ECONOMIC STRENGTH IN COOPERATIVE GAMES*

WILLIAM J. WILLICK} AND WAYNE F. BIALAST

Abstract. This paper revisits the concept of power indices to evaluate the economic strength of
individual players in a characteristic function game. A strength index is axiomatically derived and is
shown to be uniquely defined. The strength index satisfies individual rationality for all characteristic
function games, including games which are not superadditive. Furthermore, a relationship between the
index and the core solution concept is illustrated.

1. Introduction. The distribution of economic strength among the players of a
cooperative game has been studied for many years (Shapley 1951, Maschler 1963,
Coleman 1971, Monderer, Samet, and Shapley 1992, and Ifiarra and Usategui 1993).
The best-known index of economic power is the Shapley value, which has many de-
sirable properties. For example, every characteristic function game has a unique value
which satisfies Shapley’s axioms. In addition, if the cooperative game is superadditive,
the Shapley value satisfies individual rationality (i.e., each singleton player is allocated
an amount at least equal to the value of that player in the game).

The core, another solution concept, represents the set of solutions that distributes
the wealth in such a way that satisfies all subsets of players (i.e., each coalition of
players is assigned an amount at least equal to the value of the coalition in the game).
This property of satisfying the aspiration level of each player makes the core concept an
intuitively desirable solution. However, some cooperative games have cores consisting
of an infinite number of solutions, while others have cores which are empty.

This paper axiomatically derives an index of economic strength with some proper-
ties not found in its predecessors. In particular, individual rationality is guaranteed for
all cooperative games. Moreover, a direct relationship will be shown to exist between
the strength index and the core.

2. Preliminaries. A n-person game consists of players whose individual payoffs
are dependent on the decisions made by all n players. In a cooperative game, subsets
of players are allowed to combine resources in an effort to increase their individual
payoffs (Shenoy 1978). The partition of the player set N into subsets of players is
referred to as the coalition structure of the game.

DEFINITION 1. A game in characteristic function form is a real-valued function v
defined on the subsets of the player set N satisfying v(@) = O.

Note that a coalition of players may be assigned a value less than the sum of the
assigned values of some partition of that coalition. Thus, the payoff v(5) to a coalition
S should not be confused as the potential economic worth of the players in S.

DEFINITION 2. Given a game v in characteristic function form, define the super-
additive cover of v as

0(S) = max v(R),
Ps RePg
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where Pg is a coalition structure of the set of players in S.

Also, define Py as that coalition structure for which ©(5) is obtained. Notice that
if the game v is superadditive, then P§ = {N — S, S}.

DEFINITION 3. A characteristic function game v is superadditive if, for all coali-
tions P C N, v(P) = o(P).

3. Other definitions. This paper will relax the often made assumption of super-
additivity. At first glance, it would appear reasonable that one need only consider
superadditive games. However, some important extensive form games naturally induce
non-superadditive characteristic function games when coalitions are allowed to form.
For example, hierarchical organizations modeled as Stackelberg games (Stackelberg
1952) induce characteristic function games that are not superadditive (Bialas and Chew
1980, and Bialas 1989).

Before stating the axioms, we need to introduce a few more definitions.

DEFINITION 4. Letv be a game and « be a scalar. Then the game v® « is defined
as:

(N)+a ifP=N

0
o(P) otherwise.

[vw(m:{

Note that v B« is always a superadditive game for any «. Also, for any game v,
vE#A0 = v, the superadditive cover of v.
DEFINITION 5. Letwv be a game and ~ be a scalar. Then the game v is defined as:

[yv](P) = ~v(P) forallP C N

DEFINITION 6. Letwu and v be games over the same player set N. Then the game
u + v Is defined as:

[u+v](P) =u(P)+v(P) forallP C N.

DEFINITION 7. Let Ny and N, represent disjoint player sets with game v being
composed of players from Ny and game u being composed of players from N,. Then,
by v ® u, we mean the game w such that for any P C N1 U Na, w(P) = v(Py1) + u(P2)
where P, = PN Ny and P> = PN No.

DEeFINITION 8. The game wp is said to be elementary with respect to coalition
P C N iffor all coalitions R C N,

(0 ifR2P
“’P(R)_{1 ifR D P.

4. The foundations. Consider any game v in characteristic function form and let
plv] denote an n-vector satisfying the following axioms:

AxioMm 1. plvBal = p[v] + « for any a.

AXIOM 2. plyv] = yp[v] for any ~.
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Axiom 3. Letwu and v be games with disjoint player sets N1 and N,, respectively.
Then,

' B pz[u] ifi e Ny
pilu & v] —{ pilv] ifie Ny °

Axiom 4. Letwu and v be superadditive games. Then,

plu+v] = plu] + p[v].

