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necessary and sufficient conditions allowing to represent an ordinal preferen-
tial information provided by the decision maker by a Choquet integral w.r.t
a 2-additive capacity. We provide also a characterization of this type of pref-
erential information by a belief function which can be viewed as a capacity.
These characterizations are based on three axioms, namely strict cycle-free
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1 Introduction

Since its introduction by Schmeidler [1986], the Choquet integral (see Choquet
[1953]) has become a popular and flexible tool in decision making. In decision
under uncertainty, as shown by the well-known Ellsberg’s paradox (see Ells-
berg [1961], Chateauneuf [1995]), the use of the expected utility model (see
Von Neuman and Morgenstern [1944]) is limited. Therefore some non-additive
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models like Choquet expected utility (see Schmeidler [1989], Chateauneuf et al.
[2004]) have been proposed in order to overcome the limitations of the expected
utility model. In social welfare, it generalizes the Gini index (see Weymark
[1981]). In multicriteria decision making, it generalizes the weighted arith-
metic mean, so far the main tool to aggregate criteria, allowing to take into
account interaction between criteria (see Grabisch [1996]).

The Choquet integral is defined w.r.t. a capacity (or nonadditive mono-
tonic measure, or fuzzy measure), and can be thought as a generalization of
the expected value, the capacity playing the role of a probability measure.
Supposing a finite set of criteria denoted by N and having at disposal some
piece of information on the preference of the decision maker, a fundamental
question in practice is to determine a capacity so that the Choquet integral can
represent the revealed preference of the decision maker, if such a capacity ex-
ists at all. The fact that a capacity is defined on the power set of N makes the
problem exponentially complex, and thus practically intractable for large sets
of criteria. For this reason, many simpler models have been proposed, where
the capacity is restricted to some particular subspace. These are for example
symmetric capacities (depending solely on the cardinality of subsets of N), as
well as their generalization called p-symmetric capacities (see Miranda et al.
[2002]), k-additive capacities (see Grabisch [1997]), whose Mdbius transform
lives on subsets of at most k elements, decomposable capacities, (see Weber
[1984]) (including distorted probabilities), etc.

The concept of k-additive capacity seems to be of particular interest, since
the value of k is directly related to the complexity of the model (the number
of subsets of at most k elements) and it has a clear interpretation in many
domains of decision making. In social welfare, the generalized Gini index pro-
posed by Weymark [1981] corresponds in fact to a Choquet integral w.r.t. a
symmetric k-additive capacity, and has a very natural interpretation in terms
of the weight the decision maker puts on envy in the society (see Gajdos
[2002], Miranda et al. [2005]). For the 2-additive case, it corresponds to a deci-
sion maker (DM) who is inequality averse in the sense that any Pigou-Dalton
transfer increases his measure of welfare, wherever this transfer is applied on
the income distribution. In multicriteria decision making, any interaction be-
tween two criteria can be represented and interpreted by a Choquet integral
w.r.t. a 2-additive capacity, but not more complex interaction. The Choquet
integral w.r.t. a 2-additive capacity is very used in many applications such that
the evaluation of discomfort in sitting position (see Grabisch et al. [2002]), the
construction of performance measurement systems model in a supply chain
context (see Berrah and Clivillé [2007], Clivillé et al. [2007]) and complex
system design (see Pignon and Labreuche [2007]).

The above development suggests that the Choquet integral w.r.t. a 2-
additive capacity seems to be of particular interest, and offers a good compro-
mise between flexibility of the model and complexity. Therefore, we focus in
this paper on the 2-additive model.
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Usually the DM is supposed to be able to express his preference over the
set of all alternatives X. Because this is not feasible in most of practical
situation (the cardinality of X may be very large), the DM is asked to give,
using pairwise comparisons, an ordinal information (a preferential information
containing only a strict preference and an indifference relations) on a subset
X’ C X called reference set. When X'’ is given by the DM, it is seldom the
case that the so-obtained preferential information are sufficient to specify all
the parameters of the model and especially the interaction between criteria.
Therefore, we propose him to reason on some fictitious alternatives which
represent concrete situations. These alternatives are simple and easy to use,
and are directly related to the parameters of the model. This approach is
present in the MACBETH methodology for the computation of the weights
for the arithmetic mean(see Bana e Costa et al. [2005]).

The use of Choquet integral requires to ensure the commensurateness be-
tween criteria i.e. one shall be able to compare any element of one point of
view with any element of any other point of view. The only way to construct
the utility functions with the Choquet integral uses the reference levels (see
Labreuche and Grabisch [2003], Grabisch et al. [2003]). The existence of ref-
erence levels has been justified by psychologists (Simon [1956], Slovic et al.
[2002], Hsee [1996]).

The set X’ we use in this paper is the set of binary alternatives or binary
actions denoted by B. A binary action is an (fictitious) alternative representing
a prototypical situation where on a given subset of criteria, the attributes
reach a satisfactory level 1 for at most two criteria, while on the remaining
ones, they are at a neutral level (neither satisfactory nor unsatisfactory) O.
The binary actions are used in many applications through the MACBETH
methodology (see Bana e Costa et al. [2001, 2002], Clivillé et al. [2007]). Since
these alternatives have a very simple structure and make sense for the DM, he
should have no difficulty to express preference on them. Our aim is to solve
the following fundamental problem: Is the preference of the decision maker
representable by a Choquet integral w.r.t. a 2-additive capacity? If the answer
is positive, one can extend the preference relation over the whole set X.

We provide necessary and sufficient conditions on the preference of the
decision maker so that a Choquet integral w.r.t. a 2-additive capacity can
represent the preference. The main condition, called MOPI (MOnotonicity of
Preferential Information) is related to the special kind of monotonicity induced
by a 2-additive capacity. The proof of this result being constructive, we are
even able to provide an example of such a capacity.

We study also the case of belief functions (see Shafer [1976]), which are
particular capacities whose M&bius transform is nonnegative. They have been
well studied in decision making (see, e.g., Chateauneuf and Jaffray [1989],
Jaffray [1989], Jaffray and Wakker [1993]). We prove that surprisingly any
ordinal information representable by a belief function is also representable by
a Choquet integral w.r.t. a 2-additive capacity (but not the converse). We
find the necessary and sufficient conditions so that a Choquet integral w.r.t. a
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(2-additive) belief function can represent the preference of the DM. The main
condition is a strong version of the MOPI condition, called 2-MOPI. We give
an interpretation of the 2-MOPI and MOPI conditions through the notion of
importance of a criterion. These two conditions are very important in order to
deal with inconsistencies when they occur in the ordinal information provided
by the DM.

The paper is organized as follows. Section 2 sets the framework, and gives
the basic material on capacities, 2-additive capacities and the Choquet in-
tegral. Section 3 introduces various concepts useful for the characterization,
such as cycles, and the MOPI property. In Section 4, we introduce the 2-MOPI
property for the characterization through belief functions. All proofs are given
in the last section.

2 Preliminaries
2.1 Notations and aim

Let us denote by N = {1,...,n} the set of n criteria and by 2V the set of all
subsets of N. An action (or alternative, option) x = (z1,...,x,) is identified
to an element of the Cartesian product X = X; x --- x X,,, where X1,..., X,
represent the set of points of view or attributes. For a subset A of N, the
notation z = (z4,yn—a) means that z is defined by z; = x; if i € A, and
z; = vy; otherwise. For all 4,7 in N, the element i V j denotes one of the
elements 1, j.

