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AXIOMATIZATIONS OF A CLASS OF EQUAL
SURPLUS SHARING SOLUTIONS FOR TU-GAMES

ABSTRACT. A situation, in which a finite set of players can obtain
certain payoffs by cooperation can be described by a cooperative game
with transferable utility, or simply a TU-game. A (point-valued) solution
for TU-games assigns a payoff distribution to every TU-game. In this
article we discuss a class of equal surplus sharing solutions consisting of
all convex combinations of the CIS-value, the ENSC-value and the equal
division solution. We provide several characterizations of this class of
solutions on variable and fixed player set. Specifications of several prop-
erties characterize specific solutions in this class.
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1. INTRODUCTION

A situation, in which a finite set of players can obtain cer-
tain payoffs by cooperation can be described by a cooperative
game with transferable utility, or simply a TU-game, being a
pair (N, v), where N CIN is a finite set of players with |[N|>
2, and v: 2V¥ — R is a characteristic function on N such that
v(?#) = 0. For any coalition S C N, v(S) is called the worth
of coalition S. This is what the members of coalition S can
obtain by agreeing to cooperate. We denote the class of all
TU-games by G.

A payoff vector of game (N,v) is an |N|-dimensional real
vector x € R", n=|N|, which represents a distribution of the
payoffs that can be earned by cooperation over the individual
players. A (point-valued) solution for TU-games is a function
Y, which assigns a payoff vector ¥ (N, v) to every TU-game
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(N, v). If a solution assigns to every game a payoff vector that
exactly distributes the worth of the ‘grand coalition’ N, then
the solution is called efficient.!

In this article, we discuss a class of solutions for TU-games
that all have some egalitarian flavour in the sense that they
assign to every player some initial payoff and distribute the
remainder of the worth v(N) of the grand coalition N equally
among all players. Examples of such solutions are the Cen-
tre-of-gravity of the Imputation-Set value, shortly denoted by
CIS-value (see Driessen and Funaki, 1991), Egalitarian Non-
Separable Contribution value, shortly denoted by ENSC-value
and the equal division solution. The CIS-value assigns to every
player its individual worth, and distributes the remainder of
v(N) equally among all players. The ENSC-value assigns to
every game (N, v) the CIS-value of its dual game. The equal
division solution just distributes v(N) equally among all play-
ers. In this article, we consider the class of solutions that
consists of the above mentioned solutions and their convex
combinations. We begin by defining this class for two-player
games. For this class of games, our solutions are defined by
a generalized standardness for two-player games. The usual
standardness for two-player games states that in a two player
game every player earns its own worth plus half of what
remains of the worth of the two-player (‘grand’) coalition
(see, e.g. Hart and Mas-Colell, 1988, 1989). We discuss a
weaker standardness, stating that both players in a two-player
game get a (uniform) share of their individual worth, and the
remainder of the worth of the two-player coalition is shared
equally among the two players. Besides the usual standard-
ness, this also contains egalitarian standardness for two-player
games stating that in two player games both players earn the
same payoff. We also discuss properties that characterize this
standardness.

After defining the class of solutions for two-player games,
we extend the definition to n-player games by applying some
reduced game consistency. In the reduced game that is played
after one player has left the game, coalitions of remaining
players either have the participation of the leaving player or



A CLASS OF SOLUTIONS FOR TU-GAMES 305

not. In the first case, the worth of the coalition in the reduced
game is what it earned in the original game with the coop-
eration of the leaving player, but has to subtract the payoff,
with which the leaving player leaves the game. When the leav-
ing player does not cooperate then the coalition of remain-
ing players just earns its worth in the original game. For
every coalition of players in the reduced game, we thus have
to specify whether the leaving player does cooperate or not.
Besides cooperation to the grand coalition, we require that in
the reduced game, the leaving player cooperates with all coali-
tions that consist of all, but one player, and does not cooper-
ate with all one-player coalitions. For intermediate coalitions,
both situations are possible. This reduced game is well defined
as long as the original game has at least four players. In case
of a three-player game, the above definition is inconsistent for
one-player coalitions. Therefore, we assume for those coali-
tions, a probability distribution with respect to the coopera-
tion of the leaving player.

We show that convex combinations of the equal division
solution, the CIS-value and the ENSC-value are characterized
by a particular standardness and reduced game consistency.
The weight put on the equal division solution is determined
by the share that the players get from their individual worths
in the standardness axiom. The distribution of weight between
the CIS- and ENSC-value is determined by the probability of
cooperation of the leaving player in reduced games.

We also provide an axiomatization of this class of solutions
on fixed player sets using the well-known axioms of efficiency,
linearity and local monotonicity, and adding two new axioms
with respect to dictator and veto players. The dictator prop-
erty states that (i) the difference between the payoffs of a dic-
tator and another (null) player in that dictator game cannot
be more than the worth of the ‘grand coalition’ (which by effi-
ciency equals the total worth to be distributed), and (ii) in any
other monotone game, the difference between the payoffs of
two players is never more than that described in (i). The veto
equal loss property states that making one of the players in
a zero-normalized game a veto player yields the same change
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in payoff for the other players. Adding a weak null player
out property stating that deleting a null player from a game
changes the payoffs of all other players by the same amount,
yields an axiomatization on the class of all TU-games (with
variable player set).

Finally, we show how strengthening some axioms yield
characterizations of some specific solutions in this class.

The article is organized as follows. Section 2 discusses some
preliminaries on TU-games and solutions. In Section 3, we
define our class of solutions and state some properties and
relations between solutions in this class. In Section 4, we char-
acterize these solutions for two-player games. In Section 5, we
extend this definition to n-player games using a reduced game
consistency. In Section 6, we give an axiomatic characteriza-
tion on fixed player sets and show how this characterization
holds on variable player set by adding a weak null player out
property. In Section 7, we give axiomatic characterizations of
some specific solutions in this class. Finally, Section §, con-
tains some concluding remarks.

2. PRELIMINARIES

A (point-valued) solution ¢ on G assigns a payoff vector
Y (N,v) eR" to every TU-game (N, v) € G. Examples of solu-
tions are the CIS-value, the ENSC-value and the equal divi-
sion solution. The CIS-value (see Driessen and Funaki, 1991)
assigns to every player its individual worth, and distributes
the remainder of the worth of the grand coalition N equally
among all players, i.e.

1
CIS(N. v)=v({i) + — [ v(N) =Y v({j}| forall ieN.
|N| JEN
The dual game (N, v*) of game (N, v) is the game that assigns
to each coalition S € N the worth that is lost by the grand

coalition N if coalition S leaves N, i.e.

v'(S)=v(N)—v(N\S) forall SCN.
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The ENSC-value assigns to every game (N,v) the CIS-value
of its dual game, i.e.

ENSC;(N,v)=CIS;(N, v") =v*{i})

1
N (v (N)=> v (1}))

JEN

=v(N) —v(N\{i})

1
N (v(N)Z(v(N)v(N\{ ) )

JEN

|N| JjeN
for all ieN.