The first axiom deserves some discussion. Consider a game v with v(N) = z. If
v(IN) is incrementally changed to = + «, then any player in the grand coalition, NV, has
the capability of undermining the change by leaving coalition N. Axiom 1 accounts
for this incremental change in economic power for every player in V.

In addition, since v#HO = o, Axiom 1 implies that p[v] = p[?]. In other words, the
power index for a non-superadditive game is the same as if the players behaved in a
superadditive fashion. For example, suppose v(SUT) < v(S) +v(T). Then the players
in S UT could behave as if the union did not form, collect the proceeds v(S) + v(T),
and apportion v(.S) + v(7T") among all the members of S U T

We will show that for the family of characteristic function games, there exists a
unique vector p[v] satisfying Axioms 1-4. In order to do this, we first need a few
preliminary results.

LEMMA 9. Letv be a game of the following form:

v(N) = 1
v(P) = 0 forallPCN.

Then, p;[v] =1 foralli € N.
Proof. Let v be a game with v(N) = 1 and v(P) = 0 for all P C N. Consider the
game u = Ov; u(P) =0 for all P C N. From Axiom 2, for all i € IV,

pilu] = pi[0v] = 0p;[v] = 0.
Notice that v = v @ 1. Therefore, from Axiom 1, for all : € N,

pilv] = pilu] + 1 =1.

LEMmMA 10. Letwp be an elementary game with respect to P. Then,

wp] = 1 ifieP
PIUPI=9 0 ifi ¢ P.

Proof. The player set N can be partitioned into two sets; Ny = Pand N, = N — P.

Let u be the game defined over the player set N1 with

’LL(N]_) =1
u(R) = 0 forall R C Ni.
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Furthermore, let w be the game defined over the player set N> with w(Q) = 0 for all
Q C N2

From Lemma 9, we have p;[u] = 1 for all i € N1 and p;[w] = O for all i € N».
Furthermore, notice that v = v & w. Thus, from Axiom 3, we obtain the desired result.
|

LEmMA 11. Ifv isany game, v can be uniquely written as a sum (or difference) of
elementary games, v = > pc y cpwp, Where wp is the elementary game with respect to
Pandcp =Y pep(—1)PI71Bly(R) is a scalar.

Proof. See Shapley (1951). »

LEMMA 12. Letthe games u and v be superadditive and both games have the same
player set. Then the game u + v is superadditive.

Proof. Let games « and v be superadditive with both games having the same player
set V and consider an arbitrary coalition P C N. From the definitions and the fact that
the games are superadditive, we obtain the following:

s
+
=,
&
I

u(P) + v(P)
[u+v](P) > 2:1KR)+ 2:1KR) VPp

REPp REPp

> (u(R) +v(R)) VPp
REPp

w+o](P) > Y [u+v](R) VPp.
REPp

[u+ v](P)

v

Hence, [u + v] is superadditive. [
LEMMA 13. Letv = ) pcycpwp be a superadditive game, where the wp are
elementary games and cp = Y pc p(—1)IP1=IElu(R). Then, foralli € N,

pilv] = > cp.

PCN
iepP

Proof. Let v be a superadditive game with v = >° p y cpwp. We then have

vo= E:prp

PCN

= Y cpwp+ Y cpwp
PCN PCN
cp>0 cp<0

= 2: cpwp — §:|qﬂwp.
PCN PCN
cp>0 cp<0

Therefore, we have

U+'§:|CPWU>: E:prp.

PCN PCN
cp<0 cp>0

Since v and " pc i |cp|wp are superadditive (from the Lemma 12), we can use Axiom 4
Cp_<0
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to get:
plol+p | Y leplwp| = plo+ D [eplwp
PCN PCN
cp<0 L cp<0
= p Z cpwp
PCN
_CPZO

Thus, for each i € N,

pilv] = pi| > cpwp| —pi | > leplwp
PCN PCN
Lcp>0 . Lep<0

= pi Z cpwp| + p; Z cpwp

PCN PCN
Lcp>0 . Lep <O
= Y cppilwpl+ > cppilwp)
PCN PCN
cp>0 cp<0
= Y cppilwp]
PCN
= Y cp()+ ) cp(0)
PCN PCN
i€P igP
= Z cp.
PCN

ieP

LEMMA 14. Letwv be a n-person game. Then

SN (—)FIHEy(R) = u(N) — o(N — {i}).
e

Proof. First notice that by changing the order of summation,
Z Z (—1)IPI=IEly (R Z Z 1)IPI=1Ely(R).
PCN RCP RCN P>
i€P RCPCN
For a given coalition R, the inner sum,
Z (_1)|P|—|R|7
P>i
RCPCN

is a function of the number of coalitions P that satisfy the conditions: R C P C N and
i € P. The number of ways of forming coalition P of a given size |P| that satisfy the
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above conditions when i € Ris ("~/%l), where 2 = |P| - |R| and 0 < & < n— |R]. This
is equivalent to the number of ways of choosing | P| — | R| players from the remaining
n — |R| players in set N. When i ¢ R, we need to add i to R when forming P.

