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Equilibrium in a Stochastic n-Person Game
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Heuristically, a stochastic game is described by a sequence of states
which are determined stochastically. The stochastic element arises from a
set of transition probability measures. The determination of the particular
transition probability measure to be used at a move of the game is controlled
in part by each of the » players and it is this determination scheme which
gives rise to the strategies.

One might consider the following economics problem. We have n firms
competing for a market. Each will make a strategy decision periodically.
During each period the n firms play an n-person game. Across the infinite
horizon then we have a sequence of games. The economic situation behaves
in such a way that the game played in a given period depends on the game
played in the previous period and the strategies used in this period. The
dependence is not deterministic but is stochastic. A player’s strategy will
reflect a concern both for the game now being played and for the situation
that will be probably confronted in the next period. The relative strength
of these two concerns will be in a geometric ratio, the so-called discounting
over the infinite horizon. We shall call the outcome of each game a cost to
each player. Negative cost is thus a gain.

More precisely we are considering a game which is described by a finite
set of states I. A play is a sequence of states {i,};-,, i» €1l If the game is
in the state i, each player 2 may choose an alternative j, € J"(0). This choice
is made with knowledge of the state ;. Once each player has made his choice,
the game proceeds to the state k& with probability P;; ;. Here P ;>0
and }k]Pijl,,,jnk =1. The cost to player % of being in state ; and having the

vector ;= (ji, ---, j») chosen is C,;. Each player furthermore chooses to
discount his projected cost by a factor «; where 0w, <1. Thus if a
sequence of states {i,} and alternative choices {j,} have been made, the cost
to player 4 is given by

ey g =2 aiChiyj,

The analysis of this game is simplified by a slight change in the outlook
and notation. Let g(h, i) be the cost to player % given that the game started
at the state i. Then equation (1) can be rewritten
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@ g (h, i0) = Cpi 3, + ang (B, in).

Since i; is not strictly determined, we are interested in the expected value of
g(h, ©). If the selection of the vector j, is a function of the state i, i.e. a pure
strategy, one would get for every such strategy a relation

3) E[ g(h, i0)] = Cpi5, + afhEEEk]Pioiokg(h, k)]

= Chiy5, + ah;Pz’ciokEEg(}l: k]

Of course, we may expect that the players will not use pure strategies.
Mixed strategies thus must be introduced. For every state i of the game,
player » will give a probability distribution x*(;) on the alternative set J*(i),
ie. x'@)=(x!(), -, x5() where x(i)>>0, >x%(i)=1 and m is the cardinality

7
of J*(). If such a set of probability distributions x is given for every alter-
native set, then letting e, (x)=E[ g(%, i)] in (3) we have

4 eni () = ;Ex?"‘(i) [Chi; + ah;Pijkehk(x)], i=1,...,0.
h=1, ..., n.

Lemma 1. For every x= {x"(0)|«™() ts a probability vector}, there exist
numbers ey (x) satisfying relation (4). This set furthermore is unique.

Proof: The relation (4) for fixed % is a linear system whose coefficient
matrix A4 has the following properties.

Qi = 1-— ap (an';'m (i)Pﬁ,),
7 m

aip = — ahZHx’g’m(i)P,-;k, (Z :‘Fk).
i m

By Hadamard’s theorem all eigenvalues of A4 have absolute value at least

ai; — > |ain] =1—a;,>0. Thus zero is not an eigenvalue of 4 and the linear
k1

system has a unique solution.
Now each player » will use a strategy that tends to minimize his expected
cost. That is, if v,; = mine,;(x), then from (4) we get

E2AEP)

%) vp = min > a7 @) Cui; + ah;Pﬁkvhk], i=1 .0

wheiy 7 om

h=1, ..., n.

We will say that the vector x is an equilibrium point if and only if no player
can improve his cost by changing his strategy, i.e., if relation (§) is considered
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for every player A and every state i, the minimization of the right hand side
leads back to the same vector x. We will show that such equilibrium points
do in fact exist.

Let X= {(xl(l)) ] xl(g)y xz(1)> ] xZ(O-)’ R xn(l)’ ] xn(6>)) xk(b) iS a
probability distribution on J*(;)}, with euclidean metric; and
R={(vn, -, vno); vi; v€al}, d(u, v)=max|u;;—v;;|. X is compact and R is
isj

complete. In the proofs that follow one notes that one can confine the
discussion to any closed convex subset of X and results are not altered. Thus
we simultaneously establish the existence of equilibrium points in constrained
games.

To ease the notational bulk we introduce the vector function f. Define

(6) f@, y, v = Ej]m{{hx’?m(i)yh @) [Cri7 + ah%Piikvnk]
where «x € X and y'(;) is a probability vector. Thus (5) can be written

¢)) vy = min f(x, ¥, v) pi.