1
=—v(N\{iD+— (v<N)+Zv<N\{j}>)

Thus, the ENSC-value assigns to every player in a game its
marginal contribution to the ‘grand coalition’ and distributes
the (positive or negative) remainder equally among the play-
ers. Using these two solutions, we can define a class of solu-
tions, by taking any convex combination of the two, i.e. for
B €[0, 1] we define

ENCIS? (N, v) = BCIS(N, v) + (1 — B)ENSC (N, v). (1)

The solutions discussed above have some egalitarian flavour,
in the sense that they equally split a surplus that is left after
all players receive some individual payoff. Ignoring these indi-
vidual payofts, we obtain the equal division solution given by

1 .
ED;(N, v):mv(N) for all i e N.
Next, we state some well-known properties of solutions for
TU-games. Players i, j € N are symmetric in game (N,v) if
v SU{i}H) =v(SU{j}) for all SCN\{ij}. Player ie N is a
null player in game (N,v) if v(SU{i}) =v(S) for all SC N\
{i}. For game (N,v)e G and permutation 7: N — N, the per-
muted game (N, 7v) is defined by 7v(S) =v(U;es{m(i)}) for all
S € N. Finally, for (N,v),(N,w)€ G and a,b € R, the game
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(N,av+bw) €@ is defined by (av+bw)(S)=av(S)+bw(S) for
all SCN. Solution ¢

e is efficient if ) ,_\ ¥;(N,v)=v(N) for all (N,v)eg;

e is symmetric if ;(N,v) = y;(N,v) whenever i and j are
symmetric players in (N, v)€g;

e is anonymous if for every permutation 7 : N — N, it holds
that ¥; (N, v) =¥, (N, v) for every (N,v)eg;

e is [linear if Y (N,av + bw) = ayy(N,v) + byy(N,w) for all
(N,v),(N,w)egG and a,beR;

o satisfies the null player property if ¥;(N,v)=0 whenever i is
a null player in (N,v)eg;

e satisfies local monotonicity if ¢;(N,v) > ¢;(N,v) whenever
v(SU{i}) >v(SU{j}) for all SCN\{i, j};

e is self-dual if (N, v)=vy(N,v*) for all (N,v)eg;

e is covariant if y;(N,w) =ky;(N,v) + p; for every (N,v) €
G, keR, and peR", where w is given by w(S)=kv(S)+
> jespj for all SCN;

e satisfies individual rationality if ;(N,v)>v({i}) for all ie N
and (N,v) €g satisfying Y, _, v({i}) <v(N);?

e satisfies dual individual rationality if ;(N,v) > v*({i}) =
v(N) —v(N \ {i}) for all i e N and (N,v) € G satisfying
Yien V(i) Sv(N);

e is non-negative if ¥;(N,v)>0 for all i e N and (N, v) €G sat-
isfying v(S)>0 for all SCN.

All solutions ENCIS?, as defined in (1), are covariant. The
only self-dual solution in this class is the ‘average’ of the CIS-
and ENSC-value obtained by taking g = % The equal division
solution is self-dual but not covariant.

We conclude this section by mentioning two important
classes of games. Consider a player set N. The wunanimity
game of coalition T C N, T #0, is the game (N,ur) given
by ur(S)=11if T C S, and ur(S) =0 otherwise. The stan-
dard game of coalition T C N, T # ¢, is the game (N, br)
given by br(S)=1 if T=S, and b7 (S) =0 otherwise. It is
well known that every characteristic function v can be written
as v =Z;% Ay(THur with A, (T) :ng(_l)lTl—\slv(S) being
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the Harsanyi dividends (see Harsanyi, 1959), and also as
v:Z]T“iAé) U(T)bT

3. A CLASS OF EQUAL SURPLUS SHARING SOLUTIONS

In this article, we discuss the class of solutions that consists
of all convex combinations of the equal division solution, the
CIS-value and the ENSC-value, i.e. for «, 8 €0, 1], we con-
sider solutions ¢*# given by

¢“P(N,v) =a ENCISP(N,v)+ (1 —a)ED(N, v), ()

where ENCIS? is given by (1). We denote the class of all
solutions that are obtained in this way by ®:={¢p*f |a,B e
[0, 1]}. Clearly, the extreme solutions in this class are the CIS-
value, which is obtained by taking a =8=1 (i.e. CIS(N,v)=
" (N,v)), the ENSC-value, which is obtained by taking
a=1, B =0 (i.e. ENSC(N,v) = ¢"%(N,v)) and the equal
division solution, which is obtained by taking o« =0 (i.c.
ED(N,v)=¢"F(N,v), Bel0,1]). We thus can write ¢*# as

e*P (N, v)=ap" P (N,v)+ (1 —a)p™ (N, v)
=afe" (N, v) +a(l—B)p" (N, v)
+(1—a)p” (N, v)

for «, B €[0, 1]. Without proof we state two more relations.?

PROPOSITION 3.1. For every a,p €[0,1] and (N,v) € G, it
holds that

1. *P (N, v) +¢*'"F(N,v) =9 (N, v) + 9*°(N, v);
2. 9*P(N,v) + 9P (N, v) =¢* PN, v) + 9" (N, v) for all y €
[0, 1] such that o +y €]0, 1].

Next we provide an expression of the solutions ¢*f showing
that they have some egalitarian flavour in the sense that they
give each player i in a game (N, v) some value kf"ﬁ (N,v), and
the remainder of v(N) is equally split among all players.
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PROPOSITION 3.2. For every (N,v) € G and «a,p €[0,1] it
holds that

i (N v =2 (N, ””W (v(N)ZW‘(N v)) (3)
JEN

where Af"’s(N, v)=a(Bv{i}) — (1 —B)v(N\{i})) for ieN.

Proof. For (N,v)egG and «, B €]0, 1] we have,

9P (N, v) =a ENCIS? (N, v) + (1 — ) ED(N,, v)

=a(fv({ih) — (1= Bu(N\{i})

JeEN

N (v(N)Zwv( jh—a ﬁ)v(N\{J}))

|V

+ v(N)

=a(fr({ih) — (1= Bv(N\{i})

1
N (vw)Za(ﬂv({j})(lﬁ)vw\{j})))
jeN

JjeN

_ B RS N, b
=2 N ) o | V) PRGN

Ll

Although not all solutions in & are self-dual, the class

® itself is closed under duality. More specific, we state the
following.

PROPOSITION 3.3. For every «,B €[0,1] and (N,v) € G it
holds that ¢*P(N,v*)=¢%'=F(N,v).
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Proof. Let o, 8€[0,1] and (N,v)€G. Then

*P(N, v =2P (N, v )+W (v(N)ZA“ﬁ(N v ))
JEN

=a (BU*({i) — (1= P*(V\ {i})

1
TN (vuv)aZ(ﬁv ()

JEN

- ﬂ)v*(N\{j})))
=a (Bu(N) = Bu(N\{i}) — (1= B)uv(N)
+(1 = B)v{i})

JEN

1
TN (v<N>aZ<ﬁv<N>ﬁv<N\{J}>

—(1=pv(N)+(1 ﬂ)v({j})))

=v(N) (01/3—01(1 —p)

L_|N|aﬂ+|zv|a(1—ﬁ))
N[N IN]

o ((1 —Av({i}) —Bv(N\{i})

+—Z(,BU(N\{J}) ~a —ﬁ)v({J})))

| ]EN

= WU(N) +a((1=Bv{ih) —pv(N\{i})
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1
T (Za((l —Bv{j}) ﬁv(N\{j})))
JjeN

:(p""l_ﬂ(N, V). O

4. TWO-PLAYER GAMES

On the class of two-player games, the CIS- and ENSC-value
coincide. Thus, on this class we consider convex combina-
tions of the CIS-value and the equal division solution. It is
well known that on the class of two-player games, the CIS-
value satisfies standardness for two-player games as considered
in, e.g. Hart and Mas-Colell (1988, 1989): v, (N, v):%v({i}) —
30D + 30V = v({i) + 30N —v({i) —v({j)) with N =
{i, j}. On the other hand, the equal division solution satisfies
egalitarian standardness for two-player games: ; (N, v)=%v(N)
for i e N. We denote the class of two-player games by G> =
{(N,v)€G||N|=2}. On this class, ® consists of all solutions
for two-player games that assign to both players the same
share (between zero and one) in their individual worth, and
distributes the remainder of the worth of the two-player coa-
lition equally among the two players.

DEFINITION 4.1. Let o € [0,1]. A solution  satisfies
a-standardness for two-player games if for every (N,v) € G with
N={i,j}, i#j, it holds that

1
Vi (N, v)=0€U({i})+E(U(N)—Ol(v({i})—l‘v({j})))
for N={i, j}.
A solution  satisfies weak standardness for two-player games

if there exists an o €0, 1] such that  satisfies a-standardness
for two-player games.

Clearly, standardness for two-player games coincides with
a=1, and egalitarian standardness coincides with o« =0. Weak
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standardness is equivalent to requiring efficiency, symmetry
and linearity on G2.