Our aim is to construct a preference relation over X. In practice (see
Chateauneuf et al. [2008], Marchant [2003]) one can only ask to the DM pair-
wise comparisons of alternatives on a finite subset X’ of X, X’ having a small
size. Hence we get a preference relation = x. on X’. The question is then:
how to construct a preference relation =~ x on X, so that =~ x is an extension
of —x:/?7 To this end, people usually suppose that 7~ x is representable by an

overall utility function:
v Zx ye F(U() = F(U(y)) (1)

where U(z) = (ui(z1),...,un(xn)), u; : X; — R is called a utility function,
and F' : R" — R is an aggregation function. Usually, we consider a family
of aggregation functions characterized by a parameter vector 6 (e.g., a weight
distribution over the criteria). The parameter vector § can be deduced from
the knowledge of 7~ x, that is, we determine the possible values of 6 for which
(1) is fulfilled over X'. We study the case where F' is the Choquet integral
w.r.t. a 2-additive capacity, thus in this case the parameter vector is the 2-
additive capacity and X’ is the set of binary actions. The aim of this paper
is to give necessary and sufficient conditions on ZZx/ to be represented by a
Choquet integral w.r.t. a 2-additive capacity. The model obtained in X’ will
be then automatically extended to X.
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2.2 Capacities and the Choquet integral

The Choquet integral w.r.t. a capacity is a well known tool in multicriteria de-
cision making (see Schmeidler [1986], Grabisch and Labreuche [2004], Gajdos
[2002], Chateauneuf [1994]). It generalizes the arithmetic mean. We consider
here a particular case of the Choquet integral, where the capacity is 2-additive.
We define this notion below.

Definition 21

1. A capacity on N is a set function p : 2N — [0,1] such that:
(a) () =0
(b) w(N) =1
(c) VA,B €2V, [AC B= pu(A) <u(B)]  (monotonicity).
2. The Mébius transform (see Chateauneuf and Jaffray [1989]) of a capacity
w on N is a function m : 2V — R defined by:

m(T) = Y (=1)"VEIu(K),vT € 2V, (2)
KCT

When m is given, it is possible to recover the original v by the following
expression:

u(T) = > m(K),vT €2V, (3)
KCT

Definition 22 A capacity p on N is said to be 2-additive if

— For all subset T of N such that |T| > 2, m(T) = 0;
— There exists a subset B of N such that |B| = 2 and m(B) # 0.

Notations We simplify our notation for a capacity p and its Mdbius transform
m by using the following shorthand: p; = pu({i}), wi; = p({i,5}), m; =
m({i}), mi; = m({i,j}), for all 4,5 € N, i # j. Whenever we use ¢ and j
together, it always means that they are different.

The following important Lemma shows that a 2-additive capacity is entirely
determined by the value of the capacity on the singletons {i} and pairs {i, j}
of 2:

Lemma 1
1. Let p be a 2-additive capacity on N. We have
p) = Y = (K|=2)Y pi, VKCN, K| 22, (4)
{4,J}CK i€eK

2. If the coefficients u; and ;5 are given for all i,7 € N, then the necessary
and sufficient conditions that u is a 2-additive capacity are:

Sowp—n=2)> m=1 (5)

{i.J}CN iEN
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wi >0, Vie N (6)
D (wik — i) = (|Al = 2k, YA C N, |A] > 2,Vk € A. (7)
i€ A\{k}
Proof See Grabisch [1997].
For an alternative z := (21,...,2,) € X, the expression of the Choquet

integral w.r.t. a capacity u is given by:

n

Cu(U(@) =D (tr(i) (7)) = Ur(im1) (@r—1)) ({7 (@), ..., 7)) (8)

i=1

where 7 is a permutation on N such that u,)(2,1)) < Ur2)(27(2)) < -+ <
Ur(n—1)(Zr(n—1)) < Ur(n)(T7(n)), a0 wr () (T (0)) := 0.

A Choquet integral w.r.t. a 2-additive capacity p is called for short a 2-
additive Choquet integral. Given an alternative = := (z1,...,x,) € X, the
2-additive Choquet integral can be written also as follows (see Grabisch and
Labreuche [2008]):

szuz :Ez Z IZ]|U’1 ‘TZ - uj(‘rj” (9)

{ZJ}CN

where v; = Z (n |K|n' DK (u(K Ud) — p(K)) is the importance of
KCN\i ’

criterion ¢ corresponding to the Shapley value of u (see Shapley [1953]) and

Iij = iy — i — w1y is the interaction index between the two criteria ¢ and j

(see Grabisch [1997], Murofushi and Soneda [1993]).

2.3 Binary actions and relations

We assume that the DM is able to identify for each criterion i two reference
levels:

1. A reference level 1; in X; which he considers as good and completely sat-
isfying if he could obtain it on criterion ¢, even if more attractive elements
could exist. This special element corresponds to the satisficing level in the
theory of bounded rationality of Simon [1956].

2. A reference level 0; in X; which he considers neutral on 7. The neutral level
is an element which is thought by the DM to be neither good nor bad,
neither attractive nor repulsive relatively to his concerns with respect to
the criterion 7. The existence of this neutral level has roots in psychology
(see Slovic et al. [2002]), and is used in bipolar models like Cumulative
Prospect Theory (see Tversky and Kahneman [1992]).
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We set for convenience u;(1;) = 1 and u;(0;) = 0. The use of Choquet inte-
gral requires to ensure the commensurateness between criteria. Therefore the
previous reference levels can be used in order to define the same scale on each
criterion (see Labreuche and Grabisch [2003], Grabisch et al. [2003]). For more
details about these reference levels, see Grabisch and Labreuche [2008, 2004].

We call a binary action or binary alternative, an element of the set
B = {0N7 (1i70N—i)7 (113701\7—1])7 Za] S N7Z 7& .7} g X
where

— Oy = (19,0x) =: ag is an action considered neutral on all criteria.

— (1;,0n5—;) =: a; is an action considered satisfactory on criterion 7 and
neutral on the other criteria.

— (1i5,0n—;;) =: a;; is an action considered satisfactory on criteria ¢ and j
and neutral on the other criteria.

In MACBETH methodology (see Bana e Costa et al. [2005]), only two types

of binary actions are used in order to determine the weights of the arithmetic

mean: ag and a;, Vi € N.
Using the Choquet integral, we get the following consequences:

1. For any capacity p,

Cu(U((14,0n-4))) = u(A), VAC N. (10)

2. For any 2-additive capacity, we have
Cu(U(ag)) =0 (11)

1
CM(U(al)) = W; = V; — 5 Z ,Iik (12)

KEN, ki
1
Cu(Ulaig)) = pij = vi +vj — 5 > T+ L) (13)
kEN, kg¢{ij}

The last two equations come from general relations between the capacity u
and interaction (see Grabisch [1997] for details). Generally the DM knows
how to compare some alternatives using his knowledge of the problem, his
experience, etc. These alternatives form a set of reference alternatives and
allow to determine the parameters of a model (utility functions, subjective
probabilities, weights,. . . ) in the decision process (see Marchant [2003] for more
details). As shown by the previous equations (11),(12), (13) and Lemma 1, it
should be sufficient to get some preferential information from the DM only on
binary actions. To entirely determine the 2-additive capacity this information
is expressed by the following relations:

P ={(z,y) € Bx B: DM strictly prefers « to y}, I = {(z,y) € Bx B :
DM is indifferent between x and y}. The relation P is irreflexive and asym-
metric while I is reflexive and symmetric.

