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1 Introduction

In the theory of classical cooperative games, a characteristic function
is a real-valued function defined over all the subsets of the set of play-
ers. Under the condition of “uncertainty”, there are two extensions of
the characteristic function in the literature. One is that the domain of
the characteristic function is extended to allow “fuzzy” coalition.! The
other is that the range of the characteristic function is extended to allow
“fuzzy” value. The latter is the kind of situations that we want to discuss
in this note.

Branzei, Dimitrov and Tijs [10] provided a game theoretic model to
support decision making under interval uncertainty of coalition values,
named interval games. The model of interval games fits all the situa-
tions where players consider cooperation and know with certainty only
the lower and upper bounds of all potential revenues or costs generated
via cooperation. Methods of interval arithmetic and analysis (cf. Moore
[16]) have played a key role for new models of games based on interval
uncertainty. In the meantime, many solution concepts have been devel-
oped. Related results may be found in Alparslan Gok, Branzei and Tijs
[1, 2]; Alparslan Gok, Miquel and Tijs [3]; Branzei et al.[7, 8] , and so
on.

The Shapley value [18] is a well-known solution concept in cooper-
ative game theory. Two of the most appealing characterizations of the
Shapley value are by Shapley [18] and by Young [19], respectively. Shap-
ley proved that the Shapley value is the unique value satisfying four
axioms, efficiency, symmetry, dummy and additivity. Replacing
dummy and additivity by marginality, Young established an alter-
native axiomatic characterization of the Shapley value by three axioms,
efficiency, symmetry, and marginality.

These mentioned above raise one question in the framework of interval
games:

e whether the two axiomatic results of the Shapley value could be
described in the framework of interval games.?

L Aubin [4, 5] first suggested to allow the players to choose any level of participation
in a coalition, and he named “fuzzy game”. Fuzzy games have proved to be suitable
for modeling cooperative behavior of players in economic situations [6, 9] and political
situations [11, 15] in which some players do not fully participate in a coalition but only
to a certain extent. For example, in a class of production games, partial participation
in a coalition means to offer a part of the resources while full participation means to
offer all the resources.

2The interval Shapley value was introduced by Alparslan Gok, Branzei and Tijs
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This note is aimed at answering the question. Instead of giving di-
rect proofs, we establish a new axiomatization of the Shapley value by
means of efficiency, symmetry, and coalitional strategic equiv-
alence. Also, we provide two interesting logic relations between ax-
ioms:(1) dummy and additivity together imply coalitional strate-
gic equivalence and (2) marginality implies coalitional strategic
equivalence. Hence our result directly implies Shapley’s result and
Young’s result.

2 Preliminaries

We follow the notation and terminology of Alparslan Gok, Branzei and
Tijs [2]. Let N = {1,2,---,n} be the set of players. S C N is a
coalition. The cardinality of S is denoted by |S|. Let I(R) be the set of
all nonempty and compact intervals in R. A cooperative interval game is
a pair (N, w), where w : 2 — I(R) is a characteristic function such that
w(P) = [0,0]. For each S € 2V, the worth interval w(S) of the coalition
S in the interval game (N,w) is of the form [w(S),w(S)], where w(S)
is the minimal reward which coalition S could receive on its own and
w(S) is the maximal reward which coalition S could get. The family of
all interval games with player set N is denoted by IGY. We denote by
I(R)" the set of all such interval payoff vectors.

Let I,J € I(R) with [ = [[,1], J = [J,J], |I| = T — I and a > 0.
Then,

I+J=[1+J1+J]; (2.1)
ol = [al, o). (2.2)
By (2.1) and (2.2) we see that I(R) has a cone structure.?

For (N,w;),(N,wz) € IGY and o > 0 we define (N, w; + ws) and
(N, aw) by (wy +w2)(S) = wi(S) + we(S) and (aw)(S) = aw,(S) for
each S € 2V,

We define I — J, only if [I| > |J|, by I —J = [I — J,I — J]. Note
that I —J <1 —J.

