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Abstract

Models in Multicriteria Decision Analysis (MCDA) can be analyzed by means
of an importance index and an interaction index for every group of criteria. We
consider first discrete models in MCDA, without further restriction, which amounts
to considering multichoice games, that is, cooperative games with several levels of
participation. We propose and axiomatize two interaction indices for multichoice
games: the signed interaction index and the absolute interaction index. In a sec-
ond part, we consider the continuous case, supposing that the continuous model is
obtained from a discrete one by means of the Choquet integral. We show that, as
in the case of classical games, the interaction index defined for continuous aggre-
gation functions coincides with the (signed) interaction index, up to a normalizing
coefficient.

Keywords: multicriteria decision analysis, interaction, multichoice game, Choquet inte-
gral

1 Introduction

An important issue in MultiCriteria Decision Analysis (MCDA) is to be able to analyze
and explain a numerical model, obtained by elicitation of preferences of the decision
maker. A classical way to do this is to assess the importance of each criterion (see a general
approach to define an importance index in (Ridaoui et al., 2017a)). This description of
the model may appear to be sufficient in the case of simple models, which are additive
in essence (e.g., additive utility models), as it is well known that they imply mutual
preferential independence of criteria (Keeney and Raiffa, 1976). However, in case of more
complex models, the preferential independence among criteria does not hold any more,
and interaction appears among criteria, so that a description of the model by the sole
importance indices is not sufficient any more. For example, for models where aggregation
of preference is done through a Choquet integral w.r.t. a capacity, an interaction index is
defined for any group of criteria (Grabisch and Labreuche, 2010), which is a generalization
of the interaction index for pairs of criteria proposed by Murofushi and Soneda (1993).
Roughly speaking, a positive interaction index induces a conjunctive behavior (like the



minimum operator), while a negative interaction index induces a disjunctive behavior
(maximum).

The aim of the paper is to propose an axiomatic foundation of an interaction index
for a MCDA model with no special restriction (and in particular, mutual preferential
independence is not supposed to hold). In a first step, the attributes are supposed to
be defined on a finite universe. Then, such a model is equivalent to what is called a
multichoice game in game theory (Hsiao and Raghavan, 1993), that is, a game on a set of
players N, where each player can play at a level of participation represented by an integer
between 0 and k. Up to our knowledge, there is no definition of an interaction index for
multichoice games. Nevertheless, there exists a general form of interaction index for
games on lattices (Grabisch and Labreuche, 2007), and multichoice games with & levels
can be considered as games on the lattice (k + 1)". This interaction index is defined,
however, for any element of the lattice x € (k+1)", i.e., any profile of participation of the
players. This does not make sense for our purpose, since we are looking for an interaction
index defined for groups of players/criteria. It is the contribution of this paper to provide
two definitions for an interaction index, and to give a characterization of them. The first
one is a natural generalization of the interaction index for classical games, which we call
signed interaction index as it can take positive or negative values. The second one is
an absolute interaction index, because it cumulates only amounts of interaction without
considering its signs. The latter permits to avoid cancellation of local interaction effects,
yielding counterintuitive results.

The paper is organized as follows. Section 2 introduces the necessary material and
notation. Section 3 summarizes previous works on the interaction index (the case of
classical games and the case of games on lattices). Our work on the importance index for
multichoice games is summarized in Section 4, since some of the axioms are necessary for
our approach. Section 5 and 6 give the main results of the paper, which are the definition
and characterization of two interaction indices for multichoice games, and consequently for
general discrete MCDA models. In Section 7, we address the continuous case, supposing
that the model is obtained from a discrete one via the Choquet integral.

2 Preliminaries

Throughout the paper, the cardinality of sets will be denoted by corresponding lower case
letters, i.e., |[N| :=n, |S| := s, etc. For notational convenience, we will omit braces for
singletons, i.e., S U {i} is written S Ui, etc.

Let N = {1,...,n} be a fixed and finite set which can be thought as the set of
attributes or criteria (in MCDA), players (in cooperative game theory), etc., depending
on the domain of application. In this paper, we will mainly focus on MCDA applications.

We suppose that each attribute ¢ € N takes values in a set L;, which is supposed
to be finite! and denoted by L; = {0,1,...,k;}. The alternatives are represented as
elements of the Cartesian product L := L; X ... X L,. An alternative is thus written as
a vector x = (r1,...,x,) where z; € L; for all i € N. For each z € L, we denote by

IThe continuous case will be addressed in Section 7.



S(x) ={i € N | x; > 0} the support of z, and by K(z) = {i € N|x; = k;} the kernel of
x.

For each i € N, we denote by L_; the set X, L;. For each y_; € L_;, and any
¢ € L;, (y—i, {;) denotes the compound alternative x such that z; = ¢ and z; = y;, Vj # i.
More generally, for any T' € 2V \ {0}, for any z,y € L, (xp,y_r) denotes the compound
alternative, while Ly and L_7 denote the restricted Cartesian products of attributes.

The vector Oy = (0,...,0) is the null alternative of L, and ky = (ki,...,k,) is the
top element of L. Similarly, we use the notation O, 17, kr, etc., for any T € 2V \ {0}.
With some abuse, we also often make use of (k — 1)y € Ly as a shorthand for ky — 17 =
(ki — 1)ier. We write z < y if z; <y, forevery i € N, oy < kp if 70 < (k—1)p, z7 > Op
ifxp > 1pand x <y if x <y and z # y.

The preferences of a Decision Maker (DM) over the alternatives are supposed to be
represented by a function v : L — R. For the sake of generality, we do not make any
assumption on v, except that

For convenience, we assume from now on that all attributes have the same number of
elements, i.e., k; = k for every i € N (k € N). Note that if this is not the case, we set
k = max;en ki, and we extend v : L — R to v': {0,...,k}Y — R by

v'(x) = v(y) where y; = min(z;, k;) Vi € N.

This amounts to duplicating the last element k; of L; when k; < k. Under this assumption,
we recover well-known concepts.

When k = 1, v is a pseudo-Boolean function v : {0,1}¥ — R vanishing at Oy.
Equivalently, it can be seen as a set function v : 2% — R, with v()) = 0, which is a game
in cooperative game theory. A capacity (Choquet, 1953) or fuzzy measure (Sugeno, 1974)
is a monotone game, i.e., satisfying v(A) < v(B) whenever A C B. For the general case
(when k& > 1), v : L — R fulfilling (1) corresponds exactly to the concept of multichoice
game (Hsiao and Raghavan, 1993), and the numbers 0,1,...,k in L; are seen as the
levels of activity of the players. A k-ary capacity (Grabisch and Labreuche, 2003) is a
multichoice game v satisfying the monotonicity condition: or each x,y € L s.t. x <y,
v(z) < v(y) and the normalization condition: wv(k,... k) = 1. Hence, a k-ary capacity
represents a preference on L which is increasing with the value of the attributes.

Consider the following example in which decision strategies depend on the values of
the attributes.

Example 1 (System engineers). Consider an engineering problem with two perfor-
mance criteria (e.g., the latency of the system and the quality of the system) evaluated
on the scale {0,1,2}, where 0 means that the performance is not met, 1 means that
the performance is medium, and 2 means that the performance is completely met. Con-
sider the following 2-ary capacity representing the overall satisfaction on the system (the
preferences are depicted in Figure 1):

x1 A Za, if z € {0,1}?,
Vo € {0,1,2}%, v(z) =< 21 V 2o, if z € {1,2}?

r1+ 29— 1, otherwise.
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For z € {0,1}?, the decision maker is not satisfied at all when one criterion is not met
at all, and the other one is at most medium. This corresponds to an intolerant behaviour.
On the other hand, for z € {1,2}?, the decision maker is completely satisfied when one
criterion is completely met and the other one is at least medium. This corresponds to a
tolerant behaviour.