PROPOSITION 4.2. A4 solution  on G? satisfies weak stand-
ardness for two-player games if and only if it is efficient, sym-
metric and linear.

Proof. The ‘only if” part is straightforward. To prove the
‘if” part, suppose that i is efficient, symmetric and linear on
G?. We show that ¢ must satisfy weak standardness in four

steps.
Step 1.

Step 2.

Step 3.

Linearity of ¢ implies that there exist «;, B;, i, 8; € R,
such that for every two-player game (N,v) € G> with
N ={i, j}, we have

Yi(N,v)=a;v({i}) +Biv({j}) +yiv(N)+6; “4)

(see Weber, 1988, Theorem 1).

Suppose that ¢ is linear and symmetric, and let i, j €
N be symmetric players in (N, v). By symmetry of ¥,
it then must hold that ¥;(N, v)=v;(N, v), which with
(4) is equivalent to o;v({i}) + Biv({j}) + y;v(N) + 8, =
a;jv({jh+Bjv{iH) +y;v(N)+4;. By symmetry of i, j e
N in game (N,v), we have v({i}) =v({j}), and thus
(a; + B)v({i}) + yiv(N) +6; = (a; + B)v({i}) + yju(N) +
8;. Since this must hold for all (N, v) € G? with v({i})=
v({j}), the parameters in (4) must satisfy

o+ Bi=a;+B;, vi=vy; and §; =3;. (5)

Suppose that v is linear and efficient. Efficiency of v
implies that ¥;(N,v) +v,;(N,v) =a;v({i}) + Biv({j}) +
yiv(N) + 8 + a;u((j)) + Bju((i]) + yju(N) +8; = (e +
Bv(li)) + (o + BOv(L)) + i + y)u(N) + 8 + 8, =
v(N). Since this must hold for all (N,v) € G the
parameters in (4) must satisfy

o +Bj=0o;+p=0y+y;=1and §+68;=0. (6)
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Step 4. Combining steps 1, 2 and 3, suppose that ¢ is lin-
ear, symmetric and efficient. (5) and (6) imply that
o — o :,31' — ,Bj =oj — o, which lmplles that o =0oj.
Then also g; =g;. With (6), it also follows that «; =
a;j =—pB; =—pB;. Then it follows straightforward that
vi=vy; =1 and § =8; =0. However, this means that
Y satisfies weak standardness. In particular, it satisfies
a-standardness with 5 =a; =a; =—p;=—p;. O

Note that equality of «; and «; is not implied by linearity and
symmetry, but with efficiency it is*. The same can be said for
Bi=p;. In the next section, we extend the class of weak stan-
dard solutions on G? to n-player games using a reduced game
consistency.

5. AN EXTENSION TO n-PLAYER GAMES USING A REDUCED
GAME CONSISTENCY

Take a game (N,v) €g, a payoff vector x e R" and a player
j € N. The player set of a reduced game is obtained by remov-
ing player j from the original player set N. The worths of
the coalitions in this reduced game reflect what these coali-
tions can earn if player j has left the game with its payoff
x;. The worth of the coalition N\ {j} (the ‘grand coalition’)
in the reduced game is equal to the worth of N minus the
payoff x; assigned to player j. Clearly, this is what is left to
be allocated to the players in N\ {j} after removing player j
from the game with payoff x;. For the other coalitions S C
N\ {j}, we assume that they have the participation of the leav-
ing player j (but must pay x; to j) or not. In case j cooper-
ates with SC N\ {j}, the worth of § in the reduced game thus
equals v(SU{j}) —x;, while in case j does not cooperate, it
equals v(S). Although we do not want to specify which coali-
tions have the participation of j, we require that besides the
‘grand coalition’ also its largest proper subcoalitions have the
participation of j, while the smallest coalitions, i.e. the single-
tons, do not have j’s participation. These reduced games are
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well defined as long as |N|>4. In case |N|=3, the reduced
games are two-player games, and thus the one-player coali-
tions are the smallest and largest proper subcoalitions of the
‘grand coalition’. Therefore, in these games, it is not clear
whether these coalitions have player j’s participation or not,
and we assume that with probability B [0, 1] player ; does
not cooperate with the one-player coalitions, and with proba-
bility (1 —B) does cooperate. This yields the following reduced
games.

DEFINITION 5.1. Given a game (N,v) € G with |[N| >4, a
player je N, and a payoff vector x e R", a reduced game with
respect to j and x is a game (N \{j}, v*) that satisfies

v(N) —x; if S=N\{j}
v (S) = v(SU{jH—x; if SCN\{j} with |S|=|N|-2
=1 v(s) if SCN\{j} with |S|=1
0 if S=0.

If |N|=3, then for B€|0,1], the B-reduced game with respect
to jeN and x e R" is uniquely determined as the game (N \
{j}, v*P) given by

(V) —x; if S=N\{j)
sy = | B 1 =p) if SCN\{j} with |S]=1
W SU{H —x))
0 if S=40.

These reduced games are also considered in Funaki (1994)
and contain that of Funaki and Yamato (2001).°> With a slight
abuse of notation, we denote in the remainder of the article
the characteristic function v*# just by v*, also when |[N|=3.
We are ready to give a definition of the consistency property
of a solution associated with a reduced game.

DEFINITION 5.2. Let  be a solution on G, and B €]0,1].
Solution  satisfies B-consistency if and only if for every
(N,v) e G with IN|>3, jeN, and x =y (N, v), it holds that
vi(N\{j}, v) =v:(N,v) for ie N\{j}.
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Consistency implies that given a game (N, v), if x is a solu-
tion payoff vector for (N, v), then for every player j e N, the
payoft vector xy,(;; with payoffs for the players in N\ {/j},
must be a solution payoff vector of the reduced game (N \
{j},v"). It is a kind of internal consistency requirement to
guarantee that players respect the recommendations made by
the solution.

PROPOSITION 5.3. Take B €[0,1]. For every a €][0,1], the
solution ¢** satisfies B-consistency on the class of all games G.

Proof. Take any B€]0, 1] and fix « €[0, 1]. Take any (N, v) €
G. First, suppose that |[N|>4. For x =¢*#(N,v), we have

AP (NN ) v =a(Bu (i) — (1= BV (N \ (i, j1)
=a(Bv({i}) — (1 =B N \{i}) —x;))
=A2P (N, v)+ (1 - B)x; (7)
since in that case, |{i}|=1 and |[N\{i, j}|=|N|—2. Denote A; =

AP (N, v) and A =2"P(N\ ()}, vY) with x =¢*P(N,v), i€ N.
Then with (7), it follows that

1
AT NAGY V) =R (vX(N\{j})— 2 A?5)

keN\{j}

=i+ (1= B)xj+ ———
+( ﬂ)xﬁ-lNl_l

X(U(N)xj Z (Ak+(1ﬂ)xj))
keN\{j}

=h+(1=p)xj+—
+( /3)x,+|N|_1

1
x (v(N) — A — ] (v(N) —Zxk>

keN

- > xk) — (1= B)x;

keN\{j}
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1 (INI-1
wy N-Y
e (M (- 20))

="’ (N, v).

Second, consider the case |N|=3. Let x=¢*#(N,v), B=1—-8
and N ={i, j, k}. (Note that |N|=3 implies that i, j and k are
distinct players.) First, we remark that

o™ (N, v)=a(Bu({i}) — Bu(N \ {i})
1 _
+3 <v(N> =Y a(Bu({th —ﬁv(N\{l})))

leN

=a(Bo({i}) — Bu({j. k)
1
+3 WN) —apu{ih) —apu((j)h —aBo(ik)
+epo({j. k) +apo(k. ih) +aBui. /1) .