[2] in the context of interval games. This is a generalization of the Shapley value for
TU games. Also, they proved that the Shapley value is the unique solution satisfying
four axioms, efficiency, symmetry, dummy and additivity.

3Let I = [I,I] € I(R), we call I and I are the lower bound and upper bound, re-
spectively. Equation (2.1) guarantees that the lower (upper) bound satisfies additivity.
Equation (2.2) guarantees that the lower (upper) bound satisfies scale invariance.
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The model of interval cooperative games is an extension of the model
of classical TU-games. We recall that a classical TU-game* < N,v > is
defined by v : 2 — R and v(@) = 0. The unanimity game based on S,
ug : 2V — R is defined by for all T C N,

1 ,8CT
us(T) = { 0 ,otherwise.

A TU-game < N,v > is monotonic if v(S) < v(T) for all S,T € 2V
with S C T. We call an interval game (IV,w) size monotonic if its length
TU game < N, |w| > is monotonic, where |w|(S) = w(S) — w(S) for
all S C N. We denote by SMIGY the class of size monotonic interval
games with player set V.

Let S € 2M\{0}, I € I(R) and let ug be the unanimity game based
on S. The cooperative interval game (N, [ug) is defined by ({ug)(T) =
ug(T)I for all T C N. We denote by KIGY the additive cone generated
by the set

K = {Isus|S € 28\ {0}}
where I € I(R). That is, each element in KIG" is a finite sum of
elements of K. We notice that KIGN C SMIGV.

3 Interval Shapley value and Axioms

In the sequel, we focus on the set of games, KIG". A solution on KIGY
is a map ¢ assigning to each interval game (N, w) € KIG"™ an element
d(N,w) € I(R)N. The interval Shapley value® ® : KIGN — I(R)" is
defined by

&, (N w) = S WL DINVASR G ) sy i,

. ]!
S:esS

for each i € N and for each (N,w) € KIGY.

Remark 3.1 An alternative definition of the interval Shapley value for
an interval game (N, w) is as follows.

D(N.w) =Y fjf;f) =3 ds(w),

SCN SCN
€S €S

4We use < N,v > and (N,v) to denote a TU game and an interval game, respec-
tively.

®Alparslan Gok, Branzei and Tijs [2] defined the interval Shapley value on
SMIGN.
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where (N, w) € KIGN withw = > seamyp Ls(W)us = 3 geong [Slds(w)us.

From now on, if it is no ambiguous, we use w instead of (N, w).
We need the following axioms.

Efficiency (Eff): >, y ¢i(w) = w(N) for all w € KIG".

Let w € KIGYN and i,j € N. i and j are called symmetric players in
w, if w(SU{i}) —w(S) =w(SU{j})—w(S), forall S C N\ {i,5}.

Symmetry (Sym): if i,j € N are symmetric players in w, ¢;(w) =
¢;(w) for all w € KIGY.

Let w € KIGY and i € N. Then, i is called a dummy player in w if
w(SU{i}) =w(S)+w({i}), for all S C N\ {i}.

Dummy player property (Dpp): if i is a dummy player in w, ¢;(w) =
w({i}) for all w € KIGN.

Additivity (Add): ¢(v +w) = ¢(v) + ¢(w) for all v,w € KIGY.
Let w € KIGYN and i € N, let A;w(S) be defined by

w(S) —w(S\ {i}) ifies,
Aw(S) = { w(SU{i}) — w(S) ifig s

A;w(S) represents the marginal contribution interval of i to S, and Aw
is the marginal contribution interval vector of .

Marginality (Mar): if A = Aw, then ¢;(v) = ¢;(w), where v, w €
KIGY and i € N.

Coalitional strategic equivalence (Cse): for all T C N such that
T # 0, and for all I € I(R), if v = w + Tuy, then ¢;(v) = ¢;(w) for all
i€ N\T, where v,w € KIGN.

Strategic equivalence, introduced by von Neumann and Morgenstern
[17], requires that adding a constant to the worths of all coalitions con-
taining a given player ¢ does not affect the payofts of other players. Chun
[14] introduced a variant version of strategic equivalence in TU games,
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coalitional strategic equivalence.® It requires that adding a constant
to the worths of all coalitions containing a given coalition 7" does not
affect the payoffs of players that do not belong to T. Here we provide
a version of coalitional strategic equivalence in the framework of
interval games.