X
Y @ - o
No interaction 3 Tolerance 3
1§------mmoo--- R ol
Intolerance 3 No interaction 3
o o o X,
0 1 2

Figure 1: Decision strategies.

Any multichoice game v can be written as:

v=" Y m(2)u,, (2)

xzeL\{On}

where m”(z),x € L, is the Mobius transform of v (Rota, 1964) given by

m'e) = Y (F)Feiy),
y<z
Ii—yiSI,ViEN

and u, is a multichoice game (called the unanimity multichoice game) defined by

) 1, ify>ux
Uy = .
Y 0, otherwise.

Note that the games u,,x € L\ {Ox}, are linearly independent, and form a basis of
the vector space of multichoice games. We denote by G(L) the set of multichoice games
defined on L, and G, (L) the set of multichoice games whose Mdbius transform is non-
negative. Any multichoice game v can be uniquely decomposed into v = v™ — v~, with
vtvT € Gi(L).



Another family of games which form a basis is the family of Dirac games, defined for

every x € L'\ {Ox} by
1, ifx=y
0.(y) =<
() {0, .

otherwise.
This yields the decomposition

v = Z V()0 (3)

xzeL\{On}
The derivative of v € G(L) at x € L w.r.t. i € N such that z; < k is defined by
A(z) =v(z+1;) —v(x).
The derivative of v € G(L) at z € L w.r.t. T € 2V \ {0} such that Vi € T,z; < k is
defined recursively as follows,
Apv(z) = Ai(Apv()).
The general expression for the derivative of v € G(L) is given by,
Arv(x) = Z(—l)t_“v(x +14),VI' C N,x; < k,VieT.
ACT

Observe that Agv = v. For T'C N, we denote by Gr(L) the set of multichoice games
whose derivative w.r.t. T and derivative w.r.t. any subset S C N \ T such that S # ()
are nonnegative.

The following lemma gives a general expression for the derivative in terms of the
Mobius transform.

Lemma 1. For any v € G(L), any T'C N, we have
Arv(z) = Z m(y_r,xr + 17),Vo € L, such that x; < k,Vi € T.
y-r<z_T
Proof. Let us proceed by induction on |T |. For |T'| = 0, we have
Agv(x Z m(y),Vx € L.

y<x

Assume the formula holds for |T'| = ¢ and let us prove it still holds for T'U {i} with
|T| =¢and i € N\T. We have, for any x € L such that Vj € T U {i},z; <k,

Argiv(z) = Arv(x + 1;) — Aro(x)
— Z m'(y_r,xr + 17) — Z m'(y_r,xr + 17)

Y-TUi<T_TU; Y-TUi<T_TU;
yi<zi+1 Yi ST
v
= E < E (Y—r, 27 + 1) — E m’(y_r, rr + 1T)>
Y_TUi <T_TU;s Yy <xi+1 Y <x;

= Z mY (y—TUia Ty + 1TUi)

Y-TUiST_TU;

O

Let us remark that, if v € G, (L) then its derivative w.r.t. any element is nonnegative
everywhere.



3 Values and interaction indices

3.1 The case of classical TU-games

In cooperative game theory, the notion of value or power index is one of the most impor-
tant concepts. A walue is a function ¢ : G(2V) — RY which assigns a payoff vector to
any game v € G(2V). In MCDA, values are interpreted as importance indices for criteria.
The Shapley value (Shapley, 1953) of player ¢ € N is given by

$i(v) = Y M(ms Ui) —v(S)), Yo € G(2V).

n!
SCN\i

The concept of interaction index, which is an extension of that of value, was introduced
axiomatically to measure the interaction phenomena among players in cooperative game
theory or criteria in multicriteria decision analysis. For a game v € G(2%), the interaction
index of v is a function I? : 2 — R that assigns to every coalition T' C N its interaction
degree.

Murofushi and Soneda (1993) proposed an interaction index I(ij) for a pair of elements
i,7 € N to estimate to which degree ¢ and j interact. Grabisch (1997) defined and
extended the interaction index to coalitions containing more than two players. The
interaction index (Grabisch, 1997) of a nonempty coalition S C N in a game v € G(2V)
is defined by

s = 3 PSR S ot ) (@)
TCN\S " KCS

Note that when S = {i}, the interaction index coincides with the Shapley value. Moreover
that the expression is still valid for S = (), and represents in MCDA the average value
of the Choquet integral w.r.t. v over [0,1]". It is thus closely related to the so-called
“orness”.

A first axiomatization of the interaction index has been proposed by Grabisch and
Roubens (1999), and it is axiomatized in a way similar to the Shapley value. The following
axioms have been considered by Grabisch and Roubens :

e Linearity axiom (L): IV(S) is linear on G(2") for every nonempty S C N.

e Dummy axiom (D): For any v € G(2V), and any ¢ € N dummy for v, [*(SU 1) =
0,VS C N\i (i € N is said to be dummy for v if VS C N\ i,v(SU) = v(S) +v(i)).

e Symmetry axiom (S) : For any v € G(2V), any permutation ¢ on N and any
nonempty S C N, IV(S) = I7%(0S).

e Efficiency axiom (E) : For any v € G(2V) and any i € N, Y, ['(i) = v(N).
e Recursive axiom (R1): For any v € G(2V) and any S C N,s > 1,
I°(S) = I (S\ j) = 1" (S\ ), Vi € 5.

where v~/ is the game v restricted to elements in N \ j, defined by v7/(S) =
v(S),VS € N\ j, and v_] is the game on N \ j in the presence of j defined by

vl (8) =v(SUj) —v(S),VS C N\ j.

6



e Recursive axiom (R2): For any v € G(2V) and any S C N,s > 1,

18, (S) = IVs) — Y I"Y(S\K),
KCN\S
K#0,8

where v[g) is the game where all elements in S are considered as a single element

denoted [S], and defined by, for any K C N\ S:

vis) (K)
sy (K U [S])

U(K)’
v(KUS).

Axiom (R1) says that the interaction of the players in S is equal to the interaction between
the criteria in S\ j in the presence of j minus the interaction between the criteria of S\ j
in the absence of j. Axiom (R2) expresses interaction of S in terms of all successive

interactions of subsets. The authors have shown that (R1) and (R2) are equivalent under
(L), (D) and (S) axioms.

The following theorem was shown by Grabisch and Roubens (1999).

Theorem 1. The interaction index Ig, given in (4) is the unique interaction index
satisfying axioms (L), (D), (D), (E), and ((R1) or (R2)) on G(2").

3.2 The case of games on lattices

Grabisch and Labreuche (2007) generalized the notion of interaction defined for criteria
modelled by capacities, by considering functions defined on lattices. The interaction
(Grabisch and Labreuche, 2007) is based on the notion of derivative of a function defined
on a lattice. For this, they introduced the following definitions:

Let ¢ = (0_;,4;) with i; € L;,j € N. Let z,y € L with y = V}_yi;, and v € G(L).
The derivative of v w.r.t. ¢ at point x € L is given by:

A(x) =v(z Vi) —v(x),
and the derivative of v w.r.t. y at x is given by:
Ayv(x) = A (A, (.. Ay o(z) .. 0)).
The following definition has been proposed in (Grabisch and Labreuche, 2007) :

Definition 1. Let J C N, and = = Ve i;, with i; = (0_;,¢;),¢; € L; \ {0}.

