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W. POLOWCZUK (Wroctaw)

NONZERO-SUM SEMI-MARKOV GAMES WITH
COUNTABLE STATE SPACES

Abstract. We consider nonzero-sum semi-Markov games with a countable
state space and compact metric action spaces. We assume that the payoff,
mean holding time and transition probability functions are continuous on
the action spaces. The main results concern the existence of Nash equilibria
for nonzero-sum discounted semi-Markov games and a class of ergodic semi-
Markov games with the expected average payoff criterion.

1. Introduction. Nonzero-sum Markov games with the expected av-
erage payoff criterion and countably many states were first studied by Fed-
ergruen [6] under a uniform ergodicity assumption. His results were gen-
eralized to Markov games with unbounded daily payoff functions satisfying
some weaker ergodicity or recurrence conditions [3, 5, 14, 20]. Lal and
Sinha [11] considered a semi-Markov generalization of Federgruen’s model
[6]. However, they solved two-person zero-sum games only. They proved
the existence of a value and optimal stationary strategies for the players by
the “vanishing discount factor approach”.

In this paper, we generalize the results by Lal and Sinha [11] to n-person
nonzero-sum semi-Markov games with countable state spaces. We adopt the
same uniform geometric ergodicity assumption as in [6] and [11]. Our paper
is also a generalization of Federgruen’s work [6]. We apply a more direct
argument based on the optimality equation for corresponding semi-Markov
control chains. A similar method was used in the proof of the existence of
a stationary Nash equilibrium for Markov games with the expected average
payoff criterion in [14]. For a broad discussion of many results concerning
nonzero-sum stochastic (mainly Markov) games with finite or Borel state
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space the reader is referred to [15]. Some results on correlated equilibria
in nonzero-sum semi-Markov games with general state spaces are stated in
[13]. Semi-Markov decision models and stochastic games have recently been
applied by many authors to studying queueing networks and replacement
problems [1, 2, 3, 10, 16, 19, 20].

An N-person nonzero-sum semi-Markov game is defined by the following
objects:

(i) S is a countable state space for the game.

(ii) Xk(s) is a nonempty compact metric space of actions for player k at
state s € S. We put X(s) = X1(s) X ... x Xn(s). Let Ax be the union of
the sets Xj(s) over all s € S, and

D:={(s,x):s€Sand z € X(s)}.

(iii) 7, : D — R is a bounded payoff function for player k such that r(s,-)
is continuous on X (s) for each s € S.

(iv) ¢ is a transition probability from D to S, called the law of motion
among states. If s is a state at some stage of the game and the players select
an z € X, then ¢(-|s,x) is the probability distribution of the next state of
the game. It is assumed that ¢(s’|s,-) is continuous on X(s) for every s,
s'es.

(v) F(t]s,s’,x) is a Borel measurable distribution function of the tran-
sition time from s to s’ when an action vector x € X(s) is selected. For any
s € S and z € X(s), the mean holding time in state s is

o0
T(s,x) = Z S tF(dt]s, s, z)q(s"|s,z).
s’eS 0
In this paper, we make the following assumptions:

C1. For each s € S the function 7(s,-) is continuous on X(s).
C2. (i) There exist § > 0 and € > 0 such that

1- Z F(0]s,s",2)q(s"|s,x) > e for every (s,z) € D.
s’'eS
(ii) There exists M > 0 such that 7(s,z) < M for every (s,x) € D.

C2 is a natural assumption. It assures that there are only finitely many
transitions in any bounded time interval. From C2 it follows that the mean
holding time in state s is bounded:

Je>03IM >0V(s,z) eD e<7(s,m) <M.

The game proceeds over the infinite future with past history as common
knowledge for all the players. If s is a state at some decision epoch in the
game and the players (independently of one another) select (possibly at ran-
dom) some x € X (s), then player k receives a reward ri(s,z) and a new
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state s’ for the game is generated according to the probability distribution
q(s"| s,z). Conditionally on the next state s, the time until the transition
from s to s’ actually occurs is a random variable having the distribution func-
tion F'(t|s,s’,x). The information available to all the players before their
nth choice of actions is the history vector h" = (s!,zt, ... s"~ 1 a1 s7)
where s € S and ¢ € X (s*). We denote the set of such vectors by H™ and
assume that H™ is endowed with the product o-algebra.

A strategy for player k is a sequence 7y = (74,73, ...), where every m}!
is a transition probability from H™ into Ay such that 7, (Xg(s™)|h") = 1.
A stationary strategy for player k is a strategy m, = (m,7s,...) such that
each 7} depends on the current state s™ only. In other words, a strategy
of player k is called stationary if there exists a transition probability f; from
S into Ay such that for every decision epoch n and each history h™ € H™,
we have 7 (- |h™) = fr(-]s"). We let I}, (resp. F}) denote the set of all
strategies (resp. stationary strategies) for player k.

