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Abstract

We show the existence of e-equilibria in stationary strategies for
the class of repeated games with Additive Reward and Additive Tran-
sition (ARAT) structure. A new approach to existence questions for
stochastic games is introduced in the proof — the strategy space of
one player is perturbed so that the player uses any pure action with at
least probability . For this e-perturbed game, equilibria in stationary
strategies exist. By analyzing the limit properties of these strategies,
the existence of stationary e-equilibria in the original game follows.

1. Introduction. When Shapley [1953] first defined stochastic games
and proved the existence of value and stationary optimal strategies, he es-
sentially gave a complete result for zero-sum games with discounted pay-
offs. Independently, Blackwell [1962, 1965] initiated the systematic study of
Markovian decision processes. He investigated the nature of optimal policies
for discounted payoffs and the relation between the discounted and the lim-
iting average (undiscounted) case. Together with Ferguson (Blackwell and
Ferguson [1968]), he analyzed the stochastic game called “The Big Match,”
revealing an important difference between Markovian decision processes and
stochastic games. This zero-sum game with limiting average payoff has a
value. But unlike Markovian decision processes where the player has a sta-
tionary optimal strategy, only a behavioral e-optimal strategy exists for the
maximizer. In the Big Match, while one player has no power to terminate
the game, the opponent can terminate the game any time by choosing the
absorbing row. It is this freedom to terminate the game that complicates
the player’s near optimal strategy. Generalizing the Big Match as a single
loop stochastic game which can be terminated by one player, Filar extended
the game and showed that such games admit once again, an epsilon optimal
but only a behavioral strategy for the controlling player [Filar (1981)].

Attempts by Kohlberg [1974], and Bewley and Kohlberg [1976], to extend
this result to general undiscounted payoffs led to them to study the Puiseux
expansion of the value function. Using ideas from Blackwell and Ferguson,
and Bewley and Kohlberg, Mertens and Neyman [1981] proved the existence
of value for all limiting average zero-sum stochastic games.
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14 Evangelista, Raghavan and Vrieze

Fink [1964] extended Shapley’s result to nonzero-sum games, showing
the existence of equilibria in stationary strategies for games with discounted
payoffs. However, there is as yet no result analogous to that of Mertens and
Neyman: the existence of e-equilibria in nonzero-sum games with limiting
average payoff is still an open problem.

Another direction in the study of stochastic games with limiting aver-
age payoff is to identify subclasses of games that have e-equilibria in sta-
tionary strategies by imposing conditions on the structure of the payoffs
and/or transition probabilities. The following examples from the literature
are games with e-equilibria in stationary strategies for both the zero-sum and
nonzero-sum cases: irreducible/unichain stochastic games (Rogers [1969],
Stern [1978], Thuijsmann and Vrieze [1991]); single controller stochastic
games (Parthasarathy and Raghavan [1981]); stochastic games with state in-
dependent transitions and separable rewards (Parthasarathy, Tijs and Vrieze
[1984]). Filar and Raghavan [1991] provides a detailed survey of these games.

In this paper we add another class to the list of nonzero-sum games
with e-equilibria in stationary strategies. We show that repeated games
with absorbing states for which the additive reward and additive transition
property (ARAT) holds have e-equilibria, and sometimes even equilibria
(e = 0) in stationary strategies.

“The Big Match” is an example of a repeated game with absorbing states.
It has only one non-absorbing state; whenever the game exits from this
state to one of the other states, the game is essentially over since it will
remain forever in one of the absorbing states with the same payoffs at every
decision moment. Using the idea of threat strategies, Vrieze and Thuijsman
[1989] showed that repeated games with absorbing states have e-equilibria,
generally in non-stationary strategies.

In a stochastic game with an ARAT structure, the rewards at each de-
cision moment can be written as a sum of a term dependent on player 1’s
action and the state variable and a term dependent on player 2’s action and
the state variable. Moreover, the same holds for the transitions. Zero-sum
ARAT games have optimal stationary strategies (Raghavan, Tijs and Vrieze
[1986]) but this is not true in the nonzero-sum case (Evangelista [1993]).

We end this introduction with the remark that Thuijsman and Raghavan
[1994] showed that both switching control and ARAT stochastic games pos-
sess e-equilibria which are stationary-like; that is, a retaliating player may
need to use non-stationary strategies only in the case of a retaliation as a
consequence of a deviation of the other player. Recently, Flesch [1995] gave
an example of a perfect information game that does not have e-equilibria in
stationary strategies.

