Additive Measure

In this section we will present the M&bius transform of a non additive measure
and a representation of integral with respect to a non additive measure.
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5.1 Basic Definition and Properties

We will present the basic definition and properties of the Mobius transform of a
non additive measure on a finite set, that is, we assume that a universal set S is
a finite set, then we have S = 2.

Definition 44. [60/5] Let u be a non additive measure on (S,S), then its Mobius
transform m is defined as:

my(4) = Y (=)*1Plu(B) (2)

BCA
forall AC X.

Note that the function m is not restricted to the [0, 1] interval.
Given a function m that is a Mébius transform, we can reconstruct the original
measure as follows:

forall A C X.

Example 10. Let S := {z1,22,23} and p be a non additive measure on (S,S).
Then we have the Mobius transform m,, of p is computed as follows;
my,(X) = p(X) —p({z1, 22}) —p({we, 23}) —p({ws, 21}) + n({z1}) + p({z2}) +
n({zs})
myu({z1, 22}) = p({z1, 22}) — p({z1}) — p({22})
mu({x2, x3}) = p({w2, #3}) — p({z2}) — p({ws})
my({zs, 21}) = p({z1, 3}) — p({z1}) — p({xs})

Concerning the integral with respect to a non-additive measure, we have the
next representation theorem using the Mobius transform.

Theorem 45. Let m be Mébius transform of p, we have
(© [ fau= Y (int f@)m(x)

It is important for applications that a non additive measure can be identified
by means of a linear regression model using the Mdbius transform.

5.2 Generalization of Mo6bius Transform

Three approaches of generalization of Mobius transform on infinite sets and the
representation of Choquet integral are known. They are an algebraic way [I5J11]
, a measure theoretic way[33] and a topological way [42].

First we will introduce the interpreter representation by Murofushi and Sugeno.
The interpreter representation theorem is proved in the measure theoretic ap-
proach. All proofs are shown in [32/33].
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Let (X,X) and (Y,)) be measurable spaces. A mapping H : X — ) is
called an interpreter from X to Y if H satisfies (1) H(0) = 0 (2) H(A) C H(B)
whenever A C B. A triplet (Y,Y,H) is called a frame of (X,X) if H is an
interpreter from X to ).

Let p be a non additive measure on (X,X). A quadruplet (Y,Y,m,H) is
called an interpreter representation of p if H is an interpreter from X to ), m
is a classical measure on (Y,Y) and = mo H.

For a non negative measurable function f on X we define a function iy on ¥’
by if(y) := sup{rly € H({f > r})}. We call iy an interpreter for a measurable
function f induced by H.

A semifilter  in a measurable space (X, X)) is a non empty subclass of X
with the properties (a) § ¢ 6 (b) If A € 6 and A C B € X then B € 6. Sx
denote the set of all semifilters in (X, X)), and define a mapping Hx : X —
25% by Hx(A) := {0 € Sx|A € 0}. Sx denotes the algebra generated by
{Hx(A)|A € X}. The triplet (Sx,Sx,Hx) is called the universal frame of
(X, X) for representation.

Theorem 46. (Interpreter representation theorem [3233]) Let p be a non ad-
ditive measure on (X, X).

There exists a classical measure m on Sx such that (Sx,Sx,m,Hx) is an
interpreter representation of p,and

(C’)/fdp:/ifdm

Remark. Let u be a non additive measure on (X, X’). We say that (X, X, u)
is a fuzzy measure space. Let (Y, ), m,H) be an interpreter representation of a
fuzzy measure space (X, X, ). The semantics of the interpreter representation
are as follows. The element of Y is a feature in respect of the attribute. If
a € H(A) for A € X, we say that a is a feature of A or A has the feature
a. The measure of A equals the sum of all measures of the feature of A. The
interpreter representation is not unique, but all representations are equivalent
to the interpreter representation with semifilter (See Appendix in [32]).

Next we present the representation with the Mébius transform by Denneberg.
The essences of the proofs are shown in [I1].

Let uy be defined by a 0 — 1 necessity measure, or a unanimity game for
coalition A. FM}, denotes the set of all unanimity games. Next define the tilde
operator 77 : FMg, — Rt which assigns n € FM(, to a measurable function
feL>tby

for f e LT,

74(n) = (C) / fn.

If Ae X, Ais defined by A := {n € FM},|n(A) = 1}. We use the notation
T := {A|A € T} for a class T C 2%. The algebra generated by X in 27Mo.
denoted by D, C 27Mo. . Define the function Ky @ FMG, x X — [0,b] by
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kn(A) := n(A) for n € FM}, and A € X. k, is called the zeta function for X.
Let v be a classical measure on D,,. We define the zeta transform p on X of v
by

w(A) = /mn(A)dV(n),A eX.

Theorem 47. ( Representation theorem with Mébius transform [11]) For any
non-additive measure j on X there exists a unique additive set function v on

D, so that
(C’)/fd,u:/rfdu

The unique additive set function v is called the M6bius transform of ¢ on D,
and denote it v*. The Mobius transform is not always monotone. It is a signed
additive set function on D,,.

for f e £LoF.

5.3 Interpreter and Tilde Operator

In this section, we define a mediator for representations and show the identi-
cal points and the differences between the interpreter representation and the
representation with a Mobius transform.

A 0-1 fuzzy measure on X is a {0,1}—valued fuzzy measure. FM; denotes
the set of all 0-1 fuzzy measures. It is obvious that FMg, C FMS,.

Lemma 48. Let Sx be the class of semifilters of X. There exists a bijection
0: FM} — Sx.

We call the bijection ¢ in the previous lemma a mediator for representation.

Theorem 49. Let (Sx,Sx, Hx) be the universal frame of (X, X) for represen-
tation, and ¢ : .7:/\/1(1) — Sx be a mediator for representation.

1. Hx(A) = o(A) for Ac X.
2. Let f € LT, i be an interpreter from X to Sx and 7r be a tilde operator
from X to X. Then we have ifop =Ts .

Let D be the algebra generated by X in 27Mo. Tt is not proved in [I1] that
there exists an additive set function on D so that it represents a non additive
measure and the Choquet integral. Using the interpreter representation theorem,
we can show the existence.

Theorem 50. For any non-additive measure p on X there exists a measure on

D so that
©) [ fau= [ Fav

for every f € LT,
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5.4 Representation on Finite Spaces

In this section, we assume that the universal set X is a finite set. Then the
algebra Sx generated by { Hx(A)|A € X'} is 25% and the algebra D,, generated
by X is equal to the set 2F Mo,

First we define another representation, called chain representation.

Definition 51. Let p be a non additive measure on (X,2%). Since 2% is finite,
the set {p(A)|A € 2%} is a finite subset of real numbers. Therefore we may write

{mA)Ae2X}y ={tj0=t; <---<t; =1}

where | is a positive integer such that | < |2X|. Let 0; := {A € 2X|u(A) > t;}
for 1 < i <I. It is obvious from the definition that 0; is a semifilter. Then using
a mediator @, a non additive measure p s represented as

!
p="> cp ' (6:),
i=1

where ¢; s a positive real number. We say that the representation above is a
chain representation of a non additive measure fi.

Proposition 52. [J6] A chain representation is one of the special case of the
interpreter representation.

Next we study a belief function of theory of evidence [63]. We say a non
additive measure Bel on (X, 2%) is a belief function if there exists a probability
measure m on (2%,22") such that Bel(A) = S pcam({B}) for A € 2%, The
probability measure m is called a basic probability assignment (for short b.p.a.).

Proposition 53. [J6] The interpreter representation is a generalization of a
representation of b.p.a.

As an application of the mediator we can show the next well known fact.

Corollary 54. Let 1 be a non additive measure on (X, X). The Mébius trans-
form v* of n is monotone, that is v* is a probability, if and only if p is a belief
Sfunction.

Example 11. Let X := {a,b,c} and X :=2%.

1. The semifilter Sx :={0;},(i =1,2,...,15) is defined as the Table 1 below.
In the Table 1 a number 1 means that a set is an element of the semifilter 0;
and the number 0 means that it is not the element of the semifilter 6;. Then
we have the mapping Hx(A) := {0 € Sx|A € 0} for A C X is a vertical
line, for example, Hx ({a}) = {01, 05,04,0¢,09}.

Regarding the Table 1 as a matrix A and using a probability m on Sx. A
non additive measure i is represented as :

(u({a}), p({0}), ..., n{a, ¢, }), u({a, b, c}))
= (m({fr}, m({02},...,m({6s}))A.
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{a} {0} {c} {a, 0} {b,c} {c,a} {a,b,c}

01
02
03
04
0s
O
07
0s
09
010

012
013
014
015
016
017
018

Table 2. 0 — 1 necessity measures

{a} {b} {¢} {a,b} {b,c} {c,a} {a,b,c}

U{a}
Ui}
U{cy
U{a,b}
Up,c}
Ufa,c}
U{a,b,c}

1

OO OO O OO0 O OO, OFFO

1

o O O O oo

1

O OO OO OO OO OO O

Table 1. Semifilter

0
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1

[=NeBoloNoBoloEeoRoRol =l =N ekl

0

o O O O~ O

1

O OO R P R OFFRFROF KPR FH KM = M

1

SO OO

1

OO R O OKFFFOFF F MM = =

0

OO = O =

O R OO O R K MFEFORFR FF FH MM = = =

1

o= O O~ O

1

= = b e e b e e e e e e e e e

1

—_ o e e
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2. In the case of X :={a,b,c}, Let p be a 0—1 necessity measure ug for A C X
as represented as in the Table 2:
Regarding the Table 2 as a matriz B, the relation between a non additive
measure p and its Mébius transform v is represented as follows:

(n({a}), n({b}), -, n{a, ¢, }), u{a, b, c}))
= (v({a}),v({b}), ..., v({a, ¢, }), ¥({a,b,¢})) B.

Since rankB = T, the Mdbius transform is uniquely determined though p is
not always monotone.
3. Let p be a non additive measure as the Table 3 below.

Table 3. Fuzzy measure

{a} {b} {c} {a,b} {b,c} {c,a} {a,b,c}
p 020304 07 07 09 1

Define a semifilter 0(a) by 0(a) := {A|u(A) > a}. The Table 4 shows the
semifilters which are used in the chain representation.

Table 4. Semifilter

{a} {b} {c} {a,b} {b,c} {c,a} {a,b,c}
111 1 1 1

o O O O O
O O O o
O OO = =
O O = = =
O O = = =
O R P P P
— =

Regarding the Table 4 as the matriz C, the coefficients ¢;, (1 < i < 6) are
determined by the next equation:

(M({a})v M({b})’ AR :u({av G, })7 M({av b, C})) = (01’ €25 .-, CG)C'

As shown in the example above, the interpreter representation cannot deter-
mined the probability uniquely, but in [33] Murofushi and Sugeno show that
some equivalent relation holds among the representing probability.

Considering the Choquet integral representation with Moébius transform, we
have



Integral with Respect to a Non Additive Measure: An Overview 59

where f € £°7 and v* is the Mdbius transform of g. To identify the non
additive measure p, the equation (L) is a simple linear form although v* is not
monotone. So it is rather easy to identify the Mobius transform of . But it is
difficult to interpret the results since v* is signed. Using a mediator ¢, we have
0 = o(u) for 6 € Sx and u € FM;,, and m o Hx(A) = v#(p(A)), where m is
representing classical measure. As shown in [32], the interpreter representation
has its own meaning. So it is not difficult to illustrate the meaning of the result.
Therefore one can identify the non additive measure easily by the representation
with Mobius transform. Using the mediator one can interpret the result easily
by the interpreter representation.

6 Concluding Remarks

We have presented a basic definition of a non additive measure and introduced
several definitions of continuity of non additive measure and presented the rela-
tion among them.

We have introduced the definitions of Sugeno integral, Choquet integral and
a generalized fuzzy integral with respect to a non additive measure and we have
shown several fundamental properties of them.

We have shown the generalized Mobius transform of a non additive measure
and a representation of Choquet integral using the Mobius transform.

The results presented in this Chapter are important for the applications, which
will be shown in the rest of this book.
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Abstract. We discuss a new approach to integration introduced re-
cently by Even and Lehrer and its relationship to several integrals known
from the literature. Decomposition integrals are based on integral sums
related to some (possibly constraint) systems of set systems, such as fi-
nite chains or finite partitions. A special stress is put on the integrals
which are simultaneously decomposition integrals and universal integrals
in the sense of Klement et al. Several examples illustrate the presented
integrals.

Keywords: Choquet integral, decomposition integral, Sugeno integral,
universal integral.

1 Introduction

Integral sums based approach to integration has its roots in ancient Greece. It can
be traced already in Eudoxus’ (around 370 B.C.) exhaustion principle, which was
later successfully applied by several great scientists, including Archimedes and
Kepler, among others. Considering the basics of modern mathematics, the most
applied integral is surely the one proposed by Riemann in 1854 [23]. Riemann
integral is defined on special subsets of R™. In the case n = 1, considered special
subsets of R are (closed) subintervals. Recall that for a non-negative function

b
f :[a,b] = [0, 0c[, Riemann integral | f(z) dx exists if and only if

a

sup{ch )| n €N, (I;)j=, is an interval partition of [a, b] ch 17, < f} =

= inf {Z ¢ l(I;)| n € N, (I;)j=; is an interval partition of [a, b] ch 17, > f}

= u € [0, 00[, (1)

b
and then [ f(z) dv = wu. Observe that for an interval I, [(I) denotes its

a
length. Lebesgue [10] has generalized Riemann’s approach, considering an arbi-
trary measurable space (X, A), where X # () is a given universe and A C 2% is
a o-algebra of subsets of X. For a o - additive measure m : A — [0, 00|, and an

V. Torra, Y. Narukawa, and M. Sugeno (eds.), Non-Additive Measures, 63
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A - measurable function f: X — [0, 00|, the corresponding Lebesgue integral is
given by

/fdm = sup {Z cim(4;)] n €N, (A;), is a measurable partition of X,
X

> cila, Sf}- (2)

Observe that considering X = [a,b], A = B([a,b]), and m = X : A — [0, =]
b
being the classical Lebesgue measure, if the Riemann integral [ f(z) dx exists

b
then the equality f f(x) de = f f dm holds.

As a special 1nstance of Lebesgue integral recall the case when X is finite,
X = {z1,...,2,}. Then, in general, A = 2% is considered, and each additive
measure m : A — [0, 00] is given by n-tuple of weights w; = m({xz;}). Then

/f dm =Y w; f(x), 3)
X =1

i.e., Lebesgue integral is just a weighted sum.

Later, several other types of integrals based on special integral sums were
introduced. In this chapter, we will discuss these integrals, generalizing the
Lebesgue approach. We will deal with an arbitrarily given measurable space
(X,A), monotone measures and measurable functions on (X, .A).

In the next section, we introduce a framework for discussed integrals, and
we recall Choquet integral [3], Sugeno integral [30] and Shilkret integral [2§].
In Section 3, we recall recently introduced decomposition integrals of Even and
Lehrer [6] and their special instances, including some illustrative examples and
a generalization of decomposition integral. Section 4 is devoted to the concept
of universal integrals [J9] and discussion of integrals which are both universal
and (generalized) decomposition integrals. Finally, some concluding remarks are
added.

2 Integral Sums Based Integrals

Denote by S the class of all measurable spaces (X,.A). For a fixed measur-
able space (X,A), we denote by M x 4) the set of all monotone measures
m: A —[0,00], m(0) = 0 and m(A) < m(B) whenever A C B. The set of all
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A - measurable functions f : X — [0, 00] will be denoted as F(x, 4y. Moreover,
we will consider notation

M 4y = {m € M(x_a| m(X) =1} and
FRuy = A1 € Fix.w| range f € [0,1]}.

All integrals considered in this chapter can be seen as mappings

J: U Mxa x Fixa) = [0, (4)
(X,A)eS

1 1
or J: U (MEX),A) X }'((X)’A)) — [0, <]
(X,A)es

which are either characterized by some axioms, or determined by means of some
construction. Mappings given by () will be called general functionals.

A binary operation ® : [0,00]? — [0,00] (® : [0,1]> — [0,1]) will be called
a pseudo-multiplication whenever it is increasing in both components, 0 is its
annihilator (i.e., 0® ¢ = ¢® 0 = 0 for each ¢), and co® 00 >0 (1 ®1 > 0).
A pseudo-multiplication ® : [0,1]?> — [0, 1] possessing a neutral element e = 1
(iie., 1®@c=c®1 = c for each ¢ € [0, 1]) is called a semicopula [1I5].

Further, a binary operation @ : [0,00]? — [0,00] is called a pseudo-addition
whenever it is increasing in each coordinate, it is associative, continuous and 0 is
its neutral element [31/9]. Note that due to [18], each pseudo-addition @ is also
commutative. Due to its associativity, we can extend @ to be an n-ary operation
on [0, oo, with notation @@, ¢;.

Basic notions of this chapter are integral summands and integral sums.

Definition 1. Let (X, A) € §, m € M(x 4y, a pseudo-addition & : [0, 0] —
[0, 0] and a pseudo-multiplication @ : [0, 0] — [0, 0] be fived. For a constant
c€0,0], A€ A, the function b(c,A) : X — [0,00]

cifre A
b(c,Axx)—{ )

0 elsewhere
1s called a basic function, and its m- integral ®-summand is given by
b(c, A)m,e = c@m(A).

For a finite system B = (b(c;, Ai))_q of basic functions, the corresponding m-
integral (®, ®)-sum is given by

n

S(B,®,®,m) = @b(CnAz‘)m@ = @(Ci ® m(A4;)).

i=1
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Observe that the Lebesgue integral (2]) can be now written as

/fdm = sup {S(B,Jr, m)| B = (bci, Ai) )iy
X

(A;)i=, is a partition of X, Zb(ci,Ai) < f} (5)

=1

The formula (B]) can be applied also when m is not o-additive, and thus
it results into a general functional in the sense (). Note that this functional
was introduced and discussed by Yang [35] under the name PAN-integral. For
deeper discussion of PAN-integral we recommend [34]. General PAN-integral as
introduced in [35] is related to a distributive pair (@, ®) of pseudo-addition and
pseudo-multiplication, with ® possessing a neutral element e €]0, oo], associative
and continuous on |0, 0o[? (for deeper discussion of pairs (4, ®) linked to PAN-
integrals seen [I5]), and then

PAN(@,@)(ma f) = sup {S(Ba @a ®? m)‘ B = (b(ci? Az) )?:1 )
(A;)7, is a partition of X, @b(ci, 4;) < f} (6)
i=1

Note that when considering integral sums based on measurable partitions as
in (@), one can obtain the same integral for different monotone measures.
Take, for example, X = {z1,22}, mi({z1}) = mo({z1}) = 2, mi({z2}) =
ma({x2}) = 3, m1(X) = 4, ma(X) = 5. Then for any f € F(x 2x),

PAN(4, ) (ma, f) = PAN( (ma, f) = 2f(z1) + 3/ (22),
though my # ma.
Alternative approaches to integration are related to integral sums based on

measurable chains. Paraphrasing (), considering (4;)?"_; to be a chain, the fa-
mous Choquet integral [3] is recovered. Note that this integral is given by

Chim, f) = [ mi(s = tyat (7)
0

but also

Ch(m. f) = sup {s<6, )| B = (blen A,

(A;)™ is a chain Zb ci, A;) < f} (8)

i=1
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Similarly, we can restrict to singleton systems B only, and then Shilkret inte-
gral [28] is recovered,

Sh(m, f) = sup {c~m(A) b(c, A) < f} 9)

Formulae @), ), @) deals with ® = + and ® = - (i.e., with the standard
arithmetical operations), while the formula (@) with PAN-operations (6, ®).
Considering the pair (V, A) (i.e., lattice operations of join (maximum) and meet
(minimum) on [0, c0]), one obtain in all cases the Sugeno integral [30],

Sutm, /) = sup {eAm(a)| (e, 4) < 7} =sup {enm(rz 0t e el 10

In the next example we exemplify some of the above introduced integrals.

Ezample 1. Let X = [0,1], A = B(]0,1]) and A : A — [0,00] be the standard
Lebesgue measure. Then, for f : [0,1] — [0, o0] given by f(z) =«

1
/f dx—/fd)\ PAN(, (A, f) = Ch(), f) = Su(), f) =
0

and Sh(\, f) = le

Considering m = X2 € Mx, 4y, observe that m is not o-additive and thus the
Lebesgue integral cannot be applied. For the applicable integrals we obtain:

2
PAN (A%, f) = W;’ 3_0.155,

1
/14 - —0.333,
0
4

Sh(\?, f) = sup{t(l —t)?|t e o, 1]} =, = 0.148,

Su(\2, f) = sup {t AL =t)?telo, 1]} _3 _2¢5 = 0.386.

3 Decomposition Integrals

The idea of decomposition integrals connecting several types of integrals is due to
Even and Lehrer [0], and it is related to the standard arithmetical operations +
and -. This is, for example, the case of Choquet, Shilkret and PAN .y integrals.
Before the formal introduction of decomposition integrals, consider first the next
optimization example.
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Ezample 2. Consider a group of workers X = {x1, 29,23} with daily perfor-
mance m(X) = 8. For smaller groups of workers, the next daily performances are
known: m({z1}) = 2, m({x2}) = 3,m({zs}) = m({x1,z3}) = 4, m({z1,22}) =
7 and m({xe,z3}) = 5.

The availability of single workers in working days is f(z1) = 5, f(z2) = 4
and f(z3) = 3 (i.e., worker 27 can work maximally 5 days altogether, though
possibly in different groups of workers). How to organize the working plan to
attain the maximal global performance, being constraint by one of the following
“working laws”?

Working Laws

(i) only one group of workers can work for a fixed time period;
(ii) several disjoint groups of workers can work, each for its fixed time period;
(iii) one group of workers starts to work, a worker after stopping his work cannot
start again;
(iv) there are no constraints.

Optimal Performances

(i) we have to compute max{c-m(A4)|b(c, A) < f},1.e., the optimal performance
is just the Shilkret integral

Sh(m, f) = f(z2) - m{z1,22}) =4-7=28;
(ii) we have to compute

max{z oam ’ Z b(ci, A;) < f,(A;), is a partition of X} , 1.e.,
the optimal performance is the PAN-integral

PAN y(m, f) = f(x2) -m{x1,z2}) + f(23) -m({z3}) =4-7+3-4 = 40;

(iii) we have to compute

max{ZcZ ’Zbcl, i) < f, (A )?1isachainin2x},i.e.,
1

the optimal performance is the Choquet integral

Ch(m, f) = f(xs) - m(X) + (f(z2) = f(z3)) - m({w1, z2}) +
+(f(1) = fla2)) - m({z1}) =3-8+1-7+1-2=33;

(iv) the optimal performance is

f(@2) -m({zr, 22}) + f(x3) - m({xs}) + (f(21) = f(z2)) - m({z1}) =
=4-7T+3-4+1-2=142.

Note that the case (iv) is the above example corresponds to the concave
integral recently introduced by Lehrer [T1J12],
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L(m, f) = sup {Zcz-mmm neN, S be, Ay < f}. (11)
i=1 i=1

It is not difficult to see that Sh < Ch < L and Sh < PAN( ., <L, inde-
pendently of a fixed measurable space (X,.A), monotone measure m € M x a)
and function f € F(x 4). In Example 2] it holds

Sh(m, f) = 28 < Ch(m, f) = 33 < PAN(, . (m, f) =40 < L(m, f) = 42.

As we can see from formulae {), @), (1) and (@) for (®,) = (+, ), all
these introduced integrals are based on (sub -)decomposition of the considered
n
function f € F(x, ), into acceptable basic functions, ) b(c;, A;) < f, where the
i=1
system (A;)"" , satisfies some constraints (it is a chain in (8], a singleton in (),
there is no constraint in (), and it is partition in (@)). This observation was
a motivation for Even and Lehrer [6] to introduce decomposition systems and
decomposition integrals.

Definition 2. For a fized (X, A) € S, a non-empty system H of collections
from A (i.e., finite non-empty subsets of A) is called a decomposition system.
Moreover, the mapping Iy : M(x 4y X F(x,4) — [0,00] given by

Iy (m, f) =sup {Z cim(Ai)| (A, €H, Zb(ci,Ai) < f} (12)

is called a decomposition integral.

Considering a setting of constraints (e.g., only finite chains are considered)
such that for each measurable space (X,.A) € S it determines a unique decom-
position system H, we can define by means of (IZ) a general functional J3, which
will be called a general decomposition integral (we have slightly abused the no-
tation, as H in Jy means the considered setting of constraints, while A in Iy
means the considered decomposition system on (X,.A4).)

Recall that from the integrals we have discussed so far, general decomposition
integrals include:

Shilkret integral (@) constraint to singletons, i.e., for any (X, A) € S,
Hsn = {{AH A€ AN{0}};
Choquet integral (B]) constraint to finite chains, i.e., for any (X, A) € S,
Hen = {C|C is a finite chain in A};
PAN(, . integral (6] constraint to finite partitions, i.e., for any (X, A) € S,

Hpan = {P|P is a finite partition of (X,.A)};
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concave integral of Lehrer () no constraint, i.e., for any (X, A) € S,
Hr = {D| D is a finite non-empty subset of A~ {0}}.

The next example brings a decomposition integral which is not general, i.e.,
it is defined only on a fixed measurable space (X, A) € S.

Ezample 3. Continuing in Example 2] suppose the next “working law”:
(v) the workers 27 and x2 cannot work together.

Then the corresponding decomposition system H is given by
H={E|0#E C 2% {0}, there is no A € € such that {zx1,22} C A}, and the
best performance is attained on singletons, i.e., when each worker works alone,

Ly(m, f) =f(z1) - m({z1}) + f(22) -m({22}) + f(23) - m({zs}) =
=5-24+4-3+3-4=34.

It is obvious that more restrictive constraints when introducing general de-
composition integrals yield to smaller integral output, as already exemplified on
the relationships between Shilkret, PAN(, .), Choquet and concave integrals.

On the other hand, two different decomposition systems H; and Hs can result
into a unique decomposition integral Ip;, = I3, (general decomposition integral
Ju, = Ju,). As a typical example consider (supposing card X > 1)

H1 ={C|C is a chain in A of length 2}  and
Ho = {C|C is a chain in A of length at most 2}.

Then
Ja,(m, f) = Iy, (m, f) =sup{c-m(f >c)+d-m(f >c+d)|cdec 0,00}

For a deeper discussion of properties of decomposition integrals we recommend
[BUT6132].

We introduce two graded families of decomposition systems:

Hny ={C|C is a chain in A with length at most n};
H™ ={P| P is a partition of (X,.A) with at most n members}.
Evidently H 1) = HD) = Mgy is related to the Shilkret integral. Moreover, it
holds
Hay SHe S SHepy) S CHeon,

(oo}
Hen = U Hn, is related to the Choquet integral, and

n=1

241 - H(2) C..-C H C..-CHpan,
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o0

Hpan = J H™, is related to the PAN(, ) integral. Moreover, in [32] we have

n=1

introduced a new general decomposition system
H* = {D |® #D C A~ {0}, D is finite, for each A, B € D, either ANB =10
or (A,B) is a chain}.

Then, on any (X, A) € S, Hpany C H* C Hy and Hep € H* C Hy. For the
corresponding general decomposition integrals, their relationships is visualized
on the Hasse diagram depicted in Figure 1.

Ch

J,
H 3 J,wal

Ho) H"?

Sh

Fig. 1. Hasse diagram relating introduced general decomposition integrals

Remark 1

(1) Decomposition integrals can be seen as an approach to integration based
on the lower integral sums (sub-decomposition), expressed in the constraint

n
> b(c;, A;) < f. Tt is possible to consider a dual approach based on the upper
i=1

n
integral sums (super-decomposition), requiring Y b(c;, A;) > f. Then the
i=1

corresponding decomposition integral I* : M(X;l) x Fix,4) — [0,00] can
be defined as

1"(m, f) —inf{Zcim(Ai)] (A €M, Y blei Ay) > f}. (13)
i=1 i=1

(2) Decomposition integrals deal with the classical arithmetics, i.e., with the
operations pair (4, -). It is immediate that this approach can be extended to
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any pair (®,®) of a pseudo-addition and pseudo-multiplication introducing,
for example, (@, ®)-decomposition integral

Igja,@@) :M(X,A) X ]:(X,A) — [0, 00] defined as

L2 (m, f) = sup {@(Ci ©m(A))] (A € H, @bl Ai) < f} '
i=1 =1

(14)

Observe that Ig_\[’/\) = Su is the Sugeno integral on M x, 1) X F(x, 4) when-
ever for each non-empty A € A there is a collection D € H such that A € D.
For more details and discussion about pseudo-decomposition integrals see,
for example, [14].

Note that, in general, there are only few properties valid for each
(d®, ®)-decomposition integral. Obviously, considering a general decomposition
system H, Igff @) s a general functional which is increasing in each coordinate.
If the pseudo-multiplication ® is associative and the pseudo-addition @ is left-

distributive over ®, i.e.,
a® (b®dc)=(a®b)®(a®c),
then Ig,jB @) g ®-homogeneous functional,

L0 (e f) = co L (m, f)

for each ¢ €]0, 00[, m € M(x ) and f € Fx 4)-
Therefore, decomposition integrals are (positively) homogeneous.

4 Universal Integrals

Decomposition integrals can be seen as a constructive approach to integrals,
though in several cases we do not know an effective algorithm how to evaluate
them exactly. Moreover, they can have some undesirable properties. For exam-
ple, it might happen that I (m,14) > m(A). Indeed, considering Example []
PAN(JD )(m, 1{12@3}) = L(m, 1{1/,2’1;3}) = 7 while m({.’L‘Q,.’L‘g}) =5.In 2010, we
have proposed in [9] an axiomatic approach to integration, giving a framework
to functionals deserving to be called integrals.

Definition 3. A general functional J: |J  (Mx, 4 x F(x,a)) — [0,00] is
(X, A)es
called a universal integral whenever the next axioms are satisfied:

(U1) J is increasing in both components;

(U2) J(m,b(c, A)) depends on ¢ and m(A) only, independently of the measur-
able space (X, A) € S, m € M(x, 4y and c € [0,00], and there is a constant
e €10, 00] such that for all (X, A) € S,

J(m, ble, A)) = m(A)
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for allm € M(x 4y, A€ A and
J(m,b(e, X)) =c

for all c € [0,00] and all m € Mx, 4y such that m(X) = e.

(U3) J(mlafl) = J(mQan) fOT’ all pa’irs (mlafl) € M(X17A1) X f(X17A1)7
(ma, f2) € Mx,4,) X Fixs,4,) with the same survival function
Ry, fi = Py, ., Where by, 5 110, 00] — [0, 00] is given by

hin, g (8) = m(f = 1).

Note that pairs (my, f;) with a common survival function were called integral
equivalent in [9]. In the probability theory, such pairs (probability measure and
a non-negative random variable) are characterized by a common distribution
function on ]0, oc], and the corresponding survival function is its complement
to 1.

The axiom (U2) ensures the existence of a pseudo-multiplication ® : [0, co] —
[0,00] with a neutral element e €]0,00], such that J(m,b(c, A)) = ¢ ® m(A).
The axiom (U1) allows to introduce, for any pseudo-multiplication ® on [0, 0]
with a neutral element e €]0, 00|, the smallest universal integral Jg satisfying
(U2) with ®,

Je(m, f) =sup{t@m(f >t)|t €]0,00]}. (15)
Evidently J. = Sh is the Shilkret integral and J5 = Su is the Sugeno integral.

Similarly, one can introduce the greatest universal integral J® satisfying (U2)
with ®,

I®(m, ) =inf {c® m(A)|b(c, A) > f} =
= essup,, (f) ® sup {m(f > )|t g]o,oo]}’ (16)

where essup,,(f) = sup {t € [0,00] |m(f >t) >0} and
sup {m(f >t)|t €]0,00]} = tli%1+ m(f =t).

For more details and some construction methods for universal integrals we rec-
ommend [9].

The increase of interest in new, in general non-additive integrals can be traced
back to the introduction of fuzzy sets [36] and attempts to introduce expectations
for fuzzy sets [37U30]. Nowadays these integrals are substantially exploited in
several multicriteria decision problems dealing with graded scales for considered
criteria. The most applied scale is the unit interval [0, 1], and for this purpose we
have introduced the concept of universal integrals on [0, 1], too. For more details
see [9].

Definition 4. A mapping J : U (MEQ,A) X f((}l(),A
(X,A)eS

universal integral on [0, 1] whenever the next axioms are satisfied:

)> — [0,1] is called a
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(U1) (ie., J is increasing in both components);

(U2’) there is a semicopula T : [0,1]*> — [0,1] so that for any (X,A) € S,
J(m,b(c, A)) = T(c,m(A)) for each m € Mg(),A)’ AeAandce0,1];

(U3) (i.e., I(ma, f1) = IJ(ma, fo) whenever hpmy 5, = hmy, 1, )-

Also in this case the smallest universal integral J; and the greatest univer-
sal integral J7 satisfying (U2’) with a given semicopula 7' can be introduced,
applying the formulas ([I8) and (IG]), respectively. In a special case, consider-
ing a supermodular semicopula C : [0,1]> — [0, 1], i.e., a copula [21], observe
first that there is a one-to-one correspondence between copulas and probabil-
ities on Borel subsets of [0,1]? with uniformly distributed margins, namely
Po([0,u] x [0,0]) = C(u,v), (u,v) € [0,1]%. This fact allows to introduce a
new class of universal integrals on [0, 1], see [8[9].

Proposition 1. Let C : [0,1]2 — [0,1] be a fized copula. Then the mapping

1 1 .
Joy: U (MEX),A) X ‘7:(()(),,4)) — [0, 1] given by
(X,A)es

is a universal integral on [0, 1].

Tt is not difficult to check that for the strongest copula M, M (u,v) = min{u, v},
J(]y[) = Su

is the Sugeno integral in its original form acting on [0, 1], as introduced in [30].
Considering the product copula IT, IT(u,v) = uv, one gets

J1) = Ch,

i.e., the Choquet integral is recovered (restricted to ~ %es (M&),A) X .7-'&)7/4)> ).
Observe that for two copulas Cp, Cy, also their convex combination
C=aC1+ (1 —-«a)Cs, a€l0,1],is a copula, and then

Joy=adic) + (1 —a)Jc,)

is the corresponding convex combination of copula - based universal integrals
on [0, 1]. This observation allows to apply convex combinations of M and I to
generate a parametric class of integrals (ASu + (1 — A)Ch| X € [0, 1]) which can
be of interest for fitting purposes when modeling the real world problems.

