OOoo0O00oOooon
978 0 19970 1-13 1

Values for Multialternative Games
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Abstract: We generalize the Banzhaf value in multialternative games defined by Bolger (1993).
This value is produced by axioms similar to those of the Bolger value, just as the Banzhaf value
produced by axioms similar to Shapley’s.

1 Introduction

In characteristic function form simple games, players simply vote yea or nay. The mul-
tialternative game was first defined in Bolger (1993): the game contains more than two
alternatives. Games allowing more than two coalitions have been also formulated as parti-
tion function games. Although the partition function game only refers to the formation of
groups, the multialternative games makes clear which group of players chooses which al-
ternative. They are very useful, especially to examine voting situations with three or more
alternatives. Bolger defined a value based on a system of axioms, which is a generalization
of the Shapley value (Shapley (1988)).

To evaluate voting situations, the Banzhaf value (Banzhaf (1965), Lehrer (1988)) is
used as well as the Shapley value. Our purposes is to generalize the Banzhaf value in
multialternative games. We will modify Bolger’s axioms using the idea of Straffin (1976).

2 Multialternative Games and Bolger Value

2.1 Definition of Multialternative Games

In characteristic function form games, the characteristic function is given as u : 2V — R
(u(@) = 0), where 2V is the set of all coalition S C N = {1,---,n}, and R is the set
of real numbers. In multialternative games, we consider not only N but also the set
of alternatives A = {a;,---,a,}. The set S; (j = 1,---,7) is the coalition consisting
of players who choose a;. The set S; may be empty. The ordered coalition structure
P = (S, -+, S;) is called an arrangement, where Uj_,S; = N and S; NSy = @ if j # 5'.
Let 7 be fixed, and denote the set of pairs of S; and an arrangement containing it by P’.
That is,
P4 = {(S;, P)|S; C N, S; is the jth element of P}.



For convenience, let
P=U_, P,

and

Pi(3) = {(S;, P) € P!|S; 3 i}.
We will also define the characteristic function just as in cooperative games. Although the
characteristic function of cooperative games is defined with respect to a coalition, Bolger’s
characteristic function v is defined on P, or v : P — R. The emptyset is always assumed
to take 0, or v(@, P) = 0. The set of Bolger’s characteristic functions is denoted by I'. The
triple (IV, A,v), or v when players and alternatives are clear, is called a multialternative
game. :
Note that fuction v depends not only on S; but P the jth component of which is S;.
When there are only two alternatives, one coalition S determines the other N\ S. In
contrast, suppose a four-person voting game with three alternatives. Suppose the coalition
S;. wins if and only if S; contains more than the number of members in the other Si’s
(k # 7). Formally, for each j = 1,---,7,

_ 1, if |S;] > max{|Sk| : k£ # 5}
v(S;, P) = { 0. otherwise

Then {1,2} wins if 3 and 4 vote different candidates, but it loses if 3 and 4 vote the same
candidate. Thus whether a coalition wins depends not only its size but also the size of
other coalitions. :

The partition function form game due to Lucas-Thrall (1963) also gives a similar
generalization of the usual characteristic function. The partition function is defined with
respect to a coalition S and a coalition structure @ > S'. Games of this form have been
studied in many literatures. The Bolger’s multialternative games is, however, basically
different from the partition function form game. Suppose the example of the United
Nations Security Council given in Bolger (1993). If most of the members in N vote
yea (or nay), their claim will be adopted and the issue will be accepted (or rejected).
But if they abstain, the result depends upon the votes of the other members. In this
sense, alternatives yea, nay and abstain are not homogeneous. This is not captured by
the partition function form representation. The Bolger’s characteristic function, however,
enables us to distinguish the situations where all the members choose yea, nay and abstain
by giving three values, ’

v(N, (N,0,0)),v(N, (0, N,0)) and v(N, (0,0, N)),

to these three situations.

2.2 Bolger Value

In the following, for convenience, fix one j and define a value for this particular j. Pick
an arrangement P that has the jth element Sj. Suppose i € S;. Define a;g, as

aiSk(P):(Slu"'7Sj\{i}f'"SkU{i}f")Sr)'

1Set @ = {S1,---,Se} is called a partition or a coalition structure, if Ulesj = N and S;NS; =0 for
j # 7. The partition function is defined on (S, Q), where S > Q. Thus the partition function for (S, Q)
gives the quantity the members in S could gain if the coalition structure is Q.




This function moves player ¢ from S; to Sy in a given arrangement P.

Functions 67 : ' — R" are called Value functions, where R" is the set of n-dimensional
real vectors. Just as the Shapley value?, the Bolger value §’(v) is derived from a system
of axioms.