Z ah(y)A v

yeA(x)

where, A(z) = {y € Lly; = kor0if j ¢ J,y; = x; — Lelse }, h(y) is the number of

(n=j~h(y)!h(y)!

I
components of y to k£ and Uhiy) = gt 1!



4 Characterization of the importance index for mul-
tichoice games

In this section, we present the importance index (value) for multichoice games defined by
Ridaoui et al. (2017b) together with its axiomatization. Let ¢ be a value defined for any
veg(l).

Linearity axiom (L) : ¢ is linear on G(L), i.e., Vo,w € G(L),Va € R,

¢i(v+ aw) = ¢;(v) + ag;(w),Vi € N.

Let 0 be a permutation on N. For all # € L, we denote 0(x),;) = x;. Forallv € G(L),
the game o o v is defined by ¢ o v(o(x)) = v(x).

Symmetry axiom (S): For any permutation o of N,

bo(iy(o 0v) = ¢i(v),Vi € N.

Invariance axiom (I): Let us consider two games v, w € G(L) such that, for
some 7 € N,

Ap(z) =Aw(x—1;), x_;€L_;,x;,€{0,...,k—1}(mod k).
Then 6,(v) = 6:(w).
Note that the modulo means that for z; = 0, the condition reads

Awv(z_;,0;) = Ajw(z_;, (K —1);).

Efficiency axiom (E): For all v € G(L),

Zgbl(v) = Z (v(w +1y) — v(w))

1EN reL
Tj <k

Ridaoui et al. (2017a) have shown the following result.

Theorem 2. Let ¢ be a value defined for any v € G(L). If ¢ fulfills (L), (I), (S) and (E)
then

OIS <?n_+”éf;j?)__12!(z(_gf)‘;3!<v<x_i,l@->—v(x_i,oi)),weN (5)

r_;€L_;



5 Axiomatization of the signed interaction index

In this section we intend to define axiomatically an interaction index for multichoice
games, which we call signed interaction index as it can take positive or negative values.
The approach presented here is based on a recursion formula, starting from the importance
index (value) defined in Section 4, as in (Grabisch and Roubens, 1999). An interaction
index of the k-ary multichoice game v € G(L) is a function IV : 2V \ {0} — R.

The first axiom (L) is trivially generalized for the interaction index.
Linearity axiom (L) : I is linear on G(L), i.e., Vv,w € G(L),Va € R,
IV = 1Y + al®.

Proposition 1. Under (L), for every nonempty 7" C N, there exist real constants al,
for all x € L, such that for every v € G(L)

I'(T) = alv(x). (6)

Proof . It is easy to check that the above formula satisfies the linearity axiom. Con-
versely, we consider [V satisfying (L). Using the decomposition with Dirac games (3) and
(L), we get

I'(T) =Y ()’ (T),vT € 2V \ {0}.

zeL

Setting al = I°(T),Vx € L,YT € 2V \ {0}, we obtain the wished result. O
Remark 1. Let i € N be a null criterion for v € G(L). We have,
VI'C N, T>i,Arv(x) =0,Vo € Lz + 17 < kr.
VI'C N, T>i,Ajw(r)=0,VjeT Vee Lx+1; <k.

Null axiom (N): If a criterion ¢ is null for v € G(L), then for all 7' C N
such that 7' > ¢, I(T') = 0.

Proposition 2. Under axioms (L) and (N), for every nonempty 7" C N, there exist real
constants bL, for all x € L, with x + 17 < kg, such that for every v € G(L)

INT) = > bl Agu(). (7)

To prove this result, the following lemmas are useful.

Lemma 2. Let A C N.

ka
zaw_n) = Z(_l)a_c Z a(éclA\cJ—A)’va € La\{ka}.
CCA P —

Lao=(z+1) a\c

9



Proof . Let A C N. We proceed by induction on |A|. The relation is obviously true for
|A| = 0. Let us suppose that the relation is true for any set A of at most [ — 1 elements,
and try to show it is also true for any set A of [ elements. We have , for all x4 € La\ {k}*,

Azaw_a) = Uzqy;,wim_a)

ka\i
_ a—c—1
= E (_1) E QLo a\cuirmir—a)
CCA\i lo—z0
La\cui=(@+1) a\cui
ka\i k k
. a—c—1
= E (=1) § : ( § :a(gcaﬁA\CUiveiﬂLA) - E : a(ECjA\CuivgivaA))
CCA\: lo=xc li=x; li=x;+1
Lavcui=(z+1) a\cui
ka ka
— a—c—1 .
= E : (—1) < E : Aee L a\cuibir—a) E : a(EC'7ZA\C’Uiy£i7x—A)>
CCA\i Lovi=TCui Lo=xC
Lavcui=(z+1) a\cui Lave=(z+1)a\c
ka ka
— a—c—1 a—c
= E ((_1) § : a(ZC:ZA\C:x—A)_‘_(—]‘) E : a(ZC:ZA\C:l"—A)>
CCA\i Loui=zcui Lo=zc
Lacui=(z+1) a\cui Lae=(z+1) a\c
ka
. a—c
= E (_1> E : Ale laycrr—a)
CCA bo=xc

Lao=(z+1) a\c

O
Lemma 3.
Db > (U (@ +1a) = Y D> (D) b 1005 -1 am) 0 (€4, 08, kxyaus)
wel  ACN ACN  BCN\A
z<kpn 0a<za<ks CCA

Proof . We shall proceed by induction on n. For simplicity, we denote N \ i by S,
(l‘A,OB,/{S\AuB) by 33:273 and ($A — 10,03, (k — 1)S\AUB) by xi,C,B> with C' g A. The
relation is obviously true for n = 1. Let us suppose that the relation is true for any set
of at most n — 1 elements, and try to show it is also true for any set of n elements. We

10



z<kpn
= Z Z by i Z(—l)s_“ (v(z—i 4+ 1a, 2+ 1) —v(z; + 14, 27))
r,;<kx_;€EL_; ACS
r_;<k_;

— Z Z (_l)ﬁb_cb(xiycﬁ,m)(U(xiB’% +1) — U(Ii,B’ xl))

ACS  BCS\A
0a<za<ka CCA

<k
= Z [ Z <(_1)a+b—cb(xic’3,kiil)v@i’B7ki)+(_1>a+b+1—cb(xiyc’3’Oi)v(xiB,0,-))
ACS BCS\A

0a<za<ka CCA

+ ) <(—1)““*”‘%@30,3,@)@(fﬂif;, i) + (=1 g e V(@ s, fﬁ))]

CcA
0<z; <k
— Z { Z <(_1>a+b_cb(x%c,3)v(x%73)+(_1)a+b+1_cb(xi,c73w)v(wivBUi)>
ACS CS\A
Opa<za<ka B(?gzél
+ Y ((—1)a+1+b—0b s (@S, p) + (—1)Teh e (@S, ))
(TAui,c,B)~ \TAULB (#Aui,c0i,8) V7 AULB
BCS\A
C_g>1
O<z;<k
- ¥ ( ST D) by o p) Y (DT s (e, ))
(xA,C,B) A,B (mAUz‘,C,B) AU, B
ACS BCN\A BCS\A
0a<wa<ka ég\x CEA\ui
o<z;<k

= Z Z (—1)a+b—cb(xA71C,OB,(I¢71)N\AUB)U({L'A, 0p, kN\AUB)
ACN  BCN\A
O0a<za<ka CCA
which is the desired result. O
We now prove Proposition 2.