Definition 23 The ordinal information on B is the structure {P, I}.
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Now we will suppose P to be nonempty for any ordinal information {P, I}
(“non triviality axiom”). Before we end this section, let us introduce another
relation M which completes the ordinal information {P, I} given by the DM
and models the natural relations of monotonicity between binary actions. For

(x,y) € {(aivao)vi € N}U {(aijvai)viaj € N,i 7&]},
x M y if not(x (PUI) y).

The relation M models the monotonicity conditions p({i}) > 0 and p({%,;j}) >
u({i}) for a capacity p.

Example 1 If we consider N = {1,2,3}, B = {a,, a1, a2, as,a12,a13,a23},
P = {(a13,a3), (az,as3), (az23,0)}, I = {(a12,a1)}, then the relation M is M =
{(a1, a0), (a2, ao), (as, ao), (a12, a2), (a13,a1), (a3, a2), (azs, as)}.

Remark 1
For any 2-additive capacity p, by the definition of the relation M, we have
forallz,ye B, M y=C,(U(x)) >C,(U(y)).

3 The representation of the ordinal information by the Choquet
integral

An ordinal information {P, I} is said to be representable by a 2-additive Cho-
quet integral if there exists a 2-additive capacity p such that:

1.Ve,ye B, z Py=C,(U(x)) > C.(U(y))
2. Ve,yeB, x ly= C,(U(zx)) = Cu(U(y)).

Given an ordinal information { P, I}, we look for the necessary and sufficient
conditions on B for which {P, I} is representable by a 2-additive Choquet
integral. To do it, we need to define first the notion of strict cycle of the
relation (PUTU M).

3.1 Cycle of (PUITUM)

For a binary relation R on B and z,y elements of B, {z1,22, -+ ,z,} C Bis
apathof Rfromzxtoyife =21 Rea R---Rxp—1 R, =y. Apathof R
from x to x is called a cycle of R.

— A path {z1,29,...,2,} of (PUIUM) is said to be a strict path from z to
y if there exists ¢ in {1,...,p — 1} such that 2; P 2;11. In this case, we will
write x TCp y.

— We write x ~ y if there exists a nonstrict cycle of (P U I U M) (hence a
cycle of (I UM)) containing x and y.

Hence we deduce the following easy proposition:
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Proposition 1 Let p be a 2-additive capacity. Let {P,I} be an ordinal in-
formation representable by a 2-additive Choquet integral and x1,x2, ...,z be
elements of B.

If (x1,22,...,2p) is a nonstrict cycle of (P UI U M) then C,(U(z1)) =
CulU(@)) = .. = CulU(z).
Proof (x1, 2, ..., xp) is a nonstrict cycle of (PUIUM ) means x1 (IUM) zo (IU
M).IUM) zp_q (IUM) z, (I UM) z1. So using the definition of a
representation of an ordinal information on B and the Remark 1, we have
Cu(U(z1)) 2 Cu(U(x2)) = ... =2 Cu(U(zp)) = Cp(U(1)).

3.2 MOPI property and theorem of characterization

Before defining the property we call MOPI, let us explain this new condition
through a simple example:

Example 2 Suppose that the DM says : a2 I a3, a1z I as and a1 P ayg.
Using the relation M, we have a0 M as I a13 M as I ai3. Remark that
(a12, a2, a13,a3,a12) forms a nonstrict cycle of (PUIUM). If {P, I} is repre-
sentable by a 2-additive Choquet integral Cy,, this implies p12 = p113 = po = U3
and p1 > 0. However, we get a contradiction with the monotonicity constraint
iz + p13 > p1 + pe + ps of a 2-additive capacity with the subset A = {1,2, 3},
k =1 (see Equation (7) in Lemma 1).

This type of inconsistency is defined in general form by:
Definition 31 (MOPI property) Leti,j,k € N, i fized.

1. We call Monotonicity of Preferential Information in {i,j,k} w.r.t. ¢ the
following property (denoted by ({i,7,k},i)-MOPI):
Aij ~ Qv
ik ~ Qivk = [not(a; TCp ag),l € {3,,k}\ {iVEk,iVj}]
iVi£iVEk
We recall that iV j =i or j. If the property ({i,j, k},i)-MOPI is satisfied
then the elements a;,l € {i,7,k}\{iVk,iVj} are called the neutral binary
actions of {7, j, k} w.r.t. i. The set of all such elements is denoted by NBA.
2. We say that {i, j, k} satisfies the property of MOnotonicity of Preferential
Information (MOPI) if Vi € {i,j,k}, ({3, k},1)-MOPI is satisfied.

Example 3 Let N = {1,2,3,4} and i = 1 fized. The property ({1,2,3},1)-
MOPI reads as follows:

a2 ~ a
12 2 o not(az TCp ap)
a3 ~ ai

and
aig ~ a
127 o not(ay TCp ao)
a3 ~ as
and

a2 ~ a
12 2 o not(a; TCp agp).
a13 ~ asg
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The MOPI condition given in this paper is in fact equivalent to the more
complex MOPI property presented in Mayag et al. [2008]. We give below the
main result of the paper which is a theorem of characterization of consistent
ordinal information {P, I} representable by a 2-additive Choquet integral:

Theorem 1 An ordinal information {P,I} is representable by a 2-additive
Choquet integral on B if and only if the following conditions are satisfied:

1. (PUIUM) contains no strict cycle;
2. Any subset K of N such that |K| = 3 satisfies the MOPI property.

Theorem 1 characterizes the 2-additive Choquet integral in terms of prefer-
ence, and shows that only two types of inconsistencies can occur in an ordinal
information given by a DM in order to represent it by a 2-additive Choquet in-
tegral. The first one is a very classical condition (no cycle in strict preferences),
while the second is inherent to the special monotonicity conditions implied by
a 2-additive capacity (see equations (6) and (7)). Observe however that the
MOPI condition involves only subsets of three criteria, and thus remains sim-
ple. As it is shown in the proof of the theorem, this condition suffices to infer
monotonicity conditions given in (7) for all subsets.

When I = () in the ordinal information, the MOPI condition becomes void,
hence always satisfied. Therefore, we have the following result:

Corollary 1
Any ordinal information {P,I} on B such that I = () is representable by a
2-additive Choquet integral if and only if (P U M) has no strict cycle.
Furthermore any ordinal information with empty indifference for which
(P U M) has no strict cycle, can be represented by a 2-additive capacity with
nonnegative interaction indices.

Is it possible to represent an ordinal information by another aggregation func-
tion instead of the 2-additive Choquet integral? If the answer is yes, can we
give a similar characterization like in Theorem 17 In the next section, we will
show that it is possible by using for instance belief functions.

4 The representation of ordinal information by belief functions
4.1 General definitions

Beliefs functions are one of the fundamental concepts used in the theory of
evidence of Shafer [1976], and have been well studied and used in decision
making (see, e.g., Jaffray [1989], Jaffray and Wakker [1993], Smets [2005]).
A belief function Bel is defined as a capacity whose Mobius transform m :
2V — R, called in this case mass distribution or basic belief assignmentis
nonnegative:

m(A) > 0,VA € N,
Remark 2
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— The sets A such that m(A) > 0 are called the focal elements;
— If all focal elements are singletons then the mass distribution can be con-
sidered as a probability distribution;

We can have a definition of the representation of ordinal information by a belief
function which is similar to the same representation by a Choquet integral (see
Section 3).

