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PROBABILITY THEORY METHODS IN ZERO-SUM
STOCHASTIC GAMES*

JEAN-MICHEL BISMUTY

Abstract. The purpose of this paper is to apply the methods of optimal stochastic control
introduced by the author to a class of zero-sum stochastic games.

1. Introduction. The purpose of this paper is to apply the methods used by
the author in his previous work on the optimal control of diffusions [1] to a wide
class of stochastic games.

Let us consider two compact metrizable spaces U and U'.

f is a bounded function defined on R X R4 x U x U’ with values in R¢, Borel
on R*XR* for a given (u, u")e UX U’, and continuous on U X U’ for (¢, x)e
R*XR“ We consider the diffusion process

dx =f(t, x, u(t, x,), u'(t, x.)) dt +o (¢, x.) - dB

Xs = X,

(LD

where u and u’ are Borel functions defined on R* X R with valuesin U and U".
A is a Borel set in R* X R“.
T4 is the stopping time:

1.2) Ta=inf{t>s; (s, x,)e A}

p is a constant >0.
We consider the criterion

TA
1.3) e”‘EJ e PK(t, x, u(t, x,), u'(t, x,)) dt,
where K is a bounded function satisfying the same assumptions as f.

The purpose of this paper is to prove the existence of a minimax couple of
strategies where the minimum corresponds to # and the maximum to u’.

This problem has been considered by Friedman in [5], where partial differen-
tial equation techniques are used.

Friedman assumes that A may be written as Qp =10, T X Q) where Q is an
open domain of R“ whose boundary is sufficiently regular. Differentiability
assumptions are also done in [5] on the matrix a = oo*.

Then Friedman proves in Theorem 3 of [5] that if H, X, X, are defined by

H(t, x,u,u',p)=K(t, x, u, u") +{p, f(t, x, u, u")),
(1~4) Xl(t’ X, p) = inf SuP H(t’ X, U, ul, P),

ueU u'eU’

XZ(t’ X, P) = sup 1nf H(t, X, U, u” P),

u'eU’ ueU
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then under Isaac’s condition & = ~X; = —X, the partial differential equation

A 3 ﬂ_’)
(15) ot +2 'Z] aii(ta x) inx;' =h (t’ X, ‘/’ ox on QT,

V=0 on(]0, T[xoQ)U({T}x )

has one unique solution, which is the cost function of the game. Vis then proved to
be continuous on Qf, and V,V is proved to be Hdlder continuous on Qr.
Moreover, Theorem 4 of [5] shows that a solution of the game exists.

In this paper we consider the case where f and K may be written

[t x,u, u")=b(t, x,u)+b'(t,x, u"),

(1.6)
Kt x,u,u')y=L(t, x,u)+L'(t, x, u').

We do not have any differentiability assumptions on a, and we accept A to be
any Borel set in R* X R“. The partial differential equation (1.5) is then not well
defined.

A solution of the game is proved to exist by using the results of [1]. The main
interest of the method is the use of the deep convex structure of some problems of
stochastic control. Moreover, the method is extendable to games on processes
other than diffusions [2].

Finally, we come back to the more general system (1.1)—(1.3), and derive
conditions for existence of solutions of this game. The reader is referred to [5] for a
precise comparison of theses results with the results of Friedman.

In a different framework, Duncan and Varaiya have examined in [3] the
problem of existence in the general nonanticipating case, where f and K depend
on the entire trajectory of x and where (u, u') are taken as nonanticipating
functions of x. They also assume that K does not depend on (&, u'), and that the
first equality holds in (1.6) with bp;=0(i =1, - - -, d). They also have a convexity
condition on {b (¢, x, u)|lu € U} and {b'(¢, x, u’)|u’ € U’}. In [4] Elliott has extended
the results of Duncan and Varaiya and obtains an existence result under Isaac’s
condition. However, the techniques used in [3] and [4] are rather different from
the method used here which applies more directly to Markov processes.

2. Definition of the problem. a is a continuous function defined on R* X R
with values in R“®R* such that:

a is bounded,

a is positive definite.

b is a Borel bounded function defined on R* X R with values in R

Q?, ., is the unique measure on the space of continuous functions defined on
R* with values in R, which is a solution of the martingale problem defined in [7],
with (s, x) as the starting point.

E¢, ., is the expectation operator for QF, ).

o is the positive square root of a.

p is a strictly positive constant.

A is a Borel set in R* X R?.

L is a real-valued bounded Borel function defined on R*x R“.
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For ¢ = (b, L), we define the function V, as
TA

2.1) V.(s,x)=e"E},,, J' e ”L(t, x,) dt.