Let F' = F} x...x Fx be the set of all stationary multi-strategies for the
players. We introduce some helpful notation. For any f = (f1,..., fn) € F
and any bounded function u : D — R, define

u(s, f) = S S u(s,x1,...,xn) fr(dxy|s)... fn(deyn]s),
X1(s) Xn(s)

and, for any set B C S, put

Q(B|5’f): S S q(B|Sax1"xN)fl(dx1|5)fN(de|S)
X1(s) Xn(s)

2. Semi-Markov games with limiting average payoffs. Let H =
S x X X S x ... be the space of all infinite histories of the game, endowed
with the product o-algebra. For any multi-strategy © = (m1,...,7x) and
every initial state s’ = s € S, a probability measure PT and a stochastic
process {0,,a,} are defined on H in a canonical way, where the random
variables o, and «,, describe the state and the actions chosen by the players,
respectively, at the nth decision epoch (cf. Chapter 7 of [4]). Thus, for each
multi-strategy m = (71,...,7x) and every initial state s € S, the expected
average payoff to player k is

EW(Z?:l (04, ;)

Ji(s,7) = lim inf —=—==25 .
oo BT (i T(00, i)

Here ET stands for the expectation operator with respect to the probability
measure PT.

For any multi-strategy 7 and any strategy ¢ € IIj let (m_g, ) be the
multi-strategy 7 with 75 replaced by .
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DEFINITION 1. A multi-strategy f* € F is a stationary Nash equilibrium
for the semi-Markov game with the expected average payoff criterion if for
every player k, m € Il and s € S, we have

Jk(37 f*) > Jk(s7 (fikvﬂ'k))

In this section, we make the following uniform geometric ergodicity as-
sumption.

C3. There exist L > 0 and « € (0,1) such that
sup |¢"(B|s, f) —m¢(B)| < La"
BCS

for any f € F and all s € S, n > 1. Here ¢"(-|s, f) is the n-step transition
probability of the Markov chain induced by ¢ and f, and 7 is the unique
invariant probability distribution for this Markov chain.

Condition C3 is rather difficult to check. It is equivalent to the simulta-
neous Doeblin assumption as formulated by Hordijk [9]. (For a discussion of
C3 in the context of Markov control processes and stochastic games consult
[6, 7, 9]). As noted by Meyn and Tweedie (see Theorems 2.1 and 2.2 in
[12]), C3 is implied by the following two assumptions:

C3(a). There exists 6 > 0 and a state z € S such that
q(z|z,z) > forall z € X(2).

C3(b). There exists a bounded function w : S — [1,00) such that for
some A € (0,1) and n > 0 we have

S w(s)a(s' | 5,2) < Xw(s) + 1l (s)
s’eS

for each (s,r) € D. Here 1y, is the characteristic function of the set {z}.
We are ready to state our first main result.

THEOREM 1. Any nonzero-sum semi-Markov game with the expected av-
erage payoff criterion satisfying conditions (i)—(iv) and C1-C3 has a sta-
tionary Nash equilibrium.

It is well known that the space Fj, of all stationary strategies for player
k can be recognized as a compact convex subset of a metrizable topological
vector space [6]. A sequence {f™} converges to some f in F} if and only
if {f™(-]s)} converges weakly to f(-|s) for each s € S in the space of all
probability measures on Xy (s), denoted by P(Xy(s)).

The following fact follows from page 232 in [18].

LEMMA 1. Let {v"™} be a sequence of functions such that [v™(s)| < D for
some D > 0 and for all s € S. Assume that {v™} converges pointwise to
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some function v and f™ — f in F (endowed with the product topology) as
n — 0o. Then

Yo v(als s, 1) = Y w(sals'| s, f).
s'€S s'€S
Our proof of Theorem 1 is based on the following result which follows
from Theorem 2.1 of [7] and standard iteration arguments (see Theorem 7.6
in [17)).

LEMMA 2. Suppose that our assumptions (i)—(iv) and C1-C3 are satis-
fied. Let s* € S be a fized state. Then for every player k and any stationary
multi-strategy f_i of the other players, there exist a unique bounded function
vf , :S =R and a constant gy , such that vy ,(s*) =0 and

(1) vp(s) = omnax {m(s, (f=rr 1)) = g, 7(8, (f=is 1))
+ 3 v ($)als s, (Fo) |-

s’eS
Moreover, if fY € Fy is a stationary strategy for player k which realizes the
mazximum on the right side of (1), then
gf,k - Jk(S, (f*k’a flg)) = Ssup Jk.(S, (f*k'a 7176))7

T €l
i.e., Y is average payoff optimal for player k.
Proof of Theorem 1. For any f € F and every player k, define
9w = sup Jr((f-k, k).