Therefore, the number of ways of forming P of a given size |P| is (""f"l), where
x=|P|—|R|—1and 0 <z <n—|R|— 1. Now we can see that
IRI
RCN  Pp3; RCN z= 0
RCPCN i€R
n—|R|-1
R -1
+ Y Y | m+l< ~ IR )v(R).
RCN z=0 r
iZR
Note that
i(_l)m m\ | 1 whenm=0
= x) | O otherwise.
Therefore,
n—|R|
(n—|R
DI ( | ')v(R) ~ u()
RCN z=0
i€R
and
n—|R|—1
wa1(n—|R -1
> +l< o ) (R) = ~u(N ~ (i}
RCN z=0
iZR
Thus,
> > (PHF(R) = u(N) —o(N — {i}).
RCN P>
RCPCN
]

5. Mainresults. Using the above lemmas, we can now establish several properties
of the strength index p[-].

5.1. Uniqueness. THEOREM 15. Letwv be any game. There exists a unique func-
tion p, defined on v, satisfying Axioms 1-4.

Proof. Let v be the superadditive cover of v. From Axiom 1, when « = 0, we have
that p[v] = p[?]. Furthermore, from Lemma 11, ¥ can be written as a unique sum of
elementary games. Therefore,

plol = plo]

= pl)Y_ cpwp.

PCN
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Since v is superadditive, from Lemma 13 we obtain, for eachi € N,

o] = Z Ccp.
PCN
icpP
From Lemma 11, the value of each cp is specified as 3"z p(—1)/PI=I1EIG(R). Thus,

= Y Y (~1)FHIRG(R),

PCN RCP
i€P

From Lemma 14,

> 3 (CYPIRS(R) = H(N) ~ B(N ~ {i}).
PCN RCP
i€eP

Thus, forall : € N,

pilv] = 5(N) = o(N — {i}).

Several results are now obtained for this function.

5.2. Individual Rationality. It is reasonable for a player to demand a payoff that is
at least as great as the amount that the player can guarantee himself independent of the
actions of the other players. This is referred to as individual rationality.

DEFINITION 16. A vector (z1, ..., x,) satisfies individual rationality for game v if
foralli ¢ N,

zi = v({i}).

THEOREM 17. The function p satisfying Axioms 1-4, satisfies individual rationality
for games in characteristic function form.
Proof. Let v be a game in characteristic function form. We have

8(N) = v({i}) + 6(N — {i}).

From the previous theorem, the function p satisfying Axioms 1-4 for game v can be
computed for each i € N as follows:

pilv] = 5(N) = o(N — {i}).
Substituting for 7(V), we get
pilo] + 8(N — {i}) = v({i}) + (N — {i}).
Thus, for each i € N,

pilv] = v({i}).
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5.3. Relation with the Core. If the amount available to the grand coalition of a
game is distributed among the players in such a way that every coalition of players
obtain an amount at least as great as the value of the coalition, then no coalition
would have a reasonable objection to the distribution. The core is the set of all such
distributions.

DEeFINITION 18. The core of a game v in characteristic function form is the set of
n-dimensional vectors x satisfying

1. > ,cpxi >v(P) forallP C N,
2. ey wi = B(N).

Also, define Py,_,, as that coalition structure for which o(N — {i}) is obtained.
Notice that if the game v is superadditive, P},_,, = {N — {i}}.

LeEMMA 19. If (z1,72,...,2,) €C # D, then o(N — {i}) < 3,4, x; foralli € N.