Proof . It is easy to check that the formula satisfies the axioms. Conversely, we consider
IV satisfying (L) and (N). Let v € G(L) and T € 2V \ {0}.
By Proposition 1, there exists al € R, for all z € L, such that,

I'(T) = alv(x).

el

(T = Z Zaa%xi)v(x,i,xi).

r_,€L_; x;€L;

Then,

11



Assume now that ¢ is null for v. We have v(z_;, z;) = v(x_;,0;). Hence,
°(T) = Z Z aa_wi)v(:r_i,Oi).
xfiEL,i J?iELi

By (N), we have, for all i € T null, and for all z_; € L_,

Z aa_wi) =0.

J?iELi
Ve_pe L r,let ACT, BCT\ A, and set
ka
T b T A
b(IA70B7(k*1)T\AuB#LT) - <_1) Z a(éA’OkaT\AuB»xfvaxA € La \ {O’ k} )
La=(z+1)4
Then, we have, Vo_r € L_7, VA CT,YB C T\ A, Vo, € Ls\ {0,k}4,
ka
T _ a—c T :
Ul 05 b avpre—1) = Z (—1) Z Wt 40,08 ks s 1) (using Lemma 2)
ccA P—
Lao=(z+1) a\c

ka
_ a—c T
- Z (=1) Z e 4\ 0Bk auB-T—T)

CCA Loe=(zc—1¢)+1c
Lac=za\ctlac
ka
- b a—c b T
- (_1) Z(_l) <_1) Z A(y,05.kr\ aup@—T)
CCA y=((z—1c)+1)a

_ b a—ciT
- (_1) Z(_l) b(l'A_1C»OB7(k_1)T\Aqux—T)

CCA

Therefore, it suffices to replace the values of al in the formula (6), and then the result is
established.

°(T) = Z Z a%;,T’LT)v(:ET,:B_T)

$7TEL,T CCTGLT

— T
= 2 X 2 hatnknaumen?@a 08, kraos, 7o)

r_7m€EL_T AQT BQT\A

Oa<za<ka
_ b a—c1 T
= E E E (—1) E (=1) b(xAflc,OB,(kfl)T\AUB,:c_T),UCCA7OB?kT\AUBWT*T)
e_reL_p ACT  BCT\A CCA
Oa<za<ka

— Z Z bl Z(—l)t’“v(:v +14) (using Lemma 3)

r_r€EL_pxpE€Ly ACT
zr<kr

= D 0> (=) v(a + 1a).

z€L ACT
acT<k:T

12



The next axiom generalizes the invariance axiom introduced for the importance index.

Invariance axiom (I): Let us consider two functions v,w € G(L) and a
nonempty set 7' C N such that, for all i € T,

Ap(z) =Aw(x —1),x_; € L_;,x; € {0,...,k —1}(mod k).
Then I°(T) = I*(T).
Proposition 3. Under axioms (L), (N) and (I), Vv € G(L),VT € 2V \ {0},
I(T)= > bl Y (=1)(0s,kp\s, 7_1).
r_reLl_p SCT

Proof . It is easy to check that the above formula satisfies the axioms. Conversely, we
consider [V satisfying (L), (IN) and (I). Let v, w € G(L) such that v, w satisfy the premise
of the Invariance axiom and consider T € 2V \ {#}. By Proposition 2, we have, for any
ieT

I°(T) = Z bE Aqv(x)

€L

$T<kT
r_;eL_; xi€L;
T\ <kp\; ©;¢{0,k}
z_;€L_; z;€L;
xp\ <K\ z; ¢{0,k}
= Z (bgz,x,z)AT\zAzw((k — 1)“ 37,1') -+ Z b£i+1i,x,iAT\iAiw(x)>7
r_;eL_; ;€L
xT\i<kT\i r;<k—1

and,

$T7\Z<k;(z zi<k—1

Then, by (I), b1 .  =bl 4 . Vo€ L_;Va; € L\ {k,k — 1} and any i € T. Hence,
bl e = b@+1)T7x_T, for all z_p € L_p and for all zp € Ly such that xp < kp.
We conclude that the coefficient bgzj_T does not depend on 7.

We set thus b]  :=bl . . Hence, for any v € G(L), and for any T' € 2V \ {0}, we
have,

IT) = Y bl Aguv(x)

zeL
xp<kr
= 2 by D Al
z_rEL_7 €L
zp<kr
= Z bg_T Z(_l)t_sv(OT\S7 kSa :UfT)
r_rEL_71 SCT
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We introduce the Symmetry axiom.

Symmetry axiom (S): For all v € G(L), for all permutation o on N,

17°°(a(T)) = I°(T), VT € 2V \ {0}.

Proposition 4. Under axioms (L), (N), (S), Vv € G(L),VT € 2V \ {0},

where bypngmn,.n, € R, and n; = [{€ € N\ T,z, = j}|

-----

Proof . Let v € G(L) and let o be a permutation on N. For every z € L, we put
y = o (z). From Proposition 2, we have VT € 2V \ {0}

INT) = ) by Aro(y),

yeL
yr<kr

and,

@)=Y KO @ ou()
zeL
ZTo(T)<ko(T)

o(T
- Z bogy))ATv(y)'
yeL
yr<kr

T):bT

Then, from the symmetry axiom, we have for all y € L such that yr < kp: bzgy) -

For every y € L such that yr < k, we can write,

T o) o) (@)
Oyriy-1) = Oy = sty = Oty ayio) o) = Plyriow)—om)

Assuming that o(T) = T, then,

T _ T
b(?!T;?JfT) - b(yT;O(y)—g(T))
For a fixed T' # (), b@T;U(y)_J(T)) depends only on n(y_r), with n(y_r) = {no(y_r), ..., ne(y_7)},

and n;(y_r) =[{€ € N\ Ty, = j}|.

T _ T
pyT;?J—T - pyT;n(y—T)

Suppose now that (7)) = S (with S # T'), and o(¢) = ¢,¥¢ € N\ SUT, then,

T _ 10(T)
Olyrinty-1)) = Olyrin(ow) o))
o)

— (yrin(y-1))

we can conclude that the value bZT%"(y—T) does not depend on the exponent 7. We denote

by by,in(y_p) this value. O

14



Proposition 5. Under axioms (L), (IN), (I) and (S), for any v € G(L) and any nonempty
TCN,

(M) = 3 ba o 2 (=17 0(0n s, ks, w), (9)

r_r€EL_7p SCT
where by ) € R, n(x_p) = (ng,n1,...,ng) and n; = [{{ € N\ T,z = j}|

Efficiency axiom (E): For all v € G(L),

Z[”(i) = Z (v(z + 1n) — v(z)).

1EN el
Tj <k

We introduce now the Recursivity axiom which is the exact counterpart of the one
for classical games in (Grabisch and Roubens, 1999). For this, we introduce the following
definitions.

Let v be a multichoice game in G(L) and S C N. We introduce the restricted multi-
choice game v~ of v, which is defined on N \ S as follows

v (x_g) = v(2z_g,0g),Vo_g € L_g.

The restriction of v to N\ ¢ in the presence of i, denoted by v, *, is the multichoice game
on L_; defined by

v; (z_) = v(r_s, ki) —v(0 i, k), Vo € L.

(2

Recursivity axiom (R): For any v € G(L),

—1i

I°(T) = 1% (T \ i) — I" (T \i),YT C N,|T| > 1,VieT.