PLIED)

We note that f(x, y, v) has the following properties:
(@) f(=,y, v) is continuous;
(b) f(x, ¥s V) nj —f(x, ¥y W) & n’?%X [vp —un ], = mi«x (27

(e) f(x,y, v) is linear in y.
Let x € X and define a mapping T, of R into itself by the equation

®) (Tyv)5; = min f(x, y, v);
PLIEH]

Tueorem 1:  For every x € X, T, is a contraction mapping of R.

Proof: Let z and v be two elements of R and let x be a fixed element of
X. Let Tu=f(xv,u and Tw=f(x,zv), then T.u<f(x, 2z uv) and Tw<
f(, y,v). Thus
(Tew) pj — (Tov) 5 < f (%, 2y w) n; — f(%, 2, v) s <ad (v, u) by (b) and
(Txv)hj - (Txu)hjgf(x) ¥ U),hj _f(x> Ys u)hjgad(v, u’)'
Hence

d(Txu, Tx'l)) = thaX |(Tx’U) i3 B (Txu)h]| gad(v, u)
+]

Corollary 1. For every x € X, T, has a unique fixed point v.
Corollary 2. The set {T.|x€ X} s equicontinuous.

Let x € X and define mappings ¢ and 8 by
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&) Bx) = {olv= myin S, 3, )}
(10 $(x) = {y|B=) = f(= y, B@)}.

We note that 8(x) is a single-valued function by Corollary 1. By (c) it is
clear that ¢(x) is convex and closed for every x € X.

LemMAa 2. The range of B(x) is bounded.

Proof. By Theorem 1 the sequence v,=0, v,.,=T,v, converges to [(x).
Furthermore, we have dn,, vm_1) <ad@n_1, Vm_2) << .- <™ 'd(vi, vy) so that
AWy 00)<Ld(Wny Va-1)F A1, Vyo2)+ - +d@1, v)) <[ '+ + ...+ 1]d(v1, vo) <

1 1 _ 1 ‘
-—]-—;—&—d(vl, Uo). Thus d(ﬂ(x), O)S 1—“ d(TxO, 0) - T:&‘n}f'lx | (Tx())ht I S
1

Il max|C,;|. Hence B(x) is bounded as x takes on all values in X.
- hij

Define S,(x)=Tw. S, is a mapping of X into R.

Lemma 8. S, is continuous on X. Furthermore, {S,|v is bounded} 1is
equicontinuous.

Proof: Let S,(x)=Tw= f(x, v, v)<f(x, z,v) and S,(x)=T.v=f(¥, z, v) <
f(x/a ¥ U), then Sv(x/)_sv(x)gf(x/a Y v)——f(x, ¥ 1}) and Sv(x)_sv(x,)gf(xa 3, v)—
f&, z, ).

If v is restrained to be in a bounded region, then the right hand sides
can be made uniformly small because of the uniform continuity of f on
compact sets.

Lemma 4. If x,—>x and B(x,)—>v, then B(x)=uv,.

Proof: d(vo, Txvo) <d(ve, B(%n)) + d(B (%), TuB(%n)) + d(Tx B (), Trvo) =
d(vo, B(x,,))—l—d(Sﬁ(x”)(xn), S,g(x”)(x))+d(T,,8(x,,), Txvo)—>0 as n—oo because B(x”)—)'vo
and {8(x,)} is bounded by Lemma 2 so that Lemma 3 applies to the second
term.

LemMA 5. If x,—>x, v,—>y and y, € ¢(x,), then y € $(x).

Proof: By taking subsequences we can consider 8(x,)—wv,. By Lemma 4
Bx)=vo. Now d(f(x, y, vo), V) <A(f(%, ¥5 v0)s [ Sns Yy B&n))+A(fny Vs B(%n)),
vo)Zd( 7 ¥, v0)y f(Fns Vs B(xn)))—l-d(ﬁ(xn), vo)—>0 as n—oo. Thus vy=/(x, y, vo),
and by Lemma 4, v, is the fixed point so that f(x, v, vo) =v, = min f(x, z, vo),
thus y € ¢(x). z

Tureorem 2. There exist x € X, v € R such that v=f(x, x, v)=min f(x, y, v).
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i.e. x € @(x).

Proof: This is a consequence of the Kakutani fixed point theorem, i.e.
the mapping ¢ takes points into convex closed sets, by Lemma 5 the set
\J@(x) is closed, hence sequentially compact and by Lemma 5 it is an upper

semi-continuous set function.

It is also interesting to note that B(x) is continuous (Lemmas 2 and 4)
and thus its range is compact and connected. In case the set of states I is
denumerable, one replaces R by the space [~ of bounded sequences and requires
that |Cy;;| <M for some M, and the results are still valid for X the appropriate
cartesian product of probability spaces. One also notes that Theorem 1 and
its corollaries are valid if the cardinality of J*(;) is arbitrary and min is
replaced by inf. In this case the techniques of this paper yield c-effective
strategies.

If n=2 the results of this paper are those given by Shapely [ 2] and for
n=1 the problem is a well-known dynamic program problem. See Takahashi
[3] for a different generalization of Shapely’s results.
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