Proof. Let v be an n-person game with C # @ and let (x1,x2,...,z,) € C. Then,
from the definition of the core, it follows that

Z xj > v(P)

jEP
for all P € N. By summing both sides of the above inequality over the elements of
coalition structure Py,_ ., we get

doxp= > doxp=> Y u(P)=8(N—{i}),

i PEPY_; JEP PEPY_ 14
which yields the desired result. |
THEOREM 20. Ifimputation x is an element of the core of game v, then z; < p;[v].
Proof. Assume imputation x = (x1,x2,...,z,) is an element of the core of game
v. From Lemma 19, for each player i, 3=, ,; z; — 9(N — {i}) > 0. Therefore,
pilv] = O(N)—=0(N —{i})
= > zi— (N —{i})
iEN
= —I—ij —o(N — {i})
j#i
Z Zi.

|
From the definition of the core of a game, any imputation «x that is an element of
the core of game v must satisfy the following equation:

Z x; = ().
ieN
This fact combined with the previous theorem directly leads to the following result:
CoOROLLARY 21. Letwv be any n-person game in characteristic function form.
1. IfY ey pilv] <O(N), thenC = @.
2. ISy pilv] = (), then C € {@, (pa[v], palu], ..., pulv])}.
3. If Yy pilv] > O(N), then

CC {(pl[v]—al,...,pn[v]—an) Zai: Zpi[v]—ﬁ(N),aiZO Vi}.
i=N i=N
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Fia. 1. Example game in extensive form.

6. Example. Consider the extensive form game in Figure 1. In this game, the three
players make sequential decisions based on the decisions previously made and the
rational decisions that will be made in reaction to each of their decisions. Once the
players have made their decisions, a payoff, (x1,z2,z3), is assigned. Each player’s
objective is to maximize his own payoff. Perfect information is assumed, and the
players know each other’s objective function. The sequential decisions, once made,
are announced to everyone, and no secretive coalitions are allowed to form.

If the players act independently, the solution to the game will result in the payoff
(8,2,6). However, allowing the formation of coalitions results in a different outcome.
For example, consider a coalition between player 1 and player 3. This new game
is played exactly as the previous game with only a change of the players’ objective
functions. Instead of maximizing their individual payoffs, the players jointly maximize
the payoff to their coalition. The resulting game is shown in Figure 2. The solution to
this game results in the payoff (12,2,12),and the amount allocated to coalition {1,3} is
12. Itis up to the coalition to distribute the allocation among its members.

We now consider the payoff generated from each possible coalition structure. For
notational convenience, define the coalition structures in the following manner:

Pa={{1,2,3}}.

The value of the coalitions in their respective coalition structures can be shown to be:

v({1},Po) = 8 v({2},P2) = 2
v({2},Po) = 2 v({1,3},P;) = 12
v({3},Po) = 6 v({3},P3) = 6
v({1},P1) = 8 v({1,2},P3) = 10
U({ng}apl) = 8 U({1,2,3},’P4) = 17.
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F1a. 2. Coalition formation between players 1 and 3.

Since the value of any coalition in this particular game is invariant with respect to the
coalition structure, the above game in partition function form (Lucas and Thrall 1963)
simplifies to the following non-superadditive characteristic function form game:

v({1})=8 v({1,2})=10
v({2}) =2 v({1,3})=12
v({3})=6 v({2,3})=8
v({1,2,3}) = 17.
v({1})=8 v({1,2})=10
v({2}) =2 v({1,3})=12
v({3})=6 v({2,3})=8
v({1,2,3}) = 17.

The strength index of this game is p[v] = (9,3,7). Notice that the sum of the
strength of the players is more the value of the grand coalition. Figure 3 illustrates the
distribution simplex, the set of possible ways of distributing the amount available to the
grand coalition among the players. The strength index is projected onto this distribution
simplex forming a triangle as depicted in the diagram. Figure 4 shows that the core of
the game lies inside this projection.

7. Conclusions. This paper has offered an alternative axiomatic approach to eval-
uate the economic strength of individual players in a characteristic function game. The
strength index has been shown to be uniquely defined. Moreover, the strength index sat-
isfies individual rationality for all characteristic function games, including games which
are not superadditive. In addition, several results have been provided to establish the
relationship between the index and the core solution concept.

8. Remarks regarding the revisions.
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Fic. 3. Projection of the strength index onto the distribution simplex.

(9,3,5)

(7,3,7)

/22,7)

Induced Region

(9,2,6)

Core of Game

9.1,7)

Fic. 4. Example of the core of the game being a subset of the projection.
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8.1. Original paper. The original paper was produced on September 25, 1995.

8.2. Revision dated August 18, 1998. A new statement of Definition 4 now makes
the game, v@#a, superadditive. This change now insures that « is added to only the
value of the grand coalition N. This corrects an error in the proof of Theorem 15.

Also, as a result of the new definition, Axiom 1 now implies

AxioM 5. Letwv be any game and let v be the superadditive cover of v. Then,

plvl = pld].

which appeared in the earlier version. Axiom 5 is no longer necessary and has been
deleted.
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