Lemma 4. Under axioms (L), (N), (I) (S) and (R), for any v € G(L), for any nonempty

T C N,
(=T)u[A]
I'(T) = Y (=) ([A)), (10)
ACT
AZ0
with v[(;]T)U[A] is the reduced multichoice game of v to T with respect to A defined on the

set {0,. .., kYMDUAL a5 follows:

v[(;]T)U[A} (w_p, lpa) = v(x—7,0a,0m\a), 0 € {0,... k}.
Proof . We suppose that the axioms (L), (N), (I), (S) and (R) are satisfied. We
proceed by induction on |T'| =: t. The formula is true for ¢ = 1. Let us assume it is true
up tot=/¢—12>1, and try to prove it for t = ¢ elements. By induction assumption we
have, for any v € G(L), and i € T,
i H(=TIUIA]
T\ = Y (F)Te T ([A)),

ACT\i
A

15



TN = 3 (et ).
ACT\i
ALY

with v (g, ) = v(@_p, Ca, ki, Opai) — v(0_s, ki), £ € {0, ... k}.

Let A C T\ i such that A # (). From Proposition 5,

(=T)U[A]

Mas (A = Y b T>( b " k) — oy ](SE—T,O[AD)
= Z bn(a:,T)<U(x7T7kAui70T\AUi>_U(xfTinaOT\i))

= Z bn(e_r) U(x—T;kAuiaOT\AUi)_U(J7—T7OT)>

—T)U[AUi —T)U[AUI
= Z b”(w—T)<U[(AUi§ [ ]<x*T7k[AUﬂ) - U[(AU% [ }(x*Tﬂo[AUiD)

o Z b”(JLT) <U(_T)Ui(x—T7 kl) - U(_T)Ui(x—Tv OZ))

(—T)UAUI] p(=T)Ui .
= Ity (AU - T,
By (R), we have
IY(T) = I (T\ i) — I" (T \ i)
T)U[A]

H(=DUl4] a1 0
= > (DT (A = Y (e ([A])
ACT\i ACT\i
AZD AFD
T)U[A]

a— o(~T)U[AUI] (=i . a1 D
= > o (e AV - TG ) = Y (e (4]
ACT\i ACT\i
A£D A£D
a— o(~T)U[AU] o(=TVIA] (=i o
= > o (T A v - 1A ) = TG Y (e
ACT\i ACT\i
AZD AAD
a1 { ro(~TIUIAU] H(=DUIA] (=TIl
= 3 o (o T A = 1T (AD) + (D))
ACT\i
X;A@\

L (=TUA]
=Sy )
ACT
AZD
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Theorem 3. There is a unique interaction index satisfying (L), (N), (I), (S), (E) and
(R), which is the signed interaction index given by

]:(T) — Z ( (n — 5(1' T) _Zf 'k l’ T Z OT\A,ICA,ZE T)

v n—s(x_r)+ k(x_7) —t—l—l 'ACT

for all v € G(L), T € 2V \ {0}.

Proof . Let v € G(L), and T € 2V \ {0}. By axioms (L), (N), (I), (S) and (E), we
have
H(=TIULA] _ _
. Y b (i k) — vy @, O)),
r_r7€EL_1
(n—t — s(z_r))k(z_1)!
(n—t+1+k(z_g)— s(z_r))!

with by _p) =

By Lemma 4, we have

—T)U[A]

—a ot
I'(T) = Y (=11 ([A])

ACT
AZD

= Z (_1)t_a Z bn(x_T) (U(x—Ta kAy OT\A) - /U(l'_T, OT))
ACT r_r€Ll_7
AZD

= Z bn(x,T) Z (_]-)t_a (U(x—TJ kA7 OT\A) - U(I'_T, OT))
x_r€Ll_7 ACT

AZD

- Z bn(sz) Z <_1)tiav(k147 0T\A7 x*T)-

r_r€L_7 ACT

]

Observe that as for the interaction index for classical games, the formula is still valid
for T = (.

Example 2 (System engineers (continued)). Consider the 2-ary capacity v given in
Example 1. The computation of the signed interaction index w.r.t. v gives

I°({1,2}) = v(2,2) — v(0,2) — v(2,0) + v(0,0) =2 — 1 — 1+ 0 = 0.

The signed interaction index indicates that there is no interaction among criteria. Evi-
dently, this is counterintuitive because the two criteria (latency of the system and quality
of the system) interact with one another, as depicted in Figure 1. This is because the
interaction effects existing in the subdomain {1,2}* of L cancel the interaction effects in
the subdomain {0, 1}?: interaction is positive in the latter, and negative in the former.

The above example motivates the introduction of another interaction index which does
not permit cancellation between positive and negative interaction, just by considering
absolute interaction effects. This is the object of the next section.

17



6 Axiomatization of the absolute interaction index

In this section, we propose an axiomatic approach to define an interaction index which
has the following general form:

I'T) = Y bllAru(e)],
zel
zp<kp

where, for any nonempty 7' C N, {bl |z € L,zr < kr} is a family of real coefficients. As
this index is not linear, the axiomatization scheme cannot be based on linearity as the
previous one, and we follow the scheme taken in (Ridaoui et al., 2017a) for the absolute
importance index. The two first axioms are a kind a replacement of linearity.

Conic Combination axiom (CC) : Vv,w € G, (L),Va € R,

[0t = 0 4 o

Decomposition axiom (D): If v,w € G, (L) and v — w € Gyp(L) for some
T C N,
'"=(T) =1°(T) — I*(T).

Proposition 6. Under axioms (CC) and (D), for all nonempty 7" C N, there exists
constants al € R, for all z € L, such that for all v € Gp(L),

I'(T) = alv(x). (11)
x€EL
Proof. Let v € G, (L). By using the basis of unanimity multichoice games and applying
(CC) we find for every nonempty 7" C N,
I°(T) = ) m"(x)b}, with b} = I"(T).
€L

Since m"(z) is a linear combination of all coefficients v(y),y € L, a rearrangement of
terms leads to the following formula:

I'(T) =) ayv(y), (12)

where al are real constants independent from v. We have for every T' € 2V \ {0} and
RS QT(L),

T
Y

I°(T) =I1"""""(T), vt,v~ €G (L)
=I1"(T)— 1" (T), by (D)
= ajvt(z) =) alv(x), by (12)

zeL €L

= Z alv(x).

€L

18



Marginal contribution axiom (MC): Let T C N, T # () and v,w € G(L)
such that
’ATU<:U)’ = ‘AT”LU(-%')‘,V.Z' S L,iL‘T < kT?

then IV(T) = I*(T).
Remark 2. The Null Axiom (N) is implied by (CC) and (MC) (or (D) and (MC)).
Indeed, the (CC) axiom or (D) implies I°(T) = 0 for any T C N, where 0 is the

null game, and if ¢ is a null criterion for a multichoice game v such that T" > ¢, then
Arv(x) =0 = Ar0(z), for every x € L such that 27 < kr. Hence, by (MC), I*(T) = 0.

Proposition 7. Under axioms (CC), (D) and (MC), for all nonempty 7" C N, there
exists constants bl € R, for all x € L,z < kp, such that for all v € G(L),

I'(T) = ) b|Ao(z)]. (13)

To prove this proposition, the following Lemma is useful.

Lemma 5. Let T C N, T # (). For every v € G(L), there exists w € Gr(L), such that
|AT’U| = |ATU}|
Proof . Let v e G(L) and T C N, T # (). For any x € L such that xy < kr, we set

Z |Arv(zp,x_p)|, ifx; >0,VieT

0, otherwise.