2. Preliminaries. In this section we will give some properties of re-
peated ARAT games which will be used in the proof of the main result of
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the paper. First we need some notations and definitions.

A stochastic game is identified by a six-tuple {S, {A!(s); s € S}, {4%(s);
s € S},r1,r2,p}. Here, S = {1,...,K} is the state space of the game;
Ak (s),k € {1,2},s € S, is the action set of player k in state s; r* denotes
the payoff to player k, defined on the set of triples (s,%,j) with i € Al(s)
and j € A%(s). When the players choose i and j in state s, the payoff to
player k will be 7%(s, 4, j), and the probability that the next state will be s’
will be p(s'|s, ,5) with 3, p(s's,4,5) =1.

For a repeated game with absorbing states, the non-absorbing state will
be called state 1 and the absorbing states will be states 2, 3,..., K. Strategies
for the game are completely defined by the choices the players make in state
1. The dimension of this state is taken to be M x N, i.e. player I has M pure
actions and player II has N pure actions. A stationary strategy for player
I will be denoted by z € Apr: = {z € RM : z(3) > 0,TM, z(5) = 1}.
A stationary strategy for player II will be denoted by y € Ay : = {y €
RN y@G) >0 ,E;'V=1 y(7) = 1}. When a player uses a stationary strategy,
he chooses an action according to the same randomized selection at every
decision moment; that is, when player I uses z€ Ajs then z; equals the
probability that action ¢ will be chosen, 1 = 1,2,..., M; likewise for y € Ay.
A pure strategy in which action ¢ is chosen with probability 1, will be denoted
by €;.

An ARAT game is defined by the structural properties:

ri(i,5) = af()) + 85(j) , k=1,2 and
p(Sli,j) =p(sai) + p(saj), s=12,...,K andalli,j.

Since both players have just one action in the absorbing states, we will drop
the parameters ¢ and j in the payoffs when s = 2,3,... K. For s = 1,
the subscript “1” will be dropped. We will suppose that the actions of the
players are arranged such that for some integers M and N,

p(s,i)=0, Vs>2 , ie{l,2,...,M}

K
> p(s,i) >0, ie{M+1,...,M}

8=2

p(s,j)=0, Vs>2, je{l2,...,N}

K
> p(s,5)>0, je{N+1,...,N}
8=2

The actions M + 1,...,M and N +1,...,N will be called absorbing ac-
tions. A randomized strategy z that puts positive weight on some absorbing
action will be called absorbing. Note that when (z,y) is a strategy pair for
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which either z or y is absorbing, then the game will eventually reach one of
the absorbing states. We will also use the term “absorbing” to denote a pair
of strategies of this type. For a pair of absorbing strategies (z,y) we denote
by r*(z,y) the one-step expected payoff to player k, given that absorption
occurs. The one-step absorption probability is denoted by p(z,y). Hence
with probability 1 — p(z,y) the play will remain at state 1 and go on.

We define C(z) : = {i: z(i) >0} and C(y) : = {5 : y(j) > 0}. If (z,y)
is a strategy pair for which C(z) C {1,2,...,M} and C(y) C {1,2,---,N},
then the game will forever remain in state 1. We will call (z, y) non-
absorbing. At every decision moment the one-step expected payoff for player
k equals a*(z) + b (y) := £, a* (i) (i) + T, b (5)y(3).

In general, the limiting average expected payoff to player k¥ when the
game starts at state s and when strategies (II,I") are used by players I and
II with an immediate reward I*(s,,i,,j,) to player k on the 7-th day will
be denoted by

| y .
Qk(l'[’ F)(s) = l}ﬂloléf ]_V-E H,I‘[Z If(s‘r, 7'1;]1')]

=1

In our model, state 1 is the only relevant state and from now on ®F will
represent the payoff starting at state 1.