In [I6], we have studied general integrals which are simultaneously decompo-
sition integrals and universal integrals.

Proposition 2. A general decomposition integral
Ju: U (M(XA) X }'(X7A)) — [0, 00] is a universal integral if and only if
(X,A)eS

H e {7‘[(”)| n e N} U {HCh}-
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Obviously, all integrals characterized by Proposition [2] are linked to the clas-
sical multiplication.

Ezample 4. Continuing in Example [Il for integrals characterized in Proposi-
tion [ it holds:

Ju (A f) =Sh(), f) = i ( attained for b (;, 1[%’1])),

JH(Q)()\,f):; ( attained forb(é,l[é’l}) andb( 1 1}))

n . 1
o (N f) = 2n +1) ( attained for b <n—|— T 1["’1171}> )

1 1

with limit member
. 1
Ch()‘a f) = nli)H;o JH(n) ()‘a f) - 2 .

In this example we can explicitely see the interpolative character of the class
(J H (n)) of the integrals introduced in Proposition[2] varying from the Shilkret
integral Sh Ju,, to the Choquet integral Ch = lim Jy . For visualization

n— oo

see Figure 2.

; 1

213

N

1, (M f) Ty (m,f) Ch(m,f)

(1) (21

13

01

Fig. 2. Shaded areas correspond to integrals J?-t(l), JH(Q) and Ch

Proposition [2] can be rewritten for universal integrals on [0, 1] with no sub-
stantial changes. Moreover, following the results of Proposition Bl we can define
new classes of universal integrals on [0, 1] based on copulas and decomposition
systems, generalizing the equality

I, (m, f) —sup{z:cZ (f>c1+- +ci)|cl,...,cn € [O,oo]}. (18)
=1

Note that if (I) aims to describe the universal integral on [0, 1], the constraint

n
>~ ¢; <1 should be considered.

i=1
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Definition 5. Let C : [0, 1]2 — [0,1] be a fized copula. Then, for any n € N,

the mapping Jc.ny: U (MEQ,A) X f(()l()’A)> — [0, 1] given by
(X,A)eS

n

JH(C,,,,)(m,f) _SUP{Z (C(Cl+"'+ciam(f201+"~+Ci))

i=1
n
c1,---,cn €10,1], Zci < 1}
i=1

(with convention ¢1 + co =0 ) is a universal integral on [0, 1].

—0(01+-~-+Ci_1,m(fch+-~-+0i)))

It is not difficult to check that each integral J ) is related by (U2’) to the
copula C, and that

Jenyy=Jc < T < <Jiem < < J om0,
where J(¢ o) = sup{J(c ) }. In general, Jc o) < J (¢, see (D).
For the basic copulas M and IT it holds:
Jvn) =Su
is the Sugeno integral, independently of n € N, and thus also J(j7,00) = Su;

J(HJ) = Sh < J(H72) < < J(H,n) << J(H,oo) = Ch,

i.e., the limit member J ;7 ) is just the Choquet integral.

However, for the third basic copula W : [0,1° — [0,1] given by
W(u,v) = max{u + v — 1,0},

J(W,l) < J(Wg) < K J(an) < < J(W,oo) < J(W).

To see this fact, it is enough to consider the framework of Example [, where
Jwn A f) = =Jwee)(A f) =0 but I = 1.

5 Concluding Remarks

We have discussed several integrals considering monotone measures. We have
focused only on two major classes of integrals, namely on decomposition in-
tegrals (and their generalizations) and on universal integrals. In all discussed
approaches, the role of integral sums was stressed.

We have omited several particular approaches to integration in the frame-

work (/\/l( x,4) X Fx, A))- For an extensive overview we recommend the
(X,A)eS
handbook [22], the monographs [33l34] and the overview papers [24/2526].
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For particular integrals, we can recall their axiomatic characterization, such as
charaterization of the Lebesgue integral through linear functionals [4].
The Choquet integral is characterized by the comonotone additivity [27], or,
equivalently, by the positive homogeneity and horizontal additivity,

Ch(m, f) = Ch(m, min{c, f}) + Ch(m, max{0, f — c})

for any fixed constant ¢ €] 0, 00 [, see [29/2].

Similarly, the Sugeno integral can be characterized by means of the min - homo-
geneity and comonotone maxitivity [I3]. For more details on axiomatic approach
to integration we recommend [7].

Several approaches to decision procedures are based on combination of inte-
grals. These methods are either multistep integrals of the same type, such as
multistep Choquet integral [I7/19], or they combine different types of integrals,
such as the Choquet and the Sugeno integrals [20].
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Abstract. Capacity is a monotone set function and an important class
of non-additive measure. In this chapter entropies of capacities are dis-
cussed. First, entropies for classical capacities are introduced, then they
are generalized for capacities on set systems. Moreover axiomatizations
of the entropies are given to characterize them.

1 Introduction

The classical definition of the Shannon entropy [I3] for a probability measure
is at the core of information theory. Therefore, many attempts for defining an
entropy for a set function more general than the classical probability measure
have been done, in particular for a capacity, which is a special class of non-
additive measures and is called a fuzzy measure [I5] or a monotone set function.

This chapter is organized as follows. In Section 2] we introduce three defini-
tions of entropy for a capacity, Yager’s [16], Marichal and Roubens’s [12], and
Dukhovny’s [3] and compare their properties. In Section B, we generalize these
three entropies for the sake of making them applicable to more general capaci-
ties, which are defined on subsets of the power set, not on the whole power set.
In Section M we show that multi-choice game and bi-capacity can be regarded as
capacities on set systems. Then they can be treated in our framework and that
enables us to apply the entropies to them. In Section Bl we show the axiomatiza-
tions of generalized Marichal and Roubens’s entropy and Dukhovny’s minimum
entropy.

Throughout this chapter, we assume that the whole set is N = {1,2,...,n}.

2 Entropies of Classical Capacity

We start this section devoted to several definitions of entropy for capacities
reviewing a few basic definitions needed later on.

Definition 1 (classical capacity). A set function v : 2 — [0, 1] is a capacity
on N if it satisfies v(0) = 0,v(N) = 1 and v(A) < v(B) whenever A C B for
any A,B € 2V,

Probability measure on (N,2V) is a set function which satisfies p(f)) = 0,
p(N) =1 and for any A, B € 2V p(AU B) = p(A) + p(B) whenever AN B = {).
The Shannon entropy of a probability measure p is defined as follows.

V. Torra, Y. Narukawa, and M. Sugeno (eds.), Non-Additive Measures, 79
Studies in Fuzziness and Soft Computing 310,
DOI: 10.1007/978-3-319-03155-2 4, (© Springer International Publishing Switzerland 2014
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Definition 2 (Shannon entropy [12]). Let p be a probability measure on
(N,2N). Then the Shannon entropy of p is defined by

= hp({i})), (1)
i=1

where
h(z) := —zlogx. (2)

Yager [16] and Marichal-Roubens [12] proposed definitions for a capacity hav-
ing desirable properties, and which can be considered as generalizations of the
Shannon entropy.

Definition 3 (Yager’s entropy [16]). Let v be a capacity on (N,2N). Then
the Yager’s entropy of v is defined by

n

Hy(v):=) h| Y AU} —oA) |, 3)

i=1 ACN\{i}

where
(n—k—1)k!

ppi= T (4)

Definition 4 (Marichal-Roubens’s entropy [12]). Let v be a capacity on
(N,2N). Then the Marichal-Roubens’s entropy of v is defined by

Hyr (v Z Z Yah(v(AU{i}) —v(A4)). ()

i=1 ACN\{i}

A difference between Yager’s and Marichal-Roubens’s entropy is only the place
of the function h.

Another attempt was also done by Dukhovny [3], which is called a minimum
entropy. To describe the definition we introduce a concept of the maximum chain
needed in a definition of the minimum entropy. For a,b € 2, we say a is covered
by b, and write a < bor b > a,if a C b and a C x C b implies = a. In other
words, a < b means that there are no elements between a and b.

Definition 5 (maximal chain of 2VV). C = (co,ca,...,¢cn),c; €2V,i=1,...n
is called a mazimal chain of 2V if C satisfies that ) = cy < ¢y < --- < ¢, = N.

We denote the set of all maximal chains of 2V by M(2"). Let C be a maximal
chain of 2. We define p”:¢ = (p}’ ,p;’c, o, p2C) by
pC = (V. py,. . pC)
= (v(er) = v(eo), v(ez) —v(er),- .o v(en) —v(en-1)), (6)

Note that p¥'€ satisfies pf’c >0,i=1,...,nand ZZ 1 pz = 1 like a probability
measure.
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Definition 6 (minimum entropy [3]). Let v be a capacity on (N,2). The
minimum entropy of v is defined by

Hin = h
(v) =, min Z

= H ’ . 7
ccmin s(p ) (7)

Ezample 1. Define va,vp and v. on (N = {1,2,3},2") as Table[[ Then each
entropy of v4, vp and ve is as Table 2l Remark that 1.5850 = log, 3.

Table 1. capacities

0 {1t {2} {3} {1,2t{13}{2,3} N
va 00 1/3 1/3 1/3 2/3 2/3 2/3 10
vg 0.0 08 08 08 09 09 09 1.0
ve 00 02 03 04 08 07 06 1.0

Table 2. Entropies

Hy( - ;vr) Hur( - ;vr) Huin( - 507)

va  1.5850 1.5850 1.5850
vp  1.5850 0.9219 0.9219
ve  1.5850 1.5010 1.3710

Marichal-Roubens’s entropy can be represented using maximal chain.

Proposition 1 (representation of Marichal-Roubens’s entropy). Let v
be a capacity on (N,2N). Then we have

Hun() =y Y Hs0). Q

cem(2N)

Remark that |[M(2V)| = n! Proposition [4 shows that Hyg is obtained by
replacing the minimum operation of Hy;, with the average operator.

On the other hand, Yager’s entropy can be represented using the Shapley
value which is the most important concept in game theory.

Definition 7 (Shapley value). Let v be a capacity on (N,2Y). The Shapley
value of v, P(v) := (P1(v), ..., dn(v)) € [0,1]" is defined by

¢i(v) = Y Afyl(AU{i}) —v(4)] 9)

ACN\{i}

Remark that Y7, ¢;(v) = 1 holds.
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Proposition 2 (representation of Yager’s entropy). Let v be a capacity on
(N,2N). Then we have

n
=Y h($i(v))
i=1
= Hs(P(v)). (10)
Next we study properties of these entropies.

Proposition 3. Let v be a capacity on (N,2V).

(i) If v is an additive function, then Hy(v) = Hyr(v) = Hmin(v) = Hg(v).

(ii) All Hy (v), Hur(v) and Hyin(v) are continuous functions.

(iil) Humin(v) is not a differentiable function.

(iv) All Hy (v), Hur(v) and Huyin(v) lead to a value between [0,logn).

(v) If v is a {0, 1}-valued capacity, then all Hy (v), Hur(v) and Hpin(v) lead to
a value 0. The converse does not holds except for Hygr(v).

(vi) All Hy, Hugr, Hmin take logsn as the maz value.

(vii) If v = v*(A) := |A|/n, A € 2. Then Hy (v), Hyr (v) and Hyin(v) is logy n.
The converse holds except for Hy (v).

Proposition 4. Define vy = (1 — Mo + AW*,0 < A < 1. For any v(£ v*),
0 < A < A2 < 1 implies Hy(vy,) < Hy(vy,), Hur(vy,) < Hur(vy,) and
Hmin(v)\l) < Hmin(v)\g)~

In other words, Hyvg (vx) and Hyin(vy),0 < A < 1 are strictly increasing func-
tions of A. Concerning to Hy, it is an increasing function of A, but not strictly
increasing (Cf. Prop [ (vi)).

We show the graphs of these three entropies in the case of n = 2, that is, IV is
a two point set N = {1,2}. On the left side, we display the 3D graphs and on the
right side, we display their contour graphs (Fig[dl3). All sections of these graphs
have been created by a plane cutting to v({1})+v({2}) = 1 which coincide with
the graph of Shannon entropy (Cf. Prop Bl (i)).

We can also generalized the relative entropy, called also the Kullback-Leibler
divergence, in the above three ways.

Definition 8 (relative entropy). Let p and q be probability measures on N.
The relative entropy of p to q is defined by

Hxwi(piq Zh (i}, a({7})], (11)

where h(x;y) := xlog(z/y).

Definition 9 (relative entropy Hy). Let v and u be capacities on (N,2V).
Hy (v;u) is defined by

Hy (v;u) := Hxp(P(v); ¥ (u)). (12)
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o Lo({1})

Fig. 2. The graph of Hur(v) in the case of N = {1, 2}

Definition 10 (relative entropy Hyr). Let v and u be capacities on (N,2V).
Hyr(v;w) is defined by

1
HMR(U;U) = 9 Z HKL(pv’c;pu’C) (13)

Definition 11 (relative entropy H.i,). Let v and u be capacities on (N,2V).
Hpin(v; ) is defined by

Hpin(vyu) = in  H, UG g€y, 14
(v;u) i kL (p”":p"") (14)
We show the graphs of these three relative entropies of vdefined on ({1, 2}, 2{%2})
tou({1}) = 0.2,u({2}) = 0.3 in the case of N = {1, 2}. On the left side, we display
the 3D graphs and on the right side we display their contour graphs. (Fig ).
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L o) o) 1 v({1})

Fig. 3. The graph of Hmin(v) in the case of N = {1, 2}

v({2})
v({2}) 1

L o1 0 1 o({1})

Fig. 4. The graph of Hy(v;u) in the case of N = {1, 2}

Ezample 2. Define vy, v4,vp and v. on (N = {1,2,3},2") as Table[l Then the
mean squared error of vy and other capacities has the same value, 0.04. However
relative entropies of v4, vg and ve to vy are as Table [

3 Entropy of Capacity on Set System

In this section, we consider more general capacities, in the sense that the under-
lying system of sets may be not 2/V. Let S be a subset of 2. We call (N, S), or
simply S, a set system if ), N € S. Then the capacity is naturally generalized
on S.
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v({2}) 1

(1) 0

Fig. 5. The graph of Hur(v;u) in the case of N = {1, 2}

v({2}) v({2})
1

=~ o({1)) o) 1 v({1})

Fig. 6. The graph of Hmin(v;u) in the case of N = {1,2}

Definition 12 (capacity on set system). Let (N,S) be a set system. A set
function v : S — [0,1] is a capacity on (N,S) if it satisfies v(0) = 0,v(N) =1
and v(A) < v(B) whenever A C B for any A,B € S.

The maximal chain of S is defined in the same manner as for the case of 2V. We
introduce a kind of the regularity on a set system.

Definition 13 (regular set system). Let (N,S) be a set system. We say that
(N,S) is a regular set system if for any C € M(S), the length of C is n, i.e.
ICl=n+1.

In other words, for any A that belongs to a regular set system (N, S), there is
i € N satisfying AU {i} € S and i ¢ A.
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Table 3. capacities

0 {1 {2 {3} {1L,2p{L,3}{2,3} N
vr 00 03 03 03 07 07 07 10
va 00 03 04 04 08 08 07 10
vg 00 03 04 04 07 06 06 10
ve 00 02 03 04 08 07 06 10

Table 4. Relative entropies

Hy( - ;vr) Hur( - ;vr) Huin( - 507)

va  0.0000 0.0448 0.0415
vg 0.0036 0.0798 0.0000
ve  0.0000 0.0700 0.0415

All of the three entropies introduced in Section 2] can be generalized for a
capacity on a regular set system. Dukhovny’s entropy is generalized in a natural
way.

Definition 14 (Generalized minimum entropy [9]). Let v be a capacity on
a regular set system (N,S). Then Hpin(v) is defined by

Hupin(v) := min_ Hs(p"©). 1
(v) cin s("") (15)

Marichal-Roubens’s entropy is generalized using its representation in Proposition

el

Definition 15 (Generalized Marichal-Roubens’s entropy [8]). Let v be a
capacity on a regular set system (N,S). Then Hygr(v) is defined by

v) = 1 v,C
Hun) = gy 2 ) (16)

To generalize Yager’s entropy for a capacity on a regular set system, we first
generalize the Shapley value.

Definition 16 (Shapley value [14/15])
Let v be a capacity on a regular set system (N,S). The Shapley value of v,
D(v) := (p1(v),...,dn(v)) € [0,1] is defined by

1 .
%)= vs)) CE%;S) [v(AU {i}) = v(A)]. (17)
A A{i}eC

Yager’s entropy is generalized using its representation in Proposition 2l and the
generalized Shapley value.
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Definition 17 (Generalized Yager’s entropy). Let v be a capacity on a
reqular set system (N,S). Huyr(v) is defined by

Hy (v) := Hg(®(v)). (18)
We can also generalize the relative entropy for a capacity on a regular set system.

Definition 18 (Generalized relative entropy Hy). Let v and u be capacities
on a regular set system (N,S). Hy(v;u) is defined by

Hy (v;u) := Hxp(P(v); ¥ (u)). (19)

Definition 19 (Generalized relative entropy Hyg). Let v and u be capac-
ities on a regular set system (N,S). Hugr(v;u) is defined by

1

Hyg (v;u) = > Hin(pp™©). (20)

M) S

Definition 20 (Generalized relative entropy Hyin). Let v and u be capac-
ities on a regular set system (N,S). Huyin(v;u) is defined by

Hoyin(v;u) = in H i€ €y, 21
(v;u) clming kL(p"";p"") (21)

4 Representation as Set System

The genralized entropies presented in Section [§] have applicability to capacities
defined on regular set systems. In this section, we show that almost all capac-
ities which appear in applications can be regarded as capacities on regular set
systems(cf. [§]).

Let (L, <) be a lattice, that is, (L, <) is a partially ordered set such that
for any pair x,y € L there exist the least upper bound z V y (supremum) and
the greatest lower bound x Ay (infimum) in L. Consequently, for finite lattices,
there always exist the greatest element (supremum of all elements) and the least
element (infimum of all elements), denoted by T, L (see [2]).

Definition 21 (capacity on lattice). Let (L, <) be a finite lattice with the
greatest and the least elements denoted by T and L respectively. A capacity on
L is a functionv : L — [0, 1] satisfying v(L) = 0, v(T) = 1, and being monotone,
i.e., x <y implies v(z) < v(y).

Evidently a set system is not necessarily a lattice. Moreover, a regular set
system is not necessarily a lattice. Indeed, take N = {1,2,3,4} and § :=
{0,{1},{3},{1,2},{2,3},{14},{3,4},{1,2,3}, {1,3,4}, N}. Then, {1} and {3}

have no supremum.

Definition 22 (join-irreducible element). An element z € (L, <) is join-
irreducible if for all a,b € L, x # L and x = a V b implies x = a or x = b.
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We denote J (L) the set of all join-irreducible elements of L.
The mapping n for any a € L, defined by

na) :={ze J()|x < a}

is a lattice-isomorphism of L onto n(L) := {n(a) | a € L}, that is, (L, <) =
(n(L), C) (Figure). Clearly (J(L),n(L)) is a set system.

a {dv ¢, f}
b c {d, e} {e, f}
d e f {d} {e} {f}

g 0
Ly n(L1)

Fig. 7. Translation of lattice

Translating a lattice, which is an underlying space of a capacity v, to a set
systems we can apply the entropies introduced in Section Bl to a capacity if the
underlying set system is regular.

Remark 1. If we regard S := {0,{1},{1,2,3}} as a lattice, not as a set system,
the situation is a little different. In this case, the name of the elements are just
the label. We have J(S) = {{1},{1,2,3}} and | J(S)| = 2, so that considering
S as a lattice, we can translate it to a regular set system.

Lemma 1. If (L, <) satisfies the following property:

(V-minimal regular) for any C € C(L), the length of C is |T(L)|, i.e. |C| =
|T(D)] +1,

then (J(L),n(L)) is a regular set system.

The maximal chain C' = (cp,c1,...,¢n) of a lattice is also defined by L =
co<c <+ =<cpm=T,¢ €8,i=0,...,m. in the same way of a set system,
where A < B denotes that A < B and A < C < B implies C = A.

Most lattices which underlie capacities appearing in practice, such as bi-
capacities, and multi-choice games are V-minimal regular; therefore the entropies
are applicable to these cases. We show several practical examples of capacities.

e Regular lattice and its translation to a set system
L, in Figure[Mlis a V-minimal regular lattice, and n(L1) in Figure[dis the trans-
lation of a lattice L to a set system.
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In fact, J(L1) = {d,e, f}, and L, is also represented by n(L1). C(n(L1)) =
{(0,{d},{d, e}, {d,e,f}), (0, {e},{d, e}, {d, e, f}), (0, {e},{e,f},{d,e 1}), (0, {f},

{e,f},{d,e,f})}. Let v be a capacity on Ly. Then the entropy of v on L; is

H(w) = ,hlo(d) ~ v(g)] + Hhlole) — (@) + ,hle(f)  v(s)]
4 Hlo) — vld)] + ) lo(b) —v(©)] + ,Alu(e) — v(e)]
4 Hlole) — o(F)] + hlola) — v(®)] + ,hlv(a) — v()]

o Bi-capacity [0][7]

A bi-capacity is a monotone function on Q(N) := {(A,B) € 2V x 2NV | An
B = (0} which satisfies v(0, N) = —1, v(0,0) = 0 and v(N,0) = 1. For any
(Al,AQ),(BhBQ) S Q(N), (Al,AQ) C (Bl,BQ) iff Ay € By and Ay D Bs.
Q(N) = 3N Tt can be shown that (Q(N), L) is a finite distributive lattice. Sup
and inf are given by (A1, A2) V (B1,B2) = (A1 U By, A2 N By) and (A1, 42) A
(B1,B2) = (A1 N By, A2 U Bs), and we have

J(QN)) = {0, N\ {i}),i e N}U{({i}, N\ {i}),i € N},
where ¢ € N. Normalizing v by v’ : Q(IN) — [0, 1] such that

v = 1v+1
T2 2’

Z Y ays (W' (AU{i}, B) = /(A B)]

ACN\z;
BCN\(AU{ i)

+h[v'(B,A) — ' (B,AU{i})]).

where
(n—k+0—1)! (n+k—¢)2n-kt

Vio = (2n)|

o Multi-choice game

Let N :={0,1,....n} be a set of players, and let L := Ly X --+ X L,, where
(Li, <;) is a totally ordered set L; = {0,1,...,¢;} such that 0 <; 1 <; -+ <; 4.
Each L; is the set of choices of player i. (L, <) is a regular lattice. For any
(a1,a2,...,ay),(b1,ba,...,bn) € L, (a1,az,...,a,) < (b1,ba,...,by,) iff a; <; b;
foralli=1,...,n. We have

J(L) = {(0,...,0,a;,0,...,0) | a; € T(L;) = L; \ {0}}

and |7 (L)| = Y1, ¢;. The lattice in Fig. B is an example of a product lat-
tice, which represents a 2-player game. Players 1 and 2 can choose among 3
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(0,0)

Fig. 8. 2-players game

and 4 choices, respectively. Let v be a capacity on L, that is, v(0,...,0) = 0,

v(fy,...,¢,) =1and, for any a,b € L, v(a) < v(b) whenever a < b. In this case,
we have

=3 Y &€ hv(a,g) —via.j— 1)

N a€L/L;
where L/Ll = L1 XX Li,1 X LiJrl X X Ln, (a,ai) = (al, vy Q51,5 Q4, 411,

.,an) € L such that a € L/L; and a; € L;,

52‘(a,ai) — ﬁ (&e) _ (Zgzl &)1. naz'
i1 \Ok Dkt Ok f1 @k

5 Axiomatization of Entropy of Capacity

In this section, we discuss the characterizations of entropies of capacities focusing
with axiomatizations.

Before introducing the axioms for an entropy of a capacity, we discuss about
the domains of an entropy. Let p := (p1,...,pn) be a probability measure on
N :={1,2,...,n}. Then (N, 2% p) is called a probability space. Let A,, be the
set of all probability measure on N. Hg is a function defined on A :=J;~; A
to [0,00). We should denote Hg(p) with the underlying space by Hgs(N, 2V, p),
and as far as no confusion occurs we denote Hgs(N, 2V, p) simply Hs(p).

Similarly, let v be a capacity on (N,S). Then we call (N,S,v) a capacity
space. Let X, be the set of all regular set systems of N := {1,2,...,n} and let
Als be the set of all capacity spaces defined on the regular set system (N, S).
The domain of the entropy of the capacity is A’ := [J;7, Uses, Qs and the
entropy is a function defined on A’ to [0,00). We denote simply H(v) instead
of H(N,S,v) as far as no ambiguity occurs. More properly, the dual capacity of
v is the dual capacity space of the capacity space (N,S,v) which is defined by
(N,S,v)? := (N, 8% v?) with §¢ := {A¢ € 2V | A € S}, the permutation of v is
the permutation of the capacity space (N, S, v) which is defined by (N,S,v)™ :=
(N, 7(S), mov), and the embedding of v? is the embedding of the capacity space
(N, 2,v?) which is defined by (N, S,v)% := (N, S% ).
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First, we show Faddeev’s axiomatization for the Shannon entropy, which
will serve as a basis for our axiomatization. A probability measure p({1}) =
z,p({2}) =1 —ax on N = {1, 2} is denoted by pair (x,1 — z) and the entropy of
it is denoted by H(x,1 — x) instead of H((x,1 — x)).

(F1) f(z):= H(z,1—x)is continuous on 0 < x < 1, and there exists z¢ € [0, 1]
such that f(zg) > 0.

(F2) For any permutation 7 on {1,...,n},

H(pﬂ'(l)?"'?pﬂ'(n)) = H(plaapn)
(F3) Ifp,=q+r,q>0,7>0,then

H(pla"'apnflaqar) = H(pl’apn) +pﬂf[—‘r(q/pnaT/pn)

Theorem 1 ([4]). Under the condition H(1/2, 1/2) = 1, there exists a unique
function H : A — [0, 1] satisfying (F1), (F2) and (F3), and it is given by Hs.

We introduce further concepts about capacities, which will be useful for stat-
ing the axioms of an entropy.

Definition 23 (dual capacity). Let v be the capacity on (N, S). Then the dual
capacity of v is defined on 8¢ := {A € 2V | A° € 8} by v¥(A) := 1 — v(A°) for
any A € 8%, where A° := N \ A.

Definition 24 (permutation of v). Let m be a permutation on N. Then the
permutation of v by 7 is defined on 7(S) := {m(A) € 2V | A € S} by mov(A) :=
v(r~1(A)).

Let us consider a chain of length 2 as a set system, denoted by 2 (e.g.,
{0,{1},{1,2}}), and a capacity v? on it. We denote by the triplet (0,u,1) the
values of v? along the chain and we suppose 2 := {0, {1}, {1, 2}} unless otherwise
noted.

Definition 25 (embedding of v2). Let v be a capacity on a totally ordered
regular set system (N,S), where § := {Cy,...,Cp} such that C;_1 < C;, i =
1,...,n, and let v? := (0,u, 1) be a capacity on 2. Then for Cy, € S, v°* is called
the embedding of v2 into v at Cy and defined on the totally ordered reqular set
system (NC*, S%) by

v(A), ifA=Cy,j <k,
v (A) i= { v(Cho1) +u- (v(Cr) —v(Cion)), if A = C, (22)
v(Cj_1), ifA=C},j >k,

where {ig} = Cy \ Cr_1, 4, # i/, (N \ {ix}) N {it, ¥} =0, NCr := (N \ {ix}) U
{ik, ik}, O o= (Ce \ {in}) U{ir}, CF = (Cin \ {in}) ULd, ik} for j > k, and
Sck = {C(), e ,C’k,l,C,;,C,’CH, N aC7/1+1}~
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Remark that more precisely, the dual capacity of v is the dual capacity space
of the capacity space (N,S,v) which is defined by (N,S,v)? := (N,8% v9)
with 8¢ := {A° € 2V | A € S}, the permutation of v is the permutation
of the capacity space (N,S,v) which is defined by (N,S,v)™ := (N,n(S),7 o
v), and the embedding of (0,u,1) into v is the embedding of the capacity
space ({1,2},2,(0,u, 1)) into the capacity space (N,S,v), and it is defined by
(N,S,v)% 1= (N SO yCr).

Now we introduce five axioms for Marichal-Roubens’s entropy of a capacity.

(A1) (continuity) The function f(u) = H({1,2},2,(0,u,1)) = H(0,u,1) is
continuous on 0 < u < 1, and there exists ug € [0, 1] such that f(ug) > 0.

(A2) (dual invariance)  For any capacity (0,u,1) on 2,
H(0,u,1)=H(0,1 —wu,1).

(A3) (increase by embedding) Letv be a capacity on a totally ordered set system
(N,S). For any ¢, € S, for any vZ := (0,u, 1), the entropy of v°* is

H(N,S,v)*) = H(N,S8,v) + (v(ex) —v(ex-1)) - H({1,2},2,0?%)
= H(v) + (v(ex) —v(ex-1)) - H(v?).
(A4) (convexity) Let (N,S), (N,S81),(N,S2) and (N,Sp,) be regular set sys-
tems satisfying M(S) = M(S1)U---UM(Sy), and M(S;) NM(S;) = 0,i # 5.
Then there exists an ay, g, ..., 0 €]0,1[,0q0 + -+ + am = 1 such that for any
capacity v on (N, S),
H(N,S,v) = a1 H(N,S1,vls,) + -+ (am) H(N, S,y v|s,,)
=arH(vls,) + -+ (am)H(v

S )-

(A5) (permutation invariance) Let v be a capacity on (N,2). Then for any
permutation ™ on N, it holds that

H(N,2N v) = H(N,2V vo).

The following can be shown.

Theorem 2 ([9]). Under the condition H({1,2},2,(0,1,1)) = H(0,}, 1) =1,
there exists a unique function H : A" — [0,1] satisfying (A1), (A2), (A3), (A4)

and (Ab), and it is given by Hyg.
We discuss in detail our axioms, in the light of Faddeev’s axioms.
e continuity

By f(u) = HHG(Oaua]-) = HS(p(O’u’l)’(ﬁ) = HS(ua]- - ’U,), where C? :=
(0,{1},{1,2}), (A1) corresponds to (F1).
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e dual invariance

Hyr(v) is dual invariant, when v is not only a capacity on 2 but also on
general regular set systems, that is, for any capacity v on a regular set system
we have Hygr(v) = Hygr(v?). On the other hand, the Shannon entropy of the
probability measure is also dual invariance, as a matter of fact, the probability
measure and its dual measure are identical.

e increase by embedding
Let v be a capacity on a totally ordered set system S = {} = ¢g,c1,...,¢n =
N}, where ¢; C ¢ for i < j, and consider the embedding into v with v? =
(0,u,1) at ¢,. Then
Hyr(v) = Hs(p"™ ),

where C' := (co, ..., Ch—1, Ck?s Ch# , Ckit 1, - - -5 Cn), and by (F3), we have
Hs(p"™ ") = Hs(p"C) + (v(ck) — v(ck-1)) - Hs(u, 1 — w)
which can be rewritten as
Hyr(v°) = Hur(v) + (v(cr) — v(cr-1)) - Hur(0?).

This is exactly (A3).

e permutation invariance
Let N :=(1,2,3) and S := {0,{1},{3},{1, 2},{1,3},{2,3}, N} and let 7 =

123 .
(2 3 1). Then, for instance

vor({2,3}) =v(z'({2,3})) = v({1,2})
(cf. Fig. @).

N w(N)

{1,2} {1,3} {2,3} {2,3}  {2,1} {3,1}

I N
0 0
S w(S)

Fig. 9. Permutation of set system

When S = 2V, all permutations satisfy 7(A) € S for any A € S. In other
words, (A5) can be regarded as a generalization of (F2).

To finish this section, we consider a modification of our axiomatization so as
to recover the minimum entropy Hyin. We modify (A4) as follows:
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(A4')  Let (N,S), (N,S1) and (N,Sz) be regular set systems satisfying
M(8) = M(81) UM(Sz). Then for any capacity v on S,

H(v) = min {H (v]s,), H(vls,)} -

Theorem 3 ([9]). Under the condition Hyin(N,2,(0,3,1)) = Huin(0,3,1) =
1, there exists a unique function H : A" — [0, 1] satisfying (A1), (A2), (A3) and

(A4'), and it is given by Hpyin.

6 Conclusions

In this chapter, we discussed entropies of capacities, especially defined by Yager,
Marichal-Roubens and Dukhovny.

These entropies, defined for classical capacities, can be generalized for capac-
ities defined on regular set systems and each of them has reasonable properties.
And we showed that almost all capacities which appear in applications can be
regarded as capacities on regular set systems. In the last section, we showed ax-
iomatizations for Marichal-Roubens’s entropy and Dukhobny’s entropy, which
give validity to them. In this connection, Kojadinovic et al. showed another
axiomatization for Marichal-Roubens’s entropy [I1].

To study the meaning of Yager’s entropy more, characterizations by axioma-
tizations of it are desired.
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Integral with Respect to Non-additive Measure
in Economics

Hiroyuki Ozaki*

Faculty of Economics, Keio University

Abstract. This chapter surveys the use of non-additive measures in
economics, focusing on their use in preference theory. In economics, the
risky situation where the probability measure is known and the uncertain
situation where even the probability measure is unknown had tended not
to be distinguished. This is mainly because of Savage’s theorem which
states that if an agent complies with some set of behavioral axioms, she
may be regarded as trying to maximize the expected utility with re-
spect to some probability measure. This is called subjective expected
utility (SEU) theory. However, the plausible and robust preference pat-
terns which cannot be explained by SEU is known. The most famous one
among them is Ellsberg’s paradox. The attempts to resolve these anoma-
lies by using non-additive measures were initiated by D. Schmeidler and
I. Gilboa in 1980’s. The main purpose of this chapter is to explain their
theories, emphasizing representation theorems by means of non-additive
measures. We will see that their models nicely resolve Ellsberg’s paradox.

1 Introduction

In economics, it is common to distinguish an wncertain situation from a risky
situation at least conceptually. While both seem to be similar in the sense that
they represent a situation which is not certain, there is a clear difference between
them. The term “risk” used in economics does not necessarily imply the negative
aspects such as disaster or danger suggested by that term. For example, the risk
in “risk management” in financial technology does not mean only a loss (not to
speak of only a gain) but means that both of a loss and a gain may arise. In this
example, a risk means the situation where the probability that a loss arises (for
instance, a half) and the probability that a gain arises (for instance, a half) are
known. That is, economics defines a risky situation as the one where, while which
event will happen is not exactly known, the probability of the occurrence of each
event is known. On the other hand, an uncertain situation is defined as the one
where even the probability of each event is not known. The uncertainty in this
sense is sometimes referred to as Knightian uncertainty after an economist who
emphasized the difference between these two concepts.