Define inductively the following multichoice game w:
e w(0,...,0)=0,

o foreveryz v € L_p, v 7 = (04,2 704), with AC N\TUA and x_7u4 > 0_7y4,

_ 143, .
w(0rua, x_Tua) =  max E (—1)H2ienvi ’<w(0TuA,ZB,$—TuAuB)
0#BCN\TUA
Yy-A€L_a ZBSYB
0p<yp<zg zp>YyB—1p

+ D(yT7 0A7 ZB, x—TUAUB)) - D(yT7 0A7 x—TUA)] )

e for every x € L, such that x7 # O,
w(z) = w(0r,xz_7) + D(x).
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By construction, we have for every « € L\ {Or} such that zp < k7,

Arw(z) =Y (1) w(z + 14)

ACT
- (—1)t (w(OT, z_7)+ D(x+ 1A))
ACT
= (—1)tiaD<ZZ' + 1A)
ACT
=) (=D > | Aru(za, o4 27
VieT\A,z;<x;
= [Arv(z)],

and if = (Op,x_7), we have

Arw(x) = (—=1)""w(0_7,x_7) + Z (1) "w(z + 14)
0£ACT

= > (=1)!™"D(x + 14)

0AACT

=) (-1)"D(z + 1,).

ACT

Hence, w is a multichoice game such that Arw(z) > 0 and |Arv| = |[Aqw|.

Let now S C N\T,S # 0, and = € L such that x5+ 1g < kg. Let A C N\TUS such
that x_rus = (04, 2_7usua) With z_pusua > 0, and we set {_pua = (x5 + 1g, T_70405)-
We distinguish the two following cases:

o if 27 =0p, forevery BC N\TUA,B#0,y_a€ L_4,0p <yp < {p, we have

w(0rua, logoa) =Y (—1)1+Zi63yi_zi(w(OTuAaZB’f—TuAUB)

ZBSYB
zp>yYyp—1p

+ D(yT, 0A7 2B, E—TUAUB)) - D(yT7 OAa E—TUA)?

we take B = S, yr = O and ys = s + 1g, we obtain

u(OTUA>$5‘+'1S7x—TUAUS);2 2{: (—JJ1+ZL€erHf¢%U(OTUA>Zsaf—TuAuS)

zssrs+tls
252Ts

e if x7 # O, we have
w(zr,z_7+ 1g) = w0, z_7 + 1s) + D(xr,z_17 + 1),
and for every BC N\TUA,B#0,y_a € L_4,0p <yp </{p, we have

w(0rua, lorua) = Y (_1)1+ZiEByi_Zi(w(OTUA;ZSag—TUAUB)

ZBSYB
zp2yp—1

+ D(yT7 OA) ZB) g—TUAUB)) - D(?JT, T + 15)7
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we take B = S, yr = z7 and yg = xg + lg, we obtain

w(xr,x 7+ 1g) > Z (—1)1+Zi€5 @itz (w(OTUA7ZSax—TUAUS)

zsses+ls
25>xg

+ D(zr1,04, 25, x_TuAus)>

> Z (1) 2ies T Fy (2, 04, 25, T_T0UALS)-

zsses+ls
25>Tg

Then, Agv(x) > 0.

We now prove Proposition 7.

Proof. Let v € G(L) and T C N, T # 0.
It is clear that Formula (13) satisfies (MC). Let us check that it satisfies (CC) and
(D). Let v,w € G, (L), and T € 2V \ {#}. For any a € R, we have

IV (T) = 3 b Az (v + aw)(z))|

€L
zp<kp

— Z b Apv(z) + aArw(z)|

z€L
xp<kr

= Z b£(|ATU(x)| + Cy|ATw(ZE)|) (by Lemma 1).

zeL
:ET<kT

Thus
TWHew)(TY = [°(T) + od®(T),

and the (CC) axiom is satisfied. If now v — w € Gr(L), we have Ap(v —w) > 0, and
then

[0=(T) = ) by Ar(v — w)(2)]
vy <hr

= ) biAr(v—w)(x)

zeLl
zp<kr

= 3 bH(IAr()@)] — [Arw(a)]).

z€L
zp<kp

Hence, (D) is satisfied. Conversely, we consider I satisfying the axioms (CC), (D) and
(MC).
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Let v € G(L) and T C N,T # 0, by Lemma 5 there exists w € Gr(L), such that
|Arv(z)| = |Arw(zx)|,x € L,xr < kp. By Remark 2 | I satisfies the Null axiom for any
multichoice game. Then we deduce by (11) and Proposition 2

= Z bE Apw(x)

z€eL
xp<kr

And by axiom (MC) we have,
1°(T) = I*(T)
= Z b Arw(z)

z€eLl
rr<kr

= > b0lAru(z)

zeL
zp<kr

Proposition 8. Under axioms (CC), (D), (MC) and (I), for all v € G(L),
= > b |Agu(x)|,T C N, T #0.

x€L
:CT<k:T

(the proof works as in the case of Proposition 3)
Symmetry for Dirac games (SD): Let z € L\ {Oy}. VI C K(z) U (N'\
S(x)), with T # K(z) and T # N \ (),
(T i) = I™(TUj),Vi,j € K(x),i,j ¢ T,
I(T'Ui)=1"(TUj),¥i,j€ N\X(x),i,j ¢T.

This axiom says that ¢, j € N are symmetric for the Dirac games, if they are in the
kernel, or outside the support. It means that the interaction for Dirac games does not
depend on the labelling of the players in the kernel, or outside the support.

Take now z € L\ {On} such that r(z) # 0 and remark that >,y 7 I(TUi)=0

for any T C K(z) U (N \ ©(z)), which implies

Y F(Tui)=— Y IF(TUi).
1€K(x) 1EN\X(z)
1¢T i¢T

We also note that I%(T'U1) is positive for i € K(x),i ¢ T, and I%=(T U14) is negative for
i€ N\ X(x),i¢T. Hence

Yo U= Y (T

i€K(z) iEN\X(z)
i¢T i¢T

This can be interpreted as the total interaction of elements in K (z) \ 7" is equal to the
total interaction of terms in N \ 3(z) UT. We then propose the following axiom.
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Absolute Efficiency (AE): Let x € L\ {Ox} such that K(z) # 0.

VT C K(z) U (N \ Z(z 215 (T Ui) Z 1% (T Ui).

ieK(z iEN\S(z
1¢T i¢T

In all previous axioms, the Interaction is given up to a dilation coefficient. In order
to fix this coefficient, we introduce a calibration axiom taking the previous case when
Y(z) = N.

Calibration (C): For every « € L, such that X(z) = N,

> I*(TUi)= 19T ¢ K(z).
i€K(x)
i¢T

Theorem 4. There is a unique interaction index satisfying (CC), (D), (I), (MC),
(SD), (AE) and (C), which is the absolute interaction index given by

R = Y e Ao,

~ (n— o(x_p)+ k(x_p) —t+1)!
xp<kr

for all v € G(L), T € 2V \ {0}.

Proof. 1t is clear that the above formula satisfies (CC), (D), (I), (MC). We show that
I, satisfies (SD), (AE) and (C). Let x € L\ {Oy} and T C N,T # (), and for any
i€ N\T, we set p*~Tvi = — (n—ol@_ru)—t=Din(z_zui)!