Lemma 2.1

(i) If stationary (z,y) is absorbing, then

k — Tk(m’ y)
o) = p(z,y)

B Tsap(s,i)a()al + L5 Tasap(s,5)y()bs

2.1
S T Epe 050 T TN 5, SR p e G)

(i) If (z,y) is non-absorbing, then
o*(z,9) = a*(z) + b* (). (2:2)

Proof: After the game moves to an absorbing state, the expected payoff
equals 7%(z,y) at every decision moment. Thus the expected one-step ab-
sorption payoffs for every decision moment count fully in the limiting average
payoff. For decision moment t, the contribution equals (1 — p(z,y))!r*(z,y).
Hence, when the pair (z,y) is absorbing, then

#(z,5) = 2 (1 =2l 0) i) = Ly,
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By the definition of the ARAT structure, the righthand side of (2.1) follows.
When (z,y) is non-absorbing, then player k’s expected payoff equals
a*(z) + b*(y) at every decision moment. m]

Corollary 2.2 If z is absorbing and y is non-absorbing, then the limiting
average payoff is independent of y:

SM ey TEan(s,i)z(i)ak

®*(z,y) =
OV = K (6,020

, k=1,2.

Similarly, if y is absorbing and x is non-absorbing, then the payoff is inde-
pendent of z.
To construct the perturbed game, we first let

N
Y, :={yeAn; > y(j) >
j=N+1

}.

S|

Observe that
(i) each y € Y, is absorbing
(i) ej € Yy, for j € {N +1,...,N}.

Define the perturbed game, Iy, as the repeated game with payoffs ®! and
®? and strategy spaces Ay and Y,.

Lemma 2.3 For every n, the game I'y, has at least one equilibrium.

Proof : By Corollary 2.2, an equilibrium for the repeated game I';, is
a pure e-equilibrium in the (one-step) two-person nonzero-sum game with
payoffs ®! and &2 and strategy spaces Ajs and Ay. Since each stationary
strategy pair (z,y) is absorbing, the payoff functions ®! and ®2 are contin-
uous on the compact, convex set Aps X Vy,. Furthermore, since all a* and b*
may be supposed to be positive it can be shown (see Evangelista [1993]) that
®! and ®? are quasi-concave on Aps XYy, , i.e. for any real number o, the sets
{(z,y)| ®*(z,y) > a} are convex. By a theorem of Glicksberg [1952] or Fan
[1952], the nonzero-sum game [®', ®%, A)y,Y,] has a pure Nash equilibrium
which in turn is an equilibrium of the repeated game T',,. O

The proof of the main theorem will be based on a sequence of equilibria
(zn,yn) of the game I'y,n =1,2,---.
The following definition is essential for our approach. Let

~

i
Xaps : = {z€0M: Y z(i) <1}

=1
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Thus, X,ps consists of all the absorbing strategies of player I. Define for
je{L,2,...,N},

Ej L= {xeXabs y max ®2($,y) = @2(3},61')}
YEAN

Hence, E; contains those £ € X, for which pure strategy e; of player II
is a best reply By Corollary 2.2 it follows that Ej; = E;, for all j1,j2 €
{1,2,...,N}, and so

A = Ay UE\U (UY 5 E)). (2.3)

N+1

3. The Existence Proof. In accordance with (2.3) we distinguish three
cases which cover all possibilities. If in the sequel we need an accumulation
point of a bounded sequence, we suppose that an appropriate subsequence
is chosen.

Case 1. There exists z, € UN ~ E; for some n.
j=N+1

Case 2. Case 1 does not hold and z,, € E;, all n.
Case 3. Cases 1 and 2 do not hold and z,, € A, foralln € IN.

For each of these cases we will prove the existence of an e-equilibrium.

Case 1.

Theorem 3.1 If z, € E~for somej € {N+1,...,N}, then (Tn,ys) is an
equilibrium in the ongmal game T.

Proof : Since (zn,yn) is an equilibrium of I',, we have
‘I’l(fﬂmyn) 2> q)l(x, yn)’ Vz € AM (31)

Since e; € Y, and Y, C Ay,

®2(zp,yn) = ;r,%%'f(b?(x"’y) > <I>2(zn,e;).
Also, z, € E; implies that

? (mn,e~) max<I> (Zn,y) > néax'b (zn,9),

and so
&%(2n,yn) = max &%(zn,y) (3.2)
yEAN

The combination of (3.1) and (3.2) proves the theorem. a
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Case 2. We start with a lemma that states that the total weight that
Yn puts outside {1,2,..., N} is minimal, namely % We use the following
abbrevations:

M K
AF(z): = > Zp(s,i)z(i)af

i=1l7+1 8=2

M K
a(@): = 3 > p(siz(i)

i=M +1 §=2

N K
> Y p(s, )y )bk

N K
by): = Y. D p(s,5)y(j)

j=N+19=2

]

B*(y) :

Lemma 3.2 Ifz, € E; and z,, & U;‘;ﬁ_’_lEj, then Z;Lﬁ_‘_l yn(j) = ,1—1

Proof: If z, € E; and z, ¢ E; foreach j € {1\7’ +1,...,N}, then
for every y € An,

Azy) _ A(zn) + B2(y)
o) T T lEme)> Plamd) = G 0
which gives

Az(wn) B2('y
a(zn) ~ )’

Suppose that the total weight that y, puts on {N +1,...,N} is strictly
more than 1. Let j € C(yn) N{N +1,..., N} be such that

Vy € An. (3.3)

Bl(e) B?(e;)
b(e;) J€Cn)N{N+1,...N}  b(€j) '

Consider the strategy ¥, defined as:
In(1) =ya(1) +6
gn(.;) = yn(.;) -6

In(4) =yn(d), 7 #1, ]#5
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where 6 > 0 is small enough so that
N
~ L
Z; ¥n(4) 2 o
j=N+1
It follows from (3.3) and the definition of j that:
A’(zp) + B*(un) _ B(wn) ,, B’(%})
a(zn) + b(yn) b(yn) ~ b(e;) .
This implies that

A%(z,) + B%(yn) — 6B2(e3)
a(zn) + b(yn) — 6b(e;)

Az(wn)'*'Bz(yn) _
o)+ 0 = O @)

which contradicts the equilibrium point assumption of (z,,y,). Hence the

¢2(zn, gn)

1

. N . . .

assumption Zj= 41 yn(4) > S I8 incorrect. m]
Corollary 3.3 In case 2, we have C(yo) C {1,...,N} where yo = ’}Lrgoyn.

By the assumption of Case 2, z, € Ej, 80 £, € Xgps. Define Z,, as:

(0 = 0,i=1,2,...,.M

Fn()) = zp(3)/Xn, i=M+1,...,.M
M

Z Tn(%)

i=M+1

with X,

So #,(z) puts weight only on absorbing actions.

Theorem 3.4 For ¢ > 0, the pair (Zn,yn) 18 an e-equilibrium point in the
original game T, for n large enough.

Proof. Part I: In the first part of the proof we will show that ®!(Z,, y,)
= ®1(z,,yn). This will prove that for player I, Z, is a best reply to y,. First,
observe that

Ak(‘in) — (1/Xn) Ak(zn) — Ak(zn)
a(Zn) (1/X5) a(zn) a(zn)

Next, we show that

A? (zn) — Bl(?/n)
a(zn)  b(yn)

(3.4)
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a) Since (Zn,¥n) is an equilibrium point, we have for i € {1,..., M}:
Al(z4) + B (yn) 1 1 B(yn)
= ® (z,, > & (e, = .
a(an) ) ¢ I 2 ®ewn) =50,

Hence

Al (-'En) B! (yn)
a(zn) > Blym)

b) AISO, q:>1(°Il'.‘n’ yn) 2 Q1(57‘11.)yn) or

Al(zn) + Bl(yn) > (1/X5) Al(xn) + Bl('!ln)
a(zn) +b(yn) ~  (1/Xas) a(zn) + b(yn)
Al(zn) + Bl(yn) +(1/Xn — l)Al(xn)
a(zn) + b(yn) + (1/Xn — 1) a(zn)

(3.5)

Hence
Al(wn) + Bl(yn) > (1/X, - 1) Al(zn) - Al(z'n)
a(zs) +b(ya) ~— (1/Xn —1) a(zs) a(zs)
And so
Bl((‘/n) Al(xn)
bun) = a(en)
Combining (3.5) and (3.6) gives

Al(-’”n) _ Bl(yn)

(3.6)

a(zn) B b(yn) '
But then
Al(xn) + Bl(yn) _ (I/Xn) Al(xn) + Bl(yn)
a(zn) +b(yn) — (1/Xn) a(zn) + b(yn)

Part II: In the second part of the proof we will show that for player II,
Yn is an e-best reply to Z,, for n large enough.
Since z, € E},

A2($n) > Az(zn) + B2(yn)

. 3.7
a(zn) ~  a(zn)+b(yn) 31
Because (zp,¥n) is an equilibrium point of the game I'y,
2 2 2 2

a(zn) +b(yn) ~  a(zn) +b(y)
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By (3.7) and (3.8),

Az(-”’n) > A2(zn) + Bz(y)
a(zn) ~ a(za) +b(y) ’

Vy € Y.