From the definitions of the solution and the reduced game,
we have for x =¢*f(N,v) that

AP NI, o) = (1, ), 09 =5 0 (1D =0 (1))

30 D)

=3 ((Bu((i) + Budli, kD) = Bx) — (Bu((j)
T Aot k) — Feo)
43 (o)~ (BuCtR) — Aot 1))
— 5 (V) —aBuli) — wBv (L)) B ((k)
T+ afo(j, k) +afoik, i) +efudi, D))

= @Bulli)) —aBo(lj. k) + 5 (~oBu(li)
T afolli, k) —afv( i) +afo((j, kD)
45 (o) — o) +aBocli, 1)
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1 -
~3 (—aBu({i}) —apv({jh) +aBu({j, k)

+apu(ik, i}))
=a(Bu({i}) — Bu({j, kD)

1 -
+3 (v(N) —apu(k)) +apoi, 1) —aBu({(i})

—apv({j}) +aBv({j, k) +aBv(k,i}))
=P (N, v).

This completes the proof. O

In the previous section, we saw that ¢*# satisfies a-stand-
ardness for two-player games. Next, we characterize those
solutions.

THEOREM 5.4. Take any «, B €[0,1]. A solution  satisfies
efficiency, a-standardness for two-player games and B-consis-
tency on the class of all games G, if and only if  =@%P.

Proof. ¢*f satisfying efficiency and «-standardness for two-
player games is straightforward. ¢*# satisfying B-consistency
follows from Proposition 5.3. Here we prove the ‘only if’
part. Take «, 8 €[0, 1], and let ¢ be a solution, which satisfies
efficiency, a-standardness for two-player games and p-con-
sistency. If |N| =2, then ¥ (N,v) = ¢*?(N,v) follows from
a-standardness for two-player games.

In the following, we denote x =¥ (N, v) and y=¢*#(N,v).

If IN|=3, let N={i, j, k}. By a-standardness, S-consistency
and the induction hypothesis, we have

Xi—yi=Ui(N\{j}, v =P (N \ (i}, v)
=@l PN\ ), v°) — g PN\ ()}, v7)

a o . Lo Yy
=5 @ {i) —v (kD) + Sv ({ kD — 5 (07 (D)

1
— v ({k}) — zvy({i,k})
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=2 [Bin + (1= H(li, 1) —x) — Bu(ik)
~ (1= Bk, ) —x)
—Bv({i}) — (A =B)w{i, j}) —y;) + Bv({k})
(1= Bk D —,)]

+%(U(N)_xj —v(N)+y;))
1
==5 =¥
Similarly, we find that xj—yj:<p7”3(N\{i}, vY) —(pj-l”g(N\{i}, V)=
—%(xi —y). So, x; —y; = %(xi —v;), and thus x; —y; =0. Sim-
ilarly, it follows that x; —y; = xx — yx = 0. This shows that
Y(N,v)=¢*P(N,v).

Proceeding by induction, for |N| >4, suppose that ¥ (N’, v') =
e*P(N’,v') whenever |N'|=|N|— 1. We will show that (N, v) =
9*P(N,v).

Take any i, j € N such that i # j. Again, let x = ¢¥(N,v)
and y=¢*# (N, v). For the two reduced games (N \{,}, v*) and
(N\{j},v”), by the induction hypothesis, we have

xi—yi=Ui(N\{j}, v") =g P (N \ [}, 0”)
=P (N\ (), v5) — P (N (), v7) (8)

By (7) and the definitions of ¢*# and the reduced game, we have
o PN\ v =6 PN () vY)
=3 PN\ o) =P (N ) v)
+|N|——1[v (N\{jH =" (N\{JD
— > PPN V) = APV L )]

keN\{;j}

=(1=B)x; =)

1
+|N|—1 (xj+)’j Z (1,3)(Xkyk))

keN\{j}
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1
=(1=pxj—y)+ NI =1 (—(xj=y) =1 =B (N)

—x;—v(N)+y)))

1
=(1-pB)(x; _yj)+|N|—_1 (—(x;=y) =1 =B)(=x;+y))

|V
~(1- i) -

With (8), this implies that x; —y; = (1 — H—‘ﬂ)(xj —y;) for all

i€ N\{j}. This implies that x; —y;=x;,—y, for all i,le N\ {j}.
Take any ke N\ {i, j}. Since x; —y;=(1— l}\l,vl—‘_ﬁl)(xk—yk) for any
]EN\{k}, it holds that Xi—Yi=Xj—Yj. This lmphes that Xi —
yi=x;—y;=x;—y for all Le N\ {i, j}. Then efficiency® implies
that »,_, (x; —y) =v(N) —v(N)=0, and thus x; —y; =0 for all
i e N. This shows that ¥ (N, v)=¢*f(N,v).

This completes the proof. O

Similar to the definition of weak standardness for two-
player games, we can say that a solution satisfies weak consis-
tency if and only if there exists a B €[0, 1] such that it satisfies
B-consistency.

From the previous section, we know that for two-player
games a solution satisfying weak standardness is equivalent to
the solution being efficient, symmetric and linear. From Theo-
rem 5.4, it follows that on the class of all TU-games, the class
of solutions @ is characterized by efficiency, weak standard-
ness and weak consistency.

COROLLARY 5.5. A solution v satisfies efficiency, weak stand-
ardness for two-player games and weak consistency on the class
of all games G, if and only if € ®.

The a-standardness for two-player games and S-consistency
also make clear how the solutions ¢*# depend on these two
parameters. Note that the parameter 8 does not appear in
the standardness property, while the parameter « does not
appear in the consistency property. The parameter « €[0, 1] is
the share that the players get from their individual worths in
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the standardness axiom and determines the weight put on the
equal division solution. The parameter B € [0, 1] determines
the probability about cooperation of the leaving player j in
the coalitions in the reduced game, and determines the distri-
bution of weight between the CIS- and ENSC-values.

6. AXIOMATIZATIONS USING DICTATOR AND VETO PLAYER
PROPERTIES

In the previous section, we characterized the class of solu-
tions @, and every solution in this class, on a variable player
set. Next, we provide a characterization of the class ® on
a fixed player set using the well-known axioms of efficiency,
linearity, local monotonicity and two new axioms that we
introduce below. Moreover, adding a weak null player out
property yields an axiomatization for variable player set. The
first of the two new axioms concerns a dictator property. We
say that player i e N is a dictator in a monotone game (N, v)
if all coalitions containing i earn the same worth ¢ >0, and
all other coalitions earn zero. We denote this dictator game by
df, ie df(S)=c if i €S, and d¢(S)=0 otherwise.” Note that in
the dictator game df, all players in N\ {i} are null players. The
dictator property now states that (i) the difference between the
payoffs of a dictator and another (null) player in that dictator
game cannot be more than the worth of the ‘grand coalition’
(which by efficiency equals the total worth to be distributed),
and (ii) in any other monotone game, the difference between
the payoffs of two players is never more than that described
in (1). A TU-game (N, v) is monotone if v(S) <v(T) whenever
SCTCN.

AXIOM 6.1. (Dictator property) A solution v satisfies the dic-
tator property if

(1) ¥i(N,dS)—;(N,df)<c for all jeN\{i}, and
(i) Yi(N,v) =¥ (N, v) <y (N, &'y =y, (N, @™ for all i, j e
N, and monotone games (N, v).
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Note that this dictator property implies the following difference
property which states that the maximal difference between the
payoffs of two players in a monotone game cannot be more
than the worth of the ‘grand coalition’. (The straightforward
proof is omitted.)

PROPOSITION 6.2. If solution  satisfies the dictator prop-
erty then y;(N,v) —v¥;(N,v) <v(N) for all i, je N, and mono-
tone game (N, v).

To introduce the veto equal loss property, suppose that
player h e N becomes a veto player in game (N, v), i.e. instead
of characteristic function v, we consider the characteristic
function v" given by

poe u(S) ifhesS
v (S)_{ 0 otherwise.

Next, we require that this yields the same change in payoft for
the other players when v is zero-normalized, 1.e. v({i}) =0 for
all ie N.

AXIOM 6.3. (Veto equal loss property) A solution  satisfies
the veto equal loss property if ¥i(N,v) —y; (N, v")=v,;(N,v) —
V;i(N, v") for every heN, i,je N\ {h} and zero-normalized
(N,v)ed.