Definition 41 An ordinal information {P, I} is said to be representable by a
belief function if there exists a belief function Bel such that

1. Yr,y€B, © Py= Cpa(U(z)) > Cra(U(y))
2. Ve,ye B, x I y= Cpa(U(x)) = Cpga(U(y)).

By using Definition 22, a 2-additive belief function has a mass distribution m
characterized by:

1. 3i,j € N such that m({i,j}) # 0;
2. VK € 2V such that |K| > 3, m(K) = 0.

In the next section, Theorem 2 provides a relation between k-monotone func-
tions (see Grabisch [1997], Chateauneuf and Jaffray [1989]) and belief func-
tions, and a relation between k-monotone functions and the previous MOPI

property.

4.2 k-monotone functions and belief functions

Given an integer k > 2, a set function p : 2 — [0, 1] is k-monotone (shorthand

for: monotone of order k) if for each family {A;, Ao, ..., Az} C 2V, we have
k
WA= DY 0 A, (14)
i=1 PAIC{1,...,k} iel

A simpler characterization of k-monotone functions by their Mébius inversion
is given by the following proposition:

Proposition 2 Let k be an integer, k > 2. Let u : 2N — [0,1] be a set
function, and m be its Mobius transform. p is k-monotone if and only if

> m(L)>0 VABCNACBand2<|A| <k (15)
ACLCB

Proof See Chateauneuf and Jaffray [1989]

It is well known that p : 2 — [0,1] is a belief function if and only if x is a
k-monotone capacity for all £ > 2. The following result gives another sufficient
condition to obtain a belief function from a k-monotone and 2-additive capac-
ity, and relates belief function with the MOPI condition translated in terms
of capacity.
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Theorem 2
Let pu: 2N — [0, 1] be a set function and k be an integer such that k > 2.

1. If p is monotone, k-monotone and 2-additive, then u is a belief function
(precisely a 2-additive belief function);

2. If u is monotone and k-monotone then p satisfies the following property:
foralli,j,k € N, i fized

Hij = Hivj
Hik = HivEk = [/J'l :07l S {Z,],k}\{l\/k,l\/]}]
iVji£iVvk

We end the paper by a characterization of ordinal information by belief
functions.

4.3 A link between belief functions and the 2-additive Choquet integral

In this section, we give through the MOPI property (see Section 3) a link
between belief functions and the 2-additive Choquet integral.

Proposition 3 Let {P, I} be an ordinal information on B.
If there exist i,j,k € N, i fized such that the property ({i,j, k},7)-MOPI
is violated, then there is no belief function Bel which represents {P, I}.

Corollary 2 FEvery ordinal information {P, I} on B representable by a be-
lief function Bel : 2V — [0,1] is representable also by a 2-additive Choquet
integral.

Proof Because it is obvious that an ordinal information {P, I} for which
(PUITUM) contains a strict cycle is not representable by a belief function, the
proof of the Corollary 2 is a consequence of the Theorem 1 and Proposition 3.

The inverse of Corollary 2 is false. If we suppose P = {(az,a0)}, I = {(a12,a1)}
and p a 2-additive capacity, we will have { P, I} representable by a 2-additive
Choquet integral and I1o = mis = 12 — 1 — 2 < 0. So no belief function
can represent { P, I} in this case. Then it is interesting to look for the class of
2-additive capacities which are belief functions. In order to characterize them,
we introduce a new fundamental property called 2-MOPI property:
Definition 42 An ordinal information {P, 1} satisfies the 2-MOPI property
if
Vi,j € N,i # 7 [aij ~ Q; = TLOt((Zj TCp ao)]. (16)

The relation between the 2-MOPI property and the MOPI property is

given by the following proposition:

Proposition 4 Let {P, I} an ordinal information on B.

{P, I} satisfies the 2-MOPI property

U
Vi, j, k € N, {i,j,k} satisfies the MOPI property
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Now we can state the main result of this section:

Theorem 3
{P, I} is representable by a 2-additive belief function if and only if the two
following conditions are satisfied:

1. (PUIUM) contains no strict cycle;
2. {P, I} satisfies the 2-MOPI property.

4.4 Interpretation of 2-MOPI and MOPI properties

We try to give an interpretation in terms of decision behavior of the two
main conditions introduced in this paper. We assume here for clarity that the
reference level 1 is a satisfactory level for the DM, while the reference level 0
is neither bad nor good (neutral).

Facing a situation where for two criteria i and j the DM is indifferent
between the two alternatives a;; and a;, the 2-MOPI property says that al-
ternative a; is equivalent to alternative ag. Hence in such a situation, the DM
thinks that the criterion j is not important. This is a strong condition, since it
suffices that one such criterion ¢ exists to infer the “nullity” of the criterion j.
This condition can be related to the notion of null set in generalized measure
theory (see, e.g., Pap [1995]): a set A C N is said to be null for capacity p
if u(BUA) = u(B), VB C N\ A. Taking A = {j} and B = {i} gives our
condition 2-MOPI. Observe that for the nullity condition, {j} would be null
if for all subsets B not containing j we would have u(B U j) = u(B), but the
2-MOPI condition asks to find only one singleton satisfying this equality.

The MOPI property is a weakening of the above one, and can be interpreted
in a similar way. Let us consider now three criteria 4,7 and k. The MOPI
condition can be translated as follows (see Example 3, with ¢ =1, j = 2, and
k = 3). Suppose that a;; and a; are indifferent. As above, this would suggest
that ¢ is not important for the DM, but this is relatively to j, or put differently,
1 is much less important than j. Suppose in addition that a;x is indifferent to
a;. Again, this suggests that k is much less important than 4. Since i is much
less important than j, the conclusion is that k is very unimportant, hence ay
is indifferent to ag. This explains the first case in the MOPI condition. The
second case (indifference between a;, and ay, and between a;; and a;) works
exactly the same way. The third case says that a;; and a; are indifferent (i is
much less important than j) as well as a;; and ay (¢ is much less important
than k). Since ¢ is much less important than both j and k, the conclusion is
that ¢ is very unimportant, so that a; is indifferent with ag.

5 Proofs

We present here the proofs of our results given in the previous sections. Some
notions will be defined here to support our purpose.
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Definition 51

— NBA ={z € B|3i,j,k €N such that x € ({i,j,k},i)-NBA}.

—Ve,ye B,z Z y< x=ag and y € NBA.

Ve,y € B, x TC y < there exists a path of (PUIU M) from x to y.

Va,y € B, x TC' y & there exists a path of (PUIUM U Z) from x to y.

—Ve,yeBax ~ yo (x=y) or (@ TC' y andy TC' x).

— The map ¢ will indicate the bijection between B and P?*(N) = {S C N :
|S| < 2} defined by, for all S € P*(N), ¢((1s,0n—_5)) := S.

The “zero” relation, Z, has been introduced to indicate that if an ordinal
information is representable by a 2-additive Choquet integral C),, then any
neutral binary action a,, has the same value of p as ag, i.e, u(d(ay,)) =
wu(¢(ag)) = 0. The relations T'C' and T'C" are respectively the transitive closure
of (PUIUM) and (PUIUMUZ). We will denote by B the set of all equivalence
classes of the equivalence relation ~', and by [z] the equivalence class of an
element z of B.

Lemma 2 Let y1: 2V — R, be a mapping such that
> (i — ) = (Al = 2)mi, VAC N, |A] > 2, Vi€ A (17)
jeA\{d}
If 3i,j € N such that p1; > 0 or p;; > 0 then we have the following results:
1. Z uij—(n—2)2ui>0.