Axiom 1 (j-efficiency) Y ;c N0 '(v) = v(N; 7), where (N;j) means that all the players
are in S;; i.e., ' ~ :

(N;j) = (N, (0,---,0, iy ,0,--

This axiom, which Bolger did not treat as an axiom, corresponds to Shapley’s efficiency
axiom. The following three axioms correspond to Shaley’s dummy player, additivity and
symmetry axioms.

Axiom 2 (j-dummy) Playeri is a j-dummy in (N, A,v) if for all (S;, P) € Pj(i) and
for all k # 7,
U(Sj’ P) = U(Sj \ {7’}’ aiSk(P))'

If player i is a j-dummy, then Hf(v) =0.

Axiom 3 (linearity) Pick two multialternative games (N, A,v) and (N, A, w) and a
real number c, define the games v+ w and cv as

(v +w)(S;, P) = v(S;, P) + w(S;, P),

and
(€0)(85,P) = ¢ v(S5, P),

for each (S;, P) € P. Then,
07 (v +w) = 6 (v) + 67 (w),

and . .
& (cv) = cb’(v).

2Shapley’s axioms are as follows;
efficiency : ), .y @i(u) = v(N)
dummy player : if u(S) = u(S\ {i}) for all S > 4, the value p;(u) = 0.
additivity : ¢(u) + o(u') = ¢(u+u')
symmetry : Let 7 : N — N be a permutation; then, p;(u) = @ (7u).
Then the Shapley value, which is a unique value ¢ satisfying axioms above, is

pw= Y CTDOZP 6 sy @)

SCN,53



Axiom 4 (symmetry) Let 7 : N — N be a permutation, and define a game mv as
nv(S;, P) = v(wS;, mP), |

where TP = (1S, ,wSy). Then, #(v) = 62,(mv).

Bolger added another axiom, called a pivot move axiom.

Axiom 5 (pivot move) With respect to any two multialternative games (N, A,v) and
(N, A,w), if for all (S;, P) € P(i)

> (S, P) — v(S; \ {i}, s, (P))] = D _[w(S;, P) — w(S; \ {i}, cus, (P))],

k#£j k#3j
then 62 (v) = 6 (w).

This last axiom considers that player i changes his choice from j to another option when
he is in S;, the jth element of P. It claims that the same value should be given in two
games v and w if changes of v and w induced by changes of i’s choice are the same in
total. Suppose orders of the alternatives are different: v considers Si, S2 and S3 as the
groups of yea, nay and abstain, respectively; w considers them as yea, abstain and nay,
respectively. Formally, for example, v(S1, (S1, 52, 83)) = w(S1, (51,53, S2)) holds. The
pivot move axiom guarantees the value for v and for w should be the same.

Theorem 1 (Bolger (1993)) For all (N, A,v), value function 67(v) satisfies Azioms
1-5, if and only if
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where s; = |.S;]|.

For the subsequent discussion, let us briefly review his proof. If part is easily shown. To
show the only if part, construct basis games {vT?|(T}, Q) € P’} as follows;

1, ifS;=Tjand P=@Q
0. otherwise

vT9(S;, P) = { (2)

First, construct the value 6/ for v75°9, and then obtain the value for general v, using the
equation

v= > u(S; PpF, (3)

(Sj)P)GPj

and the linearity axiom. Though the basis game v7% correspond to the unanimity game
used in Shapley (1988), note that player i ¢ Tj is not a j-dummy player. In fact, he can
make the losing coalition T;U {i} with respect to @' win by changing his vote to k, where
25,(Q) = Q. To evaluate 6! (v73?), Axiom 4 plays an important roll.



An‘intuitive interpretation can be given in the following manner. Fix the player i € SJ,
pick the other (s; — 1) members out of N \ {i} arbitrary. Then, there are -

(n—1)!
(55— Din— 5,)

possibilties of S;. Any member out of S; chooses one of the alternatives A\ {a;} with
equal probability 1/(r — 1). Then the probability that a (S;, P) occurs is

(s; — I (n —s;)!
nl(r — 1)n—s

and there are (r — 1) patterns that move i to the other coalitions S(k # 7). Thus the
coefficient is obtained. The Bolger value is considered to be a multialternative general-
ization of the wellknown Shapley value; it is clear that when r = 2, it gives the Shapley
value.