* The author is very grateful to the editors of the book and three anonymous referees
for very useful comments. All remaining errors are of course mine.

V. Torra, Y. Narukawa, and M. Sugeno (eds.), Non-Additive Measures, 97
Studies in Fuzziness and Soft Computing 310,
DOI: 10.1007/978-3-319-03155-2 5, (© Springer International Publishing Switzerland 2014
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Despite of such a clear difference between them, it has been widely customary
not to distinguish these two concepts in economic analyses. It is so-called Sav-
age’s Theorem proven by a statistician named Leonard J. Savage in 1954 that
justifies this custom. According to this theorem, under some conditions, even if
there does not exist an objective probability (such as a half and a half of a coin
flip), we may think that people behave as if they know the probability (which is
called a subjective probability). That is, an uncertain situation is reduced to a
risky situation.

Although situations where the conditions of Savage’s Theorem do not hold
are known for a long time (for example, Ellsberg’s Paradox in 1961), it had been
quite often regarded as exceptional. However, in recent years (about for the
last two decades), some approaches have been developed in which uncertainty is
directly analyzed without reducing it to a risk. By this, economic phenomena,
which cannot be explained within the traditional framework by Savage, has been
made clearer.

The objective of this chapter is to elucidate utility-theoretic approaches to-
ward uncertainty developed by Schmeidler, Gilboa, and so on which utilize non-
additive measures, in particular focusing on their axiomatic foundations. First,
in order to clarify the approaches by Schmeidler and Gilboa, we explain sub-
jective expected utility theories by Savage, Anscombe and Aumann, and so on
(and objective expected utility theories by von-Neumann and Morgenstern, and
so on as their bases) including their proofs. Next, we introduce Ellsberg’s Para-
dox. This example directly shows the limitation of representation of preferences
by probability measures which is a common characteristic of above theories. We
then explain representation theorems by non-additive measures which “resolve”
this paradox. In particular, we aim to clarify the relationship between the axioms
and representation, and we emphasize the mathematical structure of the repre-
sentation and the proofs of representation theorems. (The proofs are adopted
from Fishburn (1970), Kreps (1988) and the original papers and are suitably
arranged.) We also briefly mention an economic application of the theory. The
chapter is concluded with an appendix that summarizes some results on non-
additive measures. The readers are referred to the book by Gilboa (2009) to see
more on related topics to the ones covered in this chapter.

2 Some Definitions on Probability Measures

We call a family of subsets A of a set X an algebra if it satisfies the three
conditions: (1) p € A, 2l Ac A= A°c Aand (3) AL Bc A= AUB c A,
and call a pair of a set and an algebra defined on that set, (X, A), a measurable
space. The family of subsets of a given set X consisting of all its subsets is called
a power set and denoted by 2. Clearly, (X,2%) is a measurable space. In this
chapter, we do not consider a o-algebralq Given a measurable space (X, A), a set

! Here, A° denotes the complement of A in X.
2 An algebra which is closed with respect to a union of countably many sets is called
an o-algebra.
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function p : A — [0, +oc] which satisfies the following two conditions is called a
finitely-additive measure or a charge:

p(¢) =0 (1)
(VA,BeA) ANB=¢ = p(AUB)=p(A)+p(B). (2)

Condition (2) is called a finite additivity. It immediately follows that a finitely-
additive measure p is monotonic in the sense thatd:

ACB=p(A) <pB).

A finitely-additive measure p which satisfies p(X) = 1 is called a finitely-additive
probability measure. In what follows, we call a finitely-additive probability mea-
sure simply a probability measure. Note that a probability measure does not
necessarily satisfy the a-additivityE

A probability measure p is said to be simple if the set of x € X such that
p(z) # 0 is a finite set and if )y p(z) = 1 holds. In particular, we write the
simple probability measure such that p(z) = 1 for some z € X as §,. Also, a
probability measure p on a measurable space (X, .A) is said to be convex-ranged
or strongly nonatomic if it satisfies the next conditionf]

(VAe A)(Vre[0,p(A)])3BeA) BCA and p(B)=r

3 Expected Utility Theory a la von-Neumann-
Morgenstern

3.1 Preference Order

We consider a set X to be a set of rewards, prizes or consequences and call it
the set of outcomes. Let A be an algebra on X. We denote by P(X) the set
of all probability measures on the measurable space (X, A) and write generic
elements of P(X) (i.e., probability measures) as p,q,r,.... We call any subset
= of P(X) x P(X) a binary relation and write as p = ¢ when (p, q) € .

3 Proof: For any A and B such that A C B, it holds that B = A U (B\A) and
AN (B\A) = ¢. This implies that p(B) = p(A) + p(B\A) > p(A). Here, the equality
follows from the finite additivity and the inequality follows from the fact that p takes
on nonnegative values.

4 A finitely-additive measure p is said to satisfy o-additivity if the similar condition
to () holds for countably many sets.

® A probability measure p on a measurable space (X, /) is said to be nonatomic if

(VAeA) p(A)>0 = (3B€A)BCA and p(B) € (0,p(A)).

While if a probability measure p is convex-ranged, it is nonatomic, the converse does
not necessarily hold. If an algebra A happens to be a o-algebra and if p happens to
be o-additive, both are equivalent.
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A binary relation > is said to be asymmetric if

(Vp,q e P(X)) p>=q = q#p,

where ¢ % p means that (g,p) ¢, and it is said to be negatively transitive if

(Vp,q,r € P(X)) p¥qandqgtr = pitr.

A binary relation > is called a preference order or a preference relation when it
is asymmetric and negatively transitive. Given a preference order >, the binary
relation = is defined by

(Vp,q € P(X)) p=q < q#p

and the binary relation ~ is defined by

(Vp,qe P(X)) p~q & p#qgandqifp.

Then, = turns out to be transitive and complete, where > is transitive by defi-
nition if
(Vp,q,;r € P(X)) p=gandg=7r = prr

and it is complete by definition if
(Vp,q € P(X)) p=qorq=por both.

A binary relation is called a weak order if it is transitive and complete. We may
define a weak order first and then derive a binary relation so that the latter
should be a preference order. Also, a binary relation ~ is called an indifference
relation.

Let u : P(X) — R be a real-valued function defined on P(X). A function u
is said to represent a preference order > if it holds that

(Vp.q € P(X)) p>q & ulp)>u(q)
and it is said to be an affine function if it holds that
(Vp,q € P(X))(A € [0,1])  u(Ap+ (1 —A)q) = Au(p) + (1 — Nu(q).
In the above, similar definitions apply when P(X) is replaced by its arbitrary
convex subset.
3.2 vNM Axioms and Representation Theorem

Consider the following three axioms with respect to a binary relation > defined
on a convex subset of P(X). Here, p,q,r are arbitrary elements of that set and
A is an arbitrary real number such that A € (0, 1).
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A1l (Ordering) > is a preference order
A2 (Independence) p>q = Ap+ (1 —A)r>=Ag+ (1 —N)r

A3 (Continuity) p=q and ¢>=r
= (3o, 8€(0,1)) ap+ (1 —a)r = ¢ and
q>=Bp+(1—=pB)r

Then, the following theorem holds.

Theorem 1 (von-Neumann-Morgenstern, 1944). Let = be a binary rela-
tion defined on an arbitrary convexr subset P of P(X). Then, > satisfies Azioms
Al, A2 and A3 if and only if there exists an affine function u which represents
. Furthermore, if a function v’ also represents =, then there exist real numbers
a >0 and b such that v = au + .

To prove the theorem we first prove the next lemma.

Lemma 1. If a binary relation = on P satisfies Axioms A1, A2 and A3, then
the following holds:

(a) Ifp=qand 0 <a<b<1,thenbp+ (1 —>b)g>ap+ (1 —a)q.

(b) If p = q = r and p > r, then there exists a unique a* € [0,1] such that
g~ a*'p+(1—a*)r.

(c) If p ~ q and a € [0,1], then for any r € P, it holds that ap + (1 — a)r ~
ag+ (1 —a)r.

Proof of (a). If a = 0, then the claim follows immediately from A2. Hence,
assume that a > 0. Define r by r := bp + (1 — b)q. Then, A2 implies r > ¢, and
hence, it follows that

r=(1-(a/b))r + (a/b)r = (1 — (a/b))q + (a/b)r
= (1—(a/b))g+ (a/b)(bp+ (1 = b)g) = ap + (1 — a)q,

which completes the proof. Proof of (b). If a* exists, it must be unique by (a).
Therefore, it suffices to show the existence of a*. Assume that p > ¢ > 7.
Otherwise, the existence of a* is trivial. Define a real number a* by

a*=sup{ac|0,1]|¢g=ap+(1—a)r}.

First, assume that a*p + (1 — a*)r > ¢ > r. Then, A3 implies that there exists
b € (0,1) such that b(a*p + (1 — a*)r) + (1 — b)r = ba*p + (1 — ba™)r = q.
Furthermore, ba* < a* holds since a* # 0. This and the definition of a* imply
the existence o' such that ba* < o’ < a* and ¢ > a’p + (1 — a)r. Then, (a)
implies ¢ > ba*p 4+ (1 — ba*)r, which is a contradiction. Similarly, assuming
p = q = a*p+ (1 —a*)r leads to a contradiction. Therefore, (b) holds. The proof
of (c) is omitted. |
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Proof (Sketch). We now prove the theorem. When all probability measures are
indifferent to each other, we may take any constant function as w. Hence, we
assume that there exists a pair of probability measures p and ¢ such that p >~ ¢
and fix them. For any r such that p = r > ¢, we define u(r) by a real number
which satisfies

u(r)p+ (1 —u(r))g ~r.

By (b) of Lemma[Il such a u(r) is uniquely determined. Then, for any r and »’
such that p = r = ¢ and p = 7’ = ¢, it holds that

r=r < ur)p+ (1 —ulr)g=ul)p+ 1 —ulr))g < ulr) >ul)

where the second equivalence follows from (a) of Lemma [[] Furthermore, for any
such 7 and 7’ and for any A € [0, 1], it holds that

A+ (1= N)r ~ Au(r)p + (1= u(r))q) + (1 = M) (u(r)p + (1 — u(r))q)
= (Au(r) + (1 = Nu(r))p + (1 = (hu(r) + (1 = Mu(r')))q.

Here, the equivalence follows from (c) of Lemma [Il This and the definition of u
imply
u(Ar + (1= N)7r") = du(r) + (1 — Nu(r').

The function u thus defined preserves its properties through a positive affine
transformation. Therefore, we may assume without loss of generality that u(p) =
1 and u(q) = 0. Further, for any r such that r > p, find an a which satisfies
ar + (1 —a)q ~ p (such an a can be found uniquely) and define u(r) := 1/a.
Also, for any r such that ¢ = r, find an a which satisfies ap + (1 — a)r ~ ¢ (such

an a can be found uniquely) and define u(r) := —a/(1 — a). The function u thus
defined can be easily verified to be an affine function which represents > on P
and the proof is complete. |

We say that u is wunique up to a positive affine transformation when it is
unique in the sense stated in Theorem [[l A function u in the theorem is called
von-Neumann-Morgenstern’s utility index. When a utility index u exists, define
u:X = Rby (Vz € X) u(z) = u(dy). Then the affinity of v implies that for
any simple probability measure p, it holds that

u(p) = /X w(@)dp(z) = 3 ul@)p(z).

zeX

4 Representation Theorem on Mixture Space a la
Herstein-Milnor

A set @ is called a mizture space if there exists a function h: [0,1] X & x & — &
which satisfies the following three conditions{

5 In this section, ¢ denotes an arbitrary element of @, not an empty set.
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M1 hi(¢,p) = ¢
M2 ha(é, p) = hi_alp, d)
M3 ha(hy(,p), p) = hav(e, p)

Here, the first argument is denoted by a subscript and h,(¢, p) may be sugges-
tively written as a¢ 4+ (1 — a)p. However, a mixture space is purely an abstract
space and “+” need not be an addition (although in many examples, “+” resolves
into addition of real numbers). For instance, the set of probability measures con-
sidered in the previous section is an example of a mixture space. Consider the
following three axioms with respect to a binary relation > defined on a mixture
space:

B1 (Ordering) > is a preference order
B2 (Independence) ¢ > p = (Ya € (0,1])(Vu) ha(p, p) = hal(p, 1)
B3 (Continuity) ¢=p and p = pu

= (Ja,b € (0,1)) ho(p,p) = p and

p = (o, 1)

Then, the following theorem holds.

Theorem 2 (Herstein-Milnor, 1953). A binary relation > defined on a miz-
ture space @ satisfies Axioms B1, B2 and B3 if and only if there exists a function
F: & — R which satisfies

Representation ¢ - p = F(¢) > F(p) and
Affinity (Va,6,0)  Flha(d,p) = aP(6) + (1— a)F(p)

Furthermore, F is unique up to a positive affine transformation.

The proof of this theorem can be done exactly similarly to the case of von-
Neumann-Morgenstern’s Theorem (Theoreml[I]). This is because the proof of that
theorem uses only the properties of a mixture space. (Of course, an arbitrary
convex subset of P(X) is a mixture space.)

5 Subjective Expected Utility Theory a la Savage

5.1 Subjective Probability Theorem

Let S be a set of states which may happen and we call S a state space or a
set of states of the world. Also, let € be an algebra consisting of subsets of S.
An element of & is called an event. In what follows, we set €& = 2. A binary
relation >, on the algebra € is said to be a qualitative probability if it satisfies
the following four conditions:
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QP1 -, is (formally) a preference order
QP2 VE€é) Exp ¢
QP3 S, ¢

QP4 (VE,F,G € ¢€)
ENG=FNG=¢ = [E= F& EUG =, FUG|

If a binary relation >, is a qualitative probability, it follows that
(VA,B) ACB & Br,A.

Also, it is immediate that >, must be a qualitative probability if it is repre-
sentable by a probability measure. To show its converse, the next condition is
necessary.

QP5 F /G = (FEH,C&)(Vk=1,...,n) F =, GUE}
Savage (1954) proved the next theorem.

Theorem 3 (Subjective Probability Theorem). A binary relation »; is a
qualitative probability which satisfies Condition QPS5 if and only if there exists a
unique convex-ranged probability measure on the measurable space (S, &) which
represents =y.

5.2 Act

Let X be a set of outcomes. A function from S into X is called a Savage act,
or more simply, an act. An act f is said to be simple if the image of S by f,
f(S) ={x € X|(3s €8) f(s) =z}, is a finite set and the set of all simple
act is denoted by Fy. In what follows, when we say an act, it means a simple
act if otherwise stated. Also, denote by Py(X) the set of all simple probability
measures on X. Assume that an agent’s preference is given by a binary relation
> on Iy and binary relations > and ~ are derived from > in the way already
mentioned. An event F € € is said to be null with respect to > if any pair of acts
which differ only on F is indifferent to each other. We induce a binary relation
on X from a binary relation > on Fy and denote it by the same symbol > as
follows (using the same symbol will not make any confusion):

Vz,ye X) x>y & f>=g where (Vs) f(s) =2 and g(s) =y.
In what follows, we use a notation such as
= [x on AC}
gon A
to denote an act f such that f always takes on an outcome z € X on an event A

(i.e., f coincides with a constant act  on A) and coincides with an act g € Ly
on A€, the complement of A in S.
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5.3 Savage’s Axioms and Representation Theorem by Subjective
Expected Utility

Consider the following axioms:
P1. Ordering > is a preference order

P2. Sure-Thing Principle For any act f, f/,g,¢" and for any event A,

[Tt ] - [T onde] & [honde] - [5onde]

P3. Eventwise Monotonicity For any outcome = and y, for any non-null event
FE and for any act f,

Foe] - [fonk] & o

P4. Weak Comparative Probability For any event A and B and for any out-
come z,x’,y,y" such that x = z’ and y = v/,

b gl - oAl [
2z’ on A° 2’ on B¢ y' on A°¢ y' on B¢

P5. Nondegeneracy There exists a pair of outcomes (z,2’) such that z > 2’

P6. Small Event Continuity For any outcome « and for any act f and g such
that f > g, there exists a finite partition, (E;)? ;, of S such that

o z on FE; zon F;
(Vi,j€{1,2,...,n}) f> [gon(EZi)c] and {fon(E]j)C] ~g
Then, the next theorem holds:

Theorem 4 (Savage, 1954). A binary relation = on Fy satisfies P1, P2, P3,
PJ, P5 and P6 if and only if there exist a unique convexr-ranged probability
measure p on (S, &) and a real-valued function uw on X which is unique up to a
positive affine transformation such that

frg o /S u(f()) du(s) > /S u(g(s)) dps)

Proof (Sketch) For any pair of events A and B, define A >, B when it holds
that for some outcomes x and z’ such that z = 2/,

[x on A ] . {x onB}

2’ on A€ 2 on B¢~
P4 implies that >/ is a preference order: i.e., >=; does not depend on the choice
of z. Also, it follows from P1, P2, P3, P4 and P5 that >, turns out to be a
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qualitative probability. Furthermore, it can be verified that >, satisfies QP5
by P6. By Subjective Probability Theorem (Theorem [3)), there exists a unique
convex-ranged probability measure p which represents .

From a simple act f € Fy and the probability measure p derived in the
previous paragraph, define a simple probability measure p;y on X by

(Vo€ X) prlz) = p(f~({z})).

Denote the set of all simple probability measures on X by Py(X). For any p €
Py(X), there exists some f € Fj such that p = py. Then, it can be shown that

(Vf,ge Fo) pr=py = f~yg.

From this and the remark just mentioned, we can define a preference relation
=p on Py(X) by

(Vp.g € Po(X)) p>pq & p=pf, q=pg and f>g

Then, since it can be shown that > p satisfies Axioms A1, A2 and A3 of Theorem
[ (or Axioms B1, B2 and B3 of Theorem [2]), Theorem [l (or Theorem 2] implies
that there exists a function u : X — R which is unique up to a positive affine
transformation such that

f=g9&pr=prpy

& [ u@dns@) > [ ulw)dy(o)

o /S u(f(s)) du(s) > /S u(g(s)) du(s)

The proof of the necessity of the axioms is omitted. |

6 Probabilistic Sophistication a la Machina-Schmeidler

Given a simple act f and a probability measure p on (5, €), we denote by py,,
or simply by p; when no confusion arise with respect to p the element of Py(X)
defined by (Vo € X) u(f~*({z})). Also, for any outcome z € X, let , be
the element of Py(X) such that §,(x) = 1. Suppose that a binary relation >
is defined on the set of acts, Fy. For p,q € Py(X), we say that p stochastically

dominates q if
(Vz € X) Z pi < Z q; -
{ilziza} {ily;i=Z=}

Here, we write as p = (21,p1; .. .; Tm,Pm) and ¢ = (Y1,41; - - - ; Yn, ¢n) and mean
that an outcome x; occurs with a probability p; under p, for example. If a
strict inequality holds for some outcome x, we say that p strictly stochastically
dominates q.
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Suppose that a binary relation >p is defined on Py(X). If for any p,q,r €
Po(X), {2 € [0,1]|Aap+(1—=XN)g=pr}and {Ae[0,1]|Ap+ (1 -X)g=pr}
are closed sets, then a binary relation > p is said to be mizture-continuous. If a
binary relation is mixture-continuous, it turns out to be continuous in the sense
of Axiom A3. (The converse does not hold.) Also, a binary relation > p is said
to be monotonic if p =p (>=p)q whenever p (strictly) stochastically dominates
g. Similarly, if for any p,q,r € Po(X), {A € [0,1]|V(Ap+ (1 = N)g) > V(r)}
and {\ € [0,1]|V(Ap+ (1 — N)g) < V(r)} are closed sets, then a function
V1 Py(X) — Rissaid to be mizture-continuous. Also, a function V' : Py(X) — R
is said to be monotonic if V(p) > (>) V(q) whenever p (strictly) stochastically
dominates q.

Consider the following axioms on a binary relation > defined on Fp:

P4*Strong Comparative Probability For any mutually disjoint event A and
B, for any outcomes z,z’,y,y" such that z = 2’ and y > 3/, and for any act g
and h,

x onA 2/ on A
7' on B = |x on B
g on (AUB)° g on (AUB)°
y on A y on A
s [y onB >~ |y onB
h on (AU B)° [h on (AU B)°

Axiom P4* implies Axiom P4. Axiom P4* and Axiom P2 are mutually inde-
pendent but all Savage’s axioms imply P4*. For any mutually disjoint event A
and B, we write as A =, B if there exist a pair of outcomes (z,z’) such that
x> 2’ and an act g such that

z on A ' on A
z' on B >~ |z on B
g on (AU B)° g on (AU B)°

Because of Axiom P4*, >, does not depend on the choice of z, 2, g. Furthermore,
if we define A =, B < A\B >, B\ A for not necessarily disjoint events A and
B, it follows from P4* that >, is a preference relation on (S, €). Then, the next
theorem holds.

Theorem 5 (Machina and Schmeidler, 1992). A binary relation > on Fy
satisfies P1, P8, P4*, P5 and P6 if and only if there exist a convex-ranged
probability measure p on (S, E) which represents >y and a monotonic mixture-
continuous function V : Py(X) — R such that f =g < V(py) > V(pg).

Proof (Sketch) There exists a pair of outcomes (z, z’) such that z > ' by Axiom
P5. Then, let X* := {z,2'}. Also, let Fj be the subset of Fy consisting of all
X*-valued acts and write the restriction of > on Fj as =*. Then, it follows
that Axioms P1, P3, P4, P5 and P6 hold with respect to (S, &, X*, Fy,=").
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Furthermore, it turns out that P4* and P2 are equivalent under this setting,
and hence, Savage’s Theorem (Theorem M) implies that there exists a convex-
ranged probability measure p on (.5, €) such that for any act f,g € Fj, f = g <
w(f~1({z})) > u(g~*({x})) holds. On the other hand, it holds that

A=y B< A\B >y B\A

x on A\B z' on A\B
< |2’ on B\A = |z on B\A
a2’ on (AAB)© z' on (AAB)°

& u(A\B) > u(B\A)
< u(A) > u(B)
and it has been shown that p represents >y.

Suppose that p(A) = p(B) holds for mutually disjoint events A and B. For
any outcome y,y’ and for any act h, defined two act f and g by

y on A y on A
f=|y onB and g= |y on B
h on (AU B)° h on (AU B)°

Then, since both A =y B and B =; A hold, it follows that f ~ g. This means
that two acts which are constructed by exchanging outcomes they assume over
mutually disjoint events having the same probability are indifferent. By this fact
and by applying an appropriately constructed sequence of acts, it can be proved
that two acts f and g are indifferent if py,, = py . From this, it turns out that
we may define a binary relation >p on Py(X) by ps >=p pg & f > g as in the
proof of Savage’s theorem (Theorem [).

It can be proved that the binary relation > p defined in the previous paragraph
satisfies the monotonicity and the mixture-continuity. For z*, z, € X such that
x* > x,, define the subset of Py(X) by

{pePy(X)|0u =pp=p b, }. (3)

Then, it turns out that for any element p of this subset, there exists A\, which
satisfies
p~p )\p(sm* + (]. — )\p)(;m*

by the mixture-continuity (and hence by the continuity) of >p. (See also the
proof of von-Neumann-Morgenstern’s theorem.) Furthermore, by the monotonic-
ity of >=p, Ap is determined uniquely. Define V(p) := Ap. Then, for any element
p, q of the set @) such that p =p (>p) g, it holds that

V(p)ozs + (L =V(p)de. ~p p zp (=) q ~p V(q)0z= + (1 = V(q))da, -

From this and the monotonicity, it follows that V(p) > (>) V(¢). That is, the
function V represents = p on the set (B). Furthermore, it can be shown that V
can be extended so that it should represent >p on Py(X). The sufficiency of
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the axioms follows from this fact and the result in the previous paragraph. The
proofs of other claims are omitted. |

The property that py = pg = f ~ g, which is shown in the theorem, is called
probabilistic sophistication.

7 Subjective Expected Utility Theory a la
Anscombe-Aumann

7.1 Lottery Act

In this section, we assume that the state space is given by a measurable space
(S, X) and that an outcome space is given by a mixture space Y. For example, let
X be a space of prizes and let Y be the space of all simple probability measures
on X. Then, Y is a mixture space. A function from .S into Y is called Anscombe-
Aumann (A-A) act or lottery act. A lottery act which is ¥-measurable and whose
range is a finite set is called simple lottery act. The set of all simple lottery acts
is denoted by Lg. Furthermore, the set of simple lottery acts whose ranges are
singletons is denoted by L.. Suppose that a binary relation > is defined on the
set L. We induce the binary relation on Y from a binary relation > on Lj as
follows and denote it by the same symbol >; i.e.,

(Vy,y' €Y) y=y & f=g where (Vs) f(s) =y and g(s) =y .

Differently from the framework of Savage, in the one of Anscombe and Au-
mann, we can construct a mixture of two lottery acts. Let f and g be two simple
lottery acts. Also, let h be a mixture function defined on the mixture space Y.
Then, use h to define the mixture of f and g by s — h,(f(s),g(s)). Then, it can
be easily seen that the set Ly becomes a mixture space by the operation thus
defined. We write the mixture of f and g by af + (1 —a)g.

7.2 Anscombe-Aumann’s Axioms and Representation Theorem

We consider some axioms on a binary relation > defined on Lg. Here, f, g, h are
any element of Ly and A is any real number such that A € (0, 1].

AA1 (Ordering) > is a preference order on Ly
AA2 (Independence) f>=g = ANf+(1—=Nh>Ag+(1—Nh
AA3 (Continuity) f>=g and g~ h

= (Ja,8€(0,1)) af+(1—a)h =g and
g=Bf+ (1 =pB)h
A A4 (Monotonicity) (Vf,g€ Lg) [(Vs€S) f(s) =g(s)] = f=g
AA5 (Nondegeneracy) (3f,g€ Lo) f>=g
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The next theorem holds.

Theorem 6 (Anscombe-Aumann, 1963). A binary relation > defined on
the set Lo satisfies AA1, AA2, AA3, AAJ and AA5 if and only if there exist a
unique probability measure p on (S, X) and an affine function u on'Y which is
unique up to a positive affine transformation such that

frg o /S u(f()) du(s) > /S ul(g(s)) dps)

Proof Since the set Ly is a mixture space and a binary relation > satisfies
Ordering, Independence and Continuity by the assumption, there exists an affine
function on Ly which represents > by Theorem 2. We denote this function by
J. Further, define the affine function w on Y by (Vy € V) u(y) = J(y), where y
in the right-hand side is understood to be a constant act which always takes on
y. Monotonicity and Nondegeneracy imply the existence of y*, y, € Y such that
y* = y«. Hence, by applying an appropriate affine transformation to J, we can
normalize u so that u(y*) = 1 and u(y.) = 0.

Let K := u(Y) and let Bo(K) be the set of X-measurable functions defined
on S whose range is a finite subset of K. Define a function U : Ly — By(K) by

(V)(Vs)  U(f)(s) = ulf(s))-

Then, U is surjective and Monotonicity implies that U(f) = U(g) = f ~ g.
Furthermore, the affinity of w implies (Va € [0,1]) U(af + (1 —a)g) = aU(f) +
(1 —a)U(g). Now, define a functional I on By(K) by

(Va € Bo(K)) I(a)=J(U"({a})) (4)

Note that I is well-defined. Clearly, it holds that (Vf € Lo) I(U(f)) = J(f).
This paragraph proves that it holds that

(Va,b € Bo(K))(Va €10,1]) I(aa+ (1 —a)b) =al(a)+ (1 —a)I(). (5)

To this end, let f,g € Lo be such that U(f) = a and U(g) = b. Then, by the
previous paragraph,

I{aa + (1 —a)b) = J(U *{aa + (1 — a)b}))
JU{aU(f) + (1 = a)U(9)}))
=J(af + (1 - a)g)

=aJ(f)+ (1 —a)l(g)

al(a) + (1 —a)I(b)

where the fourth equality holds because J is an affine function.
This paragraph proves that the functional I satisfies all the conditions of
the corollary of the Riesz representation theorem (Corollary 1 in Mathematical
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Appendix). (i) I(xs) = 1. It suffices to take a such that (Vs) a(s) = u(y*) =1
in Equation {@). (ii) Additivity. In Equation (&), letting b : s — u(y.) shows

(Va € Bo(K))(Va € [0,1]) I(aa)=al(a). (6)

Additivity follows from this and setting o = 1/2 in Equation (). (iii) Mono-
tonicity. Let a,b € Bo(K) and let f, g € Lo be such that U(f) = a and U(g) = b.
Then, it follows that

azb = U(f) 2U(g) = (Ys) u(f(s)) = u(g(s))
= (Vs) f(s)z=g(s) = fzg = J(f) 2 J(g) = I(a) 2 I(b).

By the previous paragraph, we may apply the corollary of the Riesz repre-
sentation theorem (Corollary 1 in Mathematical Appendix). Hence, if we let
p(A) = 1(xa), it holds that

(Va) I(a)= /S a(s) dp(s)
from which it follows that

frg9 < J(f)>J(g) < IU)) >1(Ug))

& /S U(f)(s) dp(s) > /S U(9)(s) dp(s)

& /g u(f(s)) dp(s) > /g u(g(s)) dp(s) .

8 Ellsberg’s Paradox

An essential critique to the subjective expected utility by Savage is given by
Ellsberg’s Paradox.

Ezample 1 (Ellsberg, 1961). There are 90 colored balls in an urn. While 30 balls
out of them are known to be red (R), the remaining 60 balls are either black (B)
or white (W) and their ratio is not known. Now consider betting such that a
ball is drawn from this urn and a reward is given depending on the color of that
ball. In particular, suppose that there are four betting described by the table
below. For example, f; means betting such that a reward of $1,000 is given if a
red ball is drawn but nothing is given otherwise.
R B w
f1$1,000 S0 $0
fa $0 $1,000 $0

f3$1,000  $0 $1,000
Ja $0 $1,000 $1,000
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Consider a preference order with respect to these betting (acts) such that f1 = f2
and fy > f3. In fact, this seems to be a plausible preference order. However, for
any utility index u such that u($1,000) > «($0) and any (additive) probability
measure p (i.e., a probability of R, B and W in a usual sense with p(W) = 1/3),
this preference order cannot be represented by the expected utility Model. Fur-
thermore, the situation cannot be improved even if we consider the probabilistic
sophistication. (Recall that the representation by the probabilistic sophistication
satisfies the monotonicity.)

A thought experiment shows that the pattern of preferences exhibited in Ells-
berg’s paradox is reasonable. Actually, many real experiments observe the pref-
erence pattern in the paradox. These facts suggest that the representation of
human behaviors by means of additive probability measures has a limitation,
which motivates the use of non-additive probability measures.

9 Non-additive Measure and Choquet Integral

9.1 Non-additive Measure

Consider a measurable space (S, X) consisting of a set S and an algebra defined
on it, Y. A set S may be regarded as a state space and an algebra Y’ may be
regarded as a set of events. A set function v : X' — R is called a non-additive
finite measure or finite capacitﬂ if it satisfies the following two conditions:

v(¢) =0 (7)
(VA,BeX) ACB = v(A) < v(B) (8)

From these two conditions, it follows that (VA € X) 0 < v(A) < v(S) < +o0. In
what follows, we always consider a non-additive finite measure which is normal-
ized so that

v(S) =1 9)

holds. A set function v which satisfies Equations (@), [8) and (@) is called non-
additive probability measure or probability capacity. In many cases, these are
abbreviated to “non-additive measure” or “capacity.”

A non-additive measure is said to be convez if it holds that

(VA,B€X) w(AUB)+v(ANB) > v(A)+v(B). (10)

If the converse inequality holds in ([I{), v is said to be concave. When the in-
equalities always holds with equalities, v is a probability measure. Also, v is said
to be convez-ranged if the next condition holds:

(VA e X)(Vre0,v(A)))(3Be€X) BCA and v(B)=r.

7 A non-additive finite measure is sometimes called a game.
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Let P(S,X) be the set of all probability measures on a measurable space
(S, X). We denote by core(v) the core of a non-additive measure v and define it
by

core(v) ={pe€ P(S,X2)| (VA e X) p(A) >v(A4)}.
If a non-additive measure v is a probability measure, core(v) consists only of v
itself. When v is convex, core(v) turns out to be nonempty.

9.2 Choquet Integral

We denote by B(S,X), or more simply B, the set of all Y-measurable and
bounded real-valued functions defined on a measurable space (S,X). Here, a
function a : S — R is Y-measurable if for any Borel set F on R, a™*(E) € X.
We denote by By(S, X) or By the subset of B(.S, X) consisting of functions, called
simple functions, whose ranges are finite sets. Given a non-additive measure v,
we define a (nonlinear) functional I : B — R by: (Va € B)

I(a):/adv:/sa(s)dv(s) (11)
= [ ez - vspas [ viaz v

0 “+oo
:/ (v({S\a(S)Zy})*v(S))der/o v({sla(s) =2 y})dy.

—0o0

Here, two integrals in the third line are Riemann integrals in a wide sense, which
are well-defined as a finite value since a € B. The functional I defined by (I
is called a Choquet integral.

We list some properties of Choquet integrals which follow immediately from
the definitions. For a function a, if we let a := infs a(s), then a —a > 0 and it

holds that
+o0o
/(a—a)dvz/ v(a—azy)dy:/adv—a. (12)
0

Given a € By, we denote it by a = Zle oiXE; - Here, welet ag > ap > ... > oy
and (E;)¥_, is a X-measurable partition of S such that (Vi) E; = a=1({ay}).
Then, the definition of a Choquet integral and (2] imply

k 7
/adv = Z(Oéi — 1)V U Ei |
i=1 Jj=1

where a1 := 0. The next result is essential in the following analysis:

Fact 1. If a non-additive measure v is convex, it holds that

(Va € B) /advzmin{/adp’pécore(v)}. (13)
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10 Choquet Expected Utility Theory a la Schmeidler

10.1 Representation Theorem by Choquet Expected Utility

We consider a setting of Anscombe-Aumann type. Given two lottery acts f and
g, [ and g are said to be co-monotonic if there does not exist any pair of states
(s,t) such that f(s) > f(¢t) and g(t) > g(s). Here, > is the binary relation on Y’
induced from the binary relation on Ly. We consider the following axioms about
a binary relation > on Ly.