Note that (N, v) being zero-normalized implies that (N, v")
is zero-normalized. The above mentioned five axioms charac-
terize the class @ on a fixed player set N. In proving this, we
use the following expressions for unanimity games. For T C
N, |T|=1, it holds that

1 ifieT

CIS;(N,ur)=ENSC;(N,ur) = { 0 otherwise

and

1 .
ED,-(N,uT):m for all i e N.
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For TCN, |T|>2, it holds that
1
CIS,'(N,MT):ED,'(N,MT):W for all IEN,

and
(IN|=IT]+1) o
N ifieT

a=irp

ENSCl (N, LtT) = {
[N

otherwise.

Note that for (N, uy), all payoffs are equal to ﬁ in all three

solutions. As a consequence, we can express every solution in
® for unanimity games (N, u7r) with |T|=1 as

wp U0 4o ifieT
g (Nour)=1 " _,, ‘ (9)
10 otherwise
and for |T|>2,
A1 —a)+ap
o +a(1—=B)(N|—IT|+1)) ifieT
o P (Nur)=1 | (10)
w((l—a)+ap
+a(l—-p)A—T)) otherwise.

So, forieT, je N\T we have wf"ﬂ(N,uT):<pj"ﬁ(N,uT)+oe if
IT|=1, and ¢"*(N,ur)=¢%"(N,ur)+a(l—p) if |T|>2. We
use these expressions in proving the following characterization
on a fixed player set. We denote by GV, the collection of all
TU-games on player set N CIN. A solution on GV is a func-
tion v, which assigns a payoff vector ¥ (N,v) to every TU-
game (N,v) e GN.8 We denote by ®V the set of all solutions
on GV obtained by (2) with «, 8 €]0, 1].

THEOREM 6.4. A solution v on GN belongs to ®V if and
only if it satisfies efficiency, linearity, local monotonicity, the
dictator property and the veto equal loss property.

Proof. 1t is straightforward to verify that any ¢*f, «,Be€
[0, 1], satisfies efficiency, linearity and local monotonicity on

gv.
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Next, we show the dictator property. (i) Considering the
dictator game (N, df), for je N\ {i}, it follows with (9) that

ﬂ(N d;) — ’S(N df)=ca <c since o <1. (11) For unanim-
1ty games (N u ) (.e. dictator games (N, d )), it holds that
ﬁﬁmnmm—wﬁ%quuz—a<a=¢”0&45—@¢@h#»
Considering any unanimity game (N, ur) with |T|>2, it fol-
lows with (10) for i,j €T or i,je N\ T that cpf"ﬁ(N,uT) =
97" (N,ur), and for i e T and je N\ T that ¢/”(N,ur) -
<p7”3(N, ur)=a(l—pB) <a since B €[0, 1]. The dictator property
then follows with linearity and the fact that U=Z;;% Ay(Tur

for all (N,v)egV.

To show the veto equal loss property, consider the unanim-
ity game (N, ur), |T|>2, and player he€ N. (Note that we do
not have to consider cases with |T| =1 since the veto equal
loss property only concerns zero-normalized games.) If heT
then (u7)" =ur, and thus payoffs are not changing when h
becomes a veto player. If he N\ T then (ur)" =uzryyy. Obvi-
ously, o “P(N, uT) <pf’ﬁ(N, (ur)") is equal for all i e T, and

PN, ur) — 93P (N, (ur)") is equal for all je N\ (T U{h}).
Take an i €T and j eN\(TU{h}) Then it follows with (10)
that w?’ﬂ(N ur) — wft’ﬂ(N (ur)t) = ‘N|Ol(1 BN —IT|+1—
INI+IT) = el = B)=¢;"" (N, ur) — ¢ (N. (ur)"). The veto
equal loss property then follows by linearity of ¢*# and the
fact that v =) e, Ay(T)(ur)" when v is zero-normalized.

Now, suppose that solution y satisfies the five properties
on GV. Let (N,v)eGV. If |[N|=1, then y(N,v) e ®" by effi-
ciency. If |[N| =2, then ¢ € ®V follows from efficiency, local
monotonicity, linearity and Proposition 4.2. (Note that local
monotonicity implies symmetry.)

Next, suppose that |[N|>3. If (N, v) is a null game given by
v(S) =0 for all SC N, then efficiency and local monotonicity
imply that ¢,;(N,v)=0 for all i e N.

Next, we consider unamimity games (N,ur) € GV, T C
N, |T|=1. Local monotonicity implies that there is a c¢* €
R such that ;(N,ur) =c* for all je N\T. For i €T,
local monotonicity implies that v; (N, ur) > ¢*. By efficiency,



A CLASS OF SOLUTIONS FOR TU-GAMES 325

Y;(N,ur)=1—(|N|—1)c*, and thus 1— (|N|—1)c* > c*, which
is equivalent to ¢* < “m The dictator property implies that
Y (N,v) —c* <1, which with efficiency yields ¢*>1—(|N|—1)
c*—1, which is equivalent to ¢*>0. Thus, there is an a7 €]0, 1]
such that ¥ (N, ur)=arCIS(N, ur)+ (1 —ar)ED(N, ur). (Note
that in this case CIS(N,u7)=ENSC(N,ur).)

Next, we show that ar = ap for all T,7" Cc N with
IT| =1|T'|=1. Take i,j € N, i # j, and h € N\ {i, j}.
Since (u(;))’ = uy ), the veto equal loss property implies
that ¥, (N, ug ;) — (N, ugy) = ¥i(N,ug jy) — ¥i(N,ugy) and
Un(N,ug ) — ¥ (N, ugy) =¥ (N,ug jy) — (N, ugjy), and thus
Vi(N,ui ) —vi(N,ugy) + (N, ugy) =vn(N, ug ) =¥ (N, ug jy)
— (N, ug;,) + ¥u(N,ug). Local monotonicity implies that
Vi(N,ug jy) =v;(N,ug jy), and thus —y; (N, ugy) + ¥ (N, ugy) =
— (N, ugjy) +¥n(N, ugjy), meaning that

—Ot{i}CIS,' (N, u{i}) — (1 — Ot{i})ED,' (N, u{i}) +Ot{i}CISh(N, l/t{i})
+ (1 — i) EDy(N, ugy)
=—a(j)CIS; (N, ugjy) = (1 =) EDj (N, ugjy)
+ayjyCIS, (N, ugjy) + (1 —aj) ED, (N, uygjy)

which is equivalent to

(1 —ag) (1 —ag;))
oy 22— e UM

which is equivalent to
(IN| =2y +2=(N|-2);+2, Which 1s equivalent to oy =«;.

So, there is an «a €0, 1] such that ar =« for all T ¢ N with
IT|=1.

Next, consider unamimity games (N,ur)eG", TCN, 2<
|T| < |N|—1. Local monotonicity again implies that there is
a ¢* € R such that ¢;(N,ur)=c* for all j e N\ T. More-
over, local monotonicity implies that there is a ¢™* > ¢* such
that ¥;(N,ur)=c** for all i e T. Efficiency implies that ¢** =

RIS Thus ¢ > ¢* if and only if “=UEZEE > ¢ if and
1

only if ¢* < 7 BY Proposition 6.2, it follows that ¢* > c¢™*—1,
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and thus c¢* > IZW¥ETDS

i , which is equivalent to c¢* >
%. From this, it follows that there is a 87 €[0, 1] such that
W (N, ur) =87CIS(N, ur) + (1 — 87) ENSC(N, ur). (Note that in
this case CIS(N,ur)=ED(N,ur).)

Next, we show that there is a § €[0, 1] such that §; =48 for
all Tc N with 2<|T|<|N|—1. We distinguish the case |[N|=3
from the case |N|>4.