K and K’ are two bounded Borel set-valued mappings defined on R* X R*
with nonempty compact values in R¢ X R.

& (resp. &) is the set of Lebesgue equivalence classes of the Borel selections
of K (resp. K').

& (resp. £') has the topology o(Lo(R* X R%), L1(R " x R?)), which is metriz-
able.

DerINITION 2.1. Problem R is defined as the search of

co=(bo, Lo)e &L
and

co=(bo, Lo)eZL
such that for (¢, c') e £X ¥,
(2.2) Veore' = Vegres = Veres

The relation between this formulation of problem R and the formulation
given in § 1 is derived in the same way as in [1, Chap. IV, Part 1].

TuEOREM 2.1. Problem R has a solution.

Proof. The next parts are devoted to the proof of the theorem.

3. The convex case. We define first two measures x and » on R* X R?.

w is a probability measure on R* X R¢ mutually absolutely continuous with
the Lebesgue measure.

v is the measure on R* X R defined by
T

3.1) V((p):EgepSJ Ae_‘"qo(t, x.) dt.

v is then absolutely continuous relative to the Lebesgue measure of R* X R, by
Theorem 8.1 of [7].

We assume in this part that K and K' have convex values.

For ¢ € Z (resp. c' € £'), we define I, (resp. I'./) by

(3.2) Ti={c'eL;V(s,x)eR"XR?, Vic(s,x)= sup Vi.e(s, x)}
e
(resp.

(32) To={ce®;V(s,x)eR"XR% V.iuls, x)= inf Viicls, x)}).

ProrosriTiON 3.1. I, (resp. I'.) has nonempty compact convex values.

Proof. The nonemptiness and the compactness of I'; (resp. I',) follow from[1,
Thm. V-1]. Moreover, Theorems IV-5 and IV-8 of [1] applied to Part V of [1],
prove that one can find a Borel function H, (resp. H,) such that a necessary and
sufficient condition for ¢’ = (b', L") to be in T, (resp. ¢ = (b, L) to be in I',) is that,
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v-a.e., the following relation holds:
(33) L't x)+(He( x), 07 (6 )b/ x)) = . max  L'+(H.(t %), 07", )5)
(resp. ' ’

(34) L(tx)+Holt,x), 07 (6 0)b(6x))=  min L+{Ho(6,x), 07 x)5))

b,L)eK (t,x)

K and K’ having convex values, the result follows. [
PrOPOSITION 3.2. The set-valued mapping defined on £ X £’ with values in
ExXL

3.5) (c,c")»TexTe

is upper semicontinuous.
Proof. We have to prove that if

(¢ €)= (c, )
and if
(Cns €W €T XTI, > (C, &),
then
(¢, é" el xTL.
We know that, for any y' € #,
(3.6) VerrinZ Veriy

By Theorem V-1 of [1], which proves the continuity of ¢ - V,, we find that,
for ye &,

(3'7) ‘/c-i-c" = c+y'
and ¢’ e I'.. Similarly, we find that ¢ € I'.,, and then
@G el xIl. O

We then have:
THeEOREM 3.1. Problem R has a solution.
Proof. The set-valued mapping

(¢, c")»>Te XTIy

has nonempty compact convex values and is upper semicontinuous. By Kakutani’s
theorem, it has a fixed point (co, co). This point has the property that

if ‘)" € gl, Vc0+c’0 = ‘/co+y's
fyed,  Virer= Vyrer

It is then a solution of problem R. 0

If (co, cg) is a solution of problem R, it is easy to check that, for (s, x)e
R+de’
(3.8) Vegten (s, x) = inf sup V.o (s, x)=sup inf V. .(s, x).

ceZc'ed c'e¥ ce&L
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The function V.., does not depend then on the particular solution of
problem R which is considered.
DeFiniTION 3.1. g is the function defined by

(3.9 q(s, x)=inf sup V.. (s, x)=sup inf V,,.(s, x).
ceLc'e¥L c'ef ceL

THEOREM 3.2. It is possible to find a Borel function H such that for
(co, €0) = ((bo, Lo), (bo, L))

to be a solution of problem R, it is necessary and sufficient that, v—a.e., the
following relations hold :
(3°10) LO(ta x) +<H(t’ x)a 0'—1(t, X)bo(t, x» - mln +<H(t, X), a-_l(t’ x)l;)’

(6,L)eK(t,x)

(3.11) L, x)+(H(¢, x), (8, x)bb(t, x)) = ol )L’+(H(t,x), o}t x)b').
Moreover, a choice of (cq, co) verifying (3.10)-(3.11) v-a.e., is possible.