S1 (Ordering) > is a preference order on Ly

S2 (Co-monotonic For any triplet (f,g,h) any two of which

Additivity) are co-monotonic, it follows that:
f=g= (MVMAxe(0,1)\f+(1—-NNh>
Ag+(1—Mh

S3 (Continuity) f>g and g>=h

= (Ja,5€(0,1)) af+(1—a)h > g and
g =B+ (1=pB)h
S4 (Monotonicity) (Vf,g€ Lo) [(Vs€S8) f(s)=g(s)] = f=xyg
S5 (Non-degeneracy) (3f,g€Lo) f>g

Schmeidler (1989) proved the representation theorem by Chogquet expected utility
(CEU) under these axioms.

Theorem 7 (Representation by CEU). A binary relation = defined on Ly
satisfies S1, S2, S8, S4 and S5 if and only if there exist a unique non-additive
measure v on (S,X) and an affine function u on Y which is unique up to a
positive affine transformation such that

frg o /S u(f(s)) dvs) > /S u(g(s)) do(s)

Proof The existence of a function on Ly which represents > and whose restric-
tion on L. is an affine function. Note that a set L. is a mixture space and that
any two elements of this set are clearly co-monotonic. Since a binary relation
> restricted on L. satisfies Ordering, Independence and Continuity by the as-
sumption, Theorem [2] implies that there exists an affine function on L. which
represents . We call this function u. We now define a function J : Ly — R as
follows: First, if there exists y € Y such that f =y, define J(f) := u(y). Second,
for any f € Lo, we know that there exist y*, y, € Y such that y* = f = y, by S4
and that there exists a such that f ~ ay.+(1—a)y* from S2 and S3 (see Lemma
1(b)). Then, define J by J(f) := J(ay. + (1 — &)y*) = u(ays + (1 — @)y™). The
function J thus defined turns out to be a desired function. (However, it is not
guaranteed that J is an affine function on Ly.)
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[Construction of a function I] Let By(K) be the set of Y-measurable real-
valued functions defined on S whose range is a finite subset of K := «(Y) and
define a function U : Ly — By(K) by

(V)(Vs)  U(f)(s) = ulf(s))-

Then, U is an onto mapping and it follows from the monotonicity that U(f) =
U(g) = f ~ g. Furthermore, it turns out that, if a,b € By(K) are co-monotonic,
fyg € Lo such that U(f) = a and U(g) = b are also co-monotonic, and that
(Va € [0,1]) Ulaf+ (1 —a)g) = aU(f) + (1 —a)U(g) by the affinity of u. Then,
define the functional I on By(K) by

(Va € Bo(K)) 1I(a)=J(U"({a})).

By the remark just mentioned, I is well-defined.

The proof that I satisfies all the conditions of the representation theorem of
Choquet integrals (Theorem 16 in Mathematical Appendix)] (i) Let A € K and
let y be such that u(y) = A. Then, that I(Axs) = J(y) = u(y) = A follows
because U(y) = u(y)xs = Axs. (ii) Let a,b,c € By(K) be such that any two of
them are co-monotonic and let f, g, h € Ly be such that U(f) = a, U(g) = b and
U(h) = c¢. Then, by the previous paragraph, it holds that for any «a € (0, 1),

I(a) > 1(b) = J(f) > J(g)
=fryg
=af+(1—-a)h>ag+(1—a)h
= J(af + (1 —a)h) > J(ag+ (1 —a)h)
= I(U(f)+ (1 —a)U(h)) > I(aU(g) + (1 — a)U(h))
= I(aa+ (1 —a)c) > I{(ab+ (1 — a)c).

(iii) Given functions a,b € Bo(K), let f,g € Lo be such that U(f) = a and
U(g) = b. Then, it holds that

azb = U(f) 2U(g) = (Ys) u(f(s)) = u(g(s))
= (Vs) f(s)=g(s) = fz=g = J(f) = J(9) = I(a) 2 I(b).

Proof of the sufficiency of the axioms If we let v(A) = I(xa), the represen-
tation theorem of Choquet integrals (Theorem 16 in Mathematical Appendix)
implies that

(Ya) I(a) = /S a(s) do(s) .

From this, it follows that

frg9 e J(f)>J(g) < IU) >1(U9))

& /g U(f)(s) dv(s) > /g U(g)(s) do(s)
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& /g u(f(s)) dv(s) > /S u(g(s)) du(s)

10.2 Rank-Dependent Expected Utility

A binary relation > on Fj is said to be represented by a rank-dependent expected
utility if there exist a convex-ranged probability measure p on (S5, Y), a real-
valued function u on X which is unique up to a positive affine transformation
and a strictly increasing function ¢ : [0,1] — [0, 1] such that

frg o /g u(f(s)) d(6 0 p)(s) > /g u(g(s)) d(6 0 p)(s)

where the integrals are Choquet integrals. The next theorem follows immedi-
ately from the representation theorem by Scott. (For the weak additivity, see
Mathematical Appendix.)

Theorem 8. Suppose that a binary relation = on Lg satisfies Axioms S1-S5.
Then, if the non-additive measure v whose existence is guaranteed by the previ-
ous theorem is weakly additive, > is represented by the rank-dependent expected
utility.

10.3 TUncertainty Aversion

A binary relation > on Ly is said to be uncertainty averse if it satisfies
(Vf,g€ Lo)(Va €[0,1]) fzg = af+(1-a)g=zyg.
When - is a preference relation, this condition is equivalent to
(Vf,g,h € Lo)(Va € [0,1]) [f=handg>=h] = af+(1—a)g>=h.

Uncertainty aversion takes the form of quasi-concavity and intuitively means
that smoothing utility distributions makes the decision maker better off.

Theorem 9. Suppose that a binary relation = satisfies Axioms S1, S2, S3, S4
and S5, and let v be the non-additive measure derived from Theorem[] Then, v
is convez if and only if = is uncertainty averse.

Proof This paragraph proves that the uncertainty aversion and the next condi-
tion are equivalent:

(Va,b € Bo(K))(Va € [0,1)) I(aa+ (1 —a)b) > min{I(a), I(b)}.  (14)

Assume the uncertainty aversion and that I(a) > I(b) without loss of generality.
Let f and g be such that U(f) = a and U(g) = b. Then, f > g since J(f) =
I(a) > I(b) = J(g), and this and the uncertainty aversion imply that for any «,
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it holds that af + (1 — «)g = g¢. This in turn implies that I(aa + (1 — a)b) =
I(U(f) + (1 — a)U(g)) = J(af + (1 — a)g) = J(g) = I(b) and then ()
follows. Conversely, assume that (I4]) holds and assume that f > g. Then, since
I(U(f)) = J(f) = J(g) = I(U(g)), it holds that J(af + (1 — a)g) = I(aU(f) +
(I1-a)U(g)) > I(U(g)) = J(g), and hence, the uncertainty aversion follows.

(Necessity of the convexity) Assume the uncertainty aversion. By the previous
paragraph, it follows that

(Va,b € By(K))(Va €[0,1]) I(a)=1(b) = I(aa+ (1 —a)b) > I(a). (15)
This and the positive homogeneity of I imply that
(Va,b € Bo(K)) I(a)=1I() = I(a+b)>I(a)+1(b). (16)

In the following, we show that this implies the convexity of v. Assume that
v(E) > v(F) without loss of generality, and let v > 1 be such that v(E) = vu(F).
Then, since I(xg) = v(E) = yu(F) = I(yxr), [{0) implies that
I(xe +vxr) 2 v(E) +yv(F). (17)
(

On the other hand, since xg+7vxr = XEnF+(Y—1)XFr+XEUF, the co-monotonic
additivity of I implies that I(xg +vxr) =v(ENF)+ (y —1)v(F) +v(EUF).
The convexity of v follows from this and (I7)).

(Sufficiency of the convexity) If a non-additive measure v is convex, Fact 10
in Mathematical Appendix implies that

(Va,b € Bo(K)) I(a+0b)>1I(a)+I(b). (18)
By this and the positive homogeneity of I, it holds that
(Va,b € Bo(K))(Va € [0,1]) I(aa+ (1 —a)b) > al(a)+ (1 —a)I(b). (19)

Then, it immediately follows that (I4]) holds. [ |

10.4 Ellsberg’s Paradox: Reconsidered
Recall Ellsberg’s paradox. Define a set function v as follows:
v(¢) =0, v({R}) = 5, v({B}) =v({W}) =
v({R,B}) =v({R,W}) = g , v({B,W}) = § and v({R,B,W})=1.

The set function thus defined is clearly non-additive. For example,

v({B,W}) #v({B}) + v({W})

In fact, it can be easily verified that v is a conver non-additive measure. Then,
for any w such that u($1,000) > u($0) (i.e., if the act which certainly guarantees
$1,000 is strictly preferred to the one which always gives nothing), a preference
in Ellsberg’s paradox can be represented by CEU with v defined above.
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11 Maximin Expected Utility Theory a la
Gilboa-Schmeidler

11.1 Representation Theorem of Multiple Priors

Consider the following axioms with respect to a binary relation > on Ly under
a setting of Anscombe-Aumann type:

GS1 (Ordering) > is a preference order on Lg

GS2 (C-Independence) (Vf,g € Lo)(Vh € L.)(VA € (0,1))
f=ge AM+A=-Xh=Ag+(1—-XNh

GS3 (Continuity) f>=g and g>=nh
= (Fa,5€(0,1)) af +(1—a)h =g and
g>=Bf+(1-p)h

GS4 (Monotonicity) (Vf,g € Lo) [(Vs€S) f(s) = g(s)]

= f=yg
GS5 (Non-degeneracy) (3f,g€ Lo) f>g
GS6 (Uncertainty (Vf,g € Lo)(Ya € [0,1])
Aversion) fr~g=af+1-a)g=f

Gilboa and Schmeidler (1989) proved a representation theorem by maximin ex-
pected utility (MMEU) under these axioms. In the theorem, the set C' is closed
with respect to the weak™ topology on the set of probability measures defined
on (S, ). And hence, the minimum always exists.

Theorem 10 (Representation by MMEU). A binary relation = on Lo sat-
isfies GS1, GS2, GS3, GS4, GS5 and GS6 if and only if there exist a unique
nonempty convez subset C of probability measures on (S, X) and an affine func-
tion u on'Y which is unique up to a positive affine transformation such that

pEC’}.

Proof (Sketch) Similarly to the proof of Schmeidler’s theorem (Theorem 7), it can
be shown that there exists a function which represents > on Ly whose restriction
on L. is an affine function. Furthermore, if we define a function U : Ly — By(K)
by (Vf)(Vs) U(f)(s) := u(f(s)) and if we define a functional I on a functional
space By(K) by (Va € Bo(K)) I(a) :== J(U~({a})), it can be shown similarly
that I is well-defined and that I(ys) = 1 by an appropriate normalization of .

It can be proved that the functional I thus defined satisfies for any a,b € By,
for any a > 0 and for any v € R,

f=9 &

min{ [ s avts pec}>mm{ [ utr ) dote)
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Monotonicity a>b =1I(a)>I(b)
Positive Homogeneity [(aa) = al(a)

Super Additivity I(a+b) > I(a) + I(b)
C-Additivity I(a+vxs) =1I(a) + I(yxs)

and that I can be extended to B so that it should satisfy these conditions.
Any functional I which satisfies Monotonicity, Positive Homogeneity, Super
Additivity, C-independence and I(xs) = 1 can be shown to be represented by

pEC’}

for some closed convex set C' of probability measures, from which the sufficiency
of the axioms follows. |

(Yac B) I(a)= min{ /S a(s) dp(s)

11.2 Ellsberg’s Paradox: Re-reconsidered

Recall Ellsberg’s paradox again. Consider the probabilities with respect to Red

(R), Black (B) and White (W), p = (il,), é, S) and ¢ = (il,), g, é), and denote

corresponding (additive) probability measures by p and ¢. Then, for any u such
that u($1,000) > u($0) (i.e., if the act which certainly guarantees $1,000 is
strictly preferred to the one which always gives nothing), a preference order in
Ellsberg’s paradox can be represented by MMEU with C defined as the convex

hull of {p, ¢}.

12 Some Remarks
12.1 A Relation between CEU and MMEU

If a non-additive measure v is convex, it follows from Fact 1 that

[utssn ) = min{ [ utssnants)

p € core(v) } .

Therefore, if v is convex (i.e., if the preference order is uncertainty-averse), CEU
is a special case of MMEU with C' = core(v).

However, the converse is not necessarily correct. Given an arbitrary closed
convex set C' of probability measures, if there exists a non-additive measure v
such that

(Va € B) /a(s) du(s) = min{ /a(s) dp(s)

pGC},
it must hold that

(VA e X) v(A)=min{p(A)|peC}. (20)
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(This is clear if we take x4 as a.) But, as the following two examples by Huber
and Strassen (1973) show, it is not guaranteed that v generated from C' by this
equation is convex nor that even if so, it holds that core(v) = C. That is, for an
arbitrarily given C| it is not guaranteed that there exists a convex non-additive
measure which generates C' as its core[§

Ezample 2. Let a state space S be S = {1,2,3,4} and let X = 2°. Let the
(additive) probability measures p and ¢ on a measurable space (S, X) be corre-
sponding to the probabilities on S, p = (150, 120, 120, 110) and g = (160, 110, 110, 120),
and let C' be the convex hull of a set {p, ¢}. Define sets A and B by A = {1,2}
and B = {1, 3}. If we calculate v from Equation (20), we obtain v such that

v(A)=v(B)= [, v(ANB)=}, v(AUB) =} .

However, v is not convex since v(AU B) + v(ANB) = |3 < |5 = v(A) + v(B).

Ezample 3. Let a state space S be S = {1,2,3} and let X = 2°. Let the (addi-
tive) probability measures p and ¢ on a measurable space (.S, X') be corresponding
to the probabilities on S, p = (;, ;,0) and g = (:25, é, é), and let C' be the con-
vex hull of a set {p, q}. If we calculate v from Equation (20, we obtain v such

that

v(e) =0, v({1}) =,, v({2}) =5, v({3}) =0,
v({1,2h) =3, v({1,3}) =3, v({2,3}) =}, and v(S)=1.

It can be easily verified that v is certainly a convex non-additive measure. Also,
it can be seen that the core of v is given by the set of probability measures
corresponding to the set of probabilities given by

34+t 3—t—s s
(721700 o).

From this, it immediately follows that C' is a proper subset of core(v). (For ex-
ample, consider a probability measure corresponding to a probability (1 il ) 2

27376
And hence, core(v) # C.

8 To see this, let C' be an arbitrary convex set and let v be a convex non-additive
measure such that core(v) = C. Such C and v must satisfy (20). However, v" which
is generated by the right-hand side of (20) need not be equal to v since core(v’)
need not be equal to C' = core(v) as the example shows. This is a contradiction and
verifies the claim.

9 In general, a non-additive measure v is said to be ezact if core(v) is nonempty and
it holds that

(VA€ X) v(A) =min{p(A)|p € core(v) }.

Clearly, the convexity implies the exactness.
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12.2 Nonlinear Expected Utility Theory of Savage Type

We briefly mention representation theorems which use acts of Savage type. The
CEU theorem with Savage acts was first proved by Gilboa (1987) and then a
simplification of axioms was made by Sarin and Wakker (1992).

In Savage’s theorem, a state space S must be an uncountable set. This follows
from Axiom P6 and it is also clear since the probability measure derived in the
process of the proof is convex-ranged. A representation theorem by SEU when
a state space S is a finite set was proved by Gul (1992) and the one by CEU in
this case was proved by Nakamura (1990).

On the other hand, a representation theorem by MMEU with Savage acts was
proved by Casadesus-Masanell, Klibanoff and Ozdenoren (2000). This theorem
holds whether a state space is a finite set or an infinite set.

12.3 Epstein’s Critique

Epstein (1999) showed that assuming a preference relation represented by CEU
with a convex non-additive measure is not necessary nor sufficient for explaining
Ellsberg’s paradox. First, define a non-additive measure v by

v(@) =0, v({R}) = 5, v({B}) =v({W}) =},
v({R,B}) =v({R,W}) =1, v({B,W}) =12, and v({R,B,W})=1.

Then, CEU with v thus defined can explain the paradox, but v is not convex.
That is, the convexity of a non-additive measure is not a necessary condition for
explaining the paradox. Next, consider a non-additive measure v defined by

v(@) =0, v({R}) = 1, v({B}) =o({W}) = ¢,
v({R,B}) =v({R,W}) =1L, v({B,W}) =1, and v({R,B,W})=1.

The non-additive measure v thus defined is convex, but CEU with this v can-
not explain the paradox. Epstein concludes that if Ellsberg’s paradox embodies
“uncertainty” itself, it is hard to understand that CEU (and MMEU) explains
behavior under uncertainty.

13 An Economic Application

13.1 Non-differentiability of Choquet Integrals

We now consider (non-)differentiability of Choquet integrals in the following
sense. Suppose that a function f: S x R — R satisfies the following two condi-

tions:
(Vz € R) f(-, 2) is measurable and

(Vs € S) f(s,-) is a differentiable concave function.
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Since the function z — [ f(s,z)v(ds) is a concave function when v is convex by
Fact 10, there exist the left and right derivatives with respect to z. However, it
is not guaranteed that both coincide unless v is additive as the next example
shows.

Ezample 4. Let S := {1,2} and let ¥ := 2°. Define a non-additive measure v
on a measurable space (5, X)) by:

1
v(g) =0, v({1}) =v({2}) = 4 and v(S) =1.
Then, v is convex. Also, define a function z : S x Ry — R by:
x(s,2) = 22 .

Then, for each s, x is concave and differentiable with respect to z. Furthermore,
it follows that

z—z2) bz if o 2>1
ézfé + i if z2<1
B gz_élt if z>1,
and hence, it holds that
d 7 5 d
y d = > = ) d
D /x(s z)v(ds) L T878 T dxy /:E(s z)v(ds) .

Given a convex non-additive measure v and a bounded measurable real-valued
function x, let P(v, x) be the set of probability measures defined by

ﬂm@rmgmm{/xﬂﬂpemm@%. (21)

By Fact 1, P(v,x) can be seen as the set of probability measures which are
“equivalent” to v with respect to a calculation of the Choquet integral of .
Fact 1 also shows that P(v,x) is nonempty but it is not necessarily a singleton.
With respect to the left and right derivatives, Aubin (1979, p.118, Proposition
6) shows that the next result holds:

Fact 2. Assume that a non-additive measure v is convex and that a function
z : S xR — R satisfies the conditions described above. Then, the following
holds:

d

(Vz) de /x(s,z)v(ds) —max{/vg(s,z)P(ds)

Pe?@@@@%
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(¥2) / 2(s, 2)v(ds) = min { / v (s, 2)P(ds)

where P is defined by (Z1]) and v denotes the partial derivative of v with respect
to z.

Pe T(v,x(-,z))} :

dZ+

Ezample 5 (Continued). We apply Fact 2 to Example 4. In this example, since
P(v,z(-,1)) = core(v),

d:'l_ /x(s, z)v(ds)

- = max{/vg(s,l)p(ds)
:max{/(;)P(dS) PECore(v)}
-(2) )+ G) () -+

L min{ / vs(s, 1) P(ds)
—min{ [ (3) P
SBIHEHIOES

which verify the result obtained in Example 4.

Pe (P(v,x(-,l))}

and

d
dZ+

/x(s,z)v(ds)

Pe T(v,x(-,l))}

Pe core(v)}

13.2 Portfolio Selection Model a la Dow-Werlang

Consider an optimal investment problem of an investor who is uncertainty averse.
Let W > 0 be her initial wealth, let X be the stochastic present value of a
dividend of an asset, let z be the volume of a purchase (or a sale) of the asset
and let ¢ be the price of the asset. Assume that the preference relation of the
investor is represented by CEU with a non-additive measure v which is convex
and that her utility index w satisfies v’ > 0 and »” < 0. That is, the investor
is assumed to be averse with respect to uncertainty and averse or neutral with
respect to risk. Define the conjugate v’ of a non-additive measure v by (VA €
X)) v'(A) :=1—v(A°). Note that v’ is concave if v is convex. Dow and Werlang
proved the next theorem.

Theorem 11 (Dow and Werlang, 1992). Suppose it holds that

/de<q</de’.
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Then, the investor does not change the current position: i.e., she does not pur-
chase nor sell the asset. Furthermore, if it holds that

q</de (resp. q>/de’>,

she purchases (resp. sells) the asset.

Proof We prove only the first half. The objective function of the investor is
/u(W—qz—l—zX)dv.

By Fact 10 and the assumption that u” < 0, it turns out that this objective
function is concave in z. Hence, it is the best for the investor to keep the current
position if the following holds:

d
dZ+

d
<0< /u(Wfquer)dv

- X)d
/u(W qz + zX) dv ds.

2=0 2=0

By applying Fact 2 to the right and left derivatives, it turns out that these strict
inequalities are equivalent to the following series of strict inequalities:

min { / W (W)(—q + X)dP ‘ P e, u(W))}

<0 < max {/u'(W)(—q + X)dP ‘ Pe fP(v,u(W))}
& min { / W (W)(—q + X)dP ‘ pe core(v)}

<0 < max {/u’(W)(q + X)dP ‘ pe core(v)}

@min{/XdP‘Pecore(v)} <q<max{/XdP‘P€core(v)}

@/de<q</de’

where the first equivalence holds since P(v, u(W)) = core(v) because W is con-
stant, the second equivalence holds since u’ > 0 by the assumption and the third
equivalence holds by Fact 1019 |

In this theorem, when v is additive, the bid-ask spread given by [ Xdv <
J Xdv'" disappears and the model is reduced to the classical one by Arrow (1965).

10 1t can be shown that if v is convex, it holds that

(Va € B) /adv’:max{ /adp’ pEcore(v)} .
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This theorem is quite interesting in showing the existence of portfolio inertia
where no trade takes place when the investor is uncertainty-averse. Since the
inertia is widely observed in the real world, their model using a non-additive
measure succeeds in explaining an actual phenomenon.

Mathematical Appendix

In this appendix, we summarize some mathematical results on non-additive mea-
sures and Choquet integrals, mainly the ones which are necessary for reading
the main text.

In what follows, we fix a measurable space (S, X) consisting of a set S and
an algebra X defined on it and fix a non-additive measure v defined on (S, X).
We denote by B(S,X) or more simply by B the set of all Y-measurable and
bounded real-valued functions defined on the measurable space (., X). Also, we
denote the subset of B(S,Y) consisting of all the simple functions by By (S, X)
or By. The Choquet integrals with respect to v will be defined on B or By in
the manner defined in the main text.

A.1. Representation Theorems by Scott and Gilboa

Given a probability measure p on the measurable space (5, ') and a nondecreas-
ing function ¢ on [0, 1] which satisfies that ¢(0) = 0 and ¢(1) = 1, if we define
a set function v = ¢ o p by

(VA e X) v(A) =9¢op(4)=9¢((4)), (22)

then v is clearly a non-additive measure on (S, X). However, it is not the case
that any non-additive measure can be decomposed like this as the next example
by Chateauneuf (1991, Example 4, p.364) shows:

Ezample 6. Let S := {1,2,3,4} and let a set function m : 2% — [0, 1] be defined
by:

m({1}) =m({3}) = 55 m({2}) =m({4}) =m({2,4}) = §;

m(S) = |, and for any other A C S, m(A4)=0.

Furthermore, if we define a set function v : 25 — [0, 1] by:

(VA) () =) m(B),

BCA

then it can be easily verified that v is a convex non-additive measure. Now sup-
pose that (22)) holds for some probability measure p and for some nondecreasing
function ¢. Then, it holds that v({1}) =v({3}) = } > { = v({2}) = v({4}) and
that p({1}) > p({2}) and p({3}) > p({4}) since ¢ is nondecreasing, and hence, it
follows that p({1,3}) > p({2,4}). However, since v({1,3}) = 2 < ; = v({2,4}),
this is a contradiction.
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We consider conditions under which such a decomposition is possible. In what
follows, we assume that X = 2°. A non-additive measure v is said to be weakly
additive if it satisfies the next condition:

(VA,B,E,F CS)
ECANB, FC(AUB)‘, v((A\E)UF)>v((B\E)UF)
= v(A) > v(B)

Also, v is said to be almost weakly additive if it satisfies the condition that there
exists a countable set M C [0, 1] such that

(VA,B,E,F CS)
ECANB, FC(AUB)‘, v((A\E)UF)>v((B\E)UF)
= v(A) >v(B) orv(A) =v(B) e M.

Furthermore, v is said to be infinitely decomposable if it satisfies the condition
(which is omitted here) of Gilboa (1985, p.10). Then the next theorem holds.

Theorem 12 (Scott). For any convez-ranged non-additive measure v, it is
weakly additive if and only if there exists a unique strictly increasing function
¢ :[0,1] — [0,1] and a unique convez-ranged probability measure p such that

v=¢op.

Proof (Sketch) The necessity of weak additivity follows immediately. To prove
sufficiency, assume that a convex-ranged non-additive measure is weakly additive
and define a binary relation >, on X' by (VA, B) A >=¢ B < v(A) > v(B). Then,
it can be easily seen that >, is a qualitative probability. (QP4 follows from the
weak additivity.) Furthermore, it can be proved that >, satisfies QP5 (omitted).
Therefore, Savage’s Subjective Probability Theorem implies that there exists a
unique convex-ranged probability measure p on (S, X') such that

(VA,B) p(A)>p(B) & A=y B < v(A)>v(B). (23)

Since a probability measure p is convex-ranged, for any r € [0, 1], there exists
A € X such that p(A) = r. Denote this set by p~1(r) and define a function ¢ :
[0,1] — [0,1] by ¢(r) = v(p~'(r)). Then, (23)) implies that ¢ is well-defined and
satisfies that ¢(0) = 0 and ¢(1) = 1. From this, ([22]) follows and the uniqueness
of ¢ follows from that of p. Finally, it follows that the function ¢ is strictly
increasing from (23] and since p is convex-ranged. |

Theorem 13 (Gilboa, 1985). For any convez-ranged non-additive measure v,
it is almost weakly additive and infinitely decomposable if and only if there exists
a unique nondecreasing function ¢ : [0,1] — [0,1] and a unique convex-ranged
probability measure p such that v = ¢ o p.



Integral with Respect to Non-additive Measure in Economics 127

A.2. Some Results on Choquet Integrals

In what follows, v denotes a non-additive measure defined on (S,X) and I
denotes a Choquet integral on B(S, X) or By(S, ) defined with respect to v.
The next result follows immediately from the monotonicity of v.

Fact 3 (Monotonicity). (Va,b€ B) a>b = I(a) > I(b)

For any pair of functions a,b € B, they are said to be co-monotonic if it holds
that
(Vs,t€S)  (a(s) —a(t))(b(s) —b(t)) 2 0.

The next result also follows immediately from the definition.

Fact 4 (Co-monotonicity of simple functions). For any pair of functions
b, c € By, they are co-monotonic if and only if the next condition holds: There ex-
ist a natural number k, a X-measurable partition (E;)*_, and two k-dimensional

vectors (1, B2,...,8k) and (y1,72,...,7k) such that By > B2 > -+ > B and
Y1 > Y2 > -0 >y, and such that

k k
b:ZBiXEi and C:Z%‘XEw
i=1 i=1

Fact 5 (Continuity). For any function a € B, there exists a sequence of pairs
of co-monotonic simple functions, (an,by), which satisfies that

(Vn) an<apn1 <--<a<<bypr <b, and
lim I(a,) =1(a) = lim I(by,).
n—oo

n— o0

Fact 6 (Co-monotonic Additivity). For any pair of functions a,b € B, if a
and b are co-monotonic, it holds that I(a +b) = I(a) + I(b) .

Fact 7 (Positive Homogeneity). (Va € B)(YA >0) 1I(Xa) = M (a) .
A.3. Representation by Choquet Integrals

For a functional I : B — R on a measurable space B(S, X), it is said to satisfy
the co-monotonic additivity if it holds that

(Va,b € B) a and b are co-monotonic = I(a+b) = I(a)+ I(b)
and it is said to satisfy the additivity if it holds that
(Va,be B) I(a+b)=1I(a)+I(D).
Also, I is said to satisfy the monotonicity if it holds that
(Vf,geB) a>b = I(a)>I().

If a functional I satisfies the co-monotonic additivity, it holds that (Va € B)(Vr €
Q4) I(ra) = rI(a). For any r = m/n (m,n € N), the co-monotonic additivity
implies that nl((m/n)a) = I(n(m/n)a) = I(ma) = mI(a). In particular, I(0) =
0 holds. Furthermore, the following lemmas follow.
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Lemma 2. If a functional I : B — R satisfies the co-monotonic additivity and
monotonicity, I is continuous with respect to the norm topology on B.

Lemma 3. If a functional I : B — R satisfies the co-monotonic additivity and
monotonicity, I satisfies the positive homogeneity:

(Va € B)(VA>0) I(Xa) = A(a)
In addition, if I satisfies the additivity, I satisfies the homogeneity:

(Va € B)VA€R) I(Aa)= A(a).

Proof The positive homogeneity follows from the homogeneity with respect to
the rational numbers and the norm continuity. Also, if I is additive, it holds that
I(a) = —=I(—a) by 0 = I(a — a) = I(a) + I(—a). The conclusion follows from
this and the positive homogeneity. |

Theorem 14 (Riesz Representation Theorem). For a linear functional I :
B — R which is norm continuous and satisfies that I(xs) =1, it holds that

(Yac B) I(a)= /S al(s) dp(s) (24)

Here, p is a probability measure on (S, X) defined by (VA € X) p(A) = I(xa)[H

Let K be a convex set which satisfies that [—1,1] € K C R and denote the
subset of B (or By) consisting of K-valued functions by B(K) (or By(K)). Then,
the next corollary holds.

Corollary 1. For a functional I : B(K) — R which is additive and monotonic
and satisfies that I(xs) =1, (Z4)) holds.

Proof By the additivity and monotonicity, I is continuous with respect to the
norm topology (Lemma 2) and satisfies the homogeneity (Lemma 3). By the
homogeneity, I can be extended to B. Since I thus extended is a continuous
linear functional on B, the result follows from Riesz Representation Theorem.

|

Theorem 15 (Schmeidler’s (1986) Representation Theorem). Suppose
that I : B — R is a functional which satisfies that I(xs) = 1. Then, if I
satisfies the co-monotonic additivity and monotonicity, I can be represented by
the Chogquet integral with respect to the non-additive measure v defined by (VE €
L) v(E) = I(xe)-

1 For integrals with respect to probability measures and a proof of Riesz Represen-
tation Theorem, see, for example, Dunford and Schwartz (1988) and Rao and Rao
(1983).
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We already pointed out that Choquet integrals satisfy the co-monotonic ad-
ditivity and monotonicity. This theorem is its “converse.” The theorems where
B is replaced by By in the above and the next theorem where B(K) is replaced
by Bo(K) also hold.

Theorem 16 (Schmeidler, 1986). Suppose that a function I : B(K) — R
satisfy the following three conditions: (i) (VA € K) I(Axs) = A; (i) For any
triplet of functions, (a,b,c), any two of which are co-monotonic, if I(a) > I(b),
then it holds that (Vo € (0,1)) I(aa+ (1 —a)c) > I(ab+ (1 —a)c); and (i) a >
b= I(a) > I(b). Then, the function I can be represented by the Choquet integral
with respect to the non-additive measure v defined by (VE € X) v(E) = I(xE).

A.4. Some Results on Convexity of Non-additive Measures

Fact 8. Given a probability measure p on a measurable space (S, X) and a non-
decreasing convex function ¢ on [0,1] which satisfies $(0) = 0 and ¢(1) = 1,
then the set function v defined by v = ¢ o p is a conver non-additive measure.

Fact 9 (Shapley, 1971). If a non-additive measure v is convex, then core(v)
18 monempty.

Fact 10 (Schmeidler, 1986). For a Choquet integral with respect to a non-
additive measure v, the following three conditions are equivalent:

(i) v is convex
(ii) (Va € B) /adv = min{ /adp‘ pE core(v)}
(ifi) (vb, c € B) /(b—s—c)dvz/bdv—l—/cdv

The three conditions where the convexity is replaced by the concavity, “min”
s replaced by “max” and the direction of the inequality is reversed in each of
(i)-(iii) are also equivalent.
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Abstract. This chapter surveys cooperative game theory as an important appli-
cation based on non-additive measures. In ordinary cooperative game theory, it is
implicitly assumed that all coalitions of N can be formed; however, this is in gen-
eral not the case. Let us elaborate on this, and distinguish several cases: 1) Some
coalitions may not be meaningful. 2) Coalitions may not be “black and white”. In
order to deal with such situations, various generalizations/extensions of the the-
ory have been proposed, e.g., bi-cooperative games, games on networks, games
on combinatorial structures. We give a survey on values and interaction indices
for these extended cooperative game theory.

Keywords: cooperative game, bi-cooperative game, network, combinatorial
structure, value, interaction index.

1 Introduction

Measure is one of the most important concepts in mathematics and so is the integral
with respect to a measure. They have many applications in economics, engineering,
and many other fields, and one of their main characteristics is additivity. This is very
effective and convenient, but often too inflexible or too rigid. As a solution to the rigid-
ness problem, several approaches based on non-additive measures have been proposed
in various fields. The non-additivity can represent interaction phenomena among ele-
ments to be measured.

Let N be a finite set and v a set function (non-additive measure) on 2V. Given a
subset S C N, the precise meaning of the quantity v(S') depends on the kind of intended
application or domain [22]:

N is the set of states of nature. Then S C N is an event in decision under
uncertainty or under risk, and v(S) represents the degree of certainty, be-
lief, etc.

N is a the set of criteria, or attributes. Then S C N is a group of criteria
(or attributes) in multi-criteria (or multi-attributes) decision making, and
v(§) represents the degree of importance of S for making decision.

N is the set of voters, political parties. Then S C N is called a coalition
in voting situations, and v(S') = 1 iff bill passes when coalition S votes in
favor of the bill, and v(S) = O else.

N is the set of players, agents, companies, etc. Then S C N is also called
a coalition in cooperative game theory, and v(S) is the worth (or payoff,

V. Torra, Y. Narukawa, and M. Sugeno (eds.), Non-Additive Measures, 131
Studies in Fuzziness and Soft Computing 310,
DOI: 10.1007/978-3-319-03155-2_ 6, © Springer International Publishing Switzerland 2014
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or income, etc.) won by S if all members in S agree to cooperate, and the
other ones do not.