For |[N| =3, we only have to show that &§; =387 for
T,T"c N with |T|=|T’| =2. Suppose that N = {i, j, h}
and consider the game v =uy jy + ujp. By linearity, we
have that L//j (N, 'U) = Wj(N, u{,-,j}) + I//j (N, u{,-,h}) and Wh(N, U) =
Un(N,ug jy) + (N, ugny). So

Yi(N,ug i)+ (N,ugny)=v;(N,v)
=Yp(N,v) =Y, (N, ui j) +¥n(N,uiny),  (11)

where the second equality follows from local monotonicity.
Since Y (N,ur)=87CIS(N,ur)+ (1—387)ENSC(N,ur) as shown
above, (11) yields that

8y 2(1—=484 ) Simy 1 —6un
(3+3 {3 3

(i 1=duy Stimy . 2(1 =684y
_<3 3 )P\ T3 !

showing that 8 j, = 8;;). Similarly, it can be shown for all
T,T'CN with |T|=|T'|=2 that §;7 =87 for |N|=3.

For |[N|>4, consider a T C N with |T|€{2,...,|N|—2}, and
take some he N\ T. Since (ur)"=uryp, the veto equal loss
property implies for i € T, je N\ (T U{h}) that

Yi(N,ur) —vi(N,urum) =v;(N,ur) —¥;(N, urupmy)

which, as shown above, is equivalent to

S7CIS;i(N,ur)+ (1 —387) ENSC; (N, ur) — 87upnyCIS; (N, uruiny)
— (I = 87upn)) ENSC; (N, urupny)

=07CIS;(N,ur)+ (1 —=387)ENSC;(N, ur)
—87ugnyCIS; (N, uruny) — (1 = 87umy) ENSC i (N, uruimy),
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which, by definition of the CIS-value, is equivalent to

(1 —=87)(ENSC;(N,ur)— ENSC;(N,ur))
= (1 =87um) (ENSC;(N, uruny) — ENSC (N, urumy)),

which, by definition of the ENSC-value, is equivalent to
IN|-IT|+1 1-1T|
(19 )( -
! N IN]
IN|—|T|—1+1 1—|T|—1)
|N| IN] ’

= (1 = drumy) (
which is equivalent to

dr =drupy-

But then there is a § €[0, 1] such that §7 =48 for all T c N with
IT|€l2,...,|N|—1)}.

For the unamimity game (N,uy) € GV, efficiency and local
monotonicity imply that ;(N,uy)=ED(N,uy)=CIS(N,uy)=
ENSC(N, uN)zllWI for all ie N.

If « >0, then defining g = ‘HL—_"‘), we obtain from above
that ¥(N,ur) = ¢*P(N,ur) for all TS N, T #@. We are
left to show that B €[0,1]. Obviously, § — (1 — «) <« since
8 €[0,1], and thus B < 1. Considering (N,ury) with |T| =2,
take i € T and j € N\ T. The dictator property then yields
that v; (N, ur) =¥ (N, ur) =" (N, ur) — 7" (N, ur) =a(1 - B)
<Yi(N.ug) — YN ugy) = 0" (N ugy) — 9F P (N ugy) = . So,
1-pB8<1, and thus g >0. So, for « >0, we have shown that
B €0, 1]. For « =0, we can just take g =68 €][0, 1]. So, we have
determined that ¥ (N, ur)=¢*f(N,ur) for a, B €[0,1] and all
TCN.

Finally, linearity and the fact that v=>)_ ren Ay (T)ur implies

that ¥ (N, v) =¢*# (N, v) for all (N,v)eg". O

Next, we provide an axiomatization on the class of all TU-
games G. In order to do that, we introduce the following
axiom that relates payoffs in games with different sets of play-
ers and can be seen as a weak consistency axiom. It states
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that deleting a null player from a game changes the payofts
of all other players by the same amount. For (N,v) € G and
T C N, the restricted game (7, vr) is given by vy (S)=v(S) for
all SCT.

AXIOM 6.5. (Weak null player out property) A solution  sat-
isfies the weak null player out property if ¥;(N \ {h}, va\(ny) —
Vi(N,v)=v;(N\{h}, vin\n) — ¥ (N, v) for every i, jeN and he
N\{i, j} being a null player in (N, v).

This 1s a weaker version of the null player out property as
considered in Derks and Haller (1999), which states that delet-
ing a null player does not change the payoffs of the other
players.

THEOREM 6.6. A solution  on G belongs to ® if and only
if it satisfies efficiency, linearity, local monotonicity, the dictator
property, the veto equal loss property and the weak null player
out propert).

Proof. Similar to the proof of Theorem 6.4 it follows that
any ¢%?, a, B €0, 1], satisfies efficiency, linearity, local mono-
tonicity, the dictator property and the veto equal loss prop-
erty on G. To show the weak null player out property, con-
sider unanimity games (N,ur), h, je N\T,h#j,and ieT. If
IT|=1 then ¢""(N\{h}, ur) — ¢"" (N.ur) =" (N \ {h}. ur) +
o — ¢ (Nour) —a =g (N \ (b}, ur) — oF P (N ug). If |T| =2
then " (N\ {h}, ur) — P (N, ur) = 2P (N \ (h}, ur) + (1 - B)
— 97 (N.up) —a(l = B) = ¢ (N \ {h},ur) — 97" (N, ur). The
weak null player out property then follows by linearity of ¢%#.

To show uniqueness, suppose that solution i satisfies the
six properties on G. From Theorem 6.4, it follows that for
every N C N, there exist numbers «!V!, BNl € [0,1] such
that (N, v)=¢*" #" (N, v) for all (N,v)eg. Since efficiency
determines the solution for one-player games, we are left to
show that there exist «, B €[0, 1] such that «"=« and "=
for all ne{2,...}. First consider games (N, ur), (N U/{h},ur)
for he N\ N and |T|=1. For ieT, jeN\T, the weak null
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player out property implies that ¥ ;(N,ur) —¢;(NU{h}, ur) =
Yi(N.ur) — (N U {h},ur), so 1se= — el = Loel 4 IV
% — a1 yielding oVl = «/V*1. So, we conclude that
there exists an «a €[0, 1] such that «" =« for all n€{2,...}.
Next, consider games (N,ur), (NU{h},ur) for he N\ N
and 2<|T|<|N|—2. For ieT, jeN\T, the weak null
player out property again implies that v ;(N,ur) — ¥ ;(N U
{hY, ur) =v;(N,ur) —y¥;(NU{h},ur). Using "=« for all ne
N, we then find that 7 ((1 —a) + @™ +a(1 - N1 - |T)) -
Wﬁ((1—Ot)+06ﬁ'N'+1+0l(1—,3'N‘+1)(1—|T|)) = ﬁ((l —a) +
oap™ + a(l = BMHAN = IT] + 1) = e — @) +
afNH Lo (1 = BINHY(IN| = |T |+ 1)), and thus !N =pgINIF1, So,
we conclude that there exists a 8 €[0, 1] such that 8" =g for all
ne{2,...}. ]

Note that, similar to Corollary 5.5, we characterized the
class of solutions ® using axioms that do not depend on the
parameters « and B. We conclude this section by showing log-
ical independence of the six axioms of Theorem 6.6.

(1) Solution ¢ given by ¥;(N,v)=0 for all ie N and (N,v)eg
satisfies the axioms of Theorem 6.6 except efficiency.

(2) Solution ¢ given by ¥ (N, v)=CIS(N,v) if v(N) <10, and
Y(N,v)=ENSC(N,v) if v(N) > 10 satisfies the axioms of
Theorem 6.6 except linearity.

(3) Define ENCIS' (N, v) = Yy Ao(T)ENCIS' (N, uz), where
ENCIS” (N, uy) = ENCIS?(N,uy) if |T| =1, and ENCIS’
(N,ur) = ENCISP(N,un\r) if |T|>2. Then the solution
7 given by g*#(N, v) =« ENCIS" (N, v) + (1 — &) ED(N, v)
for all (N,v) € G, satisfies the axioms of Theorem 6.6,
except local monotonicity.

(4) Solution ¥ = ¢*# with « > 1 satisfies the axioms of
Theorem 6.6 except the dictator property.