3 A Banzhaf-type Value and Its Axiomatization

The axioms for the Banzhaf value was first given in Dubey-Shapley (1979), and later
modified by Lehrer (1988). The Banzhaf index can be obtained by counting swings,
players’ combinations of yea and nay in which player ¢ can change the final outcome.
Dubey-Shapley used three indices related to Banzhaf index. One is the ‘raw’ Banzhaf
index, which is simply the number of swings. Another one is normalized so that the sum
of indices over players equals 1. This is just what Banzhaf (1965) originally obtained.
The last one is called the swing probability, which is 1/2"! times ‘raw’ one. This is
derived from the assumption that all the players except ¢ vote yea and nay with equal
probabilities. To obtain the ‘raw’ Banzhaf index, they used total swing axiom instead of
Shapley’s efficiency axiom, which claims the sum of the number of swings over players
coincides with the sum of indices. Following their total swing axiom, we use the following
axiom instead of Axiom 1. '

Axiom 6 (total contribution) Let define a contribution of player i by choosing a; as
7’:(”) = Z Z[U(SJ)P v(S; \ {3}, cus, (P))],
(85, P)EPI(3) k#5

and a total contribution as

- )

iEN

> 0l(v) =1

iEN

Then,

Before the theorem, let us define S-unanimity game v¥ as follows;

Sta L if Sj DS
v (S;, P) = { 0. otherwise

This is the game that any coalition including S wins regardless of arrangements.



Theorem 2 For all (N, A,v), value function ?(v) satisfies Azioms 2,3,4,5 and 6, if

and only if e ‘
Bllv)= Y. D (S P) —v(S;\ {i}, cus, (P))]. (4)

(S;,P)EPI(3) k#j

Proof. The if part can be easily shown. To show the only if part, let v7"* and i € S.

Then, Axiom 6 implies 7(v5"F) = s;(r — 1), because each member in S; can make the

coalition lose by changing his choice k (k # 7). Thus, #(v%F) = r — 1 from Axiom 3.
When i ¢ S, on the other hand, the inclusion-exclusion principle implies

> eI =3 |(-1)F Y 6. (5
(Sj,P)EPI(3) t=1 TCN\S,|T|=t

o T>i

by Axioms 2 and 3. Note that we never have ¢t = 0 since ¢ ¢ S;. Axiom 5 implies

Yo BHP) = (r— 1)l (%), , - (6)
(S;,P)ePI (3)

Since
05 :{ rm(r—1), ifieS

0, ~ otherwise

n—s n—s—~t
n_s( t ) |
t n—s\ _ [(n-s-—1
n—s t B t—1 !

(r —1)" 2 (v5F) = (r—1) ) (- ( n ;j _1_ 1 ) rost

fi"om’Ax,iom 6, equation (5) and (6) implies

(r —1)" ¢ (5T = (r - 1) )> (-
: t=1

Using

we obtain

t=1
n—s—1 n—s 1 )
_ _ t n—s—t
= —(r—1) t}; (—1) ( ; )
= —(r—-1)""%

which implies _
6 (v%F) = —1.

Consequently, the value for the basis game v%F is summarized as

i, S5Py _ r—1, lf’LGSJ
0; (v )—{_1, if i ¢ S; (7)



By the definition of the basis games (2) and Axiom 3,

Biw) = Y o(S; P (v%F)
(8;,P)ePI
= (r=1) > u(SpP)+(=1) Y v(S;P)
(8;,P)EPI(4) (85,P)EPI\PI (4)
= (r—1) Y u(S,P) - Y Du(Si\{i} ais(P))
(Sj,P)GPj(i) (Sj ,P)E'Pj (’L) k#j

= Z Z[U(Sj’ P) - U(Sj \ {7’}, aiSk(P))]‘

(8,P)EPI(4) k#]

Q.ED.

Although this axiomatization corresponds to Bolger’s axioms, Axiom 6 seems too
self-induced. In fact, Dubey-Shapley’s total swing axiom has been modified later by
Lehrer (1988) and Straffin (1976). In the following section, we will present an axiomati-
zation based on the idea of Straffin (1976).

4 Another Axiomatization

4.1 The Bolger Value

Straffin (1976) introduced a little different axioms from Shapley’s. He used an axiom
concerning unanimity games® instead of the efficiency axiom. We use the following axiom
instead of Axioms 1 and 4.

Axiom 7 Foralliin S, 61(v5) = 1/s.

Theorem 3 For all (N, A,v), a value function 67(v) satisfies Azioms 2,3,5 and 7, if
and only if it is given as (1).