{i,j}CN iEN
2. If we introduce

ai= Y py— =2y
{(i,J}CN ieN
pg =0
wo=tvien
Q
wy =t vijenN
Q

pE) = Y = (K1 =2) 3 i YK C N|K] > 2.
{i,j}CK ieK

Then u' is a 2-additive capacity on N.

Proof Assume that equation (17) is satisfied.
1. For A= N, we have
D (g — ) > (n =2 Vi€ N,

JjeN\{i}

SN (=) = (=2,

i€N jeN\{i} ieN

Hence
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which means that

Z Z MijZZ(”—2)Mz‘+Z Z ;-

iE€N jEN\{i} iEN i€N jEN\{i}

Therefore,

2 > = =2)> pi+ -1 .

{i,j}CN ieN ieN

— If there exists kK € N with p > 0, then

Z uijZL;ES)ZMZ(N—Q)ZM>O-

{i,j}CN ieN ieN

— IfVi € N, p; =0 and there exists k,l € N with ug; > 0 then

Z Mij_(n_2)ZMi2Mkl>O-

{i.j}CN iEN

2. Using Lemma 1 we easily prove that p’ is a 2-additive capacity.

5.1 An equivalent property to the MOPI property

Let K C N and |K| =k > 2. Let i be a fixed element of K. Let us consider
the multiset or bag K® of B in which a repetition of the element a; is allowed.

K'={ai,ai,.,a} U( | {a})

(k—2) times JER\{i}

Definition 52 Let K C N such that |K| =k > 3. Let i be a fized element of
K. Let us set K\ {i} == {j1,72,- -, Jk—1}-

1. We call Monotonicity of Preferential Information-1 in K w.r.t. i the fol-
lowing property (denoted by (K,i)-MOPI-1):
Qg ~ Ay
Qijy ™~ QAly
Ajjs ~ Ay .
= [not(a, TCp ag), Yay, € K"\{ai,, a1, ., a1, _, }]

Qg ™ Ay )
{ay,, a1y -oyar,_, } C K*
The elements ay,, ar,, -+ ,a1,_, are distinct in the sense of the definition of
the multiset K*. We say that K satisfies the property of Monotonicity of
Preferential Information-1 (MOPI-1) if Vi € K, (K,4)-MOPI-1 is satisfied.
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2. We call Monotonicity of Preferential Information-2 in K w.r.t. ¢ the fol-
lowing property (denoted by (K,i)-MOPI-2):

QAijy ~ Aiviy

Aijy ™~ Aivijg

Qijz ™~ Aivys

Qig—1 ™~ QiVijg
{aivjy, o aivj,_, } € K
The elements ajvj, , ..., Givj,_, are distinct in the sense of the definition of
the multiset K*. We say that K satisfies the property of Monotonicity of
Preferential Information-2 (MOPI-2) if Vi € K, (K, i)-MOPI-2 is satisfied.

Remark 3 Let K C N such that |K| = 3. Using the definitions of the MOPI
and MOPI-2 properties, it is obvious that K satisfies MOPI if and only if K
satisfies MOPI-2.

Proposition 5 Let K C N such that |K| =k > 3. Let i be a fized element of
K. Let us set K\ {i} :={j1,72,---,Jk—1}- If we have the following system

Qijy ~ agy
Qijy, ~ Al
Qijz ~ Qlg

(18)

Qig—y ~ Ay _y )
1
{allaalzv ey a’lk—l} CK

then Vj € K \ i, { @i~ a; i Jj € ,{11’12’ o b1}
aij ~ a; otherwise

In other terms, the elements {ai,,ai,,...,a;,_,} in the MOPI-1 condition
correspond to the elements {aivj,, ..., @vj,_, ; @ the MOPI-2 condition using
a suitable permutation.

Proof We suppose that the system (18) is satisfied and denote by 7 a mapping
defined by
T K \ {’L} — {11,12, ...,lkfl}

Jp lp

For j € K \ {i} we write the following sequence of relations:

Aij ~ Qr(j)
Qin(5) ~ Ax2(j)
Qir2(j) ~ Ax3(j)

aiﬂ.z(j) ~ 0,7TL+1(j)

1<I<k-2

= [not(a;, TCp ao), Ya, € K'\{aivj,, ..y @ivi, 1 }]
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where 7! (j) := (romo---om)(j)
[ times
1. The case j € {l1,la, ..., lk—1}:
Let us vary [ from 1 until we encounter either 7'(j) =i or 7(j) = j. It
is always possible to do so by using the equations (18) since the I’s are
different when they are in K\ ¢ and we may have one l;, = i. In both cases
we will have 7(j) # 72(j) # ... # 7 (j).

— If we encounter 7'(j) = i, then a;; ~ a; and the element 7'*1(5) is not
defined. Since j € {112, ...,lk—1}, there exists k € {l1,la,...,lx—1} such
that a;; ~ a;. Hence we have a; 3 a;; ~ a; 3 ai ~ aj ie. az ~ aj,
where Z:= M1, where M~ = {(z,y) € B: (y,x) € M}.

— If we encounter 7'(j) = j, then we have a;; ~ a;.

2. The case j & {l1,la, ..., -1}
Let us vary [ from 1 until we encounter 7'(j) = 4. It is always possible
because j & {l1,l2,....;lk—1} = i € {l1,l2,...,lk—1} (by using the definition
of K%) and the equation (18) is satisfied. In this case we will have 7(j) #
72(j) # ... # m'(j). Hence we have a;; ~ a; and the element 7'*1(5) is not
defined.

Corollary 3 Let K C N such that |[K| =k > 3. Let i be a fized element of
K.

(K,i)-MOPI-2 is satisfied if and only if (K,i)-MOPI-1 is satisfied.
Proof Tt is a consequence of Proposition 5.

Proposition 6 Fvery subset L C N such that |L| = 3 satisfies the MOPI
property if and only if every subset K of N such that |K| = k > 3 satisfies the
MOPI-1 property.

Proof

— (=) This statement is true by using Corollary 3 and Remark 3.

— (=) Let us suppose that every subset L C N such that |L| = 3 satisfies
the MOPIT property. Let K C N such that |K| = k > 3. Let ¢ be a fixed
element of K. Let us set K \ {i} := {Jj1,J2,...,Jk—1} Let us suppose

Qijy ~ Al

QAijy ~ Aly

Qijg ~ Alg

Aijpoq ™ Ay )

{all,alQ, ...,al,ﬁl} C K?

and let us show that [not(a;, TCp ag), Yai, € K\ {ai,, a1y, ..., a1,_, }]-
Let a;, € K\ {ai,,any,...,ai,_, }-

1. The case l, # i: Since l, € K\iand l, & {l1,12,...,lx—1}, we have using
Proposition 5

@ity ~ Q. (19)
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Furthermore, we have at most k — 2 elements a; contained in the set
{ai,, a5, ..., a1,_, }. So there exists j, € K \ 4, j, # I such that by
Proposition 5

aijp ~ ajp. (20)
Considering the set of three elements L = {i,l;, j,} where ¢ is fixed
and the system formed by the two equations (19) et (20), we have
not(a;, TCp ag) because L = {i,l}, j, } satisfies the MOPI property.