(5) The Shapley value (Shapley, 1953) satisfies the axioms of
Theorem 6.6 except the veto equal loss property.

(6) Consider numbers «” €[0, 1], n € IN such that there exists
nelN with o" #a”"*!. Then solution ¥ (N, v):<p°“N"/3‘N‘(N, v)
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for all (N, v) €@ satisfies the axioms of Theorem 6.6 except
the weak null player out property.

7. SPECIFIC SOLUTIONS IN &

Taking specific values for «, respectively, 8 in the standard-
ness, respectively, reduced game consistency, yields character-
izations of specific solutions in ®. The CIS- and ENSC-value
and all their convex combinations are obtained with o =1,
and thus satisfy standardness for two-player games. The corre-
sponding characterizations follow directly from Theorem 5.4,
and therefore, are stated without further proof.

COROLLARY 7.1. A solution  satisfies

1. efficiency, standardness for two-player games and B-consis-
tency, Bel0,1], on G if and only if ¥ = ENCISP = ¢

2. efficiency, standardness for two-player games and I-consis-
tency on G if and only if ¥ =CIS=¢"!

3. efficiency, standardness for two-player games and 0-consis-
tency on G if and only if ¥ = ENSC =",

4. efficiency, egalitarian standardness for two-player games and
B-consistency, B€[0,1], on G if and only if v =ED.

Note that the last statement in this corollary implies that
the equal division solution is axiomatized by egalitarian stand-
ardness for two-player games and any consistency, as dis-
cussed in the previous section.

In the previous section, we characterized the class of solu-
tions ®. Adding additional properties yields characterizations
of specific solutions in ® (where some of the other properties
might be deleted). The subclass of self-dual solutions in & is
characterized as follows.

PROPOSITION 7.2. Consider solution ¢*f e ®. Then ¢** is
self-dual if and only if «=0 or B= %

Proof. From Proposition 3.3, it is straightforward to show
that these solutions are self-dual. To show that these are the
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only self-dual solutions in the class ®, suppose that ¢*#(N, v) =
e*P(N, v*) for all (N, v) €G. Then with Proposition 3.3, we have

*P(N,v)=¢*#(N, v*)

e

¢*P (N, v) =" 7P (N, v)
<

WP (N, )+ ﬁ (v(N) = 5P, v))

JEN
2PN, SENLE v(N) = 25 (N, v)
|V o

=

a(Buv({i}) — (1= B)v(N\{i})
JjeN
=a((I =i} — Bv(N\{i}D)

1
|N| (U(N)—Za((l— )U({]})—,BU(N\{]})))

JEN

1
|N| (U(N) — Y a(Bu({jhH—(1—=Bu(N\ {J})))

Since this must hold for all (N,v) e G, we have af =a(l —B),
which is equivalent to «(28—1)=0. So, =0 or f=1. O

So, the self-dual solutions in @ are the equal division solu-
tion, the average of the CIS- and ENSC-value, and all convex
combinations of these two solutions. The only covariant solu-
tions in ® are the ones with @« =1. These are the CIS-value,
the ENSC-value and their convex combinations. In the follow-
ing, we use the expression

P (N, v) = apo({i}) - a(l—ﬁ)v(N\{l})JrlN‘v(N)

|N|a13 ZJENU( |N|0£(1 :8) (12)
X Z/GN U(N\{]}
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PROPOSITION 7.3. Consider solution ¢*f € ®. Then ¢** is
covariant if and only if a=1.

Proof. Let (N,v), (N, w)e@G be such that there exist ke R

and peR" with w(S):kv(S)-i—ZjeSpj for all SC N. Denot-
ing ps=)_ ;.sp; for all SCN, with (12) it then follows that

1
¢ P (N w)=apw({i}) —a(l— w(N\ (i) + l—w(N)

NI
—oa(l— N\{j
|N| ﬂ];w({””wf‘( ﬁ)]eZNw( \{j)

—Otﬁ(kv({i}) +pi) —a(l - ﬂ)(kv(N \ D+ pvviy)

+ W(k”( )+ py) — ﬁaﬁ JEZN(/W({J )+ i)

1
n Woz(l —B) Y _(kv(N\{j}) + paxij)
JjeN

1
=afkv({i}) —a(l = pkv(N\{i}) + ﬁkv(N)

T —B) Y _ku(N\{j})

JEN jEN

—Woeﬁzkv({J}H

1 1
i—a(l— nt—pn——
+aBpi —a(l = B)py + INle |N|a/3pzv

1
+ ——a(l=B)(IN| - Dpy

|N|
1—|—(|N|—l)a) |-«

1 PN\{i}-
IN| N oM

=ke"P (N, v) + (

But then, ¢; PN, w)= k(pl“ﬂ(N v)+ p; for all keR,, peR" if
and only if a=1. O

As a corollary from Propositions 7.2 and 7.3, we imme-
diately get a characterization of the average of the CIS and
ENSC-value.
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COROLLARY 7.4. Consider solution ¢*P € ®. Then ¢*f is
self-dual and covariant if and only if it is the average of the
CIS- and ENSC-value ¢" .

Recall from the previous section that i € ® is equivalent
to saying that 1 satisfies efficiency, linearity, local monotonic-
ity, the dictator property, the veto equal loss property and the
weak null player out property.

The equal division solution satisfies self-duality, but is not
covariant. Instead, it is characterized as the unique solution
in ® that is non-negative.” We even can weaken the condi-
tions, under which the solution belongs to & (as given in
Theorem 6.4) by requiring it to be efficient, symmetric and
linear.

PROPOSITION 7.5. Solution  satisfies efficiency, symmetry,
linearity and non-negativity if and only if it is the equal division
solution.

Proof. Obviously, the equal division solution satisfies effi-
ciency, symmetry, linearity and non-negativity. Next, sup-
pose that solution ¢ satisfies these four properties. Consider
the standard game (N,by) for T C N, T # N. Efficiency
of ¢ implies that ) ,_, ¥;(N,br) =0. Non-negativity of
implies that v;(N,br) >0 for all i e N. Thus, ¥;(N,br)=0=
ED;(N,by) for all i e N.

For the standard game (N, by), symmetry implies that all
V:(N,by), i € N, are equal. With efficiency, it then follows
that wi(N,bN):II{,—‘:ED,'(N, by) for all i e N.

So, ¥ 1s equal to the equal division solution on the class
of standard games. Since every characteristic function v can
be written as a linear combination of standard games by v=
ZYT"% v(T)br, linearity then implies that ¢ is equal to the

equal division solution on the class of all games. O

Note that from Propositions 7.2 and 7.5, we also derive
that the CIS- and ENSC-values are not self-dual (in
fact, they are each others dual), nor non-negative. They are
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characterized by individual rationality properties. The CIS-
value is the unique solution in & that satisfies individual ratio-
nality. Again, the conditions, under which a solution belongs
to @ can be weakened.

PROPOSITION 7.6. Solution  satisfies efficiency, symmetry,
linearity and individual rationality if and only if it is the CIS-
value ¢!,

Proof. 1t is known that the CIS-value satisfies efficiency,
symmetry, linearity and individual rationality. Next, suppose
that solution ¢ satisfies these four properties. Consider the
unanimity game (N,u7y) for T ¢ N, with |T| = 1. Individ-
ual rationality of i implies that v;(N,ur) >0 for all i e N\
T, and ¢;(N,ur) > 1 for i € T. Efficiency of ¢ implies that
Y ien Yi(N,ur)=1, and thus the above given inequalities are
equalities, i.e. ¥;(N,u7)=0=CIS;(N,ur) for all ie N\ T, and
wi(N, MT) =1 :CISI(N, MT) forieT.

Next, consider the standard game (N,b7y) with 2 <|T| <
IN| — 1. Then individual rationality of  implies that
Vi (N,br) >0 for all i e N. Since efficiency of ¢ implies that
ZieN Wi(N, bT) = 0, it follows that 1//,' (N, bT) =0= CIS; (N, bT)
for all i e N.