Before proceeding to the proof, let us prepare three lemmas.
n\" (n+1 T+l ¢ (®)
t t Sl t+1 t+1

3Define a unanimity game u” as

Lemma 1

T _ 1, fSo>T
u™(8) = { 0. otherwise

Using the following axioms
unanimity game I :For any unanimity game u”, the value ¢;(uT) = 1/|T| for all ¢ € T
unanimity game II :For any unanimity game T, the value ;(uT) = 1/2/T1-1 for all i € T.

instead of Shapley’s efficiency and symmetry axioms also uniquely determines the Shapley value and the
Banzhaf value, respectively.



Proof. trivial.

Lemma 2 Take a sequence of real numbers {At}?zo arbitrary. Then,

S0} ) A= () e Al ®)

t=0 t=0

ar B[ ) (12
a0+ 51y ( not ) At] + [g(—nt ( " )At + (—1)"An]
=S (1) ( nol ) [Ac = Avval.

Q.ED.

Lemma 3

Proof. First, let

1 (s+t) "
s+t 1 '
be A; in Lemma 2. By the use of Lemma 1 implies the left hand of (10) equals
n_fl(—nt n—s—1 s+t\7 [ s+t+1\7
pard t 1 1
n—s—1 -1
[ n—s—1\1[s+t+1
_ _ ! , 11
L)) )

s+t+1\""
2 b

be A; in Lemma 2. Then, the preceding two lemmas similarly make (11) equal

”i‘?(_l)t(n—f—2>%<s+g+z )‘“1.

t=0

Next, let



Repeatedly calculating it £ (1 < k£ < n — s) times in the same way yields
n—z’—k(—l)t n—s—k 1 s+t+k\
= t E+1\ k+1 '

Eventually when k = n — s, it equals

1 ( n )‘1,:(3—1)!(n—s+1)!

n—s+1\n—s+1 nl(n —s+1)
-1
_1fn
-:(0)

Proof of Theorem 3. Since it is clear that (1) satisfies Axioms 2,3,5 and 7, it is sufficient
to show the only if part. Assume that 6/ satisfies these axioms. Let S C N be fixed; then

Q.E.D.

Z 'Usj P — Z [(_1)t Z ,USUT] . (12)
PePi,S;=S t=0 TCN\S,|T|=t

by the inclusion-exclusion principle. For i € S, using Axioms 3 and 7, we obtain

> ) = nf[(—l)t > 93(1)5“)}

PePi,S;=S t=0 TCN\S,|T|=t
n—s _ 1

= —1)t( 78 . 13

> )( t )s+t (19)

Further, since Axiom 5 implies each term in the left side takes the same value, fixing an
(Sj, P) with S; = S makes the left side equal

(r — )"0 (v%F).

Thus, from Lemma. 3,

r-armesw) = S (M) o

=0 s+t
_ If(n\"
A :
which implies
i - 1Dl(n —s)!
&’ Si Py — (S )
(W) nl(r —1)**

For i ¢ S, on the other hand, Axioms 2, 3 and 5 imply (5) and (6). Thus, from Axiom 7,

(r — 1)"*63 (v5P) = i‘s(—i)t t ( n ; s ) 1

Pt n—s s+t
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Using

t n—s\ [n—s—1
n—s ¢ “\ t—=1 )

(r- BT = Y (-1 ( nos ol >_L

we obtain

=1 s+1
n—s—1 e 1
_ Z (=1)" ( n—s—1 )
=0 t s+t+1
1 n 7
_5—1(5—1) , (14)
from Lemma 3, which implies
B (u5P) = _(s -2 (n—s+1)!
‘ nl(r — 1)n=s
The value for the baéis game v5F is summarized as
. — 1n — s )!
(s; - Di(n _s‘J).7 ifies,
g nl(r — 1)n=%
0! (v P) =
‘ (i =2 n—s; +1)! ifigd s,
nl(r—1)"s ' J
By the definition of the basis games (2) and Axiom 3,
i) = 3 v(S; P)OlwS")
(8;,P)cPi ‘ '
i—1 i —2)! 1
= 2 & l )(1ns) v(Sj, P) + > & ')(nlnsj+ ) v(S;, P)
(s pepigy =1 s pepnpiy 1)
(si —Dl(n — s;)! (s; = Dl(n — s,)!
= Z n—s; U(S’P) Z Z n—(s;— (S \{7’} ;s (P))
(8;,P)ePi (i) n!(r— 1) ’ ’ (8, Pyepity gy M (r = 1) i

- ¥ pled “H)HSJ,P) o5\ i, s, (P

(85, P)EPI(i) k#J

Q.E.D.