Proof. The method is the same as in [1, Thm. IV-5, Cor. of Thm. IV-7 and
Thm. IV-8].

With the notations of [1], we know from [1, (5.28)], that for c =(b, L)€
L(R*xR?), we can find a Borel function H, and an additive functional A° such
that:

(3.12) Vett 2)= Vel 2+ [ (0V-L)wx) du+ | o,z dgt + [ das

(by using the results of Annex 1in[1]we cancel the term M, — M, in[1, (5.28)]).
If (co, co) is a solution of Problem R,

‘/;:oi—c() =dq.
We can then write

alt x)=q(s, %)+ (pa = (Lo L), ) du
(3.13) o ,
+ J H, (U, x,) - dB,’j°+”5 +j dACeTeo

By (3.13), H. .., does not depend on a particular solution of the game
(9‘ 05 €0)-

By reasoning as in [1, Cor. of Thm. IV-7], we take for H the fixed function
H, .., where (co, o) is a solution of Problem R.

The result follows from [1, Thm. IV-5 and Thm. IV-8]. 0

4. The general case. We now prove Theorem 1.1.

Proof. Let K(t,x) and K'(, x) be the closed convex hulls of K(¢, x) and
K'(t, x).

K and K' are bounded Borel set-valued functions by Corollary 3.3 of [6].
They satisfy the assumptions of § 2.

Problem R associated to K and K’ _has a solution. Let H be the function
defined in Theorem 3.2 associated with R.
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Then, asin[1, Chap. IV-5], it is possible to find Borel selections cofKandc'
of K’ such that (3.10) and (3.11) hold v-a.e., because K (%, x) and K(t, x) (resp.
K'(t, x) and K '(¢, x)) have the same extremal pomts

y By Theorem 3.2, (c, ¢') is a solution to problem R.Itisthenseen immediately
that it is also a solution to problem R. [

5. Extensions. By using the methods of [1], the previous results can be
extended to criteria of the type

(5.1) BiY LTA exp —{I (m+m')(o, x.) do-} (L+L)(1 %) dt,

where:

we ask (b, L, m) and (b', L', m') to be Borel selections of K and K’ which are

bounded Borel compact-valued functions from R*XR% in R* X R XR"™.

we can find p >0 such that if (b, L, m)e K(t, x), m >p.

The results can be also extended to diffusions with boundary conditions [8]
with the same methods.

Finally, in the time-homogeneous case, the solutions can also be taken to be
time-homogeneous.

Another point of interest is to know if the previous methods apply to the
more general systems (1.1)-(1.3).

DerINITION 5.1. If V is a bounded finely continuous Borel function on
R*XR? and if h and H are Borel functions on R* x R“, we say that

F°V="h(x),
5.2)
oV=H

if:

(@) V(s,x)=0if (s, x) is regular for A (i.e., Q% (T4 =0)=1).

(b) For any (s, x)e R*XR?,

AT,

63 berVbx)—ber,Visx)=| " (h+pV)w 2 du

AT

is a local martingale for QG ).
(c) There is a predictable additive functional A such that

5.4) V(t,x)—-V(s,x,)= J (h+pV)(u, x,) du +I dA, +J. H(u, x,) - dBL.
Let ¢, ¥, h be defined by
(6 x, v)=—inf {L(z x, u)+(v, b(t, x, )},

(5.5 Y(t, x,v)=sup {L'(z, x, u") +{v, b'(t, x, u"))},
u'elU’

h(t’ X, U) = ‘P(t’ X, U) —‘lj(t’ X, v)'

Then Theorem 3.2 implies that for a bounded Borel finely continuous
function V to be the cost function associated to the problem (1.6), it is necessary
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and sufficient that
(5.6) FV=h(tx,0 " aV(t,x)).

Equation (5.6) is then obviously the weak extension of (1.5). For each (¢, x) e
R*XR? h(t, x, v) is the difference of two bounded uniformly Lipschitz convex
functions. As a function of v, h(t, x, - ) has a very general form, because the
difference of Lipschitz convex functions is dense in the space of continuous
functions for the uniform convergence on compact sets of R“.

Let us assume that in (1.4), h = —X; = — X,. Then if h can be written as in
(5.5), equation (5.6) has one unique bounded Borel finely continuous solution, by
the results of §§ 1-4.

By proceeding as Friedman in [5], we know then that for each (¢, x) in
R+>< Rd

(u, u")>L(t, x, u, u)+@V(t, x), 0 '(t, x)b(t, x, u, u'))
has a saddle point.

By using a measurable selection theorem, it is then possible to derive an
existence result for the nonseparable case.
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