2. The case l;, = i: Because this 4 is not in the set {l1,l2,...,lk—1}, we

have by definition of K% at most k — 3 elements a; among the ele-
ments of {a;,,a,,...,ar,_, }. So we can find two elements a;, and a;, of
{ai, a1y, ..., ar,_, } such that j,,j, € K \ i. Using Proposition 5 we get
the following system:

{Qijp ~ jp, (21)

Qijg ~ Qjg

Hence we have not(a; TCp ag) because L = {i,jp,jq} satisfies the
MOPI property.

5.2 Topological sorting

In this section we suppose the following two conditions:

1. (PUIU M) contains no strict cycle.
2. Any subset K of N such that |K| =k > 3 is MOPI-1.

Lemma 3

1. Ve € B\ {ao}, x TC" a,.
2. Ve,ye B,z TC' y < [x TC y] or [3am € NBA such that an, TC y].
3. NVreB,xdag] = (Ve,t€fz], z ~ t&z ~ t).

Proof

1. The first point of the lemma is true because Vz € B\ {a,}, we have z (P U
I'U M) a, by the definition of (PUIUM).
2. If z TC’ y and not(x T'C y) then by the definition of the relations TC, Z
and T'C’ (see Definition 51), there exists a,, € NBA such that x TC a¢ Z a,, TC'y
with a,, € NBA. Hence we easily prove the second point of the lemma.
3. Let € Bsuch that x ¢ [ag] and z,t € [z]. If z TC t then z TC' t. If z TC" ¢
and not(z T'C' t) then by using the second point of the lemma, there exists
a.n, € NBA such that a,, TC t. So, we have 2 TC' ag Z a,, TC' t TC' ag
i.e t € [ap]. This leads to a contradiction with ¢ ¢ [ag]. Hence z TC' t <
2TCt,and z ~' t< 2z ~ tbecause (PUIUM) contains no strict cycle.

halshs-00625706, version 1 - 22 Sep 2011

Lemma 4

i) Ya,y € B, if x,y € [ao] then not(x P y).
ii) Yx € [ao], Yy & [ao], x TC' y is false.
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Proof

i) Let z,y € [ag] such that P y. We have ag TC” x. Using the second point
of Lemma 3, we have [ag TC z] or [Ja,, € NBA such that a,, TC x].
If ag TC x, then a9 TC x Py M ag. So, (ag,z,y) forms a strict cycle of
(PUTUM). This is impossible because (P U I U M) contains no strict
cycle.
If da,, € NBA such that a,, TC x, then a,, TC x P y M ag. Hence,
am TCp ap. This leads to a contradiction with not(a,, TCp ag) because
am € NBA.

ii) Let x € [ag] and y & [ao] such that z T'C' y. Using the first point of the
Lemma 3 and the definition of [ag], we have ag TC' = TC' y TC' ay.
Hence y € [ag], a contradiction.

Let us define the following binary relation P. by: V[z],[y] € B, [z] P- [y] &
3z € [z], 3t € [y] such that z (PUM) t. The relation P., is an asymmetric and
acyclic relation because P and M are asymmetric and (P U I U M) contains
no strict cycle. Let us consider the following sets:

Bo={a€B:Vbe B, not(a P.b)}

El = {a S E\Eo : Vb EE\EO, not(a P. b)}

Ei = {a € E\ (Eo U... Ugifl) :Vb e E\ (Eo U... Ugifl), TLOt(CL P. b)}

Each set By exists since P. is asymmetric and acyclic. Let m + 1 be the
number of sets B; which are built, m+1 is finite because the cardinality of B is
finite. The set {Bo, Bi, ..., Bm} is called a topological sorting of (PUITUMUZ),
which is a classical notion often used in graph theory.

Lemma 5 The sets By, B, ..., By, form a partition of B.

Proof The proof comes from the construction of the sets By, By, ..., Bp.

Let us define for each set B;, i € {0,...,m}, the set B; by
Bi={r€a:acB;}

One may have incomparable elements in a some class ;. The sets By, By, ..., B
form a partition of B.

Lemma 6 Letz,y € Bandi,j €N

BO = [ao].

If x ~y then Ji € {0, ...,m} such that x,y € B;.

{aij,ai} C B, s€ {1, ,m} = Q5 ~ Q.

Q5 € By = {ai,aj} C By.

[aij € Bs, s€{1,....m}| = [a; € By, r<s and a; € By, q<s].
[a; € B, r€{0,...m} = [VE£i €N, a;; € Bs, r < s].

S G o o~

Proof
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1. Let us prove that Vo & [ag], [z] P~ [ao): if x & [ag], then Yy € [ag], x TC' y
and not(y TC’ x) by using the first point of Lemma 3 and the second point
of Lemma 4. Hence [z] P [ao].

Then [ag] € By and no other class [z] € By because [z] P~ [ag]. Therefore
BO = [ao].

2. If ¢ ~ y then x ~' y. Hence [z] = [y] and then Ji € {0,...,m} such that
x,y € B; by the definitions of the relation ~, ~’ and the sets By, Bi, ..., Bm.

3. If not(a;; ~ a;) then a;; (PUM) a; and not(a; T'C a;;). Using the second
point of Lemma 3, we have not(a; TC’ a;;) because s € {1,...,m}. Hence
[ai;] P~ [a;] and {ai;,a;} € Bs, a contradiction.

Let us remark that, if s = 0, we can have not(a;; ~ a;) and a; TC ao
Zapm TC Qij with a,, € 1\IB1A7 i.e {aij,ai} C By.

4. Property 4 is true because if a;; € By then ag T'C" a;; TC' a; TC' ap and
ag TC" a;; TC" a; TC' ag. Hence {a;,a;} C [ag] = Bo.

5. If a;; € Bs, s € {1,...,m} then we have [a;;] P~ [a;] or [a;;] = [a;] because
(P UIU M) contains no strict cycle and by the definitions of P. and ~.
Hence, a; € B, r < 5. The same argument is applied to a;.

6. This property is the consequence of the previous properties 4 and 5.

Lemma 7 Let K C N such that |K| =k > 3 and i a fized element of K. Let
us denote K\ {i} = {j1, ja, ..., jx—1} and H(i) = {aij,, aijy, - Qi }-

If there exists B C H(i) and C C K* such that the following two conditions
are satisfied:
Aijy ~ Al
Aijy ~ Aly
Qijz ~ Alg

Qig, ~ Al

B ={aij,, ... ai;,, } € H(i)

C = {a,, ...,alp,} CK"

1<p' <k-1

2. Ya;; € H(i)\ B, Ya; € K\ C, not(a;; ~ a;)

then

lo < ko kao;éo
lo = ko if ko = 0

where
{ko =max{s € {0,1,...,m} : BsN(H(i)\B) # 0}
lo=max{s € {0,1,....,m}: BsN(K\C) # 0}

with m + 1 the number of sets B; which form the topological sorting of (P U
ITUMUZ).