In the current chapter, we discuss and focus on cooperative games as an application
based on non-additive measures.

2 Ordinary Cooperative Game

2.1 Definitions and Several Representations of Cooperative Games

Definition 1 (cooperative game). The function v that assigns to every coalition S € N
its value or worth v(S) is commonly referred to as the characteristic function. It is
always assumed that v(0) = 0. A pair (N, v) consisting of a player set N and a charac-
teristic function v constitutes a cooperative game or coalitional game. These games are
also referred to as TU games, where TU stands for transferable utility (We often iden-
tify (N, v) with v). Sometimes, we want to focus on only a few of the players involved
in a cooperative game (N, v). For a coalition S C N, v|g denotes the restriction of the
characteristic function v to the player set S, i.e., v|s(T) = v(T') for each coalition T C S.
Then, (S, vls) is called a subgame of the game (N, v).

In order to avoid a heavy notation, we will often omit braces for singletons, e.g., by
writing v(i), N \ i instead of v({i}), N \ {i}. Similarly, for pairs, we will write ij instead
of {i, j}. Furthermore, cardinalities of coalitions S, T,..., will often be denoted by the
corresponding lower case letters s, f, . . ., otherwise by the standard notation |S |, |7, etc.

The set of all cooperative game with player set N will be denoted by G". The set G
is a (2" — 1)-dimensional linear space.

Definition 2 (unanimity game). For each T € 2V, the unanimity game ur € GV is

defined by
1 ifS2T
S):= -
ur($) {O otherwise.

The set {ur | T € 2V \ {0}} is a basis of the linear space GV. For any game v € GV, we
have

vS)= Y er®ur(s)  ¥S €2V\{0),

0+TCN

where

cr(v) = Z(—l)'T\R'v(R) VT € 2V \ {0).

RCT

Then, {c7}reav\jo) is called unanimity coefficients or Harsanyi dividends [33]] of v.

Definition 3 (the Mobius transforms [56]). Let (P, <) be a poset. For a function f :
P — R, the Mébius transform A7 of f is the unique solution of the equation:

fo=> 4@ vxePp

y<x
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given by
A=Y pr0f0), xeP

where y is the so-called Mébius function on P and given by

1 ifx =y,
/J(y x) =7 Z /l(y,Z) lfy <X,
’ y<z<x
0 otherwise.

Now, considering a pair (2", C) as a poset and a characteristic function v : 2¥ — R of
cooperative game (N, v), then the Mébius transform of the game v on the poset (2V, ©),
is obtained as
AN(T) := Z(—l)'T\R'v(R) VT € 2V,
RCT
That is, the concept of Mobius transform fits with of Harsanyi dividends in cooperative
game theory. i.e., cr(v) = 4°(T) for any T € 2V \ {0}. Inversely,

W) = ZAV(T) VS e 2V,
TCS

Here, the Mobius transform or Harsanyi dividends of cooperative games can be inter-
preted as follows:

The Mobius transform is vanishing at the empty set, its worth v(i) for every
singleton i € N, while recursively, the Mobius transform of every coalition of at
least two players is equal to its worth minus the sum of the Mobius transforms
of all its proper subcoalitions. In this sense, the Mobius transform of a coalition
S can be interpreted as an extra contribution of cooperation among the players
in S that they did not already achieve by smaller coalitions.

Definition 4 (multilinear extension). Let IV be the n-dimensional unit hyper cube,
ie.,
Vo= {(x, -, x) R[0S <1, VieN={l,---,n}}.

The extreme points of IV are the vectors ys, S C N, where

1 ifies,
(Xs)i={

0 otherwise.

So, we notice that v € GV determines a real function v on the corners of I* by
v(ys)=v(S) VS CN
Hence, ¥ may be extended to IV by

P(x) = Z (]_[ x; ]_[ (1- xi)] wWT) Vxel.

TCN \ ieT ieN\S
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Then, this function v : IN — R is called the multilinear extension (MLE) of v. The
multilinear extension of v can also be represented via the Harsanyi dividends (Mobius
transform) as follows [53]]:

(x) = Z A¥(T) ]_[ x;, Vxel.

TCcN ieT

2.2 Intuitive Representations of Importance and Interaction

In order to intuitively approach the concept of importance of each player and of inter-
action among players, consider two players i and j € N. Clearly, v(i) is one of represen-
tations of importance of i € N. An inequality

v(ij) > v(@) +v(j) (resp., <)

seems to model a positive (resp., negative) interaction or complementary (resp., substi-
tutive) effect between players i and j. However, as discussed in Grabisch and Roubens
[27], the intuitive concept of interaction requires a more elaborate definition. We should
not only compare v(i), v(j), and v(ij) but also see what happens when i, j, and ij join
the other coalitions. That is, we should take into account all coalitions of the form 7 U,
T U j,and T U ij. For a player i and a coalition T 3 i,

Av(T) :=w(T Ui)—w(T) (D)

seems to represent an index of importance of i in T U i. The equation (I) is called the
marginal contribution of a player i to a coalition 7. Then it seems natural to consider
that if for T not containing i and j

AT U j) > Aw(T) (resp., <),

then i and j interact positively (resp., negatively) each other in the presence of T since
the presence of j increases (resp., decreases) the marginal contribution of i to 7. Then

Al'jV(T) = AiV(T U ]) - AZV(T)
is called the marginal interaction [28]] between i and j in the presence of 7. Note that

AT U j) —Av(T) =v(T Uij)—v(T Ui)—v(T U j)+wT)
=Aw(T Ui)—Aw(T).
For three players i, j, k € N and a coalition T not containing 7, j and k, 4; ;xv(T) can be

naturally defined as
A{i’j’k}V(T) = A,‘jV(T U k) - A,‘jV(T).

Then we have 4;;v(T U k) — A4;W(T) = Agv(T U j) — Ag(T) = A (T U i) — Apw(T).
Moreover, for two distinct coalitions S and T C N\ S,

AsW(T) == As\iw(T U i) — AS\,'V(T)
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fori € S. Then AS\,‘V(T Ui - AS\,‘V(T) = AS\jV(T U ]) - AS\]‘V(T) for any l,] eSs.
Similarly, when, for example, 4sv(T) > 0 (resp., <), we shall consider that players
among S interact positively (resp., negatively) each other in the presence of 7.

These marginal contributions and interactions can be represented through the follow-
ing notion, discrete derivative.

Definition 5 (discrete derivative [28]). Given a game v € G" and finite coalitions
S, T C N, we denote by Agv(T) the S -derivative of v at T, which is recursively defined
by
AV(T) :=v(T Ui)—w(T\ i) Vi€ N,
and
Asw(T) := A,‘(AS\,'V(T)) Viels,
with convention Agv(T) := v(T).

Proposition 1 ([18/20/28]). For any S €N, T C N\ S andv € GV, the S -derivative of
vat T can be represented as follows:

Asw(T) = Z(—l)'s\“ WTUL) = ZAV(S UL),

LcS LCT

Asw(T) = Z (= )GV ) = Z A(L).

TCLSSUT SCLCSuT

In particular, 4(S) = Asv(0) for any S C N. Moreover, if o is a permutation on N such
that S = {o(1),--- ,a(IS)},

5!
Asw(T) = p
s Oxo(1) ** + O%Xor(s)) v

X=xsur.
where V is the MLE of v.

Definition 6 (k-monotonic game [10]). Given an integer k > 2, a game v € G is
said to be k-order monotone (for short, k-monotone) if and only if, for any (at most) k
coalitions S, - -+, Sy, we have

V(OS,‘] > Z (—1)”'+1v(ﬂS,~). 2)
i=1 Jg{]lﬂ) k} ieJ

It is easy to verify that k-monotonicity (k > 2) implies /-monotonicity for all integer
2 < | < k. By extension, 1-monotonicity (which does not correspond to k = 1 in Eq.
@) is defined as standard monotonicity, i.e.,

v(S)<w(T) whenever S CT CN.

A game v € GV is called totally monotone if Eq.@) holds for any positive integer .
2-Monotonic games v, i.e.,

viSuT)2v(S)+v(T)—v( S NT) VS, T CN,

are also referred to as convex games.
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The notion of k-monotonicity can be characterized through the use of discrete deriva-
tives as follows.

Proposition 2 ([10/18/20]). Let v be a game on N (i.e., v € GV ) and k a positive integer:
Then v is k order monotone if and only if

Asv(T) >0

foranyS CNandT C N\ S suchas 1 <|S| <k

Note: In evidence theory [58], belief functions Bel : 2V [0, 1] have been introduced
as totally monotonic games, i.e., whose Mobius transforms 4 Bel which are called “basic
probability assignments”, are non-negative for all events (coalitions).

2.3 The Shapley Value as an Acceptable Allocation in Cooperative Games

The players in a cooperative game are eventually interested in what they individually
will get out of cooperating with the other players. How will individual players benefit
from cooperation? So far, various solutions concepts and allocation rules of benefits
have been proposed (see, e.g., [54]). Some of them (e.g., the core, bargaining set, prek-
ernel, kernel, prenucleolus, nucleolus) are based on domination, and some of them (e.g.,
the Shapley value) are based on expectation. This subsection discusses only the Shapley
value and relatives from the standpoint of Shapley’s statement [S9]:

“At the foundation of the theory of games is the assumption that the players of
a game can evaluate, in their utility scale, every “prospect” that might arise a
result of a play. In attempting to apply the theory to any field, one would nor-
mally expect to be permitted to include, in the class of “prospects”, the prospect
of having to play a game. The possibility of evaluating games is therefore of
critical importance.”

A payoff vector or allocation is a vector x = (x1,--+ ,Xx,) € RY that specifies for each
player i € N the profit x; that this player can expect when he cooperates with the other
players. Thus, a payoft vector x = (xi,-- -, x,) such as Y.y x; > v(N) is not feasible.
That is, payoffs x = (xy,- -, x,,) with 3 ;cy x; = v(IN) are the most efficient allocations of
v(N). However, not all these efficient allocations will be acceptable to the players. Here,
we introduce the Shapley value, which provide a priori evaluations of every cooperative
game as an acceptable allocation to each player.

Definition 7 (the Shapley value [59]). The Shapley value ¢ : G¥ — RY is given by

L(n—s—1)!
o=y " T s U - v

|
SCN\i :

forany v € G" and any i € N, where ¢;(v) is the i-th component of ¢(v) € RV.
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The Shapley value is one of the most well-known allocation rule defined as a certain
type of expectation of marginal contributions for each player and characterized as the
unique allocation rule satisfying the following four properties (axioms): symmetry, effi-
ciency, null zero, and additivity (low of aggregation) [59].

Definition 8 (symmetry). Let /7(N) denote the set of all permutations on N. If o €
II(N), then writing o(S) for the image of S C N under o, i.e., o(S) :={oc() | i € S},
we may define the game ov by ov(o(S)) = v(S) for all S € N. An allocation rule
F : GY — RY is said to be symmetry if

Foa(ov) = Fi(v)
for any o € IT(N) and v € G, where F;(v) is the i-th component of F(v) € RV,

Under symmetry allocation rules, the names of players play no role in determining
the allocation to each player.

Definition 9 (efficiency). An allocation rule F : G¥ — RV is said to be efficient if
D Fi(v) = v(N)
ieN
for any v € GV, where F;(v) is the i-th component of F(v) € RV,
Under efficient allocation rules, the total worth v(N) is allocated to all the players.
Definition 10 (null-zero). An allocation rule F : G — RV is said to be null-zero if
Fi(v)=0
forany v € G and i € N such that (S U i) = v(S) VS C N, where F;(v) is the i-th
component of F(v) € RV,

Under null-zero allocation rules, a player who adds nothing to the worth of any
coalition is allocated nothing.

Definition 11 (additivity). An allocation rule F : G¥ — RY is said to be additive if
Fv+w)=FW)+ F(w)
for any v,w € GV.

Under additive allocation rules, if two allocation problems are combined into one
by adding the characteristic functions, then for each player the allocation under the
combined problem is the sum of the allocations under the two individual problems.

The Shapley value also can be treated as a power and/or importance index in various
fields, e.g., decision making problems [55)], voting power in the council [60)], etc., and
represented via the Mobius transform and the multilinear extension of v as follows [54]:

1
s =D, 4G

ieSCN

1
'n
600 = [ sttt 0 dpat

1
where 5‘1 v(t,t, - : 1) = B‘l P(x) |X.:(””“"’)’ P?(t? = tfor any ¢ € [0, 1] and the integral is
to be understood in the sense of Riemann-Stieljes.
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Note (the Banzhaf power index): The Banzhaf power index 8 : G¥ — RV | defined
by

1 1
Bi)= 3 o MSUD=vS)I= > A1) Wveg,

SCN\i i€TCN

is also a well-known voting power index [2], which is not efficient. The Banzhaf power
index also has an integral-representation as follows [[13/18]:

19 11 1
(V) = bt t, -, 1) dPg(t) = V(s ms 0 a)s
Bi(v) fo ax,-v(” 1) dPg(1) 6x,-v(2 5 2)

where 0 (1,1, 1) == 0 9(X) lseqrpe. » Pp0) = 1jo51 forany 7 € [0, 1].

2.4 Interaction Index in Cooperative Games

The study of the notion of inferaction among players is relatively recent in the frame-
work of cooperative game theory. The first attempt is probably due to Owen [53] for su-
peradditive games. More developments are due to Murofushi and Soneda [50], Roubens
[57]], Grabisch and Roubens [27], Marichal and Roubens [49]], and Fujimoto et al. [18].
The concept of interaction index, which can be seen as an extension of the notion of
value, is fundamental for making it possible to measure the interaction phenomena
modeled by a game on a set of players. The expression “interaction phenomena” refers
to either complementarity or redundancy effects among players of coalitions resulting
from the non additivity of the underlying game. Thus far, the notion of interaction in-
dex has been primarily applied to multi-criteria decision making in the framework of
aggregation by the Choquet integral. In this context, it is used to appraise the overall
interaction among criteria (see, e.g., [27/29/40]]), thereby giving more insight into the
decision problem. Other natural applications concern statistics and data analysis (see,
e.g., [21439]).

An allocation rule ¢ : G¥ — RNV, e.g., the Shapley value, can be regarded as a
function F : G~ X N — R such that

Fv,i) = ¢:i(v)

forany v € G" and any i € N. Then, setting N := 2V \ {0}, we define an interaction
index as a function I : G¥ x N' — R to measure the (simultaneous) interaction among
players in a cooperative game, i.e., I(v,S) represents the (simultaneous) interaction
among players S in playing a game v.

Definition 12 (interaction indices). The (Shapley-type) interaction index with respect
to S € N of vis defined by

10.8)= > (n=t=9ttt .

s (n—s+1)!

This index is an extension of the Shapley value in the sense that I(v, i) coincides with
the Shapley value ¢;(v) of any player i.
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The Shapley-type interaction index is a type of expectation of marginal interactions
among the players in each coalition and characterized as the unique interaction in-
dex satisfying the following six properties (axioms): symmetry, k-monotone positivity,
dummy partnership, reduced partnership consistency, additivity, efficiency [18].

Definition 13 (additivity). An interaction index I : G¥ x N — R is said to be additive
if
Iv+w,S)=1w,S)+Iw,S)

forany v,w € G andany S € N.
Definition 14 (symmetry). Let /1(N) denote the set of all permutations on N. If o €
II(N), then writing o(S) for the image of S C N under o, i.e., o(S) :={o()) | i € S},

we may define the game ov by ov(o(S)) = v(S) for all S C N. An interaction index
I:G" x N = Ris said to be symmetry if

I(ov,o(8)) =1(v,S)
forany o € II(N), any S € N, and any v € G".

Definition 15 (efficiency). An interaction index I : G¥ x N' — R is said to be efficient
if

D 1,1) = v(N)

ieN
forany v e GV.

Under efficient interaction indices, the interaction among itself is represented as its
allocation for each player.

A coalition P € N is said to be a partnership [3§]] in a game (N, v) if
viISUT)=wT)

forany S ¢ Pand any 7 € N \ P. In other words, as long as all the members of a part-
nership P are not all in coalition, the presence of some of them only leaves unchanged
the worth of any coalition not containing elements of P. In particular v(S') = 0 for all
S ¢ P. Thus, a partnership behaves like a single hypothetical player [P], that is, the
game v € GV and its reduced version vip; € GNP which is defined by

w(S) ifSCN\P
WS UP) ifS >[P]

s

vip(S) = {

can be considered as equivalent.

Definition 16 (reduced partnership consistency). An interaction index I : G¥ x N —
R is said to satisfy reduced partnership consistency property/axiom if

I(v, P) = I(vipy, [P])

for any v € G" and any partnership P in (N, v).
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Recall that a partnership can be considered as behaving as a single hypothetical player.
Furthermore, it is easy to verify that the marginal interaction among the players of a
partnership P € N in a game (N, v) in the presence of a coalition 7 € N \ P is equal to
the marginal contribution of P to coalition T, i.e.,

Apv(T) = w(T U P) — w(T).

In other words, when we measure the interaction among the players of a partnership, it
is as if we were measuring the value of a hypothetical player. The reduced partnership
consistency property then simply states that the interaction among players of a partner-
ship P in a game (N, v) should be regarded as the value of the reduced partnership [P]
in the corresponding reduced game vipj.

A player d € N is said to be dummy in a game v € GV if

WS Ud) = v(S) +v(d)

forall S € N\ d. In other words, the marginal contribution of a dummy player d € N
to any coalition S € N\ d is simply its worth v(d), i.e., there are no interaction between
dand any § C N\ d. Similarly, a coalition D € N is said to be dummy if w(T U D) =
v(T)+v(D) forany T C N\ D.

Definition 17 (dummy partnership). An interaction index I : G¥ x N' — R is said to
satisfy dummy partnership property/axiom if the following two conditions hold:

(1) 1(v,D) =v(D)
(i) Iv,SUD)=0YS(#0)CN\D

for any v € G" and any dummy partnership D € N in (N, v).

The first part of dummy partnership property states that the interaction index of a
dummy partnership D in a game (N, v) should be its worth since the marginal interac-
tion among the players in D in the presence of any coalition 7" not containing elements
of D is its worth, that is, Ap(T) = v(D) for any T € N \ D. The second part of the
property says that there should be no simultaneous interaction among players of coali-
tions containing dummy partnerships since dummy partnerships behaves like a single
hypothetical dummy player and he does not interact with any outsider coalition (see,
(49).

Definition 18 (k-monotone positivity). An interaction index I : G¥ x N' — R is said
to be k-monotone positive if, for any positive integer k and k-order monotonic game
veg,

I(v,S)>0VYS € N whenever S| < k.

As discussed in Subsection[2.2] in a k-monotone game, it seems sensible to consider that
there are necessarily complementarity effects among players in coalitions containing (at
most) k players. This axiom then simply states that these effects should be represented
as positive interactions.
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The (Shapley-type) interaction index, as similar to the Shapley value, can be represented
via the Mobius transform 4" and the multilinear extension 7 of v € GV as follows [18]:

1
I(v,S):Zt_s+1AV(T).

728
1 95!
I(v,§) = f vt t,- -, 1) dP(),
0 O%Xo(1) - - OXos))
where o is a permutation on N such that § = {o(1),---,0(|S])} and P(¢) = ¢ for any
te€[0,1].

Note (other interaction indices): Another Shapley-type interaction index I, called
chaining interaction index and the Banzhaf-type interaction index Iz have been pro-
posed and characterized axiomatically (see, e.g., [18/127/49]).

The chaining interaction index I, : G¥ X N' — R is defined by

sm—s—0!(s+t—-1)!
L, 8) = | Asv(T)
TCN\S n

forany v € G" and any S € N, and also has the following representations:

Io(v.S) =Y : A°(T).

728
1 oS!
Icll(‘}’ S) = f ‘_}(t’ t’ Tt t) dPCh(t)’
0 O%Xo(1) -+ OXo(s)
where o is a permutation on N such that S = {o°(1),---,0(|S])} and P;(¢) = t°1y0,1; for
any 7 € [0, 1].

The Banzhaf-type interaction index I3 : GV x N — R is defined by

1
Isv.S):= ), Asu(T)

TCN\S

forany v € GV and any S € N, and also has the following representations:

1
I5(v,8)= > piy 4D,

728

1 oS!
Iz(v,8) = f B(t,1, -+ 1) dP(D),
0 OXe(1) -+ OXoqs)

where o is a permutation on N such that S = {o(1), -+ ,0(IS])} and Pg(#) = 1j05,1; for
any 7 € [0, 1].
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3 Bi-cooperative Game

To date, there have been some attempts to define more general concept in coopera-
tive game theory. Aubin [1]] has proposed the concept of generalized coalition as a
function ¢ : N — [—1, 1] which associates each player i with his/her level of partici-
pation c(i) € [—1, 1]. A positive level is interpreted as attraction of the player i for the
coalition, and a negative level as repulsion. Later, the concept of bi-cooperative game
has been introduced by Bilbao et al. [5] as a generalization of classical cooperative
games, where each player can participate positively to the game (defender), negatively
(defeater), or do not participate (abstentionist). In a voting situation (simple games),
they coincide with ternary voting games, on the set of all signed coalitions given by
{c : N - {-1,0,1}}, of Felsenthal and Machover [|15], where each voter can vote in
favor (1), against (-1) or abstain (0). Labreuche and Grabisch [43] give the following
example:

Example 1. A set N of farmers raise three kinds of plants called A, B and C (for instance
colza, grass and reed) in a given area. Plant A (defeater) needs a lot of pesticide and
chemical fertilizers so that it pollutes a lot the local river. Plant B (abstentionist) needs
no special treatment and thus no pollution is caused by this plant. Plant C (defender)
helps in reducing the pollution since it absorbs some chemicals. The Governor of this
area wants to determine the tax for each farmer on the basis of the impact of the farming
on the river pollution rate. The bi-cooperative game v(S, T') measures the pollution rate
in the river compared to the time when there were only meadows in the area, when
farmers S raise plant C, farmers 7 raise plant A and farmers N \ (S U T) raise plant B.

3.1 Definitions and Several Representations of Bi-cooperative Games

We will denote P(N) := 2¥ and Q(N) := {(A1,A,) € P(N)XP(N) | A; N A, = 0}. When
equipped with the following order: for (A, A3), (B1, B2) € Q(N)

(A1,A2) C (By,By)iff Ay C By and A, 2 B,,
(Q(N),E) becomes a lattice, which will be defined in Definition The binary opera-

tors LI (sup) and 1 (inf) are given by
(A1,A2) U (B1, B2) = (A1 U B, Ay N By),
(A1,A2) M (B1, B2) = (A1 N B, A2 U By).
Then the top and bottom are respectively (N, @) and (0, N).

Definition 19 (irreducible elements [14]). Let (L, <,V, A, T, L) be a lattice, where
V, A, T, L denotes sup, inf, the top and bottom element, respectively. An element x € L
is said to be V-irreducible if x # L and x = a vV b implies x = a or x = b, Ya, b € L.

Proposition 3 ([24]). The U-irreducible elements of Q(N) are (0, N \ i) and (i, N \ i),
for alli € N. Moreover, for any (A1, A;) € Q(N),

A =| JaNv) u | ]| @N\). 3)

i€A, JEN\(A;UA,)
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Eq. @) is called the minimal decomposition of (A1, A;) [23].

Here, U-irreducible elements permit to define layer in Q(N) as follows [23]]:
(0, N) is the bottom layer (layer 0) (the black square in Fig. 1), the set of all
U-irreducible elements forms layer 1 (black circles in Fig. 1), and layer k, for
k =2,...n, consists of all elements whose minimal decomposition contains ex-
actly k U-irreducible elements. In other words, layer k consists of all elements
(A1,A2) € Q(N) such that |Ax| = k, for k = 2,...,n. On the other hand, let
us consider the Boolean lattice (P(N),C, U,N, N, 0). Then, the empty set is the
bottom layer; all singletons are U-irreducible elements, (i.e., in layer 1); the
set of all A € P(N) whose cardinality is k, for k = 2, ..., n, forms layer k.

Fig. 1. The lattice Q(123): the element in layer O is indicated by a black square and elements in
layer 1 black circles

Definition 20 (bi-cooperative game [3,24]). The function v that assigns to every bi-
coalition (S1,S2) € Q(N) its value or worth v(S 1, S») is commonly referred to as the
bi-characteristic function. It is always assumed that v(0,®) = 0. A triplet (N, v, Q(N))
consisting of a player set N, a bi-characteristic function v, and a lattice Q(N) constitutes
a bi-cooperative game or bi-coalitional game. (We often identify (N, v, Q(N)) with v).

Definition 21 (the Mobius transform of bi-cooperative game). To any bi-cooperative
game v : Q(N) — R, another function m : Q(N) — R can be associated by

LA A= Y (—ANBHER gy g
B CA,

ACByCN\A|
for (A1, A;) € Q(N). This correspondence proves to be one-to-one, since conversely
VALA) = Y A'(Bi,By) @)

(B1,B2)E(A1,A2)

forall (A;, A2) € Q(N). The validity of Eq. @) is proved by Grabisch and Labreuche [23]]
who call 4" : Q(N) — R the Mébius transform of v.
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Fujimoto and Murofushi [20] have introduced another equivalent representation, the
bipolar Mobius transform, of a bi-cooperative game as follows:

Definition 22 (the bipolar Mobius transform). To any bi-cooperative game v : Q(N)
— R, another function b : Q(N) — R can be associated by

B'(A1,Ar) = ) (~ANPIEAR (B, By 5)

B|CA,
B,CA,

- Z (_1)|A1\31|+|Az\Bz| w(By, By)
(0,A2)E(B1,B2)C(A1,0)

for (A1, Az) € Q(N). Then, the function defined by Eq. @) is called the bipolar Mibius
transform of v.

Proposition 4 ([20]). Let v : Q(N) — R be a bi-cooperative game, and b’ : QN) — R
the bipolar Mobius transform of v. Then,

V(A1,Az) = Z b"(B1, By)
B|CA,
B,CA,
Sforany (A1, Az) € Q(N).

Definition 23 (piecewise multi linear extension). The set of all bi-cooperative games
{v : QN) — R} is isomorphic to the set of all ternary pseudo-Boolean functions
{f : {~-1,0,1} — R}. Indeed, there exists the isomorphism ¢ : QN) — {-1,0, 1}
such that ¢(A1, A2) = x(a, .4, for any (A1, A;) € Q(N), where x4, 4,) denotes the char-
acteristic vector of (A}, A,), which is the vector of {—1, 0, 1} whose i-th element is 1 if
i€ Ay, —-1ifie€ A,, and 0 otherwise. Then, for any bi-cooperative game v : Q(N) —» R
there exists a ternary pseudo-Boolean function f, (ie., f, : {=1,0,1}¥ — R) cor-
responding to v. Now, we introduce an equivalent representation, by using a ternary
pseudo-Boolean function, of v as follows:

A= Y SIS []—[ bl x;] (©6)

($1.52)€QN) i€S Jjesa
for x € {-1,0, 1}, where x* = max{x, 0} and x~ = 0 — min{x, 0}. This correspondence
is represented as

Altaan) = Y. b'(B1,B2) = v(A1, A2) (A1, A2) € QN).

BCA,
B>CA;

Here, Eq. (@) leads to the piecewise multilinear extension g, : [—1, 11V > R, of
the ternary pseudo-Boolean function f, : {~1,0,1}¥ — R corresponding to the bi-
cooperative game v : Q(N) — R, defined by

g(x) = Z b*(S1,52) [1_[ g nx;]

(51.52)€Q(N) €S Jj€S2

forx e [-1, 11V.
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3.2 Monotonicity and Derivatives

As seen in Section[2.2]and[2.4] the definition of the derivative is the key concept for the
interaction index. Grabisch and Labreuche [23]] extended the notion of discrete deriva-
tive of ordinary cooperative games to that of bi-cooperative games.

Definition 24 ((T, T,)-derivative of bi-cooperative game). Let (N, v, Q(N)) be a bi-
cooperative game. For (T, T») € Q(N), the (T, T»)-derivative at a point (S1,S,UT,) €
Q(N), where (S 1,52) € QN\ (T UT»)), is denoted as Az, 7,)v(S 1,52 UT>) and defined
by

A, V(81,820 Ta) = Y (=D)MHFEl(S ULy, S, U L) (7)
LiCTy
L,CT»
— Z (_1)|A1\51|+|A2\52| (A1, Ad).

(S1,82UT2)E(A1,A2)E(S | UT1,S 2)
The formula () is led by the following recursive relations [24]:
Aioyv(S1,82) = v(§1 UL, S52) —v(S1,S82),

A pv(S1,82U j) :=v(§1,52) —v(§1,52 U ),
A, myv(S 1,82 U To) 1= Agig) (Anit)vV(S 1,82 U T2))

= A0, (A, 2 v(S 1, (S2 U ) U (T2 \ ),

wherei € Ty, je T».

Example 2. Let us consider the (12, 3)-derivative at (0, 3). Then, 4(12,3)v(0, 3) is repre-
sented by
Aa12,3v(0,3) = 41,3v(2,3) — 4q,3yv(0, 3).

The derivatives 4 3yv(2, 3) and 4(; 3yv(0, 3) are represented by
Aa3v(2,3) = A3v(12,3) = A3 v(2,3) and 4 3v(0, 3) = A@3yv(1, 3) — o 3v(0, 3),

respectively. The derivatives 4 3)v(12, 3), 4(93)v(2, 3), 4p.3)v(1, 3) and 4p3)v(0, 3) are
represented by

Ap3v(12,3) =v(12,0) - v(12,3), d@p3»v(2,3) =v(2,0) —v(2,3),

A3v(1,3) = v(1,0) - v(1,3), and 4 3)v(0, 3) = v(0, 0) — v(D, 3),

respectively. Inversely, first, consider the first order derivatives 43 at (0,3), (1,3),
(2,3), and (12, 3). These derivatives correspond to thin arrow lines in Fig.[2] respec-
tively. Second, the second order derivatives 4 3y at (0, 3) and (2, 3) correspond to thick
black arrow lines in Fig. 2l which represent the differences between the first order
derivatives represented by thin arrow lines. Finally, the (12, 3)-derivative at (0, 3) corre-
sponds to the thick gray arrow line in Fig.
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= - (12,0)
A (12,3)=0(12,0)-v(12,3) 2D A w123 A w23
o 12,3 T _— A<1,§))( = (¢,315 (4),313

(2,0)
0

v(2,0)-v(2,3)

= 2,3) - 3
A(lzf}é?@ A(1,31j( & A(1,3U>(¢)

B = (1,3) - A 46,3
— 8 5OV A 0 H°
0.0

Fig. 2. The (12, 3)-derivative at (0, 3)

Proposition 5 ([20123]]). For (T, T>) € Q(N),
A, V(81,52 U T) = Z A"(A1,Ar)

(T .N\(T\UT2))E(A1,A2)E(S 1UT1.S 2)

=DM Y B VT LU T)

LiCS,
L,CS,

forany (S1,S2) € QN \ (T U T3)). Thus,
AT\, T2) = A, 1pv @O, N\ T1) Y(T1,T2) € QN).

Proposition 6 ([20]). Let v : Q(N) — R be a bi-cooperative game and g, : [-1,1]N —
R the piecewise multilinear extension of the ternary pseudo-Boolean function cor-
responding to v, and (T1,T>) = ({t1(1),....,t1(p)}, {t2(1),...,t2(q)}) € Q(N), where
|T| = p and |T,| = q. Then,

oo

A v(§1,S,UT,) = X
OISR = e OO v

X=x(s,uT),5,UTy)
forall (S1,S2) € QN \ (T U T»)), where x(s,ur,.s,ur,) € [—1, 11V is the characteristic
vector of (S1 U T1,S, U T,) € Q(N). It should be noticed that aii gy cannot be defined
on{x e[-1,11V | x; =0}

Labreuche and Grabisch [42] have proposed the notion of k-monotonicity in
bi-cooperative games as a bipolar extension of that in ordinary cooperative games.

Definition 25 (k-monotonic bi-cooperative game [24/42]). Given an integer k > 2,
a bi-cooperative game v : Q(N) — R is said to be k-order monotone (for short, k-
monotone) if and only if, for any (at most) k bi-coalitions S, - -, S, we have

v[ﬁSi]Z > (—1)"'+1v[ﬂsj]. (8)

i=1 JC{1,- k) jel
J#0
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It is easy to verify that k-monotonicity (k > 2) implies /-monotonicity for all integer
2 < | < k. By extension, 1-monotonicity (which does not correspond to k = 1 in Eq.
(8)) is defined as standard monotonicity, i.e.,

v(S) <w(T) whenever (O,N)CSLCTC(N,O).

The notion of k-monotonicity of bi-cooperative games can be characterized via discrete
derivatives in a similar way to ordinary cases.

Proposition 7 ([18]). Let v : Q(N) — R be a bi-cooperative game and k a positive
integer. Then v is k order monotone if and only if

A, myv(81,52UT2) 20

forany (T1,T,) € QN) suchas 1 <|Ty UT,| < kand any (S1,5,) € QN \ (T U T»)).

3.3 Value and Interaction Index in Bi-cooperative Games

In this subsection, we introduce the notion of value and power index for bi-cooperative
games and ternary simple games, following Labreuche and Grabisch [43]], in the spirit of
what was done by Shapley [59] for cooperative games, and by Shapley and Shubik [60]
for simple games. In ordinary cooperative games, an allocation rule (pre-imputation)
is a vector x € RY which represents the share of the total worth of the game v(N)
among the players, assuming that all players have decided to join the grand coalition
N. For bi-cooperative games, the situation differs since apart from not participating
to the game, each player has two possible actions, namely to play in the defender or
the defeater part, while he/she has only one in classical (ordinary cooperative game)
case. In order to generalize the notion of imputation, the concept of reference action
or level has been introduced. The reference action is the action such that if all players
do this action, then the outcome of the game is 0. For ordinary games, the reference
action is to “not participate” since v(@) = 0. For bi-cooperative games, it is also the non
participation since v(@, @) = 0. An imputation is defined for each possible action (except
the reference one) of a player with respect to the reference action, that is, it represents a
kind of average contribution of the player for a given action, compared to the reference
action. For bi-cooperative games, the possible actions are: to play in the defender part,
or to play in the defeater part. For preserving the meaning of “contribution” (which has
a positive sense) and for compatibility with previous works, it requires to consider two
values ¢* (defender part) and ¢~ (defeater part): ¢* is the contribution of “playing in the
defender part” instead of “doing nothing”, and ¢~ is the contribution of “doing nothing”
instead of “playing in the defeater part”. Then, an overall contribution ¢ can be defined

asp=¢" +¢.