Lemma 3.1 The interval Shapley value satisfies Eff, Sym, Dpp, Add,
Mar and Cse.

Proof. The proof is straightforward, we omit it. [

Two logical relations between axioms are as follows.”
Lemma 3.2 Dpp and Add together imply Cse.

Proof. Let v,w € KIG"Y be two games satisfying the hypotheses of
Cse, i.e., v = w + Tuy for some T'C N and for some I € I(R). For all
i€ N\T and for all S with i ¢ S, Tup(SU{i})— ITur(S) = Iur({i}) =
[0, 0], so that, by Dpp, we have

¢i(Tur) = Tur({i}) = [0,0] for all i € N\ T. (3.1)
On the other hand, by Add, we have
¢i(v) = ¢i(w) + ¢;(Tur) for all i € N. (3.2)
From Equations (3.1) and (3.2), we have, for alli € N\ T,
9i(v) = ¢i(w) + ¢i(Tur) = ¢i(w).
n

Remark 3.2 The converse of Lemma 3.2 is not true in general. Let ¢
be the solution on KIGY defined by for allv € KIGY,

) L ifi=1
¢i(v) = { [0,0] , otherwise,

where i € N.
Then ¢ satisfies Cse but it does not satisfy either Dpp or Add.

In the framework of TU games, Chun [14] provided another axiomatization of
the Shapley value by means of efficiency, triviality, fair ranking, and coalitional
strategic equivalence.

"Chun [14] established the two interesting results in the framework of TU games.
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Lemma 3.3 Mar implies Cse.

Proof. Let v,w € KIG" be two games satisfying the hypotheses of
Cse, i.e., v = w + lur for some 7" C N and for some I € I(R). It is
easy to see that for all i € N\ T, A;v = A;w. Hence, by Mar, we have
¢i(v) = ¢i(w) for alli € N\ T. =

Remark 3.3 In the framework of TU games it was recently proved the
equivalence between Cse and Mar (Casajus [12], Casajus and Huettner
[13]). This equivalence is still true here. The proof is similar to that of
Proposition (Casajus and Huettner [13]) and, hence, it is left to reader.

4 Main Result

In this section, we present an axiomatic characterization of the interval
Shapley value by means of Eff, Sym, and Cse.

Theorem 4.1 The interval Shapley value is the unique solution satisfy-
g Eff, Sym, and Cse.

Proof. We only need to show the “uniqueness”. Let ¢ be a solution
satisfying Eff, Sym and Cse. We first exploit the fact noted in Remark
3.1 that every interval game v € KIG" can be expressed as

v = Z ]TUIT- (41)

The interval Shapley value can be expressed as ®;(v) = > ®;(Ipur) =
PATCN
>

T:uweT

Define the index B of v to be the minimum number of non-zero terms
in expression for v of Equation (4.1). The proof continues by induction
on B.

If B =0, then v is the trivial interval game. That is, v(S) = [0, 0] for
all S C N. By Eff and Sym, ¢;(v) = [0,0] for all i € N.

Assume now that ¢(v) is the interval Shapley value whenever the
index of v is at most B, and let v have index B + 1 with expression

B+1

v = Z It ur,, all I, # [0,0].

k=1

805



Economics Bulletin, 2012, Vol. 32 No. 1 pp. 799-810

B+1

Define the game v_, = >  Ipuyp forallp =1,2,--- B+ 1. Then
k=1:k#p

forallp=1,2,--- | B+1,

V=70V_p + ITpqu-
By applying Cse (B + 1) times to all p=1,2,--- | B + 1, we have that
forallp=1,2,--- ,B+1,
¢i(v) = ¢i(v_p) for all i € N\ T,,. (4.2)

Since for all p =1,2,--- , B+ 1, the index of v_, is B, by the hypothesis
of induction, we derive that for all i € N '\ T,,,

Pi(vp) = Pi(vp). (4.3)

For all p = 1,2,---,B + 1, combining the fact “®;(v) = ®;(v_,) for
all i € N\ T,” with Equations (4.2) and (4.3), we derive that for all
ie N\1T,,

¢i(v) = di(v—p) = Pi(v—y) = Pi(v).