Proof H(i)\B # 0 since p’ < k — 1. Hence k¢ and [y are well-defined. Let
aijo € Br, and ap, € By,. We have a;;, € H(i) \ B and ap, € K*\ C.
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1. Let us suppose that o > kg.
aijo € By = a; € By, t < ko by Lemma 6, points 4 and 5. Hence an, # a;.
Using Lemma 6 point 6, ap, € B, = ain, € By, 1 > lp. Since r > Iy > ko,
by definition of ko, a;n, € B. Hence there exists ap, € C such that a;p, ~
an,, and ap, # a; because r > t. Also, ap, # an, because ap, ¢ C and
ap, € C. Then a;p, € By, r1 > r, moreover a;n, € B since r1 > kq. Since
hi }é h,o, we have Aih, € Brl n (B \ {aiho}).
aip, € B = Jap, € C\ {a;,an,} such that a;n, ~ ap, and a;p, € B, N
(B\{aiho,aihl}) with ro > r1 > 1 > 1y > ko.
ain, € B = Jap, € C\ {a;,an,,an,} such that a;p, ~ ap, and a;p, €
Brg n (B \ {aiho,aihl,aihQ}) with rg > ro > 11 >1r > 1y > k.
We repeat the same process until exhaustion of all the elements of C. In
the last step we will have @ik, ™~ Qh,; Ak, € C\{ai,an,,any, - ahp,fl}
and in,, € Brp, N (B \ {aing, Giny s Giny,s --~aaihp/,1}) with 7y > ... > 19 >
r1 > 1 >lg > ko. Hence we obtain p’ + 1 elements of B, a;n,, Ginyy - Qin,,
such that a;n, ~ ap,, Giny, ~ apy,-.., Ui, _, ~ Qh,, and in,, € B. This is a
contradiction with the hypothesis |B| = p’. Hence 0 < Iy < ko and Iy = 0
if kg =0.

2. We suppose that ko # 0 and Iy = kg.
If ap, = a; then a;j, ~ a; by using Lemma 6 point 3. It is a contradiction
with the hypothesis Va;; € H(i) \ B, Ya, € K'\ C, not(a;; ~ a;). Hence
an, # a; and a; € By with t < ko because a;;, € H(i)\ B and ap, € K\ C
by the definition of k¢ and [g.
ahy € By = aipy € Br, r > 1o = ko.
If r > lp = ko then a;n, € B by the definition of ky. Using the reasoning
of the previous point (1), we find p’ + 1 elements of B, a;n,, Giny, - Qih,,
such that ain, ~ ahys Giny ~ Qhyyeees Qih,_, ~ Gh, and Qih, € B. It is
impossible because |B| = p'.
If r = lp = ko then by using the point 3 of the Lemma 6, we have a;p, ~ ap,
and a;p, € B because ap, € C. ajn, € B = Japn, € C such that a;p, ~ ap,
and a;p, € By, with r1 > r =1y = ko.
If v > r =1lyp = ko, we apply the reasoning used in step 1 to obtain a
contradiction with |B| = p’.
If ry =r =lp = ko then ap, ~ ain, ~ an, ~ ain,. Because ap, ¢ C, we
have necessarily a;p, € B\ {ain, }-
We repeat this process with a;p, until the construction of p’ + 1 elements
of B, Giny, Qin, N TS such that an, ~ ainy ~ Ahy ~ Qiny ~ Apy ~ Qin, ~
Ahg ™~ Qihg ™ . ™~ Ah, | ™ ik, ™~ Qh - That leads to the contradiction
with |B| = p’. Hence if kg # 0 then ly < ko.

5.3 Proof of Theorem 1

Proposition 7 Let {P, I} be an ordinal information. If the two following con-
ditions are satisfied

1. (PUIUM) contains no strict cycle
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2. Any subset K of N such that |K| =k > 3 is MOPI-1,

then {P, I} is representable by a 2-additive Choquet integral.

Proof

1. Let {Bo, Bi,..., B} be the partition of B built in Section 5.2. Let us
define the mapping p : B — R as follows: For i € {0, ..., m},

0o ifi=0
(2n)* otherwise.

Vo € By, u(o(x)) = {

Let K C N such that |[K| = k > 2, ¢ € K being fixed, K \ {i} =
{j1,725 s J—1} and H (i) = {aij,, @ijys -, Gij_, - We will prove that

ooz k=m+ Y uy (22)

jeR\{i} jeR\{i}

Using the points 4 and 5 of the Lemma 6, the case k = 2 is obviously

satisfied. Let us suppose that k& > 3.

(a) If there exists a;; € H(i) and a; € K' such that a;; ~ a; then there
exists p’ elements of H (i) (without loss of the generality we are going
to take the first p’ elements), B C H (i) and C C K* such that:

Qijy, ~ Ay
Qijy, ~ ALy
QAijz ~ Alg

Qg ~ Al

B ={aij,, ..., a5, } € H(i)
C= {all, ...,alp,} C K"
1<p <k-1

and Va;; € H(i) \ B, Va; € K'\ C, not(a;; ~ a;).
By application of the point 2 of Lemma 6 and the definition of u, the
equation (22) becomes

Yoowiz Yy om (23)
aijEH(i)\B aLEK'L\C

(i) If p’ = k — 1 then we have Va;, € K*\ C, a;,, € NBA because K
is MOPI-1 and a;, € [ag] = By and p;, = 0 by the definitions of
i, [ap] and Lemma 6. Hence equation (22) is satisfied.

(i) Let us assume that p’ < k — 1 and let

ko = max{s € {0,1,....m} : BsN(H(i)\B) # 0}
lo =max{s € {0,1,...,m}: BsN(K\C) # 0}.

Let a;;, € Bk, and a;, € By, .
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— If ko # 0 then ly < ko (see Lemma 7), p(@(aijy)) = fijo =
(2n)ke and Va; € K*\ C, u(p(ar)) = < (2n)l. Because

lo < ko = (2n)* > 2n(2n)" = (n +n)(2n)",
we will have

S = e = @) = (tn)E) > Y

aijEH(i)\B GZGKi\C

Hence (23) is satisfied.
— If kg = 0 then lyp = 0 (see Lemma 7) and (23) is obviously
satisfied by application of Lemma 6.
(b) Let us suppose that Va,;; € H (i), Va; € K¢, not(a;; ~ a;). Let

k1 =min{s € {0,1,....,m}: a;; € B,NH(i)},

aij, € Bi,, a; € B, and aj, € B;. Using Lemma 6, we have r =t =0
if i = 0 and r,t < kp if k1 # 0 because we have supposed that
not(a;j, ~ a;) and not(a;j, ~ aj,). According to the definition of u,
we will have p(@(aij,)) = pij, > (k — 2)u; + pj,. Furthermore Vj €
K\{i,jo}, pij > 14 (see the case k = 2). Hence

Yoomi= D, mgtage = Y g+ (k= 2)ui+
JeK\{i} JjeK\{i.jo} jeK\{ijo}

and

St k= 2pi+ iy =k =i+ > .

JeRK\{ijo} JeR\{i}

That means that equation (22) is satisfied.
2. Let us build a 2-additive capacity on 2N

Let a = Z Wij—(n—2) Z i and the mapping v : 2V — [0, 1] defined

(i J}CN ieN
by :
vy = 0
v, =8 Vie N

v(K)= > wvy—(K|-2)Y v, VK CN,|K|>2.
{i,J}CK i€eK

Because P is not empty (“nontriviality axiom”) and p satisfies the equation
(22) in the previous step, we have by applying Lemma 2, @« > 0 and v is a
2 - additive capacity.
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3. Let z,y € B.
If z P y then by the definition of the sets By, B1, Ba, ..., By, we have z € B;
and y € B; with 0 < j < 4. Thus C,(U(x)) = @ > @ =C,(U(y)) if
j>00r C,(U(x)) >0=C,(U(y)) if j =0.
If x I ythen x ~ y, ie, z,y € By, i € {0,...,m}. Thus C,(U(x)) =
C,(U(y))-

Conclusion: v is a 2-additive capacity such that {P, I} is representable by a
Choquet integral w.r.t. v.