Labreuche and Grabisch [43]] have proposed the following value for bi-cooperative
games, axiomatically.
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Definition 26 (value of bi-cooperative game [43]). The (Shapley-type) value $® of a
bi-cooperative game v : Q(N) — R is given by

o=y =5 =D 6 Ui NS U = (S, N\ S)]

n!
SCN\i

1
= Z A'(S,T)
S TaoN) T

for every i € N, where ¢2(v) is the i-th component of ¢#(v) € RV. The value ¢* is
decomposable into two values ¢* (defender part) and ¢~ (defeater part), i.e., ¢® =
¢t + ¢, as follows:

grm= 3 C T s DN s U - uS N S UL

|
SCN\i n:

srm=3 OV e N s vy - ws NS

!
SCN\i n:

The (Shapley-type) value ¢ for bi-cooperative game is a kind of generalization of the
Shapley value of ordinary cooperative games in the following sense:

If a bi-cooperative game v® : Q(N) — R is given via some ordinary coopera-
tive game v : 2V — R as

v(S) ifT =0,
0 otherwise,

vB(S,T) = {

for any (S,T) € Q(N), then
¢" ) =" (V) = ), ¢ () =0,
where ¢(v) is the Shapley value of ordinary game v.

The (Shapley-type) interaction index for bi-cooperative games has been introduced by
Grabisch and Labreuche [24/26] and characterized axiomatically by Lange and Gra-
bisch [43]], by analogy with that for ordinary cooperative games.

Definition 27 (interaction index for bi-cooperative game). The (Shapley-type) in-
teraction index I%(v, (S, T)) with respect to (S,T) € Q(N) of a bi-cooperative game
v : Q(N) — R is defined by

— = f — ! 4!
1B, (S, T)) := UCN\%UT) (’zn _Ss _t t :‘)l)f‘ Asy(U,N\ (S UU))

1
= Z A"(A, B).
@padmeury P TS TEmb ]
(ABEMT.0)
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Kojadinovic [41] has proposed another interaction index for bi-cooperative games in
the context of aggregation by the bipolar Choquet integral [25], however his solution is
not completely axiomatized.

Definition 28 (Kojadinovic’s interaction index). The (Kojadinovic-type) interaction
index IX(v,(S1,S,)) with respect to (S1,S2) € Q(N) of a bi-cooperative game v :
Q(N) — R is defined by

l(n—s—-t+1)¢!

K -
I"(v,(§1,82) := 2t (n—s+ 1)

(T),T2)€Q(N\S)

where T ;=T UT,and S := S5, US,.

Ais,s)(T1, T2 U S»),

Note (Ternary voting games and its values) :  Bi-cooperative games are a gener-
alization of the notion of fernary voting game which has been proposed by Felsenthal
and Machover [15]]. In a play of a ternary voting game, each player can choose between
voting in favor (yes), against (no), or abstaining. Formally, a ternary voting game is a
function v : Q(N) — {-1, 1}, where v(F, A) represents the result of the vote (1 if the bill
is passed, -1 if it is defeated) when voters in F vote in favor, voters in A vote against,
and the remaining voters abstain. Then, obviously, it should be satisfied that

v(O,N)=-1, v(N,0)=1, and (F1,A|) E (F2,A2) = v(F1,A1) < v(F2,A2).

Definition 29 (ternary roll-call and pivot). A ternary roll-call R is a triplet R =
(oRr, Fr,Ag) consisting of a permutation og on N, a coalition Fg which contains all
voters that are in favor of the bill, and a coalition A which contains all voters that are
against the bill. Ternary roll-calls are interpreted as follows. The voters are called in
order given by o : 0g(1),...,o0r(n). When a voter i is called, he/she tells his/her opin-
ion, that is to say in favor if i € Fg, against if i € Ag, or abstention otherwise. The set
of all ternary roll-calls on N is denoted by 7y, whose cardinality is 3" - n!.

A pivot Piv(v, R) for a ternary voting game (N, v, Q(N)) and a ternary roll-call R =
(or, Fr, Ag) is the player i, represented by i = og(m) for some m € {1,..., n}, satisfying
the following two conditions:

Lo v(Fmt ARl £ v(Fm A if mo# 1.
2. wW(Fg,AR) = v(Fk,A’I‘Q) for any k > m,

where Ff = |_Jtow(j))nFr and Ay := | Jior()}nAg. Thatis, Piv(v, R)is decisive
Jj<k J<k
in the result of the vote.

Felsenthal and Machover [15] have proposed a voting power index ¢™"(v) for a ternary
voting game (N, v, Q(N)), which is a generalization of the Shapley-Shubik power index,
as follows:

R e Ty | i =Piv(v,R)}|
VY
However, this solution is not completely axiomatized.

¢ (v) =
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4 Cooperative Game and Network

In ordinary cooperative game theory, it is implicitly assumed that all coalitions of N can
be formed, this is in general not the case. In order for players to be able to coordinate
their actions, they have to be able to communicate. The bilateral communication chan-
nels between players in N are described by a communication network. Such a network
can be represented by an undirected graph G = (N, E), which has the set of players
as its nodes S C N and in which those players are connected by the set of edges/links
E C{ijli,je N,i# j},i.e., playersi and j can communicate (directly) with each other
if ij € E. To avoid cumbersome notations, we often omit braces for a graph G = (N, E),
we denote E —ij := E \ijforanyij € E, E+ij := EUijforanyij ¢ E, and
G(S) = (S,E(S)) forany S C N, where E(S) :={ij € E|i,j € S}. Then, G(S) is
called the subgraph induced from the underlying graph G and the subset S of N.

The number of the nodes adjacent to a node i € N is said to be the degree of i in
G = (N, E) and denoted by a®(i). A sequence of different nodes (ii, ..., i,) is called a
path, whose length is m — 1, between j and k in a graph (N, E) if j = i1, k = i,;, and
{if,i;+1} € Eforany [ € {1,...,m—1}. If there is a path between j and k in an undirected
graph G, then we say that j is reachable to k in G and denote j ~; k. A set of nodes
S C N is called connected in an undirected graph G := (N, E) if forany i, j € S,i # J,
there exists a path (iy, ..., i,) between i and j in G satisfying that all nodes of the path
arein §S,i.e., iy € S for any k € {1, ..., m}. Notice that, by definition, the empty set and
all singletons are connected. An undirected graph G = (N, E) is said to be connected if
N is connected in G. Clearly, the relation ~¢ is an equivalence relation on N. Hence,
the notion of reachableness induces a partition N/E := N/ ~g of N. Then, for any
S CN,CeS/ES) =S/ ~qge) is called a (connected) component of S. A geodesic
(also often called a “shortest” path) between two nodes i, j € N is a path whose length
is the minimum among all paths between i and j. The length of a geodesic between two
nodes i, j € N in G, if i and j are reachable, is called their geodesic distance. If i and
Jj are unreachable, then the distance between i and j is infinite. A sequence of nodes
(i1, ...,iy) is called a cycle if i} = i, and (i1, ..., i,-1) is a path. A graph is cycle free if
it does not contain any cycle. A connected cycle free graph is called tree.

Definition 30 (communication situation). The triplet (V, v, E), which reflects a situ-
ation consisting of a game v € G and a communication network (N, E), is called a
communication situation. We denote the set of all communication situations on N by
csV.

Definition 31 (feasible coalition). A coalition S C N is said to be feasible in the com-
munication network G = (N, E) if § is connected in G (i.e., S/E = {S}).

Example 3. Consider the communication situation (Ny, v, E;) with Ny = {1,2,---,7}
and E; = {12,15,26,37,47,56} (Fig[3). Then, all the players in {1, 2,6} can commu-
nicate with one another, i.e., the coalition {1,2, 6} is feasible. Hence, they can fully
coordinate their actions and obtain the value v({1, 2, 6}). On the other hand, in the coali-
tion {1,2, 3,4}, players 1 and 2 are reachable, however, both of players 3 and 4 can-
not communicate with any other players in {1, 2, 3, 4}. Then, feasible subcoalitions of
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{1,2,3,4} are {1, 2}, {3}, and {4} (i.e., {1,2,3,4}/E, = {12, 3, 4}, thus forming the coali-
tion {1, 2, 3,4} is unfeasible). Hence, the value attainable by the players in {1, 2, 3, 4}
should be v(1,2) + v(3) + v(4). That is, in general, the value attainable by the players in
§ under a communication situation (N, v, E) is represented by ¥ reg,g W(T).

1 2 3 4

5 6 7

Fig. 3. Communication Network(N, E1)

Definition 32 (network-restricted game [52]). The network-restricted game (N, vE)
associated with (N, v, E) is defined by

VE(@S) = Z v(T) foreachS C N. )]
TeS/E

Note that if (N, E) is the complete graph (i.e., E = {ij | i,j € N,i # j}), the network-
restricted game v is equal to the original game v.

The network-restricted game evaluates the possible gains from cooperation in a com-
munication situation from the point of view of the players. Next example focuses on the
importance of communication channels/links in a communication situation.

Example 4. In the communication network E represented by Fig[3] the value obtain-
able by the players in the grand coalition N is

VELN) = v({1,2,5,6)) + v({3,4,7)),

since N/E; = {{1,2,5,6},{3,4,7}}. If for some reason the communication link between
players 4 and 7 is lost, the communication network E; turns to a new communication
network E, = {12,15,26,37,56}. Then, N/E, = {{1,2,5,6},{3,7},{4}} and the value
obtainable by the players in the grand coalition N turns to

vE2(N) = v({1,2,5,6)) + v({3,7}) + v({4}).

Then vF! (N) — v2(N) can be interpreted as a kind of marginal contribution of the link
47 € E; to the communication network Ej.

Definition 33 (link game [7]). The link game associated with (N, v, E) consisting of a
zero-normalized game v (i.e., v(i) = O for any i € N) is a game on E defined by

Y/(H) = vI(N) = Z w(T) foreach H C E.
TeN/H
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The link game y"(H) represents the worth of communication network H C E as the worth
of the grand coalition in the communication situation (N, v, H) through the network-
restricted game v/, Note that, for an ordinary game v, the link game y" is generally not
a game on E since y'(0) = Yrenjo V(T) = ey v(i) # 0.

Example 5 (wighted majory voting game). Consider the weighted majority voting situ-
ation (N, [q : s1,...,s,]) with N = {1,2,3,4}, s; = 35, s, = 30, s3 = 25, s4 = 10, and
q = 51. So, there are 100 members of parliament who are divided among four politi-
cal parties labeled 1,2,3, and 4, and decisions are made by majority voting. The parties
1,2,3, and 4 have 35, 30, 25, 10 seats, respectively. This situation can be represented by
the game v such that

1 if ZiES Si = q = 51, i.e., Win,
v(S) = . .
0 if Y, 5i <g=>51,ie.,lose.

Then, the winning coalitions are {1, 2}, {1, 3}, {2, 3}, {1,2, 3}, {1, 2,4}, {1, 3,4}, {2, 3, 4},
and {1, 2, 3, 4}. In general, every coalition S C N could not been formed, due to ideo-
logical and policy differences. Suppose that the party 4 cannot form coalitions with any
other parties due to ideological differences; the parties 1 and 3 cannot form the coali-
tion {1, 3} due to some policy differences but can form a coalition {1, 2, 3} through an
intermediary, the party 2. Such a situation can be represented by the graph G := (N, E)

as shown in Figldl

Fig. 4. Relations among political parties

In the network restricted game vE, the winning coalition are {1, 2}, {2, 3}, {1,2, 3},
{1,2,4}, {2,3,4}, and {1, 2, 3, 4}; for instance, vZ(13) = v(1) + v3) = 0+ 0 = 0, i.e.,
lose, while vE(124) = v(12) + v(4) = 1 + 0 = 1, i.e., win. (However, feasible winning
coalitions are only {1, 2}, {2, 3}, and {1, 2, 3}).

4.1 Allocation Rule in Communication Situation

In this subsection, we will briefly introduce major two existing values (allocation rules),
the Myerson value [52]] and the position value [7]], for communication situations.

Definition 34 (the Myerson value [52]). The Myerson value for a communication sit-
uation (N, v, E) is denoted as P (N, v, E) and defined by

Y(N,v,E) := ¢(vF),

where ¢(N, vF) is the Shapley value of (N, vF). Note that the P(N, v, E) = ¢(v) if (N, E)
is the complete graph.
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The Myerson value is one of the most famous allocation rules, which assigns to ev-
ery communication situation (&, v, E) the Shapley value of the network-restricted game
(N, vF) and is characterized as the unique allocation rule satisfying the following two
properties/axioms, component efficiency and fairness (see, Myerson [52]]).

Definition 35 (componennt efficiency). For any communication situation (N, v, E) €
CSV, it holds that

D VNV, E) = W(S)

€S
forany S € N/E, where ¥i(N, v, E) is the i-th component of ¥ (N, v, E).

Definition 36 (fairness). For any communication situation (N, v, E) € CS N it holds
that
Y/1(1\77 v, E) - g/l(N7 v, E - l]) = q/](N’ v, E) - WJ(N, v, E - l.])

for any ij € E, where ¥;(N, v, E) is the i-th component of ¥(N, v, E).

Component efficiency means that the sum of the players’ allocations in a component
equal to the worth of the component. Fairness means that the two players connected by
a link obtain the same change of allocation if the link is deleted.

Definition 37 (position value [7]). The position value for a communication situation
(N, v, E) consisting of zero-normalized game v is denoted as 7(N, v, E) and defined by

1
(N, v,E) := Z ¢.(y") foreachie N.
2
eckE
e31
The Shapley value ¢.(y") of a link e € E can be interpreted as a kind of expected
marginal contribution of the link (edge) e € E to all communication networks con-
taining e. Then, the value is divided equally between the two players at the ends of the
considered link e € E. The position value of a given player i € N is obtained as the sum
of all these shares.

Example 6. Consider the communication situation in Example [l Then, the Shapley
value of the underlying game (i.e., the Shapley-Shubik index [60]) is (;, % % 0); the
Myerson value for the communication situation (N, v, E) (i.e., the Shapley value of the
network-restricted game (N, vE)) is (é, ‘6‘, é, 0); the position value for the communica-

tion situation (N, v, E) is (}‘, ;, }1,0).

4.2 Poset Induced by Communication Network

In this subsection, we consider and introduce a subposet of (2", C) induced by a com-
munication network G := (N, E).

For a communication network G := (N, E), the set of all feasible coalitions in
G is denoted as §(G), i.e.,

&3(G) ={S CN|S :connectedin G := (N, E), i.e.,|S/E|l =1}.
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The set F(G) together with set inclusion C as an order on F(G) is called the
poset induced by a communication network G.

Example 7. Let N = {1,2,3}, E, = {12,13,23}, E;, = {13,23}, and E. = {12}. Then
the posets induced by communication networks G, := (N, E,), G, := (N, E}), and
G, := (N, E,), as shown in (a) — (c) in Fig. 3] are represented as shown in (a) — (c) in
Fig.[6l respectively.

3 3 3
./;\. '/.\ )
o

1 2 1 p 1 2
@ ) ©

Fig. 5. Communication networks on N = {1, 2,3}

1,2,3}

1,2,3

g %2 23

“‘ 1,3) 1,3) 3

B 1,2

2) " {2} 2)

{1 {1} {1}
o 0 ¢

(a) (b) (c)

Fig. 6. Posets corresponding to networks in Fig.

In a communication situation (N, v, E) consisting of a game (V, v) and a communication
network G := (N, E), at least two types of restrictions of v € G can be considered. One
is the network-restricted game vF defined by Eq. (@). Another is the restriction of v €
G",ie.,v:2¥ = R, to the poset F(G) induced by G = (N, E), i.e., vz : F(G) = R.
Then it is denoted as v : F(G) — R and defined by

vIO(8) 1= Vz6)(S), i.e, vIOES) :=w(S), VS € FG). (10)

Definition 38 (Mdbius transform on poset). Let (N, v, E) be a communication situa-
tion consisting of a game (N, v) and a communication network G := (N, E). Then, the
Mobius transform of v3©@ : F(G) — R on the poset (F(G), C) is denoted by AN and
defined through the following equation:

Oy = 3T AVT) VS € FG).

TeF(G)
TCS
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Conversely, AN"F) s explicitly represented by

ANB(S) = Z (DS OT) VS € F(G).
Te3(G)
TCS
Proposition 8. Let (N, v, E) be a communication situation consisting of a game (N, V)

and a communication network G := (N, E), (N, vF) denote the network-restricted game
defined by Eq. [9), and v¥© the restriction of v to F(G) defined by Eq. ({IQ). Then,

ANE(S) = 47(S) VS € F(G),
A(S)=0 VS €2V \ FG).

Moreover, the Myerson value ¥ (N, v, E) can be represented as

1
ViNv, Ey= Y ANE),
i€SeF(G) s

4.3 Harsanyi Power Solution for Communication Situation

In this subsection, we introduce a class of allocation rules, Harsanyi power solutions,
to which many existing allocation rules for communication situations belong. Briks
et al. [9]] have introduced the concept of Harsanyi power solution for communication
situations, which is based on Harsanyi solutions for TU-games. The concept of Harsanyi
solution is proposed as a class of solutions for TU-games in Vasil’ev [63l64]] (see also
Derks et al. [[12], where a Harsanyi solution is called a sharing value). The idea behind
a Harsanyi solution is that it distributes the Harsanyi dividends over the players in the
corresponding coalitions according to a chosen sharing system which assigns to every
coalition S a sharing vector specifying for every player in S its share in the dividend
4%(S) of S. The payoff to each player i € N is thus equal to the sum of its shares in the
dividends of all coalitions of which he is a member. A famous Harsanyi solution is the
Shapley value.

Now, we consider the case N = {1,2}, the Shapley value ¢;(V, v) of player 1 in a
game (N, v) is obtained as

d1(N,v) = i A7(1) + ;AV(IZ).

This expression, as an allocation rule of Harsanyi dividends (i.e., the Mobius trans-
form), has the following (at least two) interpretations:

Interpretation 1 (Egalitarian allocation) : The Shapley value distributes the
dividend of any coalition S equally among the players in S, i.e., i A4%(S), (so
players outside S do not share in the dividend of S).
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Interpretation 2 (Allocation based on coalition forming process) : We con-
sider a process to form the coalition {1,2}. Then, there are two shortest paths
from 0 to {1,2} in Fig.[A(a). One is the path 0 — {1} — {1,2}; another is the
path O — {2} — {1,2}. The path ® — {1} — {1, 2} can be interpreted as follows:
Player 1 makes an offer to player 2 for forming the coalition {1,2}. Player 2
accepts the offer and adds to the coalition {1} to form the new coalition {1,2}.
Among these two paths, the only path that passes through {1}, i.e., the player 1
plays a role of initiator in forming {1,2}, is 0 — {1} — {1, 2}. That is, the number
of paths from 0 to {1,2} is 2, while the number of paths via {1} is 1. Then player 1
obtains 1 P of the amount of the Harsanyi dividend 4°(12) (i.e., | 4°(12)). In

2 paths
the same way, player I obtains } A"(1) and (]) AY(2). The Shapley value of player
1 is obtained as the sum of all these shares, i.e., LAY + (1) A°2) + é A7(12).
This allocation rule can be extended to the case N = {1,2,3}, e.g., there are six
shortest paths from 0 to {1,2,3} (see, Fig.[A(b)). Among them, two paths, () —
{1} - {1,2} - {1,2,3} and 0 — {1} — {1, 3} — {1, 2, 3}, pass through {1}. Then,
the following holds:

1 v l vV 1 v 0 vV 2 v
71231 V)= | A+, LU+ ) (1) +, £ 23+ 4(123).

{1, 2} {1,2,3)

¢ b
(@ ®

Fig. 7. The Boolean lattice B(2) and B(3)

Definition 39 (sharing system [9]). Let (N, v, E) be a communication situation con-
sisting of a game (N, v) and a communication network G := (N, E). A sharing system
on (G) is a system p := (p° )sexG), where p’ is a s-dimensional vector assigning a
non-negative share pis > 0 to every playeri € § with } jcg p? =1, forany S € FG).

Definition 40 (the Harsanyi solution [9]). We denote the collection of all sharing
systems on §(G) by S°. For a communication situation (N, v, E) € CS" and a shar-
ing system p € G, the corresponding Harsanyi payoff vector is the payoff vector

HP(N,v, E) € RN given by

E .
H'(N,v,E) = Z p A3O($) = Z pS A" (S) VieN.
i€SeF(G) i€SeF(G)
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A Harsanyi solution, as an allocation rule, assigns for a given sharing system p € ¢
the Harsanyi payoff vector HP(N, v, E) to each communication situation (N, v, E). Due
to the equality v(N) = Ysexc) 4N"F(S), we have

DTHI(N, v, E) = v(N),

ieN
and thus each Harsanyi solution is efficient. The Shapley value is the Harsanyi solution
that assigns to any communication situation (N,v,{ij |i,j € N,i # j}) (i.e., to any
ordinary cooperative game (N, v)), the Harsanyi payoff vector H?(N, v, {ij |i, j € N,i #
J}) with the sharing system p given by pf = i foreach S € ¥(G) containing i.

Definition 41 (Harsanyi power solution [9]). A power measure on graph G = (N, E)
is a function ¢ that assigns to any subgraph G(S) = (S, E(S)), S € N a non-negative
vector g(S, E(S)) € Rﬁ, yielding the non-negative power ¢;(S, E(S)) of eachnodei € S
in the graph G(S). Then, given a positive power measure g, we can define the cor-
responding Harsanyi power solution, denoted by H?“(N, v, E), through the sharing
system p(q) = (p°(q))sez(G) induced by the power measure g as

4i(S. E(S))
> 4i(S. ES))

jes

pi(g)=

forall i € § whenever }, jcs ¢;(S, E(S)) # 0 and pis (@) = ]S if 3 jes q(S, E(S)) =0.

A characteristic of the Harsanyi power solutions for communication situations is that we
associate a sharing system with some power measure, being a function which assigns a
non-negative real number to every node in the graph, for the underlying communication
networks. These numbers represent the strength or power of those nodes in the graph.
Given a power measure we define the corresponding sharing system such that the share
vectors for every coalition are proportional to the power measure of the corresponding
subgraph.

Social network researchers have considered some fundamental properties of the in-
dividuals, that inform us about specific factors such as who is who in the network: who
is leader, who is intermediary, who is nearly isolated, who is central, and who is periph-
eral. Here, we introduce several concepts of degree of centrality and peripherality for a
node (position, actor, individual) in a network (undirected graph) as examples of power
measures on undirected graphs [[16/19117].

Centrality measures [16/19]. Centrality is a sociological concept which is not clearly
defined; it is frequently defined only in an undirected manner. For example, the liter-
ature presents several alternative definitions for centrality. We review some of these
definitions below:

(Dc: degree centrality). It measures the degree to which an actor i can com-
municate directly with other actors:

gP*o (S ES)) = ) a%.

jes
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(Cc: closeness centrality). It measures the degree to which an actor i is close

to other actors: |
CLO :
GG ES) = Y
Jjes\i} Fij
(Bc: betweenness centrality). It measures the degree to which an actor i lies
on the shortest paths between other actors in the network:

# of geodesics in S from jto k via i
gPET(s, B = Y. "0 E ’ .

i # of geodesics in S from j to k

(Oc: originator centrality). It measures the degree to which an actor i is
required as an initiator/originator in network-forming processes:

i = Sli

ORI
ORI(§ E(S)) = ,
1 10— S|

where |li — S|| (resp., [|0 — S||) means the number of shortest paths from i
(resp., 0) to S in the Hasse diagram of the poset induced by a graph (S, E(S)).

Peripherality Measure [17]. With regard to networks such as roads, railways, airways,
the Internet, and others that use nodes or terminals such as airports and railway stations,
etc, terminal cities/nodes benefits far more from direct/indirect access to big cites (im-
portant nodes or central hubs) than do big cities receive from connecting to terminal
cities/nodes. Indeed, peripheral cities bear a heavier burden than central cities in the
construction/extension of highways/railways. Fujimoto [[17]] has proposed a peripheral-
ity measure on undirected graphs axiomatically as follows.

PER 0 — S\l
RCRECH E R
Note (The Myerson and Position Values as Harsanyi Power Solutions): Brinks et
al. [9]] pointed out and demonstrated that the Myerson and position values are typical
Harsanyi power solutions with simple power measures for some types of communica-
tion situations.

Let (N, v, E) be a communication situation consisting of a game (&, v) and a com-
munication network G := (N, E). The Myerson value (N, v, E) is the Harsanyi power
solution with the sharing system p induced by the egalitarian power measure g%, e.g.,

g (S,ES) =1 VS e FG), Vies,

ie.,

1
P = VS € F(G), VieS.
N

If (N, E) is cycle free, the position value (N, v, E) is the Harsanyi solution with the
sharing system p induced by the degree centrality measure g"F°(S, E(S)).

All the power measures, g%, gPEC, g€0, ¢BET, qOR! and ¢"FR induce the Shapley
value under complete communication situations.



Cooperative Game as Non-Additive Measure 159

4.4 Numerical Examples

In this subsection, we make comparisons among the existing five types of Harsanyi
power solutions (the Shapley value ¢, the Myerson value ¥, the position value x, the
Harsanyi power solutions induced by the originate centrality measure @°%! and the pe-
ripherality measure ®7F®) in some communication situations. The Harsanyi dividend
of any coalition which is not contained within any connected component of the com-
munication network in a communication situation is always zero, i.e., AM"P(S) = 0 if
S ¢ C for any C € N/E. Therefore, in considering the Harsanyi power solutions for
a communication situation (N, v, E), we can assume that the communication network
(N, E) is connected without loss of generality. Examples [8] [0l and [IQ not only show
comparisons of them but also illustrate criticisms against the the Myerson value and/or
the position value. Two criticisms are reproduced below (see, e.g., [37] for additional
details):

On the Myerson value :

1
Yi(N,us,E1) = Yi(N,us, Ep) = S| Yie N

whenever S is a feasible coalition in both (N, E1) and (N, E»), where
ug is the unanimity game of S. Furthermore, in the communication
situation with E* = {ij € N | j € N\ i} (i.e, E* is a star-shape
graph with a central player i), every player receives the same value
(see W(N, v, E,) in Example[L0).

On the position value :
Irrelevant null players often have positive values (see Example[9). Re-
call that a null player i € N of the game (N, V) is a player satisfying
that v(S Ui) =v(S) forany S C N\ i

Example 8. Consider the communication situation (N, v, E) with N = {1,2,3}, E =
{13, 23} (Fig.[5&l (b)), and

0 ifIS|<1,
w(S) =430 if|S|=2,
36 ifS = N.

Then,
o(N,v) = (12,12, 12),

Y(N,v,E)=(7,7,22),
a(N,v,E) =(9,9,18),
@®"(N,v,E) = (9,9,18),
®PER(N, v, E) = (3, 3, 30).
Example 9. Consider the communication situation (N, v, E) with N = {1,2,3}, E =
{12, 13,23} (Fig.3l (a)), and

12 ifS 2{1,2
wsy= {2 182102
0  otherwise.
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That is, the player 3 is a null player. Then,
#(N,v) = (6,6,0),
Y(N,v,E) =(6,6,0), n(N,v,E)=(5,5,2),
(N, v,E) = (6,6,0), @"(N,v,E)=(6,6,0).
Example 10. Consider communication situations (N, uy, E) with connected graphs in

Fig 8 which shows all connected graphs (up to isomorphism) with 2 < n < 4 nodes.
Then, for any such communication situations,

1
¢i(N,un, E) = ¥{(N,un, E) = VieN.
n

1 2 1 2 3 1 2 3 4
——o *——o—9 o—o—0o o
Ea Eh E(’

1 1 1
4 4

g h i

Fig. 8. Graphs with at most four nodes

Table[Ildisplays the remaining values (i.e., the position value 7, the Harsanyi power so-
lutions induced by the originate centrality measure ®°*/ and the peripherality measure
@PER)_

5 Cooperative Game and Combinatorial Structure

In section ] we considered the following case:

Some subsets of N may not be meaningful. When N is the set of political
parties, it means that some coalitions of parties are unlikely to occur, or even
impossible (coalition mixing left and right parties); When N is the set of play-
ers, for players in order to coordinate their actions, they must be able to com-
municate [|13)2261)].
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Table 1. Comparison of existing values

ju PORI HPER

E. () (3:2) (3:5)
B (o) (3520 2) (5:0.3)
Ec (o e (350508 (;,0.0.5)
Ei (33:3) (3:3:3) (:3+3)
Ee (goed  (ooed (3+3:3:0
Ey (132’122’122’152) (124’134’134’164) (;’3’3’0)
Ee Goowd Gy G
B Goowd G G
Ei (s 600 60)  Cioviosios10)  Cios 1o° 10 o)

In this section, we elaborate on more general cases, including the case discussed in
section 3] as follows:

Subsets of N may not be “black and white [22] ”, which means that the
membership of an element to N may not be simply a matter of member or non-
member. This is the case with multi-criteria decision making when underlying
scales are bipolar, i.e., a central value exists on each scale, which is a demar-
cation between values considered as “good”, and as “bad”, the central value
being neutral; In voting situation, it is convenient to consider that players may
also abstain, hence each voter has three possibilities [15]; When N is the set
of players, one may consider that each player can play at different level of
participation [36l].

5.1 Generalization of Domains of Cooperative Games

Definition 42 (lattice). Let L be a non empty set and < a partial order on L (i.e., (L, <)
is a poset). A poset (L, <) is said to be a lattice if for x,y € L, the supremum x V y
and the infimum x A y always exist. T and L are the top (greatest) and bottom (least)
elements of L, if they exist. An element j € L is said to be join-irreducible if it is not L
and cannot be express as a supremum of other elements (i.e., there are no i,k < j such
that j = iV k). The set of all join-irreducible elements of L is denoted by J(L). A lattice
(L, <) is distributive if V, A obey distributivity. We often identify a lattice (L, <) with L
or with (L, <, V,A, T, 1).

Definition 43 (cooperative game on lattice). A pair (L, v) consisting of a lattice L and
a (characteristic) function v : L — R such as v(L) = 0 constitutes a cooperative game
on a lattice.
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The power set 2V of N can coincide with the Boolean lattice B(n). Therefore, an ordi-
nary cooperative game (N, v) is regarded as a cooperative game on a lattice (2", ), v).
Indeed, the infimum (bottom element) in the lattice (2, C) is the empty set @ and
v(@) = 0. A communication situation (N, v, E) also can be regarded as a cooperative
game on a lattice, if the communication network (N, E) is connected, because the poset
induced by the connected graph (N, E) is obviously a lattice with @ as the bottom ele-
ment. However, a bi-cooperative game (N, v, Q(N)) is generally not a cooperative game
on a lattice. Indeed, the family Q(N) with (Q(N), C, LI, 1, (N, ), (0, N)) is a lattice with
(0, N) as the bottom element, but v((, N) is not always zero.

Proposition 9 ([6]). Let L be a distributive lattice. Any element x € L can be written
as an irredundant supremum of join-irreducible elements in a unique way. That is, for
any x € L there uniquely exists {ji, ..., jm} € J(L) such that

=\ (1n
i=1

and that if there exists M C J(L) such that x = \/ jey J, then M 2 {j1,..., jm}. The
equation (1) is called the minimal decomposition of x and the {j, ..., ju} is denoted
by n*(x). For any x € L, we denote by n(x) := {j € J(L) | j < x}, then x = \/ jeyx) J.
For example, in Fig. 19 (b), n(23,1) = {(0, 13),(2,13),(0, 12), (3, 12)} and n*(23,1) =
{(2,13),(3,12)}.

Theorem 1 (Birkhoff’s theorem [6]). For any poset (P, <), a subset Q C P is said to
be a down set of P if x € Q and that'y < x implies y € Q. We denote by O(P) the set of
all downsets of P. One can associate to any poset (P, <) a distributive lattice which is
O(P) endowed with inclusion. Then, for any lattice L, the mapping n is an isomorphism
of L onto O(J(L)).

5.2 Examples of Generalizations of Games [22]

This subsection shows some examples of cooperative games on lattices.

Restricted Domains

Definition 44 (game on convex geometry [3]]). Let N be a set of players. A collection
CG of subsets of N is called a convex geometry if (i) it contains the empty set, (ii) it is
closed under intersection, and (iii) S € CG, S # N implies that there exists j € N \ S
such that S U j € CG. A cooperative game on a convex geometry CG is a triplet
(N,v,CG) with a function v : CG — R such that v(0) = 0. In addition, several other
games on restricted domains (e.g., union stable systems, matroids, and so on), which
are generalization of posets induced by connected graphs, also have been proposed and
studied by Bilbao [3].
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Extended Domains

Definition 45 (multichoice game [36]). Let N be a set of players. Each playeri € N
has a finite number of feasible participation levels whose set we denote by M; =
{0,1,...,m;} and M = [],cy M;. Each element s = (sy, 52,...,5,) € M specifies a
participation profile for players and is referred to as a multichoice coalition. So, a mul-
tichoice coalition indicates the participation level of each player. A triplet (N, v, M)
consisting of a (characteristic) function v : M — R such that v(0) = 0, where 0 =
(0,0,...,0) € M, constitutes a multichoice game.

Definition 46 (game on direct product of distributive lattices [46]). Let N = {1, --- , n}
be a finite set, {L;};cy a set of distributive lattices and L := [];cy L;. (Notice that L is also
a distributive lattice with the product order induced by {L;};en). A triplet (&, v, L) con-
sisting of a product lattice L = [],cy L; and a (characteristic) function v : L — R such
asv(Ly,---,L,) =0, where L, is the bottom element of L; for each i € N, constitutes a
cooperative game on a direct product of distributive lattices.

Here, we consider some examples of games on a direct product of distributive lattices
(see, also Fig.[9). If L; is a two-element lattice (i.e., L; := {;, T;}) for all players i € N,
then we get ordinary games on 2V (Fig. 0l (a)); If L; := {0, 1,...,m;} for all players
i € N, we obtain multichoice games on M = [[;cy Li (Fig.Bl(¢)); If L; := {1L;, x;, T},
1, < x; < T; (e.g., {-1,0,1}) for all players i € N, then the product lattice L :=
[Tien Li is isomorphic to (Q(N), C) (Fig.[Bl(b)). The bottom element (Ly,---, L,) in L
corresponds to (0, N) in Q(N). That is, a bi-cooperative game (N, v, Q(N)) is generally
not regarded as a game on a direct product of distributive lattices since bi-cooperative
games need not be vanishing at the bottom element (0, N).