TR €Il
Let s* be a fixed state in S. By Lemma 2, there exist unique functions
v¢_, such that vy (s*) =0 (k=1,...,N) and vy , is the solution of the
optimality equation (1) for all s € S.

For each s € S, define Y , (s) as the set of all x € Xj(s) for which the
maximum in the optimality equation (1) is attained.

Our continuity assumption implies that Yy, (s) are nonempty and com-
pact. Define @ (f_y) as the set of all p;, € Fj, such that ¢ (s)(Ys ,(s)) =1
for each s € S. Clearly, ®x(f_k) is a compact convex subset of Fy, (k =
1,...,N).

For any f € F', put

D(f) = D1(f-1) X Pa(f-2) X ... x DN (f-n).

We will show that @ has a closed graph. Let f* — f in F. Assume that
O = (pT, ..., %) € O(f") for each n and ¢ — " in F as n — oo. We
have to show that ©° € &(f°). From our ergodicity assumption C3, (iii)
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and C2, it follows that there exist constants ¢; and ¢y such that

|’Uf11k(5)| <ey, |gf11k| <cy forallseS, n>1.
For the details see [7]. Therefore we can construct a subsequence {n’} of
positive integers such that all the sequences {v o } are pointwise convergent
to some bounded functions vi. Moreover, g o Gk for some real numbers
gk- To simplify notation, we assume that vgr — vx pointwise and ggn, —

g (k=1,...,N) as n — oo. The inclusions ¢" € ®(f") for every n imply
that in the limiting case we have

(2) vk (s) = L {m(s, (F2 1)) — gi7 (s, (20 1))
+ 0 (a5, (2 m0) §
s’eS

= k(s (f2500)) = g7 (s, (28, 7))
+ Z v ()q(s" | 5, (f2%, 1))

s’eS
for all s € S. Moreover, vg(s*) = 0 (k = 1,...,N). By (2) and the
uniqueness part of Lemma 2, we have g = gy and vi(s) = vfgk(s).

This implies that ¢° € &(f°). By Glicksberg’s theorem [8], there exists
f* € &(f*). This fact and Lemma 2 imply that f* is a Nash equilibrium
for the semi-Markov game in the class of all strategies. m

3. Semi-Markov games with the discounted payoff criterion. In
this model payoffs are continuously discounted, that is, a payoff r at time
t is equivalent to a payoff re=* at time 0, where o € (0,1) is a discount
factor. We define (s, s’, ) to be the one-step discount function

o0
B(s, s, x) = S e " F(dt|s, s, x).
0
For every (s,z) € D and s’ € S, let

n(s,s’,x) = B(s,s",x)q(s" | s, x).
The following fact follows from Lemma 3.4 of [11].

LEMMA 3. Assume (i)—(iv) and C1-C2. Then there exists 6 > 0 such
that for every (s,x) € D,

Z n(s,s’,z) = Z S e " F(dt]s, s x)q(s'|s,2) <1 -85 < 1.
s'€S $'€S 0

The stochastic process {o,,a,} and the probability measure P were

defined at the beginning of the previous section. For each multi-strategy
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m € II and every initial state s € S, the expected discounted payoff to
player k is

J2(s,7) = E;T{Tk(m, )
+ Z rk(0n7an)/8(0'170'27 OCl) ce. B(Unfho'nyanfl)}-
n=2

From Lemma 3, it follows that J,f (s,m) is uniformly bounded in s € S and
me Il

DEFINITION 2. A multi-strategy f* € F is a stationary Nash equilibrium
for the discounted semi-Markov game if for every player k, mp € Il and
s € S, we have

i (5, 1) 2 T (s, (f20m)).
THEOREM 2. Any nonzero-sum semi-Markov game with the expected dis-
counted payoff criterion satisfying conditions (i)—(iv) and C1-C2 has a
stationary Nash equilibrium.

Proof. The proof follows the lines of that of Theorem 1. We just replace
(1) in the definition of @ by the following discounted optimality equation:

fok(s) = max {V“k(S, (f*k’a/’[/)) + Z 77(87 8/7 (f*kmu))vffk(s,)}'

neP(Xi(s)) =

Using similar arguments, we prove that there exists f* € &(f*), and to
conclude that f* is a Nash equilibrium in the class of all strategies we refer
to the dynamic programming paper by Federgruen and Tijms [7]. m
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