4.2 The Banzhaf-type Value

In this section, consider another value for multialternative games based on the Banzhaf

value. We follow the next axiom given by Straffin (1976). Straffin changed the axiom
concerning with unanimity games. Here, we follow his axioms.
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Axiom 8 Foralliin S, 62(vS) =1/rs1.

To explain the difference between Axioms 7 and 8, he used the idea of the lottery that
makes ¢ € S a dictator or a dummy. Under the situation of Axiom 7, players in S face a
lottery that makes a player a dictator with probability 1/s and a dummy with 1 — 1/s.
That is to say, exactly one out of s players can be a dictator. Under the situation of
Axiom 8, on the other hand, players face a lottery that one be a dictator with 1/7°~! and
a dummy with 1 — 1/7°7!. In this case, player i € S can be a dictator only when all of
the others in S agree. Assuming that they choose a; with probability 1/r, we obtain that
i becomes a dictator with probability 1/7*L.
Then a value is obtained following to Banzhaf s idea.

Theorem 4 For all (N, A,v), 87(v) satisfies Azioms 2,3,5 and 8, if and only if

B0) = ey X TSP oS\ Ghas P (9

(8;,P)ePi(i) k#j

Proof. The outline of the proof is analogous to that of Theorem 2. Since it is clear that
(15) satisfies Axioms 2,3,5 and 8, it is also sufficient to show the only if part. Assume
that 6 satisfies these axioms, and let S C N be fixed; then (12) follows. For i € S, using
Axioms 3 and 8, we obtain |

Y e = Y [(—w ) 92@”)}

(Sj»P)GPj(i) » - t=0 TCN\S,|T|=t
5= : . o ,
) n—s - 1 o ) )
= —1 ¢ n 5 _ ) 16
e = N (O

Since the left hand can be replaced by (r — 1)»~*¢! (v5F) by Axiom 5,

n—spnj ; 1 'K n—s n—s—
| (r— )"0 (v%F) = ) Z(—l)t(: ; )r ~t

t=0
o (r=1)"
- pn—1 ’

which implies
Hg(vsj’P) = pn—1’

For i ¢ S, on the other hand, equations (5) and (6) hold from Axioms 2,3 and 5. From
Axiom 8, ' ‘

, : - 1 n- nil
_ 1\n—sgd (,,5i Py — t n—s—1
(r—1)"%0) (v=>97) s ; —-1) o ( ; )r .

Using
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we obtain

n—snis S 1 =, n—s—1Y\ .
(r—1) %@%f>=:——7§]—ut< 1 )r ‘

e t=1
1 n—s—1 n—s—1
— — (_1)t ( n—s—t—1
rn-l t=ZO t
_ (T’ _ 1)n—s—1
- - T-n—l ’
which implies
; 1
¢ (V5 = ——— .
V(W) r=1(r — 1)
Consequently, the value for the basis game v is summarized as
1
1 ifie Sj
CEORE
| m, if ¢ ¢ SJ
Note that this value is 1/r" !(r — 1) times (7). By the definition of the basis games (2)
and Axiom 3, equation (15) holds. Q.E.D.

When r = 2, value 8! (v) gives the swing probability. Thus, this 6?(v) is a generalization
of it. An interpretation of this value is given in the following way. If all the players except
i vote yea or nay with equal probabilities 1/2, a combination of yea and nay occurs with
probability 1/2"~1. Similarly, if they choose one of r alternatives with equal probabilities,
a combination of their choices occurs with 1/7"~!. Here, player i also has (r — 1) options;
that is, he may change his choice from j to one of the other (r — 1) alternatives. Thus,
this value is also a swing probability where player ¢ and his option j are fixed.

5 Concluding Remarks

Multialternative games are useful to treat voting situations with more than two alterna-
tives. We have proposed a multialternative generalization of the Banzhaf value.

We first modified Bolger (1993)’s axioms. Replacing the j-efficiency axiom by the
total contribution axiom, just as in Dubey-Shapley (1977), yielded a generalized Banzhaf
value, which we called the Banzhaf-type value.

But the total contribution axiom seems too self-induced. Thus, we use another ax-
iomatization following Straffin (1976). There are two kinds of axioms with respect to
unanimity games. One is that all the members should allocate the total value equally.
Using this instead of the j-efficiency and symmetry axioms yields the Bolger value. The
other is based on the situation that all the members choose an alternative with equal
probability. Using this instead of the symmetry and the total contribution axiom yields
the Banzhaf-type value. '

We have followed the axiomatizations of Dubey-Shapley (1977) and Straffin (1976).
Lehrer (1988) presented another axiomatization. He used an axiom called superadditivity,
which is a kind of consistecy. An axiomatization following it will be done in the future.
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