(6,123)

(a) ordinary cooperative game (b) bi—cooperative game (c) multi-choice game

Fig. 9. Examples of direct products of distributive lattices: elements indicated by black circles are
join-irreducible

Generally, the Mobius transform 4" of a game v on a lattice L can be implicitly defined
through Definition Bl As it will be seen in the next section, derivatives of games on
lattices are a very useful tool, and have been generalized (in particular) for games on
distributive lattices (see, [260]).
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Definition 47 (discrete derivative on distributive lattice). Let L be a distributive lat-
tice. The first order derivative of a game v : L — R with respect to a join-irreducible
element i € J(L) at x € L is given by

Aiv(x) ;= v(x Vi) — v(x).
The derivative of v with respect to y € L at x € L is iteratively defined by
A(x) :=d; 4,14, 14, v0]---11,

where n*(y) = {j1, J2,---»Jjm} € J(L) is the minimal decomposition of y. Note that if
Jk < x for some k, the derivative is null. Also, 4,v(x) does not depend on the order of
the ji’s. The explicit formula is:

A= Y D" ey \ o, (12)

Scil,...m} keS

equivalently,
Ayw(x) = Z A'(2).
y<z<xVy
In particular,
Aw(L)=4"(y) VyelL

Example 11. An ordinary game (N, V) can be regarded as a cooperative game on the
lattice L = (2V, ©). The join operator in the lattice is U operator. The set of all join-
irreducible elements J(L) is N, i.e., any i € N is a join-irreducible element. For any
T € N (ie.,, T € L), the minimal decomposition of T is T itself, i.e., n°(T) = T =
{or(l),...,o7(#)} for some permutation o7 on N. An order {or(k)} < U coincides
with or(k) € U. Then, we can easily find that Eq.(I2) coincides with the ordinary
discrete derivative:
Arv(U) = Y (DT u ).

ScT

Example 12. Considering the lattice L = (Q(N), C) with the join operator LI. The set of
all join-irreducible elements J(L) is represented by

{G@ N\ DYiens {0, N\ Dlien}

For any (T, T>) € Q(N) (i.e., (T1,T>) € L), the minimal decomposition of (T, T») is
represented by

0" (T1, T2) = {{G N\ Dier,» 1O, N\ f)jemrum)) -

However, the discrete derivative in a bi-cooperative game (N, v, Q(N)) (see, Eq. (@)
in Definition 24)) does not coincide with that in the cooperative game on the lattice
(Q(N), ). Indeed, for N = {1, 2, 3}, the (123, 0)-derivative at (0, 3) can be defined in a
cooperative game on the lattice (Q({1, 2, 3}), C), but cannot in the bi-cooperative game
({1,2,3},v,Q({1,2,3})). Now, let Ale’Tz) denote the (T, T»)-derivative in the sense of
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bi-cooperative games and A(Lrl,m the (T, T»)-derivative in the sense of cooperative
games on lattices. For (A, Ay), (B, B2) € Q(N) such as (A}, A,) C (By,B;) and A, N
By = 0, we consider the following formula:

A'([(A1, A7), (B1, By))) := > (PRl g 5. (13)
(A1,A2)E(S 1,8 2)E(B1,B2)

Then, for (T, T;) € Q(N) and (S1,S7) € QN \ (T U T»)),
AG, 7y V(S1,82UTy) = A([(S1,82 U T2), (S1 U T, S2)D).
For (A],Az), (B],Bz) € Q(N) such as (A],Az) C (B],Bz) and A2 N Bl = @,

A"([(A1,A2), (B, BY)]) = A%y \ 4, a5,y V(AL A2) = ALV(A1, Ay),

where y = u (S1,S5). For example (see, Fig. D)),
(81,82)€n*(B1,B2)\n*(A1,A2)

A"([(0,3), (1,0)]) = v(1,0) — v(1,3) — v(0, 0) + v(0, 3)
= 4§ 5v(0.3)
= A ,v(0,3).

5.3 Value and Interaction Index in Games on Distributive Lattices

In this subsection, we discuss on a specific type of game on lattice, where the lattice is a
direct product of distributive lattices. Let N := {1,...,n}and L := L} X --- X L,, where
Ly,...,L, are finite distributive lattices. Then, L is also a distributive lattice and all
join-irreducible elements of L are of the form (Li,..., L;—y, ji, Lit1,...,L,) for some
i € N and some j; € J(L;). A vertex of L is any element whose components are either
top or bottom. Vertices of L will be denoted by Ty, ¥ C N, whose coordinates are Ty
if k € Y, 1, otherwise, for k € N. Each lattice L; represents the poset of action, choice,
or participation level of player i € N to the game. An ordinary cooperative game (N, v)
can be regarded as the following game v L SR

Let L; := {0, 1} with the ordinary order < on integers for all i € N, and L =
[Tiew Li- Then, J(L;) = {1} foralli € N. So, L; = 0and T; = 1 forall i € N,
therefore Tg = ys. Moreover, for any y € L there uniquely exists ¥ € N such
thaty = yy = Ty. Thus,

Ty =wy) YenN
is the desired one.

Lange and Grabisch [46] give the following interpretation for games on L:

We assume that each player i € N has at her/his disposal a set of elementary
or pure actions ji, - - - , j. These elementary actions are partially ordered (e.g.,
in the sense of benefit caused by the action), forming a partially ordered set
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(€, <), € = {ji,---,j;}. Then by Birkhoff’s theorem (Theorem [9), the set
(0(€)), ©) of downsets of €; is a distributive lattice denoted by L;, whose join-
irreducible elements correspond to the elementary actions. The bottom action
L; of L; is the action which amounts to do nothing. Hence, each action in L; is
either a pure action ji or a combined action ji V jp V jw V - -+ consisting of
doing all pure actions ji, ji, ji - -+ for playeri € N.

For a given elementary action j; € J(L;) € L;, the importance index (the (Shapley-type)
value) of a game v on a direct product lattice L = [];cy L; of distributive lattices {L;};en
is written as a weighted average of the marginal contributions of j;, taken at vertices of
L. This important index has been a generalization of the Shapley value in both ordinary
games and multichoice games.

Definition 48 (importance index). Let i € N and j; € J(L;). The importance index
with respect to j; of a game v : L — R is defined by

-y - 1)
¢, (v) = Z Yo ny, )AjiV(Ty)-

YCN\i

As an extension of the importance index for every element of L and every game (N, v, L),
the interaction transform on L has been proposed by Lange and Grabisch [44]. For any
x € L, Ix(N, v, L) expresses the interaction in the game among all elementary actions j
of the minimal decompositionx =/ ; e o) J.

Definition 49 (antecessors). The antecessor x of x € L is defined as

=\/tien®ljen )

with convention L = 1 and \/ @ = L. If x is a join-irreducible element (i.e., x € J(L)),
the antecessor of x is obviously its predecessor, in accordance with the notation x. Note
also that the definition x is consistent with the structure of each lattices L;. Indeed,
X = (X1, , Xn).

Definition 50 (interaction transform on product lattices [44]). The (Shapley-type)
interaction transform Ix(N, v, L) with respect to x € L of v : L — R is defined by
[Y]! (n—|X] - [Y]!

Vv Lyi= 3 T ARy T,
YCN\X

where X = {i € N | x; # L; }. Equivalently,

1
Ix(N,v,L) = 4%(2),
i k@)~ k() + 1

where x* := T;if x; = L; and x* := x; if x; # 1;, and k(y) = |{i € N | y; # L;}|. Recall
that any direct product L = [],cy L; of distributive lattices {L;};cy also a distributive
lattice. Thus, the Mobius transform 4%(z) and the marginal interaction Ax(y) in a game
(N, v, L) can be defined via Definition 7]

Each interaction index in ordinary games, and multichoice games is obtained as a
special case of this interaction transform.
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5.4 An Importance Index of Games on Regular Set Systems

In this subsection, we introduce an important index on a more general combinatorial
structure, which is called the regular set system proposed by Honda and Grabisch [35]]
(see, also [47]). The concept of regular set system is induced by the following condi-
tion:

A condition “if S C N is feasible, then it is possible to find a playeri € N\ S
such that S U i is still feasible” is one of the weakest restrictions on feasible
coalitions in a context where the grand coalition N can form. Because, it says
that from a given coalition, it is possible to augment it gradually to reach the
grand coalition.

Definition 51 (regular set system). Let us consider 9 a set of coalitions, i.e., N € 2V.
Then, a pair (N, N) is said to be a set system on N if N contains @ and N, i.e. O, N € N.
Elements of N are called feasible coalitions. For any two feasible coalitions A C B, we
say that A is covered by B, and write A < B, if there isno C € 9t such that A € C € B.
A set system (N, ) is said to be regular if |[B\ A| = 1 whenever A, B € 9t and A < B.

Definition 52 (game on regular set system). A triplet (N, v, )t) consisting of a regular
set system (IV, 9t) and a (characteristic) function v : 9t — R such as v(0) = O constitutes
a game on a regular set system.

Honda and Fujimoto [34] have proposed axiomatically an importance index of a game
on a regular set system as a generalization of importance indices of all ordinary games,
games on convex geometries, and multichoice games.

Definition 53 (maximal chain of regular set system). Let 9t C 2V be a regular set
system. If a sequence C = (Cy, ..., C,) satisfies that C; € N for any i € {0,--- ,n} and
0 =Cy<C; <---<C, = N,then C is called a maximal chain of N. The set of all
maximal chains of 9 is denoted by M(9t).

For any maximal chain C = (Cy, ..., C,), there exists a permutation o¢ on N such
that
C; = U{o-c(k)} Viefl,....n). (14)
k<i

Definition 54 (importance index on regular set system). A marginal contribution
0/(C) of i € N for a maximal chain C € M(9) in a game (N, v, M) is defined by

51(C) = v(|_Jtocton - v(|_Jlocton

k<i k<i

where o is a permutation on N satisfying Eq. (I4). The importance index ¢(N, v, RN) €
RN with respect to a player i € N of a game v : %t — R on a regular set system 9 is
defined by

l v
BN = A

CeM()

for every i € N, where ¢;(N, v, M) is the i-th component of ¢(N, v, N) € RV,
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In a case that a regular set system is the power set of N, ie., = 2V, any game
(N, v, M) coincides with the ordinary game (N, v). Then, ¢(N, v, N) also coincides with
the ordinary Shapley value ¢(N, v). Moreover, through lattice-isomorphic mappings and
Birkhoft’s Theorem (Theorem[I)), this importance index can be applied to games on dis-
tributive lattices as the following way :

Definition 55 (set systems induced by lattices). Let (L, <, V, A, T, L) be a distributive
lattice. Then (L, <, V, A, T, L) = (n(L), S, U, N, J(L), 0) with the lattice isomorphism 7,
where n(x) = {y e J(L) |y < x } forx € L, i.e., n(L) = U, {n(x)} (see, e.g., [6]). Then
(3(L), n(L)) is called the set system induced by (L, <).

All games discussed in this chapter, except bi-cooperative games, can be regarded as
games on lattices. All the set systems induced by these lattices become regular [34].
Notice that the set system induced by (Q(N),C) is also regular. Therefore, we have
another representation of importance indices of these games via 1 as follows:

(N v, L) := ¢y (3D, v (D)) Vi € J(D).

6 Concluding Remarks

This chapter shows cooperative games on various extended or restricted domains. We
discussed only the Shapley-type values and interaction indices. However, there are var-
ious allocation rules and solution concepts in ordinary cooperative game theory, e.g.,
the core, bargaining set, prekernel, kernel, prenucleolus, nucleolus, etc. These various
allocation rules and solution concepts can be seen in the literature [[11i54]. The Core
of cooperative games on various domains also have been studied by several researchers
(see, e.g., [4430]). More information about “cooperative game in combinatorial struc-
tures” and “social and economic networks in cooperative games” can be found in the
literatures (see, e.g., [3L61]]). To our knowledge, the topics “interaction indices of games
with networks, and on regular set systems” have not been studied yet.
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Abstract. Belief functions are the measure theoretical objects
Dempster-Shafer evidence theory is based on. They are in fact totally
monotone capacities, and can be regarded as a special class of measures
of uncertainty used to model an agent’s degrees of belief in the occurrence
of a set of events by taking into account different bodies of evidence that
support those beliefs. In this chapter we present two main approaches to
extending belief functions on Boolean algebras of events to MV-algebras
of events, modelled as fuzzy sets, and we discuss several properties of
these generalized measures. In particular we deal with the normalization
and soft-normalization problems, and on a generalization of Dempster’s
rule of combination.

1 Introduction and Motivations

Dempster-Shafer theory of evidence [I3I50] is a generalization of Bayesian prob-
ability theory in which degrees of uncertainty are evaluated by belief functions,
rather than by probability measures. Belief functions [50/52] can be regarded as
a special class of measures of uncertainty used to represent an agent’s degrees of
confidence in the occurrence of events of interest by taking into account different
bodies of evidence that support these beliefs [50]. Such evidence plays a pivotal
role in determining the agent’s beliefs. Indeed, as we will recall in a while, al-
though any belief function on the Boolean algebra 2% of subsets of a finite set X
might be seen as a particular probability, its associated distribution (called mass
in Dempster-Shafer theory) maps the whole algebra 2% into [0, 1], and not only
its atoms. Every set Y C X with a strictly positive mass represents a particular
body of evidence and is called a focal element.

Given the relevance that Dempster-Shafer theory has in real-world situations,
we may argue that usually, when a person is asked to provide an evidence about
a fact she were witness of, her description of the facts would be affected not only
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by uncertainty regarding the statements, but also by a possible imprecision in the
statements themselves. Therefore the classical framework would be insufficient
to model the analysis provided by a witness.

Fuzzy sets were introduced by Zadeh [57] as an extension of classical sets: given
a referential set X, a fuzzy subset of X can be identified with a function f from
X into the real unit interval [0, 1]. Given a fuzzy sets f, the idea is to interpret,
for every x € X, the value f(x) € [0,1] as the degree of membership of x to f.
Adopting this interpretation, fuzzy set theory has become a basic mathematical
model to represent imprecision and vagueness, but of course many other different
interpretations are also possible. A typical example which explains how fuzzy sets
can be used in order to deal with imprecision is about the height of a person
(we will turn back to this example in the last section of this chapter). Indeed,
when we are asked whether an individual = belongs to the set of tall persons, the
classical truth values 1 (true) and 0 (false) might be insufficient. On the other
hand, values in the real unit interval [0, 1] provide a wider spectrum with which
one can evaluate to what extent an individual can be considered as tall. In this
prospective the fuzzy set of tall persons becomes a function ey : X — [0,1]
from the set X of individuals to [0, 1], assigning to each individual z its degree
ttair(z) of being tall. We refer the reader e.g. to [2003239] for monographs on
the topic.

In the literature several attempts to extend belief functions on fuzzy events
can be found. The first extensions of Dempster-Shafer theory to the general
framework of fuzzy set theory was proposed by Zadeh in the context of informa-
tion granularity and possibility theory [59] in the form of an expected conditional
necessity, and by Smets who proposed in [51] to extend a classical belief function
Bel on 2X to fuzzy subsets A of X as the lower expectation of the characteristic
function of A with respect to the class of probability measures lower bounded
by Bel. After Zadeh and Smets, several further generalizations were proposed
depending on the way a measure of inclusion among fuzzy sets is used to define
the belief functions of fuzzy events based on fuzzy evidence. Indeed, given a mass
assignment m for the bodies of evidence {41, As, ...}, and a measure I(A C B)
of inclusion among fuzzy sets, the belief of a fuzzy set B can be defined in
general by the value: Bel(B) = ), I(A; C B) - m(A;). We refer the reader to
[B7U55I56] for exhaustive surveys, and to [2] for another approach through fuzzy
subsethood.

Belief functions on distributive lattices were studied in [33] and [61] where
the authors define, starting from a given mass assignment m : L — [0, 1], the
belief degree Bel(a) of an element a of a distributive lattice L to be Bel(a) =
> wel, w<a M(7), where I1, denotes the set of all join-irreducible elements of L.
Notice that, although the framework of distributive lattices is much more general
than the framework we are going to discuss in this chapter (we invite the reader
to consult Section[]), the inclusion operator used in [33J61] is crisp and hence it
does not take into account a graded notion of inclusion.
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Different definitions were also introduced by Dubois and Prade [I9] and by
Denceux [I5/TI6] to deal with belief functions ranging over intervals or fuzzy
numbers.

Of course, moving from classical sets to fuzzy sets conveys non trivial com-
plications in the description of the algebraic model aimed at representing the
available evidence. In particular, although we start with a finite set X, while
the Boolean algebra 2% is finite and hence atomic, the class [0, 1] of the fuzzy
subsets f : X — [0,1] of X contains uncountably many elements and hence it is
not always trivial to define a mass m over them. Moreover there are several dif-
ferent ways to generalize Boolean algebras to algebras of fuzzy sets. Usually the
generalization of belief functions to this frame, is done in the algebraic context
of the so called De Morgan triples (or Zadeh-algebras) over classes of fuzzy sets,
and where intersection, union, and complementation, are replaced in [0, 1]* by
the pointwise extensions of the operations in [0, 1] of min, max, and standard
negation — : x — 1 — x respectively (see for instance [60, §2.1]).

In [25/41142)], to further generalize belief functions on fuzzy sets, the authors
frame their investigation in the algebraic setting of MV-algebras [7/45] (in fact in
every MV-algebra a Zadeh-algebra is obtainable as a reduct) and, since a belief

function can be equivalently represented by a probability measure P, : 22"
[0,1] such that P({@}) = 0, they replace the usual probability measures by
the notion of state on MV-algebras [44]. Indeed MV-algebras are the algebraic
structures for fuzzy sets enabling the most natural treatment of many-valued
probability theory. The reason is in the formula for a probability of a fuzzy
event proposed already by Zadeh [58]. His definition — the expected value of
the membership function of the fuzzy set w.r.t. a probability measure on its
domain — later turned out to be a consequence of the axiomatic treatment of
MV-probability. We will provide a more detailed introduction about these topics
in Subsection 311

In this chapter we will survey recent developments on belief functions on
MV-algebras of fuzzy sets, mainly following the lines of the already above cited
papers [2528/471[42]. The paper is organized as follows. In Section [2] we recall
how belief functions are defined on Boolean algebras and in particular we will
present a first definition based on mass assignments, and a second (equivalent)
one based on probability measures. Then, in Section [3] we introduce the main
algebraic structures we will need along the paper, namely MV-algebras. In the
same section we also introduce states on MV-algebra (in Subsection B]) and
we recall some basic results we are going to use later. Section E] contains two
main approaches to define belief functions on MV-algebras: we will deal with
a first approach in which belief functions on fuzzy sets are built up over crisp,
Boolean focal elements (Subsection []), and a second, more general approach,
in which belief functions on fuzzy sets are defined in a way to allow for focal
elements to be fuzzy as well (Subsection E.2)). Belief functions on MV-algebras
are not necessarily normalized measures, in the sense of the belief of the empty
set being zero. We will discuss the normalization problem in Section Bl and the
case of a soft-normalization of mass assignments, and hence of belief functions,
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in Subsection Bl Then in Section [f] we present a generalization of Dempster rule
of combination, we discuss some particular cases and we provide an example
aimed at clarifying the use of such a construction in the general frame of fuzzy
sets. We will end this chapter with Section [§ where we present some concluding
remarks and we also suggest alternative readings about the topic.

2 Belief Functions on Boolean Algebras

Consider a finite set X whose elements can be regarded as mutually exclusive
(and exhaustive) propositions of interest, and whose powerset 2% represents all
combinations of such propositions. The set X is usually called the frame of
discernment, and every element € X represents the lowest level of discernible
information we can deal with.

A map m : 2%X — [0,1] is said to be a basic belief assignment, or a mass
assignment whenever

m(0) =0 and Z m(A) = 1.

Ag2X

Given such a mass assignment m on 2%, for every A € 2%, the belief of A is

defined as
Bel,,(A) = > m(B). (1)
BCA

Every mass assignment m on 2% is in fact a probability distribution on 2% that
naturally induces a probability measure P,, on 22" Consequently, the belief
function Bel,, corresponding to m can be equivalently described as follows: for
every A € 2%,

Bel,,(A) = P,({B€2% : B C A}). (2)

Therefore, identifying the set {B € 2% : B C A} with its characteristic function
on 22" defined by

1 if BCA,
0 otherwise,

Ba:Be2X { (3)
it is easy to see that, for every A € 2%, and for every mass assignment m : 2% —
[0, 1], we have

Belm(A) = Pr(Ba). (4)

This easy characterization will be important when we discuss the extensions of
belief functions on MV-algebras. The following is a trivial observation about the
map (B4 that can be useful to understand our generalization: for every A € 2%,
B4 can be regarded as a map evaluating the (Boolean) inclusion of B into A, for
every subset B of X.

A subset A of X such that m(A) > 0 is said to be a focal element. Every
belief function is characterized by the value that m takes over its focal elements,
and therefore, the focal elements of a belief function Bel,, contain the pieces
of evidence that characterize Bel,, itself. For every set X and for every mass



Belief Functions on MV-Algebras of Fuzzy Sets: An Overview 177

assignment m, call §,, the set of focal elements of 2% with respect to m. It is well
known that several subclasses of belief functions can be characterized just by the
structure of their focal elements. In particular, when §,,, C {{z} : z € X}, it is
clear that Bel,, is indeed a probability measure. Moreover, if the focal elements
are nested subsets of X, i.e. §,, is a chain with respect to the inclusion relation
between sets, then Bel,, is a necessity measure [I9J50]; this means e.g. that in
such a case, it holds that Bel,,(A1NA3) = min{Bel,,(41), Bel,,(As2)} for eveary
A1, Ap € 2X.

The whole class of belief functions on Boolean algebras is characterized by the
property of non-decreasing differences of all possible orders. This property can be
formulated for any function v : L — R defined on a distributive lattice L [33I61].

We say that v is totally monotone if, for every n > 2 and every ay,...,a, € L,
we have
n
v (\/ ai> > Z (1)l H1y (/\ ai> :
i=1 PAIC{1,...,n} il

Shafer [50] has shown that the following assertions are equivalent for a function
v: 2% — [0,1] such that v(@)) = 0 and v(X) = 1:

— v is a belief function,
— v is a totally monotone function on the distributive lattice 2.

As we will see in the following sections, this property does not characterize, in
general, belief functions on fuzzy sets.

3 MV-Algebras: An Algebraic Frame for Many-Valued
Events

In the same way Boolean algebras are the algebraic structures related to classical
logic, MV-algebras are the algebras naturally associated to infinitely-valued Lu-
kasiewicz logic.

The language of Lukasiewicz logic L (cf. [7U35]), consists of a countable set
of propositional variables {p1, ps, ...}, the binary connective —, and the truth
constant L. Formulas are defined by the usual inductive clauses. The following
formulas provide an axiomatization for L:

(L1) o = (¥ = @)

(L2) (¢ =) = (¥ = x) = (¢ = X))
L3) (p—=L)= W —=1) = (=)
(E4) (0 =) =) = (¥ = ¢) = ¢)

The rule of inference of L is modus ponens: from ¢ and ¢ — 1, deduce .
Further connectives in L are definable as follows: ¢ = ¢ — 1; o®Y = —¢p —
Vi p0v =(p =) oV =(p=19) 2 o AP =—(pV ) T=-L.
Lukasiewicz logic is an algebraizable logic in the sense of Blok and Pigozzi [3],
and its equivalent algebraic semantics is constituted by the class of MV-algebras
[607]. In algebraic terms, an MV-algebra is a structure A = (A, ®, —,0) of type
(2,1,0) satisfying the following equations, for every a,b,c € A:
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(MV1) a®(bDc)=(a®b) B,
(MV2) aeb=>ba,

(MV3) a®0=a,

(MV4) ——a = a,

(MV5) a® 0= -0,

(MV6) ~(-a®b)db=-(-bda)da.

Further (definable) operations can be defined from @, — and 0 in a similar way
as for the logical connectives above. In particular: a — b = -a @b, a ©® b =
“(ma®-b); aVb==(-a®b)®b; aNb=—(-aV-b); 1=-0.

For every MV-algebra A = (A, @, —,0, 1), the structure L(A) = (4, A, V,0,1),
where A and V are defined as above, is a bounded distributive lattice and more-
over the order relation < defined by the stipulation: for all a,b € A

r<yiffx - y=1,

coincides with the lattice order of L(A). An MV-algebra whose order < is linear
is called an MV-chain. The class of MV-algebras forms a variety that we denote
by MV.

Let A be an MV-algebra. Then a non empty subset § of A is said to be a filter
of Aiff: (i) 1 €f, (ii) if a,b € f, then a ® b € f, and (iii) if @ € f and b > a, then
b € f. A filter f of an MV-algebra A is said to be proper, if f # A. A filter m is
said to be a mazimal filter (or an ultrafilter) whenever for any proper filter f such
that f O m, either f = A, or f = m. The set of all ultrafilters of an MV-algebra A
will be henceforth denoted by 9t(A), or, when there is no danger of confusion,
simply by 9. For every MV-algebra A, the set 9(A) is non-empty and it can
be endowed with a compact Hausdorff topology, the so-called spectral topology:
for an arbitrary filter § of A, any set of the form Oy = {m € M(A) : m 2 f} is
open in this topology.

Observe that an intersection of a family of filters is a filter. The intersection
of the family of all maximal filters of an MV-algebra A is called the radical of
A and it is usually written Rad(A). An MV-algebra A is semisimple whenever
Rad(A) = {1}. Tt is well-known (see [7] for instance) that the congruences
lattice and the filters lattice of any MV-algebra A are mutually isomorphic, via
the isomorphism which associates to every congruencd] 0 the filter fp = {a € A|

(a,1) € 6}.
Example 3.1. The following are four relevant examples of MV-algebras:

(1) Every Boolean algebra is an MV-algebra, and moreover for every MV-algebra
A, the set B(A) ={a € A:a®a = a} of its idempotent elements is the
domain of the largest Boolean subalgebra of A. The algebra having B(A)
as universe is usually called the Boolean skeleton of A.

1 A congruence 6 in a MV-algebra A is an equivalence relation on A respecting the
operations, i.e. if (x,y) € 0 then (—x,—y) € 60, and if (z,y), (z',y’) € 0 then (z &
xlv Yy 5] y/) € 0
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(2) Define on the real unit interval [0, 1] the operations & and — as follows: for
all a,b € [0,1],

a®b=min{l,a+ b}, and ~a =1 —a.

Then the structure [0, 1]arv = ([0, 1], ®, -, 0) is an MV-algebra. The MV-
algebra [0, 1]psv is generic for the variety of MV-algebras (i.e. it generates
the whole variety MV) and it is usually called the standard MV-algebra. In
equivalent terms, Lukasiewicz logic is complete with respect to the semantics
defined by the standard MV-algebra.

(3) Fix k € N, and let F(k) be the set of all the McNaughton functions (cf. [7])
from the hypercube [0, 1]* into [0, 1]. In other words, F(k) is the set of all the
functions f : [0,1]¥ — [0, 1] which are continuous, piecewise linear and such
that each linear piece has integer coefficients only. The following pointwise
operations defined on F(k),

(f @ g)(x) = min{1, f(x) + g(x)}, and (=f)(z) = 1 = f(x),
make the structure F(k) = (F(k),®,—,0) into an MV-algebra, where 0
clearly denotes the function constantly equal to 0. Actually, F(k) is the
free MV-algebra over k generators [7].

(4) Let X be a non-empty set, and let A = [0,1]% the set of all functions from
X into [0, 1], endowed with operations defined by the pointwise application
of those in [0, 1]asy. The structure [0,1]¥ is clearly an MV-algebra, which
we will henceforth call MV-algebra of fuzzy sets in order to point out that
every fuzzy subset of X is indeed included into A. Every MV-subalgebra of
[0,1]% is called an MV-clan or simply a clan (cf. [4l46]). Notice that, for a
finite non-empty set X, the Boolean skeleton of the MV-algebra of fuzzy sets
[0, 1]% coincides with the power set 2% of X.

Notation 1. As already recalled in the introduction, MV-algebras, and MV-
clans in particular, constitute the algebraic framework on top of which we will
define belief functions. Indeed, elements of an MV-algebra A will be always in-
tended to be the fuzzy sets we will work with. Therefore, although in the previous
sections we used the notation f,g,... to indicate fuzzy sets, we will henceforth
denote them by a,b,c,... without danger of confusion. At the same time, the
notation f,g,... will be reserved to indicate functions in general. Moreover, in
order to distinguish fuzzy sets from crisp sets, the latter will be indicated us-
ing capitals letters. So, for example, for any MV-algebra A we will denote the
elements of B(A) by C, D, ..., while for generic elements of A we will use the
notation a, b, c, .. ..

It is worth noticing that in [0, 1] psv, the interpretation of the lattice operations
of A and V is, respectively, in terms of the min and max operators. Therefore,
we will henceforth use both the notations A and min, and V and max, without
danger of confusion.

Roughly speaking the class of MV-algebras can be divided into semisimple
and non-semisimple MV-algebras. This is, in particular, a key point of distinc-
tion between MV and Boolean algebras. Remember, in fact, that every Boolean
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algebra is semisimple, and that all MV-algebras of fuzzy sets A = [0,1]% are
semisimple as well.

A semisimple MV-algebra A C [0, 1] is said to be separating provided that
for each z1 # xz2 € X, there is a @ € A such that a(zy1) # a(xz2). Hence,
the MV-algebras of fuzzy sets A = [0,1]% are both separating and semisimple.
The following theorem provides a representation of semisimple MV-algebras by
algebras of continuous functions.

Theorem 3.2 (Chang [6], Belluce [1]). Up to isomorphism, every semisim-
ple MV-algebra A is a separating algebra of continuous [0, 1]-valued functions
over the compact Hausdorff space IM(A) of ultrafilters of A.

The following result, which we state for the particular case of MV-algebras of
fuzzy sets, holds in a much more general setting. We invite the interested reader
to consult [7] for a more exhaustive treatment.

Theorem 3.3. For every MV-algebra A = [0,1]%, there ewists a one-to-one
correspondence between the points of X and the class Hom(A, [0, 1]arv) of ho-
momorphisms of A into the standard MV-algebra [0, 1]y .

Thanks to the above Theorem [33] we will henceforth identify points in X
with homomorphisms of A in the standard MV-algebra [0, 1]asy without loss of
generality. Moreover, the following holds:

Corollary 3.4. Let {r1,...,7s} be a finite subset of an MV-algebra A = [0, 1]X.
Then

{(h(71), ..., h(rs)) € [0,1)° : h € Hom(A,[0,1]av)} =
{{r(z),...,75(x)) :xz € X}

In this paper we will mainly concentrate on MV-algebras which are MV-clans
[0, 1] defined over a finite set X. Such MV-algebras can be identified with finite
direct products of copies of [0, 1]y .

3.1 States on MV-Algebras

States on MV-algebras have been introduced by Mundici in [44] as averaging
processes for the infinitely-valued Lukasiewicz calculus.

Definition 3.5. Let A be an MV-algebra. A state on A is a map s: A — [0, 1]
such that:

(sl) s(1) =1,
(s2) For all a,b € A such that a ®b =0, s(a @ b) = s(a) + s(b).

A state s on an MV-algebra A is said to be faithful if s(z) = 0 implies z = 0.

For a given MV-algebra A, the class of all states on A is denoted by S(A).
States play the same role on MV-algebra as probability measures do on Boolean
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algebras: indeed, the two properties (s1) and (s2) characterize each state on A
as a [0, 1]-valued map that is normalized (s1) and additive (s2) with respect to
the MV-algebraic operations. Moreover, it is easy to see that, for every MV-
algebra A and for every s € S(A), the restriction of s to the Boolean skeleton
B(A) of A is a finitely additive probability measure. The following theorem,
independently proved in [40] and [47], shows an integral representation of states
by Borel probability measures defined on the o-algebra B(X) of Borel subsets
of X, where X is any compact Hausdorff topological space.

Theorem 3.6. Let A C [0,1]% be a separating clan of continuous functions
over a compact Hausdorff space X. Then there is a one-to-one correspondence
between the class S(A) of states on A, and the reqular Borel probability measures
on B(X). In particular, for every state s on A, there exists a unique regular
Borel probability measure p on B(X) such that for every a € A,

s(a) = /X a dp. ()

In the next example we consider a particular case of states on MV-algebras
of fuzzy sets, focusing on the integral representation presented above.

Example 3.7. Let X be a finite non empty set. Let A = [0,1]2") be the MV-
algebra of fuzzy sets consisting of all functions from 2% to [0,1] (i.e. A is the
MV-algebra of all fuzzy subsets of the powerset 2% of X). We will henceforth
deal with those states on [0,1]") satisfying s(xqey) = 0 (where X1y} denotes
the characteristic function of () € 2X). The above Theorem ensures that for
each such state s, there exists a unique finitely additive probability measure
I 22%) [0, 1] such that, for every a € [0, 1](2X),

s(a) = Y a(4) - p({A}),

ACX
and p({0}) = 0.

Obviously the class S(A) is non-empty since Hom(A,[0,1]yv) C S(A).
Moreover S(A) is a convex subset of the compact Hausdorff space [0, 1]4 whose
set of extremal points coincides with Hom(A, [0, 1]av). For every subset X of a
topological vector space, let us write co(X) to denote the closure of the convex
hull of the set X [21I]. Then, Krein-Mil’'man Theorem [31] gives the following
result.

Theorem 3.8. For every MV-algebra A, S(A) = co(Hom(A, [0, 1]av)).-

The following example is obtained by applying the above Theorem to
the particular case of MV-algebras of fuzzy sets, and it will be needed in the
remaining of part of this chapter.

Example 3.9. As in Example B let X be finite and let Sy be the subset of
S([o, 1](2X)) of those states s : [0, 1}(2X) — [0, 1] further satisfying s(x{gy) = 0.
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The set Sy is a convex subset of the (2|X | — 1)-dimensional Euclidean space.
Since the correspondence between Sy and the set of all probabilities p on 2(2%)
satisfying u({#}) = 0 is a one-to-one affine mapping, the set Sy is a (21! — 2)-
simplex as well. Regarding the extreme points of Sy, we can observe that they
are in one-to-one correspondence with the non-empty subsets of X, and hence
every state s, with A € 2%\ {0}, such that s4(a) = a(A) for each a € [0,1]3)

is an extreme point of .