(n—o(z_rui)+r(z_TUi)—t)!

e Suppose T' C K(z) U (N \ X(z)) with T # K(z) and T # N \ £(z). For any
i,7 € K(x) such that i, j ¢ T, we have

Igw (TU) = Z py-TUi

yeL
yrui<krui

_pm o Z ’Z t a5 ?JT+1A,]€Z7$ TUZ)

yr<kp ACT

_px TUj Z ‘Z t a5 yT+1A7k];5C Tu])

yT<k'T ACT

ATUi 5ac (y) |

= > PP Ary0a(y)]

yeL
yrus; <kTUj

= I (T Uj),
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and for any 7,7 € N \ ¥(x), we have

I%(T Ui) = p*-Tui Z ‘Z VS (yr + 14, 05, w75

yr<kr ACT

_pw TUj Z ‘Z t a6 yT+1A70]7x TUJ)

yr<kp ACT

= > pIAR6(y)]

yEeL
yru;<kruj

= I*(T'U3j).

Hence, (SD) is satisfied.
o If k(z) #0, and T C K(z) U (N \ X(z)), we have

Ok; m_ . i \/q )
L (Tui) = pm o, Vi e K(z),i ¢ 1
80500, : ' /i ¢
Ia(oz, 71)(T Z) =p" T Vie N \ E(IL’),Z §é .

We set S = X(z) \ K(x), and zp = (04, kr\a), with A C T. We have

Z[kz,z)TUZ) Z (n—k(x) —a—9s)(k(x) +a—t—1)!

(n—s—1)!
@GK(QE leK( )
1¢T i¢T
(n—=r(x) —a—s)(k(x)+a—1)!
(n—s—1)! ’
B Z (n—k(x) —a—s—D(k(z)+a—1t)
iEN\S(z) (n—s—1)!
i¢T
= Z L= (T U3).
1EN\X(z
i¢T

Then, (AE) is satisfied.

e Let us take X(z) = N. For any T' C K(x), we have

ZI’CL’)TUZ prTUZ

1€K(x) 1€K(x)
i¢T i¢T
- 3 T
i€K () kz—ru) +1
i@ T
=1.

Hence, (C) is satisfied.
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Conversely, we consider [ satisfying the axioms (CC), (D), (I), (MC), (SD), (AE)
and (C). Let = (On\sum, Ts, ky) € L with zg € Lg \ {0,k}%,S = E(z) \ K(z) and
M = K(z).

By Proposition 8, we have for any T'C N, T # ()

=(T)=1b; , Z |Arde (7, y7)|-

s
Then we obtain,
o if TNS =0,
[ecnto) (T) = Pt (T) = by = I"0-ro(T), V0 {0, k), (14)
o if NS #0,
I%(T) = 2708 Pe_rrr)(T). (15)

Then it suffices to determine [°¢-7+1) (T), withT C M, T # 0, and x_7 = (On\sunt, Ts, kanr).

e If SUM = N, by axioms (SD) and (C), we have

1

o If SUM # N, by axioms (SD) and (AE), we have, V¢t € {0,...,m — 1} and
Vme{l,...,n—1},Vs € {1,...,n— 2} with s + m < n,

(m — t)[6(0N\A4US’IS’kA4\TUi*’“TUi) (T U l) = (n —s— m)]é(oj‘ON\MUSUj‘IS'kIM\T*kT) (T U ])

and by (14), we obtain

Ié(ON\MUS’IS’kM\TUivaui) (T U Z) — %Ié(ON\MUSUj’szkM\Tvauj) (T U ])
Thus, recursively,

]5(071\/1usvZS,kM\Tuivaui)(T U Z) — n _ms__tm]6(0—1\/11U57157k]\41\Tuj*kTUj>(T U j), M, =M Uj
I(S(O—MlUS'szklvll\Tuivaui)(T U Z) — n ;{;:j;ﬁ; 1]—6<0*M2US’mS’kM2\TUj‘kTUj)(T U ]), My = M;Uj
Ié(ofMQUS7$S7’“MQ\TuivaUi)(T Ui) = n ;n‘:__an; 2[6(071\43US’xS’kM3\TUj’kTUj)(T Uj), My = MyUj
]5(0—N13US*ZS’kJVI3\TUi7kTUi)(T U Z) — n ;1‘:__3”1; 316(07M4US’ZS’kM4\TUj’kTUj)(T U ])7 M, = M, Uy

1

00, ) é )
I (OJvISkan,s,l\Tuivaul)(T Ui) = I (ISaan,S\TujvaUJ)(T Uj),My_s= M, 1Uj

n—s—1-—t
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Then by (16), we obtain

n—s—m)(m—t—1)!
(n—s—1)! ’

[6(0_N[US@Ska\Tui’kTui> (T U Z) = (

therefore, for any T'C M, T # 0,

(n—s—m)l(m—1t)!
(n—s—t+1)!

_ (n—o(@))!(k(2) = Klar))!
(n—o(x)+k(z)—t+1)!

(-t -oler)(r(z_1)!
(n—o(z_r)+ K(x_p) —t+1)!

I(T) =

O
Note that, alike the signed interaction index, the expression is still valid for 7' = ().

Example 3 (System engineers (continued)). Consider the 2-ary capacity v given in
Example 1. The computation of the absolute interaction index w.r.t. v gives

Is({l, 2}) = ’A{LQ],U(O, O)’—HA{LQ}U(O, 1)‘+‘A{172}U(1, 0)’+’A{1,2}U(17 1)' = 14+04+0+1 = 2.

The absolute interaction index shows that there is a synergy of information between
criteria, which was not visible using the signed interaction index.

7 Interaction indices for the Choquet integral

We propose in this section an interpretation of the interaction in continuous spaces, that
is, after extending v to the continuous domain [0, k]V. The most usual extension of v on
[0, K]V is the Choquet integral with respect to k-ary capacities (Grabisch and Labreuche,
2003).

Let 2 € [0,k]Y. For any i € N, we define z € L by z; < 2; < z; + 1 if Z; < k and
z; = k— 1 otherwise. The Choquet integral w.r.t. a k-ary capacity v at point z is defined
by

C,(2) = 0(3) + Cpulz —3),

where p= is a capacity given by
p=(A) =v((Z+1)a,z_a) — v(z),VA C N.
For any T' C N, we define inductively the variation of C, at z w.r.t. T" by

A(Z)Cv(z) = Cy(2)
AiCy(2) = Cy(ki, 2—i) — Cu(04,2-4),Vi € N
ATuin(Z) = AZ(ATCU(Z)),VZ e N \ T.
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Generalizing the above definitions, the variation of C, at z w.r.t. T is

A7Cy(2) = Y (=1)°Co(0s, ks, 2-7).

scT

We begin by giving a formula relating the (signed) interaction index to the interaction
index for classical games. In the formula below, as well as in the whole section, we consider
the expression of the interaction index extended to 2%.

Proposition 9. For every v € G(L),

(Ty= Y  I&(T)NTCN,

z€{0,....,k—1}N
where Igy, is the interaction index for classical games given in (4).
To prove this result, the following combinatorial result is useful.

Lemma 6.

s —1)ls! —b—1)lal

> (n—s—Dls! _(n—b )a,VA,BgN,AgB,
n! (n—0+a)!

S€[A,B]

where [A,B] ={C C N: ACC C B}.

Proof . Let A, B C N, such that A C B,

n—s—1)s! n—s—a—1)(s+a)
3 ( ) 3 ( (s +a)

n! n!
SCIA,B] SCi0.B\A]

Il
o
1
IS
VRN
)
w
Q
N~~~
=
|
V)
|
=)
S
=
@
+
&

s=0
b—a . 1
_ Z <b CL) / {L‘n_s_a_l(l x)s-‘rll dx
s=0 s 0
1 b—a .
— / fl}n_b_l(l m)a Z (b &) b—a—s(l [E)S dr
0 s=0 o
1
= [ 2" (1 —2)%dz
0
(n—>b-—1)la!
(n—>b+a)!