Corollary 4 Let {P,I} be an ordinal information. If the two following con-
ditions are satisfied

1. (PUIUM) contains no strict cycle
2. Any subset K of N such that |K| = 3 satisfies MOPI,

then {P, I} is representable by a 2-additive Choquet integral.
Proof The proof is a consequence of Propositions 6 and 7.

Proposition 8 If an ordinal information { P, I} is representable by a 2-additive
Choquet integral then the two following conditions are satisfied:

1. (PUIUM) contains no strict cycle
2. Any subset K of N such that |K| = 3 satisfies MOPIL

Proof Let us suppose that p is a 2-additive capacity such that {P, I} is rep-
resentable by a Choquet integral w.r.t. u.

1. If 21,22, ...,z € B such that (z1, 2, ...,xp) is a strict cycle of (PUIUM)
then 3i € {1,...,p} : &; P xi41 (with xp11 = x1). This implies p(¢(z;)) >
f(¢(xit1)). By applying Proposition 1, we have p(¢(z1)) = p(d(z2)) =
. = p(¢p(zp)), a contradiction.

2. Let i,j,k € N, i fixed such that the following system is satisfied:

Qij ~ Qv

Qi ~ Qivk

iVjAiVk
If there exists I € {i,7,k}\ {iV k,iV j} such that a; TCp ao then we have
w(p(ar)) > 0, p(d(aij)) = p(p(aiv;)) and p(p(aix)) = p(p(aivk)), by using
Proposition 1. Hence the monotonicity constraint of a 2-additive capacity
for {4, j, k}, with ¢ fixed, p;; + par > privj + tave + i becomes 0 >y > 0,
a contradiction.

The proof of Theorem 1 is a consequence of Corollary 4 and Proposition 8.

5.4 Proof of Corollary 1

Remark 4 Let us suppose I = (. Let {Bo, Bi,..., Bm} be the partition of B
built in Section 5.2.
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1. I =0 = Vx,y € B, not(x ~ y) by the definition of ~. Thus any subset K

of N such that |K| =3 is obviously MOPI. Hence if (PUIUM) contains

no strict cycle then the two conditions of Theorem 1 are satisfied.

[ao] = Bo = {ao} because NBA is empty.

3. Yi,j €N, ai; € Bs, a; € By, aj € B, = r,t <s with s,r,t € {1,...,m} by
applying Lemma 6 and by the defintion of the sets {Boy, B, ..., Bm}.

o

The first part of Corollary 1 is a consequence of Theorem 1 and Remark 4.
For the second part of this corollary, by using the definition of the 2-additive
capacity v built in the proof of Theorem 1 (precisely in the proof of Proposition
7), we have Vi,j € N such that a;; € Bs, a; € By and a; € By, pij =
(2n)* > (n +n)(2n)™2x("1) > 11, 4+ 11; because 7,t < s (see Remark 4). Hence
Lij = pij — pi — pj = 0.

5.5 Proof of Theorem 2

Proof Let m be the Mobius transform of p : 2 — [0,1] and k be an integer
such that k& > 2.

1. — p k-monotone = Vi,j € N,i# j, m;; >0 (for A= B =L and |A| =2
in the equation (15));
— if p is monotone then u; = m; > 0;
— furthermore, using the definition of a 2-additive belief function, we have:
u is 2-additive = p is a 2-additive belief function.
2. Let us suppose p monotone et k-monotone and the existence of i, j, k € N,
i fixed such that :

Mij = Hivj
Hik = Hivi
IVj#iVEk

and there exists I € {i,7,k} \{¢ Vk,iVj}|w >0.

Then we have

Myj + My + My = Mivj

Mk + Mi + M = Mvk

iVj#iVk
and there exists [ € {i,j,k} \ {¢ VE,iVj}|m > 0.
In this case we have this equality:

M4 + Mk + 2my +myj + my = My + Mavi (24)

Because iVj € {i,j},iVk € {i,k},ivVj #£ivVkandl € {i,j, k}\{iVEk,iVj},
we have
Mavi + Mivk +my = m; +m; + my (25)

Therefore equation (24) becomes
Mi; + Mk +m; +mp =0 (26)

which leads to a contradiction with m; > 0.
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5.6 Proof of Proposition 3

Proof Let {P, I} be an ordinal information on B. Let us suppose that there
exists 4, j,k € N, ¢ fixed such that the property ({4, j,k},7)-MOPI is violated
ie.
Qij ~ Qyvj
Qi ~ Aivk
iViAiVE
and there exists [ € {i,5,k} \ {i Vk,iV j} | ay TCp ag. If there exists a
belief function Bel which represents {P, I}, we will have:
Belij = Beli\/j
Belik = Belivk
iVi£iVk
and there exists | € {4,j,k} \{i Vk,iVj} | Bel; > 0.
By replacing p by Bel in the second part of the proof of Theorem 2 (see
Section 5.5) and using the same reasoning, we obtain a contradiction.

5.7 Proof of Proposition 4

Proof Let i,j,k € N, i fixed such that
Aij ~ Aivj
Qi ~ Aivk
iVi£iVk
Let be | an element of {i,7,k}\ {¢ VEk,iVj}.

1. Il e {j,k} then ivVj=iifl=jlor[iVk=1ifl =Fk]. So we have
aj; ~ a;. Hence not(a; TCp ag) because {P, I} satisfies 2-MOPI.

2. Ifl=dtheniVj=jandiVk =k Soay ~ a; and as; ~ ax. Therefore
we have not(a; TCp ag) because {P, I} satisfies 2-MOPL.

5.8 Proof of Theorem 3

Proof Let {P, I} an ordinal information.

1. (=) We suppose that { P, I} is representable by a 2-additive belief function
Bel.
(a) Tt is easy to show that (P U I U M) contains no strict cycle;
(b) If there exists 4,5 € N,i # j such that a;; ~ a; and a; TCp ag then
m;; < 0 with m the mass distribution of Bel. That is impossible because
Bel is a belief function.
2. (<) Let us suppose that
— (PUIUM) contains no strict cycle;
— {P, I} satisfies the 2-MOPI property.
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Using the Proposition 4, the conditions of Theorem 1 are satisfied. Let
{By, Bi,..., B} be a partition of B built like in Section 5.2. Let us define
the mapping f : B — R and Bel : 2V — [0, 1] as follows: For i € {0, ..., m},

0 ifi=0
Vz € Bi, f(4(z)) = { (2n)* otherwise.
Bel@ =0
Belj=14,vieN
Bely =14, vijeN
Bel(K)= Y fij—(K|-2))_ Bel;, VK C N,|K| > 2.
{i,j}CK €K

where a = Z fij_(n_2)z.fi

{i,j}CN iEN
Bel define like this is 2-additive (the proof is similar to the proof of Theo-
rem 1 in Section 5.3). The last thing we have to prove is Vi,j € N,i # j,
mg; = Bel;; — Bel; — Bel; > 0 where m is the mass distribution of Bel.
Leti,j € N, i #j.
— If a;; ~ a; then m;; = 0 because {P, I} satisfies the 2-MOPI property.
Using the same reasons if a;; ~ a; then aj; ~ a; and m;; = 0;
— If a;; TCp a; and a;; TCp a; then there exists p, ¢, s € {0, ...,m} such
that a;; € By, a; € By, aj € Bs with p > ¢ and p > s. So we have
fij = (2n)p, fz = (2n)q, fj = (2n)s and then Belij Z Belz + Belj.
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