4 Belief Functions on MV-Algebras of Fuzzy Sets

In this section we are going to discuss two main MV-algebraic generalizations of
belief functions. Our approach is to generalize the definition (), where Bel,, is
derived from a probability measure P, on 22", Therefore, we need to generalize
both the inclusion map 84 and the probability measure P,,. In the following
subsections we investigate two directions in which these notions can be general-
ized.

4.1 The Case of Crisp Focal Elements

Let X be a finite nonempty set, and let, for each element a¢ in the MV-algebra
[0,1]%, the map p, : 2% — [0,1] be defined by the following stipulation: for all
B e 2X,

5a(B) = {?inzewm e ©)

Remark 4.1. p, generalizes the map 84 we discussed in Section[2lin the follow-
ing sense: whenever A € B(A) = 2%, then p4 = 4. Indeed, for every A € B(A),
pa(B)=11if BC A, and pa(B) = 0, otherwise.

Definition 4.2 (Crisp Focal Elements). Let X be a finite nonempty set.
Then a map b : [0,1]%X — [0,1] is a crisp-focal element belief function, if there
exists a state s : [0, 1](2x) — [0, 1] such that, for all a € [0,1]*

The state s defining b will be henceforth called the state assignment of b.

The integral representation theorem for states (Theorem B.6]) can be general-
ized to crisp-focal belief functions. This requires the introduction of the Choquet
integral (cf. [I4]). Let f be any function from a finite nonempty set X to [0, 1],
and let o be a set function o : 2% — [0, 1] such that o(()) = 0. Then the Choquet
integral of f with respect to o is defined as

frao= [ oty
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Since X is finite, the integral ¢ f do exists and takes the form of a finite sum.
In fact, without loss of generality let X = {z1,...,2,}, where the numbers
yi = f(x;) satisfy y3 > -+ > y,. Put ype1 = 0 and for each i = 1,...,n,
S; = {x1,...,2;}, then

ff do = Z(yi — Yit1)0(Si).

Proposition 4.3. For every crisp-focal belief function b : [0,1]% — [0,1] there
exists a unique belief function Bel : 2% — [0, 1] such that, for each a € [0,1]%

b(a) :f a d(Bel).

Proof. Let s be the state assignment on [0, 1}(2X) which defines b. According to
Example B there is a unique finitely additive probability measure p on 2(2%)
such that, for each f € [0,1](2X), one has s(f) = > cx f(A) - p({A}) and

1({0}) = 0. Therefore, the crisp-focal belief function b is expressed as follows:
for every a € [0,1]%

b(a) = s(pu) = 3 palA) - u({A)). (7)

ACX

Recalling the definition (@) of the map B4, we have j,(A) = min{a(z) : = €
A} = ¢ adBa, for every a € [0,1]* and for every A C X. Equation () together
with the linearity of Choquet integral with respect to the integrating set function
Ba yields

b@= Y w(ap-fadsa=fad] > u{a))-pa

Ae2X\ {0} A2X\ {0}

The claim then follows noticing that the function Bel : 2% — [0, 1] such that for
each BC X,

Bel(B)= Y p({A})-Ba(B)=pu({AC X |AC BY})

Ae2X\{0}
is a belief function on 2X.

With X being finite, despite the previous representation theorem for crisp-
focal belief functions in terms of Choquet integral, Theorem and Example
B.7 yields a unique probability measure p : 227) — [0,1] such that for every
a€0,1]%

s(pa) = D PalC) - n({C}). (8)

Cce2X
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Moreover, it is easy to see that, for every C C 2%, u({C}) = s({C}), where
5({C}) is a succint expression for s(xjcy). Since p({0}) = 0, the probability
measure 4 induces a mass assignment m such that m(C) = u({C}). This remark
explains the name crisp-focal for the belief functions as in Definition B2 In fact,
from (), each crisp-focal belief function b assigns, to each element a € [0,1]%,
the value b(a) = Y ccx Pa(C)-m(C). Therefore b(a) is only determined by the
crisp elements C C X for which m(C) > 0, i.e. Boolean (crisp) focal elements.
In Dempster-Shafer theory, given a belief function Bel : 2% — [0, 1], the mass
m that defines Bel can be recovered from Bel by the Mébius transform [50] of

Bel:
m(A) = > (-1)"\FIBel(B).
BCA

In case of crisp-focal belief functions, the situation is analogous.

Proposition 4.4. Let b : [0,1]% — [0, 1] be a crisp-focal belief function, defined
as b(a) = s(pa) for some state s on [0,1]) such that s({0}) = 0 and s({C}) >
0 iff C(x) € {0,1}, where C # (). Then

s({A}) = m(A) = S pca(-1)"\Ib(B)
for each A C X.

Proof. Definition ([@2)) directly gives that p4(C) € {0,1} for each pair of crisp
sets A,C C X and thus

b(A) = Ycesx pa(0) - s({C}) = Lpca sUBY) = Lpcam(B).

This implies that the restriction of b to 2% is a classical belief function. See [42]
for further details.

As a corollary, observe that, in the hypothesis of the above proposition, the
values b(a) for non-crisp a € 0,1} are fully determined by the values of b over
the crisp sets of 2X. Indeed, Proposition B3] proves that, for any a € [0, 1]%,
b( ) is the Choquet integral of a with respect to the restriction of b over 2X. In
this way we arrive at another characterization of crisp-focal belief functions.

Theorem 4.5. A function b : [0,1]% — [0,1] is a crisp-focal belief function, iff
its restriction onto 2% is a totally monotone function, i.e., for every natural n
and every Ay, ..., A, € 2%, the following inequality holds:

b (\:/A> > Y (e (/\ Ak> |

0£AIC{1,...n} kel

The geometrical structure of the set of all crisp-focal belief functions on [0, 1]%
is completely determined by the associated simplex of state assignments on
[0, 1](2X). For each A C X, a crisp focal belief function ba(a) = min{a(z) :
x € A} for a € [0,1]% corresponds to the state assignment s4 (see Example
[39). Consequently, we obtain the following characterization of the set of all
crisp focal belief functions.
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Proposition 4.6. The set of all crisp focal belief functions on [0,1]X is a (21X -
2)-simplex whose set of extreme points is {ba | A € 2%\ {0}}.

4.2 The Case of Fuzzy-Focal Elements

The notion of belief function on MV-algebras we are going to introduce in this
section (cf. [25]) generalizes crisp-focal belief function by introducing, for every
a € A =[0,1]%, a more general inclusion map p, associating with each fuzzy set
b € A the degree of inclusion of the fuzzy set b into the fuzzy set a as follows:

pa(b) = min{b(x) = a(x) : x € X}, 9)

where = is Lukasiewicz implication in the standard algebra [0, 1]y defined as
u=v=(-u)®v=min(1l,1 —u+wv), for all u,v € [0, 1]. The choice of = in the
above definition is clearly due to the MV-algebraic setting, but different choices
could be made in other fuzzy logic settings.

The mapping p, can be indeed regarded as a generalized inclusion opera-
tor between fuzzy sets (cf. [25] for further details) since the following intuitive
properties are satisfied by such mappings:

— pa(b) =11iff b(z) < a(z), for all z € X;
— pa(b) > pa(b'), whenever b(x) < b'(z), for all z € X;
— pa(b) = 0 iff there is € X such that b(z) = 1 and a(x) = 0.

Next proposition shows that the mapping p, generalizes both the previously
introduced mappings S and p,.

Proposition 4.7. (i) For all a,a’ € A, porer = min{pe, pa}, and peve >
max{pa; pa'}-

(ii) For every a € A, the restriction of p, to B(A) coincides with the trans-
formation p, defined by (8).

(iii) For every A € B(A), the restriction of pa to B(A) coincides with the
transformation B4 defined by ().

Proof. (i) In every MV-chain, and in particular in the standard chain [0, 1]ymv
the equation —¢ @ (a Ab) = (—c @ a) A (¢ @ b) holds:, i.e. (c= (a A b)) = (c =
a) A (¢ = b). Therefore, for every a,a’,b € A,

Para’ () = min{b(z) = (a A a')(x) : 2 € X}
= min{b(z) = (a(zx) Nd'(z)) 1z € X}
= min{(b(z) = a(x)) A (b(z) = d'(z)) :x € X}
= min{pa(b), pa (b)}-

An easy computation shows that pave > max{pa, pa }-

(ii) For every B € B(A), po(B) = min{B(z) = a(z) : x € X}. Whenever
x ¢ B, B(x) =0, and hence B(x) = a(x) =1 for all those ¢ B. On the other
hand for all x € B, B(x) = 1, and so B(z) = a(z) = 1 = a(z) = a(x) for all
x € B. Consequently, p,(B) = min{a(z) : z € B}.

=
=

(iii) It follows immediately from (ii) together with Remark E1]
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For every A € 2% (i.e. whenever A is identified with a vector in [0, 1]* having
integer coordinates), the map pa : [0,1]X — [0,1] is a pointwise minimum of
finitely many linear functions with integer coefficients, and hence p4 is a non-
increasing McNaughton function [7].

Lemma 4.8. The MV-algebra Ra generated by the set o3 = {pa : A € 2%}
coincides with the free MV-algebra over n generators F(n), where n is the car-
dinality of X .

Proof. By [8, Theorem 3.13], if a variety V of algebras is generated by an alge-
bra A, then the free algebra over a cardinal n > 0 is, up to isomorphisms, the
subalgebra of AAY generated by the projection functions 6; : AX — A. There-
fore, in order to prove our claim it suffices to show that the projection functions
01,...,0, belong to o2.

For every i = 1,...,n, let the vector i € {0,1}* be defined as

Z.(j)_{o, ifj=i

1, otherwise.

Then p;, = 1 — 6;. In fact, for every b € [0,1]X, and for every i,j € X such
that j # ¢, we have b(j) — i(j) = 1, and b(i) — (i) = 1 — b(i), so that
1 — p;p) = 0i(b) = b(é). This actually shows that the MV-algebra Ry generated
by the set ~o2 = {1 — pa : A € 2%} is isomorphic to F(n). Clearly Ro and Ry
are isomorphic through the map g:a € Rz — 1 —a € R3.

Therefore, if we consider the MV-algebra Rx generated by the set o = {p, : a €
[0,1]%} we obtain a semisimple MV-algebra that properly extends F(n), and
whose elements are continuous functions from [0, 1]% into [0, 1]. This implies, in
particular, that R x is separating.

Definition 4.9 (Fuzzy-Focal Belief Function). Let X be a finite set and let
A =1[0,1%. Amap b: A — [0,1] will be called a (fuzzy-focal) belief function
on the finite domain MV-clan A provided there exists a state s : Rx — [0, 1]
such that for every a € A,

b(a) = 5(pa). (10)
We will denote by Bel(A) the class of all the (fuzzy-focal) belief functions over
the finite domain MV-clan A.

In analogy with the case of crisp-focal belief functions, the state s defining b
will be henceforth called the state assignment of b.

As in the previous section, we will identify the mass of a belief function b with
the unique Borel regular probability measure p over B([0,1]%) that represents
the state s via Theorem

Remark 4.10. Note that if the set {b € [0,1]% | u({b}) > 0} is countable then
the above Definition yields

= palb) - p({B}). (11)

beA
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In this case, a focal element is any b € A such that p({b}) > 0 and hence, in
contrast with the case of crisp-focal belief functions, it is clear that focal elements
of b can be proper fuzzy sets.

We showed in Theorem that the property of total monotonicity charac-
terizes crisp focal belief functions on MV-algebras. As for the case of fuzzy-focal
belief functions, the problem of characterizing those belief functions in terms of
(a variant of) total monotonicity is open, but the following implication holds.

Proposition 4.11. For every finite-domain MV-clan A and for every b €
Bel(M), b is totally monotone on the lattice reduct of A.

Proof. Since for every a € A, p, is monotone, and every state s is monotone, b

is monotone as well. Moreover, for every n and for every aq,...,a, € A, from
(I0) and Proposition 7] (i) we have the following chain of inequalities:
b (\/?:1 a;) = 5(payv...va,)
> 5(pay V.-V pa,)

m;élg{l,...,n}(*l)ul“ "8 (/\kel Pak)

(B;élg{l,...,n}(_l)lllJrl "8 (p(/\kelak))
m;élg{l,...,n}(*l)mﬂ -b (/\ke[ ak) :

[
RN

Since belief functions on [0,1]% are defined by states on Rx and differ-
ent states s; and so determine different belief functions b; and b, the set
Bel([0,1]%) of belief functions on [0,1]¥ is in 1-1 correspondence with the set
S(Ryx) of all states on Rx. Moreover, this correspondence is an affine map-
ping. Hence Bel([0,1]%) is a compact convex subset of [0, 1]([0’1]X). Therefore
Krein-Mil'man theorem shows that Bel([0,1]%) is in the closed convex hull of

its extremal points. The following result characterizes the extremal points of
Bel([0,1]%).

Proposition 4.12. For every x € [0,1]%, the belief function b, defined by
bw(a) = Sm(pa) = pa(l‘), a € [Ov 1]X7 (12)
is an extremal point of Bel([0,1]%).

Proof. A belief function b € Bel([0,1]%) is extremal iff its state assignment is
extremal in S(Rx). In fact s is not extremal iff there exist s1,s2 € S(Rx) and
a real number A\ € (0, 1) such that s = Asy + (1 — A)s2. In particular, for every
a € [0,1]%,

b(a) = s(pa) = As1(pa) + (1~ Nsa(pa) = Abi(a) + (1 - A)ba(a),

whence b would not be extremal as well.
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As recalled above, Ry is separating. Therefore from Proposition [L.17] the
extreme points of its state space are MV-homomorphisms s, for each z € [0, 1]¥.
Hence the following holds due to ([I2J).

Theorem 4.13. Every belief function b is a pointwise limit of a conver combi-
nation of some functions p_(a'),..., p.(a*), where a',... a* € [0,1]X.

Remark 4.14. Consider the restriction b~ of a fuzzy-focal belief function b to
the Boolean skeleton 2% of its domain [0, 1]X. Then, although it has fuzzy-focal
elements, the map b~ actually is a classical belief function since, by Proposition
[ETT], b~ keeps being total monotone. Therefore, there exists a mass assignment
on crisp subsets of X giving the same b™. In other words there exists a mass
assignment m~ : 2% — [0, 1] such that, for every A € 2% one has:

b(A)=b~(A) =) m(B)

BCA

In the framework of finitely-valued fuzzy sets on the scale S =
{0,1/k,...,(k — 1)/k,1}, an interesting question is how to compute the mass
m™~ from the mass p giving b, that is, what is the map m~ : 2% — [0, 1] fulfilling
the constraints

Y pala)-pla) =Y m (B)
a€(Sk)X BCA

for each A € 2%. In fact, following [I8I55], to find the solution the idea is to
decompose the mass p(a) of each fuzzy-focal element a into its level cuts aq,,
with «; € S, as follows:

Ma(aa,) = pla) - (o; — ai-1)

where o; = i/k, for i = 0,1,..., k. Finally, since it may be the case that two

(or more) level sets of different fuzzy-focal elements coincide, we define for each
A€ 2X:

m~(A) = Z{ma(aa) | a € (Sk)™,a € S such that a, = A}.

5 On Normalized Belief Functions

The height of a fuzzy set a € [0,1]% is defined in the literature as
h(a) = max{a(z) : v € X}. (13)

The value h(a) can be interpreted as the degree of normalization of a. As a
matter of fact, a fuzzy set a is called normalized whenever h(a) = 1, otherwise
it is called non-normalized. A non-normalized fuzzy set represents a partially
inconsistent information.
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The map p, evaluating the degree of inclusion of any fuzzy set b € [0,1]% in
the empty fuzzy set 0 (constantly zero function) does not coincide, in general,
with 0 itself. In fact, whenever b is a non-normalized fuzzy set (i.e. h(b) < 1),
Po(b) > 0. Therefore, if s is a faithful state on Rx, the fuzzy-focal belief function
defined through s satisfies b(0) > 0.

Definition 5.1. A (fuzzy-focal) belief function b : [0,1]% — [0, 1] is said to be
normalized provided that

B(0) = s(py) = 0. (14)

In this section we will focus on normalized fuzzy-focal belief functions. Indeed
it is worth noticing that crisp-focal belief functions are normalized, i.e. they
always satisty ([4)).

In classical Dempster-Shafer theory, the notion of focal element is crucial
for classifying belief functions. Whenever X = {1,...,n} is a finite set, the
Boolean algebra 2% is finite, and hence the mass assignment m : 2% — [0, 1]
obviously defines only finitely many focal elements. On the other hand, the MV-
algebra [0,1]% has uncountably many elements, and hence we cannot find in
general a mass assignment p defined over B([0,1]%) and supported by an at
most countable set only. This observation leads to the following definition.

Definition 5.2. Let K be the set of all compact subsets of an MV-algebra
of fuzzy sets [0,1]%. For every regular Borel probability measure y defined on
9B(]0,1]%), we call the set

spt = [ {K|K € K, u(K) = 1}
the support of p.

By Theorem we can regard spt p as the support of the state s defined
from p via (B)). In particular, the following holds:

b(a) =/ pa dp =/ Pa dp. (15)
[0,1]% spt p

Therefore, for a belief function b on [0, 1]¥ whose state assignment s is repre-
sented by a regular Borel probability measure u, we will henceforth refer to spt
as the set of focal elements of b.

Proposition 5.3. The set Sy of all states on Rx satisfying ({I)) is a nonempty
compact convex subset of [0, 1/RX considered with its product topology.

Proof. Sy is nonempty: let s; be defined by
Sl(p) = p(]-)v

for every p € Rx, where 1 : X — [0, 1] is the constant function of value 1. This
gives in particular s1(p,) = py(1) = 0 and thus s; € Sp. Let 5,8 € Sy and
a € (0,1). Then the function given by

as+ (1 —a)s’
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is a state on Ry which clearly satisfies (Id]). Hence Sy is a convex subset of
the product space [0, 1]Bx. Since the space [0, 1]R* is compact, we only need to
show that Sp is closed (in its subspace product topology). To this end, consider
a convergent sequence (S, )men in Sp whose limit is s. As the set of all states
on Ry is closed, s is a state. That s satisfies ([[4) follows from the fact that

5(pg) = liMm—00 Sm(py) = 0.

The family of states Sg can be characterized by employing the integral repre-
sentation of states. Namely, we will show that a state assignment s € Sy iff s is
“supported” by normal fuzzy sets in [0,1]%, i.e. fuzzy sets a € [0,1]* such that
a(z) =1 for some x € X. We will denote by N'F(X) the set of normalized fuzzy
sets from [0, 1], i.e.

NF(X)={ac[0,1]% |a(x) =1 for some z € X}.

The following result characterizes normalized fuzzy-focal belief functions in terms
of the support of their state assignment.

Theorem 5.4. Let s be a state assignment on Rx and u be the regular Borel
probability measure associated with s. Then spt p C NF(X) if and only if s € Sp.

Proof. Let u be a probability measure on Borel subsets of [0,1]% such that
spt u C NF(X). Put

s(a) = / adp, a€Rx. (16)
[0,1)%
Since py(a) = 0 for each a € spt p, it follows that
s(pg) = / po dp =0,
spt p
hence s € §y. Conversely, assume that
s(py) = / po dp =0,
(0,1]%

which implies p, = 0 p-almost everywhere over [0,1]%. Since py(a) = 0 iff
a € [0,1]% is such that a(x) = 1, for some = € X, we obtain u(NF(X)) = 1.

In particular, every state assignment of a crisp-focal belief function belongs to Sp.

6 Soft-Normalization for Fuzzy-Focal Belief Functions

Throughout the rest of the paper, we stipulate the following:

We always assume a mass p such that its support spt u is countable.
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Consider a belief function b with a state assignment s supported by spt pu.
Assume that there exists a focal element a € spt p that is a non-normalized
fuzzy set. Since spt p is countable, we have neccesarily u({a}) > 0B and b is
associating a positive degree of evidence to a (partially) inconsistent information,
which is reflected on the value that b assigns to the empty fuzzy set 0. Indeed,
in this case we have p,(a) > 0, and hence

b(0) =s(pp) = D po(d)u({b}) = po(a) - n({a}) > 0.

bespt p

Notice that the more inconsistent the focal elements of b are, the greater is
the value b(0). When events and focal elements are crisp sets (and hence the
unique possible non-normalized focal element is 0), normalization consists in
redistributing the mass that p assigns to 0 to the other focal elements of u (if
any).

Dealing with fuzzy-focal elements makes it possible to introduce a notion of
soft normalization for belief functions. In particular, this construction allows for
a finer redistribution of the masses, which depends on two thresholds. Recall the
notion of height h(a) of a fuzzy set a introduced in ([I3]). Then we introduce the
following definition of a-normalization.

Definition 6.1. A mass assignment g : [0,1]%¥ — [0,1] is said to be a-
normalized provided that inf{h(a) : a € spt u} = a.

In other words, a mass is a-normalized provided that each focal element of
has at least height a. In particular, for a belief function b we define the degree
of normalization of b as the value

inf{h(a): a € spt (1)},

where p is the mass associated to b.

Let now  : [0,1]% — [0,1] be an a-normalized mass assignment, and assume
that there exists a focal element b for m such that h(b) = 5 > a.

The mass p can be renormalized to the higher degree 5 by defining a new
mass 4 as follows: for every a € [0, 1]%,

if h(a) < B

, otherwise (17)

) = { o

where K =37, )5 p({l}).

The idea of this S-normalization, similarly to the classical normalization, con-
sists in fixing the value 3 as a new level of consistency for the mass we are
considering. Since o < 8 < 1, the class of focal elements of height lower then
B is not empty. Then the process of S-normalization consists in redistribut-
ing all the mass which p assigns to the fuzzy sets of height lower than 3, i.e.
K =3 ,1)<5 #({1}), to those focal elements of height greater of (or equal to) f.

Clearly, every mass p can be renormalized up to a maximum value given by

2 If spt  is not countable, the condition a € spt u does not guarantee p({a}) > 0.
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Bmaz = Sup{h(a) ta € spt (,u)}

We will make use of S-normalization in the next section where we discuss a
generalization of the Dempster rule of combination.

7 Generalized Dempster’s Rule of Combination

The power of Dempster-Shafer theory is in the possibility of combining all the
available evidences about an event. In order to describe this aggregation process,
Dempster introduced in [I3] the so called Dempster rule of combination, briefly
recalled next. Given a frame of discernment X, consider two masses m; and msg
on 2% encoding the beliefs about evidences coming from two (possibly different)
sources. Then the new mass assignment m on 2% is obtained from m; and ms
according to the Dempster rule is as follows: for every Y C X,

m(Y)= Y mi(A)-ma(B) (18)

ANB=Y

This rule may result in a non-normalized mass assignment as soon as there
exist focal elements A and B for m; and my respectively such that AN B = (.
The normalized version of the rule yields the mass assignment m’ defined as
m/(0) =0 and for every 0 #Y C X,

m(Y)

1—( Z m1(C’)m2(D)>

CND=0

m(Y) = (19)

Let us illustrate this situation with the following well known example due
to Smets [52] (see also [49]): Mr Jones has been murdered, and we know the
murderer was in the set X = {Peter, Paul, Mary}. The only evidence we have
is that Mrs Jones, who saw the killer leaving the scene of the murder, is 80%
sure that the murderer is a man. Hence all the available evidence is expressed
as Prob(Man) = 0.8.

As recalled, within Dempster-Shafer theory each piece of evidence is encoded
by a mass assignment m : 2% — [0, 1], assigning a value to each subset of X
such that 3 4 ox m(A) = 1 and m(@) = 0 (i.e. there is no belief on the empty
set).

Turning back to the case of Mr. Jones’ murder, and since we know that
Prob(Man) = 0.8, the set {Paul, Peter} is a focal element of mass my, and
in particular we assign mj ({ Paul, Peter}) = 0.8. We know nothing about the
remaining probabilities, so we allocate the remaining mass 0.2 to the whole frame
of discernment X (i.e. m1(X) = 0.2). Therefore, the only focal elements in this
example are X = {Peter, Paul, Mary} and {Paul, Peter}.

Consider a possible second piece of evidence providing an alibi for Peter with
confidence 0.6. This new information is hence encoded in the model with a new
mass assignment mg such that mo({Paul, Mary}) = 0.6 and mq(X) = 0.4.
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The Dempster rule of combination given by (I8) then provides a new mass
assignment m resulting from the combination of m; and mo:

m({0}) =
m({Paul}) = 0 48
m({Paul, Mary}) = 0.12;
m({Peter, Paul}) = 0.32;
m({X}) = 0.08.

Notice that this mass is normalized and hence it coincides with the mass resulting
from (I9). From the combined mass assignment m we can compute the resulting
belief function b,, : 2% — [0, 1] as follows: for every Y C X

b (Y) =Y m(2). (20)

ZCYy

The previous formula yields for instance:

m({Paul}) = 0.48;
m({Paul, Mary}) = 0.6;
m({Paul, Peter}) = 0.8;

b, (X)=1.

In the example of Mr Jones’ murder, the masses m; and msy were assigned to
statements expressing precise properties regarding the individuals in the set of
hypothesis X. On the other hand, we may argue that usually a description of
the witness would be affected not only by uncertainty regarding the statements,
but also by the imprecision of the statements. Therefore the classical framework
would be insufficient to analyse the facts provided by the witness.

In [25] the authors present a generalization of the Dempster rule in order to
combine the information carried by two belief functions by, by € Bel([0, 1]%)
into a single belief function by o € Bel([0,1]X). In the rest of this section we
will recall the basic steps of that construction and we will conclude with some
remarks about the procedure. We start with an easy result about the definition of
states in a product space needed in the construction of the generalized Dempster
rule.

Proposition 7.1. For every MV-algebra A, and for every pair of states s1, So :
A — [0,1], there exists a state s*? defined on the direct product A x A such that
for every (b,c) € A x A, s2(b,c) = s1(b) - s2(c).

Let now A = [0,1]%, and let Rx be the MV-algebra defined in Section
Further, let s1,s2 be two state assignments on Rx such that bi(a) = s1(pa)
and ba(a) = s2(pe) for all a € A. Assume that pq, ug : B(A) — [0,1] are the
two regular probability measures of support spt 1 and spt us, respectively, such
that for i = 1,2,

si(f):/ fdm, feRx.
spt pu;
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Let
Hi,2 : %(A X A) — [0, 1]

be the product measure on Borel subsets generated by A x A and s; 2 be the
state on the MV-algebra of all measurable functions A x A — [0,1] that is
defined as an integral with respect to i 2.

Notice that s; o actually coincides with the state s2 on Rx x Ry defined as
in Proposition [Tl through the identification

sl’Q(g,h):/ gdm~/ hduz:/ g-hduio=s12(g-h).
B(A) B(A) B(AxA)

Hence, in particular, for any g,h : A — [0,1] and f such that f(z,y) =
g(x) - h(y), then Proposition [Tl yields s1 2(f) = s1(g) - s2(h).
Finally, for every a € A, consider the map p/ : A x A — [0,1] defined by

pa(bc) = pa(bAc).
Then we are ready to define the following combination of belief functions.

Definition 7.2 (Generalized Dempster rule). Given by,bs € Bel(A) as
above, define its min-conjunctive combination by 2 : A — [0, 1] as follows: for all
a€ A,

b12(a) = s1.2(p7). (21)

Regarding the support of the combined measure, it is worth noticing that
by [29, Theorem 417C (v)], spt p11,2 = spt 1 X spt pe, and hence, if p; and
1o are normalized in the sense that their support is included into N F(X), then
spt p1,2 € NF(X) as well. Therefore, by Proposition 5.4 one might deduce that,
if by and by are normalized belief functions, then by 5 is normalized as well. The
following example shows that this is not the case, since in the definition of by o,
together with the product measure /i1 2, we also use the map p”™ which, in fact,
is not a genuine fuzzy-inclusion operator.

Example 7.3. Consider two belief functions by and by on [0, 1]2 with masses
concentrated as follows:

p1(1,0) = 1/4; pn(1,1) = 3/4; p2(0,1) = 1/25 po(1,1) = 1/2.

Then, the product measure p2 has support in the cartesian product of the
supports of the two masses:

{((1,0),(0,1)), ((1,0), (1,1)), ((1,1),(0,1)), ((1,1), (1, 1))},

and it takes the following values:

/8,
/8
/8,

S S N N

S S N N
I

W W = =
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So, 1,2 is normalized in the sense that each of its focal elements can be regarded
as a normal fuzzy set in [0, 1] [0, 1]2. On the other hand, by » is non-normalized:
indeed, since (0,0) = (1,0) A (0,1), p(0,0y(0,0) = 1 and p(g (b, c) = 0 for focal
(b,¢) # (0,0), we have

b12(0,0) = Z P0,0)(bAC)) - pa2(b,c) = p12((1,0),(0,1)) =1/8 > 0.
b,c:bAc=(0,0)

The example we presented at the beginning of this section —the murder of
Mrs Jones [52]— can be adapted to the context of belief functions on fuzzy sets
as follows.

Example 7.4. Recall the 3 suspects of Mr. Jones’ murder: Peter, Paul, and
Mary. Consider the information provided by Mrs. Jones, she heard his husband
yelling and the person she saw running was a man . It turns out that Mary has
short hair, so she may be mistaken for a man at first sight, and hence the set of
suspects looking like a man can be considered fuzzy as well, with membership
function:

ﬂman—like(Peter) = ]-a ﬂman—like(Pauz) =1, ,U/man—like(Mary) = 0.5.

The evidence supplied by Mrs Jones may be represented by a mass assignment
my : [0,1]% — [0,1] such that m(man-like) = a > 0, m1(X) = 1 — o and
m1(a) = 0 for any other a € [0,1]%.

A second piece of evidence is provided by the janitor living in the same house,
who reports that he saw in the darkness a small person quickly leaving the scene
of the crime. Paul and Mary are not tall while Peter is taller (Paul is 1.65 m
tall, Mary is 1.60 m tall and Peter is 1.85 m). So, actually, the subset of small
suspects of X = {Peter, Paul, Mary} can be also considered as a fuzzy set, with
membership function psmqn given by, say,

tsmaii(Peter) =0, psman(Paul) = 0.7, psman(Mary) = 0.9.

The evidence supplied by the janitor may be represented by a second mass
assignment my : [0,1]% — [0,1] such that ma(small) = 8 > 0, ma(X) =1—
and mz(a) = 0 for any other a € [0, 1]X.

Let us compute the resulting mass by combining m, and ms by means of the
generalized Dempster rule according to Definition

b} 5(a) = > palb Ac) - mi(b) - malc) .

b,ce{man-like,small, X}

Here, the membership function of small Aman-like (interpreting A by the min)
is given by
ﬂsmall/\man—like(PeteT) = 0;
Nsmall/\man—like(Pauz) = 07,
Hsmall Aman-like (MaTy) = 0.5.
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Suppose we are interested in computing the belief that the suspect is Paul.
We then need to compute:

p?Paul} (Small A man'like) = géig{/f"s7nall/\7nan-like (-T) = /f"Paul(-'I;)}

—min{0=0,1=1,0.5= 0}
= min{1,0.5} = 0.5

A .
p{Paul}(Small A X) - gél)r(l{/f['small(x) = /f['Paul(-'I;)}

= min{0 = 0,0.7=1,0.9 = 0}
=min{1,0.1} = 0.1

IO?Paul} (X A man-like) = ggg{ﬁ[’m(tn-like (JI) = KUPaul (.’IJ)}

=min{l = 0,1=1,0.5= 0}
= min{0,1,0.5} =0

and p?Paul}(X ) = 0. Finally, we have

bio({Paul}) = D plpauy (b Ac)-ma(b) - mac)
a€[0,1]X
= p?Paul}(small A man-like) - mq(man-like) - ma(small) +
p?Paul}(small) -my(X) - ma(small)
=05-a-4+01-(1—a)->0.

Hence, we get a positive belief degree of Paul being the murderer. This is in
contrast with the results we would obtain, in case we assume Mary can be
mistaken for a man, with both the classical model and the crisp-focal model,
where focal elements are only allowed to be classical subsets of X. Indeed, in
that case, we would be forced to take as focal element for m,, besides X itself,
the set man-like = {Paul, Mary}, and since there would be no focal element
included in {Paul}, we would get b{ 5({ Paul}) = 0. O

The above min-conjunctive combination can easily be extended to well-known
MV-operations on fuzzy sets, such as max-disjunction V, strong conjunction ®
and strong disjunction @, by defining

(b1 ® ba)(a) = s1.2(p3),
for ® being one of these operations, and defining
P2 (b,) = palb® c).

In this generalized case, the map b?g resulting from the respective combination
rule will be called the ®-combination of by and bo.
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Whenever the supports of 11 and us are countable, it is easy to prove that b?g
is a belief function in the sense of Definition In fact, in this case Definition
yields

bPs(a) = D palb®c)- pi({b}) - pa({c}). (22)

b,ceA
Notice that ([22]) reduces to

bP5(a) =D Y pald) - (p({b}) - na({c}) = Y pa(d) - u*({d}),

deA féffd deA
where
pr{dy) = > b} - pe({c})
12

is indeed a mass assignment and hence b® Ty € Bel([0,1]%). Therefore, turning
back to the above Example[7.3 and Proposmlon@ there exists a mass p # 11,2
for by, such that spt u & NF(X).

8 Conclusions and Further Reading

In this chapter we have discussed several ways to define belief functions on MV-
algebras of fuzzy sets based on some previous results by the authors [41/422528].
In particular we have surveyed two main frames in which belief functions on fuzzy
sets are characterized by the fact that focal elements are either crisp or fuzzy
sets. We have then studied the normalization and soft-normalization problem
together with a generalization of Dempster’s rule of combination.

Another logical-based approach, extending the one in [30] for classical events,
has been introduced in [27], where a modal logic for belief functions on an MV-
algebra has been presented.

Belief functions on Boolean algebras can also be described in geometrical
terms: in [910] the author presents several results in this directions. In a similar
way, the problem of extending a partial assignment over formulas of Lukasi-
ewicz logic can be characterized in geometrical terms by combining tropical-
idempotent convex geometry and classical Euclidean convex geometry as well.
The paper [22] studies this geometrical foundation for belief functions on MV-
algebras.

The problem of extending a partial assignment to a probability measure is
well known in the literature as de Finetti’s coherence criterion [I1I12]. As for
belief functions on Boolean events, a similar interpretation of belief functions in
terms of betting scheme has been presented in [38] and there is some ongoing
work for the case of fuzzy events [23].
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