B+1
Hence for all ¢ ¢ () Tk,
k=1

sl =)= 3 ol

k=icT}, 75|
B+1
It remains to show that ¢;(v) = ®;(v) for all i € () Tx. By Sym,
k=
B+1 '
¢i(v) is a same interval J for all members of [ Tj; likewise ®;(v) is
. k=1
some interval J for all members of [ 7). Since both solutions sum to
k=
B+1 '
v(N) and are equal for all i ¢ () Tk, it follows that J = J'. =
k=1

By Lemmas 3.1-3.3, Theorem 4.1 directly implies the following two
theorems.

Theorem 4.2 (Alparslan Gék, Branzei and Tijs [2]) The interval Shap-
ley value is the unique solution satisfying Eff, Sym, Dpp and Add.

Theorem 4.3 The interval Shapley value is the unique solution satisfy-
g Eff, Sym, and Mar.
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5 Independence of the Axioms

The following examples show that the independence of axioms in Theo-
rem 4.1.

Example 5.1 Let ¢! be the solution on KIGYN defined by for all v €
KIGN and for alli € N,

¢; (v) = [0,0].
Then ¢' satisfies Sym and Cse but it violates Eff.

Example 5.2 We first recall that every interval game v € KIGYN can

be expressed as v = Y. Ipup and the interval Shapley value can be
0ATCN

expressed as ®;(v) = > ‘% Let ¢* be a “weighted” interval Shapley
TH5eT

value defined by for all i € N,

2(y) = L[
¢z (?}) T;T Z )\J T,

where \; = <—.
>3
jen

Then ¢ satisfies Eff and Cse but it violates Sym.

Example 5.3 Let ¢ be the solution on KIGY defined by for all v €
KIGYN and for alli € N,

U(N)'

n

¢i(v) =

Then ¢* satisfies Eff and Sym but it violates Cse.

6 Discussion

In general, interval games can be mathematically seen as special instances
as vector-valued games with two ordered components. More precisely, in
vector-valued games the worth of a coalition is given by a vector of real
numbers rather than by a real number. The components of such vectors
are sharp values for the worth of all coalitions from the point of view
of a finite number of criteria under consideration. Since any interval of
real numbers can be regarded as a point in R?, an interval game can be
seen as a special vector-valued game with two components, where the
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first component should not be greater than the second component. The
referee pointed out an interesting question:
From “real numbers” to “intervals of real numbers” only makes a dif-
ference in dimension. Intuitively, it might be that many results from
classical theory (TU games) could just be imported to this new the-
ory (interval games) by replicating the proof. The referee’s question
is: whether this new theory can yield new and surprising results that
have no counterparts in the classical theory? We do not have too many
ideas. We only know that some results in TU games does not apply to
interval games because the subtraction of two intervals is limited. For
example, the core satisfies the translation invariance property, but the
interval core® violates the translation invariance property. We first intro-
duce some well-known definitions and notation in order to illustrate this
fact.

The interval imputation set I(w) of the interval game w, is defined
by

I(w) = {(L)ien | Y I =w(N), I, > w({i}), T, > w({i}) Vi € N},

i€N
and the interval core C'(w) of the interval game w, is defined by

C(w)={I € I(w) | Y L >w(S),Y T, >w(S) VS € 2" \ {0}}.

€S €S

The following example illustrates that the interval core does not satisfy
the translation invariance property. That is, there exist an interval game
w and an interval payoff vector a € I(R)" such that C(w+a) # C(w)+a,
where (w+a)(S) = w(S)+ Y ,cqa; for all S € 2V \ {0}, and C'(w) +a =
{b+al|beC(w)}.