We now prove Proposition 9.
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Proof . Let T'C N.

> omm- XY A

2€{0,.. k—1}N 2€{0,....h—1}N SCN\T

2€{0,....k—1}N SCN\T

n—s—t)s!
= Z Arv(z) Z ((n—t—%—i)'

zeL SCN\T
zr<kr Vj€S,z;>0
ViEN\S,zj<k
(n—s—1)s!
zeL SCN\TNS(z_T)
zr<kr S2K(2-1)
B (n—s—1t)ls!
=D A ) (n—t+ 1)
z€L SCS(z-1)
zp<kr SQK(Z_T)

B g CEEC LB

= n—s(z_p)+k(z_p) —t+1)!
ZT<k‘T

]

Thus, the signed interaction index on L takes the form of the sum over all the cells of
the grid L, where in each cell the interaction index for the local (classical) game is taken.

Theorem 5. Let v be a k-ary capacity.
v 1
IN(T) = o ArCy(2)dz, VYT C N.
[0,k]"
To prove this result, the following lemmas are useful.

Lemma 7. The Choquet integral at point z € [0,k w.r.t. a unanimity multichoice
game u,, r € L is given by

1, if z>x
C (Z): /\ (zi—Ei), if3i6N22i<l’i,Z,iZ$,i—1,i
e 1EN:z;<x;
0, otherwise

Proof. Let u,,r € L a unanimity multichoice game, and let z € [0, k]¥. There are three
different cases,

e Case 1: z <z,

we have v,(Z) = 1, and pz(A) =0 for any A C N, then C,,(2) = 1.

e Case 2 : Ji € N such that z; > z + 1,
we have v,(Z) = 0 et pz(A) =0 for any A C N, then C,, (z) = 0.
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e Case 3 : di € N such that x; > z;,

we have v,(Z) = 0 and pz(A) = ps(A) for any A C N, with g a unanimity capacity
and S ={i € N :x; >z}, then C,, (z) = /\(zZ —Zi).

1€S

Lemma 8. For any v € G(L), any T'C N, we have

ArCy(z) = ) Yo ) Nz —=).

SCN\T z€Lxr>lr €S
zg=(Z+1)s
TN\TUS SZN\TUS

Proof. Let z € [0,k]V, VT C N and VL C T, we have by linearity of the Choquet integral
w.r.t. games, by Lemma 7 and (2),

CU(OL, kT\L» Z_T) = Z m”(x) + Z m”(x) /\ (OT, Z_T — E—T)i-

eek zel iEN\(T\L):

xrL=VUL rxr <1y . 0 N )

r_p<z_r z_7<(z+1)_7 z;>(0L,2-7)s
JEN\(T\L):

x2;>(0p,2-7);

Lettlng ¢z = (OT, Z_T — E—T)ia we have

> om'@) N\ = Y ow'@ A\ er D m'e) N\ an A

€L tEN\T: z€L 1EN\T: z€L 1EN\T: JEL
zp<1p x>z z,=0p, x>z zp<l1p xT;>z;
z_r<(z+1)_T r_r<(z+1)_7 zL#0L
FeN\(T\L): HEN\T:z;>z; z_p<(z+1)_7
x;>(0r,2-7);
v _
= E m"(x) /\ (z; — Z).
zeL 1EN\T:z;>2;
z,=0g
z_p<(z+1)_r
FEN\T:x;>z2;

Then,

Co(Or, k1, 2-7) = Z m®(z) + Z m*(z) /\ (zi — Zi)-

z€L z€L tEN\T":
zr=0r zr=0r x>z
T_r<z_T r_7<(2+1) -7

JEN\T:z;>2;

We use the following expression

VT C N, Z(—1)|A| Z m(z) = Z m(z),Ye_r € L_p,

ACT =04 xrE€Lp
T\ A€LT\ A xp>1lr
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and the definition of ArC,. We get:

> mi(z) +

ATCv(Z) =

zeL
zr>1r
z_r<z_T

= Z m"(x

zeL
zp>1p
z_r7<zZ_T

the lemma is proved.

We now prove Theorem 5.

2

o mi@) N\ (z-z)

wel iEN\T:
zr>1p T;>2;
r_7<(2+1) -7
HEN\T:z;>2;

SQN\T lBEL,:ETZlT i€S
S0 r5=(Z+1)s
TN\TUS SZN\TUS
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Proof . Let v a k-ary capacity. For every T'C N, we have,

/[O,k} ArC,(2 Z Z Z m (y) /[MHM /\(zz — 2;)dz

_zeL  SCN\T yeLyr>lp "ies
VieN,z; <k ys=xrs+1lg
YN\TUS STN\TUS

= > Y > m® (y) /[O’l]n /\ zidz

_zeL SCN\T yeLyr=>lr ieS
VieN,z; <k ys=rs+1lgs
YN\TUS STN\TUS

_ m*(xs + ls, yr, Y—1Us)
B Z Z Z s+1

~xzelL  SCN\T y_s€L_g
VieN,x; <k yr>1p

YN\TUS ST_TUS

m"(xs + s, yr, y-1Us)
LD DD DD
x_r€EL_p SQN\T y_s€L_g s+ 1

Vie N\T,x;<k yr>1lr
YN\TUS ST_TUS

m*(xrus + lrus, Y—1uUs)
> > 2 1

xz€L SCN\Ty-rus€L_rus
VieN,z; <k Y_TUSST_TUS

Z Z ATUSU (by Lemma (1))

zcL ~ SCN\T
VieN,z; <k

t+sax1A
Y oy y Bl

aeL  SCN\T ACTUS
VieN,a;<k

-1 t+5_aUZC 1A — (=1 t+s_a’l}l’
ZZZ() (+8+)1() ()

€L SCN\T ACTUS
VieN,zi<k

Z Z Z t+s a (A)
wegf\% | SCN\T ACTUS s+ 1

Z Z —m“ITUS)

zeL SCN\T
VieN,x; <k

We use the expression of interaction index for capacities in terms of the Mobius repre-
sentation (Grabisch et al., 2000), and by Proposition (9), we get

/ ArCy(2)dz = KT°(T).
04"

]

The interaction index on continous domain appears as the mean of relative amplitude
of the range of C, w.r.t. T', when the remaining variables take uniformly random values.
The total variation is the local interaction of C, at point z.
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Example 4 (System engineers (continued)). Consider the 2-ary capacity v given in
Example 1. By applying the formula of Theorem 5 we find 0, and therefore the theorem
is satisfied in the example.

Remark 3. It is interesting to compare the expression of the interaction index obtained
in Theorem 5 with the general expression of the interaction index for an arbitrary aggre-
gation function F' defined on some domain [a, b]" and taking value in [a, b] (see (Grabisch
et al., 2009, Sec. 10.4)):

p(F) = — [ 22884
r(F) (b—a)" /[a,b]n b—a

where T'C N and ApF(x) is the total variation of F' w.r.t. T at x, defined by

ArF(z) =Y (—1)F(as, br\s, 7_7).

Applying this formula to F' = C, on [0, k]™ we find:

1 1
IT(Cv) = kj"+1 /ATCU(ZE) d[L’ = WI:(T)

The difference in the normalizing coefficient comes from the axioms we have chosen,
essentially the efficiency axiom. Indeed, it is possible to recover exactly Ir(C,) if in
the efficiency axiom (E), we divide the right hand side of the equality by £ (this would
express an efficiency or average variation per cell in the grid, compared to a total variation
on the grid), and in the recursivity axiom (R), we multiply by £ the right hand side (since
it concerns games with n — 1 players).
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