Finally, consider the standard game (N, by). Then symmetry
and efficiency imply that v, (N, b,) = ﬁ =CIS;(N,by)forallieN.

Since every characteristic function v can be written as a
linear combination of standard- and one-player unanimity

games by v=>_,_y v({i Dug + Zl;lggz(v(T) =2 ier v({iD)br, lin-
earity implies that v is equal to the CIS-value on the class of
all games. O

The ENSC-value is the unique solution in & satisfying dual
individual rationality. (The proof goes along similar lines as
the proof of Proposition 7.6, and is, therefore, omitted.)

PROPOSITION 7.7. Solution  satisfies efficiency, symmetry,
linearity and dual individual rationality if and only if it is the
ENSC-value ¢"°.
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8. CONCLUDING REMARKS

In this article, we characterized the class of solutions that are
obtained as convex combinations of the equal division solu-
tion, the CIS-value and the ENSC-value using a general o-
standardness for two-player games and a B-consistency, «, 8 €
[0, 1]. We restricted both parameters « and B to be between
zero and one. This is obvious for 8, which is interpreted as a
probability of cooperation of the leaving player in the reduced
games. However, we might consider « to be any real number.
Repeating the analysis done in this article, we would obtain
similar results for the class of all affine combinations of the
equal division solution and any convex combination of the
CIS-value and the ENSC-value.

An n-player TU-game is described by the 2" —1 worths of
non-empty coalitions. However, the solutions studied in this
article only depend on the worths of the singletons, coali-
tions of size n —1 and the ‘grand coalition’. This is a conse-
quence of the egalitarian approach. In the literature, various
classes of games that are fully determined by the worths of
these special coalitions can be found. For example, in auction
games (see Graham et al., 1990) and bankruptcy games (see
O’Neill, 1982; Aumann and Maschler, 1985), the game is fully
described by the worth of the ‘grand coalition” N and the
worths of all coalitions of size n — 1, while an airport game
(see Littlechild and Owen, 1973) is fully described by the n
worths of the singletons. Although the solutions studied in
this article are especially useful for these classes of games, we
support these solutions also in other applications of games,
even if the game depends on the worths of more coalitions.
Consider, for example, a firm which organization is managed
by a group of managers. In wage negotiations between a man-
ager and the firm, usually the wage of the manager is deter-
mined by the managers reservation wage (i.e. its singleton
worth), the contribution of the manager to the firm (deter-
mined by its singleton worth in the dual game) and the worth
of the fully employed firm.
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The solutions ¢*# € ® also can be characterized as com-
promise values. The literature on compromise values starts
with the introduction of the t-value in Tijs (1981). This is
an efficient solution for a special class of TU-games, which
assigns to every so-called quasi-balanced TU-game the unique
efficient payoff vector on the line segment between some
lower- and upper bound. This set of quasi-balanced games
are exactly those, for which the upper bound is above the
lower bound and an efficient payoft vector on the line seg-
ment between these bounds exists. Taking as lower bound for
player i € N in game (N, v) the value m“ﬁ(N V) =A ‘?‘ﬁ(N V),
and as upper bound M"”g(N V) =0(N) =3 jcpp ™ “’S(N v) =
v(N) — Z]EN\{! “ﬂ(N v), we can adapt the class of quasi-
balanced games accordmgly On this class, the solution ¢*?#
is the solution that assigns to every game the unique effi-
cient payoff vector between the lower and upper bounds. The
characterization of the t-value by efficiency, the minimal right
property and the restricted proportionality property, as given
in Tijs (1987), can be reformulated by adapting the lower
and upper bounds to give characterizations of ¢*f on the
adapted class of games.! Although the r-value is not a solu-
tion in ®, for convex games,'! it always yields a convex com-
bination of the CIS- and ENSC-value. However, for differ-
ent games, the weight assigned to these two solutions is dif-
ferent. In the future, we will study equal surplus sharing
solutions, which allow the parameter B(v) to depend on the
game.

We once more remark that besides B, also the parame-
ter o in the solutions ¢*# is fixed and the same for every
game. We obtain a larger class of solutions if we also allow
this parameter to depend on the game. Allowing the value

of @ to depend on the game we could take a(v) = WI\Z{J})

whenever v({i}) + v({j}) # 0. This yields proportional stand-
ardness for two-player games as satisfied by, e.g. the Proper
Shapley value as introduced in Vorob’ev and Liapunov (1998):
for N _{i il l;é], we have y;(N,v) = %(v({z}

2(w({i})+u(
V(7)) + zu(N) = HEEE R (V) = v(N). In

v({l})-i-v( Jh
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the future, we study the generalized class of solutions with
parameters « and B depending on the game, and in that way
obtain new characterizations of (solutions related to) the t-
value and the Proper Shapley value.

Given our class of solutions ®, we can also define a new
set-valued solution for TU-games by assigning to every game
the union of all payoft vectors assigned by any solution in
® to that game, i.e. we can consider the set-valued solution
U given by W(N,v)={p*?(N,v)|a, B [0, 1]}. Finding axiom-
atic characterizations for this set-valued solution is a plan for
future research.

Further, the solutions considered in Joosten (1996), van
den Brink et al. (2007) and Ju et al., (2007) who, respectively,
consider all convex combinations of the equal division solu-
tion and the Shapley value, and all convex combinations of
the CIS-value and the Shapley value, can be generalized by
considering all convex combinations of any solution ¢%# ¢ ®
and the Shapley value. Then also other properties that the
solutions in @ have in common with the Shapley value, such
as Chun (1989)’s fair ranking and van den Brink (2001)’s fair-
ness, will be useful. Finally, we mention future research on
implementation of the solutions in &.

Open Access This article is distributed under the terms of the Creative
Commons Attribution Noncommercial License which permits any non-
commercial use, distribution, and reproduction in any medium, provided
the original author(s) and source are credited.

NOTES

1. Efficient solutions are often called values.

2. TU-games satisfying this property are called weakly essential.

3. The straightforward proof can be obtained from the authors on
request.

4. The stronger anonymity property does imply equality of «; and «;
with linearity. In fact, it can be shown that a solution v satisfies (4)
and is anonymous if and only if o; =a;, Bi=p;,yi=y; and §; =4;.
The ‘if” part is straightforward. To show the ‘only if” part, consider
the permutation 7 : N — N given by n(i)=j and x(j)=i. Then
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mv({i}) =v{j}), mv({j}) =v{i}) and wv(N)=v(N). By anonymity
of ¢ it then must hold that ¥;(N,v) =¥ (N,mv) =¥ ;(N,mv),
which is equivalent to «;v({i}) + Biv({j}) + riv(N) + 8 =a;jmv{j}) +
Bimv({iD+yjmrv(N)+8j=c;jv({ih) +Bjv({j}) +yjv(N)+§;.The state-
ment then follows since this must hold for all (N, v)eG2.

5. Here we only consider the class G of all TU-games. If one consid-
ers subclasses C C G, then in the definition of consistency one should
additionally require that the reduced game (N \{j},v*) in this defi-
nition also belongs to C.

6. In case B€(0,1] we can even do without efficiency since x; —y; =0
for all i e N follows from x; —y; =(1 — |‘1\17\?_‘—/31)('xj —y;) for all i,je
N, i#]j.

7. Note that di equals the scaled unanimity game cuj;).

8. Note that we can easily adapt the axioms by requiring them on GV
instead of G.

9. Alternative characterizations of the equal division solution and CIS-
value are given in van den Brink (2007).

10. In the proof given in Tijs (1987), use of the specific formula’s of the
lower- and upper-bounds is made only twice. This is to show that
for every ve g, the rescaled game, in which we subtract the mini-
mal rights from the worths of coalitions is the nullvector (which is
satisfied for all bounds satisfying covariance), and to show that the
upper bound satisfies covariance, see also van den Brink (1994).

11. A TU-game (N, v) is convex if v(SUT)+v(SNT)>v(S)+v(T) for
all S, TCN.
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