Let N = {1,2} and w({1}) = [0,0], w({2}) = [-1,0], w({1,2}) =
[0,0], and a = ([1,3],[1,1]). Then (w +a)({1}) = [1,3], (w +a)({2}) =
[07 1]’ (U) + a)({172}> = [274}' Eet I = ([11711]7[_12712]) = O(w) By
the definition of C(w), I; > 0,1, > 0,1, > —1,1, > 0, I, + I, = 0,
and I, + I, = 0. Since I, < I, this forced I, = I; = 0. So, C(w) =
{([0,0],10,0])}. Hence C(w) +a = {a} = {([1,3],[1,1])}. On the other
hand, it is also easy to see that x = ([2,3],[0,1]) € C(w + a). But
z ¢ C(w) + a. Hence C(w + a) # C(w) + a.

8The interval core was introduced by Alparslan Gok, Branzei and Tijs [1].

808



Economics Bulletin, 2012, Vol. 32 No. 1 pp. 799-810

References

1]

[11]

[12]

Alparsln Gok, S.Z. and R. Branzei and S. Tijs S (2008) “Cores and
stable sets for interval-valued games” Preprint no. 90, Institute of
Applied Mathematics, METU and Tilburg University, Center for
Economic Research, The Netherlands, CentER DP 17.

Alparsln Gok, S.Z. and R. Branzei and S. Tijs S (2010) “The inter-
val Shapley value: an axiomatization” Central European Journal of
Operations Research 18, 131-140.

Alparsln Gok, S.Z. and S. Miquel and S. Tijs S (2009) “Cooperation
under interval uncertainty” Mathematical Methods of Operations
Research 69, 99-109.

Aubin, J.P. (1974) “Coeur et valeur des jeux flous a paiements lat-
eraux” Comptes Rendus de 1’Academie des Sciences 279, 891-894.

Aubin, J.P. (1981) “Cooperative fuzzy games” Math. Oper. Res. 6,
1-13.

Billot, A. (1995) Economic Theory of Fuzzy Equilibria, Springer,
Heidelberg.

Branzei, R. and O. Branzei and S.Z. Alparsln Goék and S. Tijs S
(2010) “Cooperative interval games: a survey” Central European
Journal of Operations Research 18, 397-411.

Branzei, R. and D. Dimitrov and S. Pickl and S. Tijs (2004) “How to
cope with division problems under interval uncertainty of claims” In-
ternational Journal of Uncertainty, Fuzziness and Knowledge-Based
Systems 12, 191-200.

Branzei, R. and D. Dimitrov and S. Tijs (2003) “Convex fuzzy games
and participation monotonic allocation schemes” Fuzzy Sets and
Systems 139, 267-281.

Branzei, R. and D. Dimitrov and S. Tijs (2003) “Shapley-like values
for interval bankruptcy games” Econ Bull 3, 1-8.

Butnariu, D. (1978) “Fuzzy games: a description of the concept”
Fuzzy Sets and Systems 1, 181-192.

Casajus, A. (2010) “Differential marginality, van den Brink fairness,
and the Shapley value” Theory and Decision 71, 163-174.

809



Economics Bulletin, 2012, Vol. 32 No. 1 pp. 799-810

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Casajus, A. and F. Huettner (2008) “Marginality is equivalent
to coalitional strategic equivalence” working paper, Universitat
Leipzig, Germany.

Chun, Y. (1989) “A new axiomatization of the Shapley value”
Games and Economic Behavior 1, 119-130.

Lebret, A. and A. Ziad (2001) “Fuzzy cooperative games and po-
litical model” GEMMA Discussion Paper No. 1-2001, Universite de
Caen.

Moore, R. (1979) “Methods and applications of interval analysis”
SIAM Philadelphia.

von Neumann, J. and O. Morgenstern (1944) “Theory of games and
economics behavior” Princeten, NJ: Princeton University Press.

Shapley, L.S. (1953) “A value for n-person games” Annals of Math-
ematics Studies 28, 307-317.

Young, H.P. (1985) “Monotonic solutions of cooperative games” In-
ternational Journal of Game Theory 14, 65-72.

810