Hence
A%(zn)  B(y)
> , Vy ev,.
a(wa) = By) "
And also

A _ (XA | B)
a(Zn) (1/Xn)a(zn) — b(y)
It follows that

, VyeY,.

A(&n) + BYy) _ A¥En)
a(En) +5()  alEn)

Observe that, since &, puts all its weight on the absorbing actions, while
Yn puts only weight 1/n on the absorbing actions we have for n large enough:

A2(in) < A2(57n) + Bz('!/n)
a(Zn) ~  a(Zn) + b(yn)
Further, for j =1,...,N:

Qz(im y) =

,Vy € Ya. (3.9)

+e = 0%(En,yn) +¢ (3.10)

A(zn) _ A’(En)

®2 ~ ) = (p2 ) — - 3.11

(mﬂ’ e]) (mn, e]) a(zn) a(:i:n) ( )
By (3.9), (3.10) and (3.11), ®%(Z,,yn) > ®2(#n,y) — €, Yy € Ap. Parts I
and II prove that the pair (Z,,y,) is an e-equilibrium point. O

Case 3. Recall that this is the case where cases 1 and 2 do not hold and
Ty is non-absorbing, i.e. z, € Ay
Let j€ {N +1,...,N} be such that:

B2(ej‘) > Bz(ej)
ble;) ~ ble;)

2. B’(e;) > B(e))

,Vj€{N+1,...,N} (3.12)

B(e;) _ B(e;)

b(e;) b(e;)
Case 3 itself is separated into 2 cases. We distinguish between the cases

E; #0 for somej € {N+1,...,N}and E; =0 forallj € {N+1,...,N}.
Case 3A: E; # 0 for some j € {N +1,...,N}

whenever ,Vie{N+1,...,N} (3.13)
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Theorem 3.5 Let z € Ej for some j € {]\7 +1,...,N}. Then, for A small
enough, the pair (1 — A)zn + Az, yn) i3 an e-equilibrium point.

Proof: Recall that E; C Xgps, 80 T € Xgps- By the equilibrium property
of (Zn,Yn):

B2(yn) _ = B2(e~r)
o) = 8o ) 2 8o 5) = 3

On the other hand it follows from (3.12) that
B2(y,) _ B’(;)
byn) ~ b(e;)
and so
2
B(ya) _ B(¢5)
blyn)  ble;)

Now for fixed € > 0, fixed n, we can choose A > 0 small enough such that
the inequalities

(3.14)

B%(y,) + AA%(z)
2 _ — n
B2(yn)
> ——=—¢/2 3.15
= b(ya) / ( )
and for each j € {N +1,...,N}:
B?%(e;) + A\A%(z)
2001 _ N — j
2°((1 — N)zp + Az, €5) Be;) + ra(@)
B?(e;)
< —2L + ¢/2 3.16
are both satisfied. Combining (3.14), (3.15) and (3.16) yields:
(1 — Nz + Az, €7) < D2((1 — N2y + Az, 90) + € (3.17)

for each j € {N +1,...,N}. Then ®*(z,¢;) > ®*(z,€1) , or:

A%(z) + Bz(ei) > A%(z)
a(z) +b(e;) ~ a(z)

Hence
BY(e;) _ A¥x)
o(e;) > a(a)
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By definition of e, we obtain

B(e;) C)
be;) = ala)

which in combination with (3.14) leads to

B(yn) | A%(a)

b(ya) ~ a(z)
Hence, by (3.15) we have for each j € {1,...,N}:
2 A(z) _ o2
°((1 - Nzp + Azye) = (@) < ®“((1 — Nzp + Az,yn) + € (3.18)

The inequalities (3.17) and (3.18) show that y, is an e-best answer to (1 —
A)zn + Az.

For player I things are easier. Since (z,,yy) is absorbing and ((1— )z, +
Az, yp) is absorbing for every A > 0 it follows that:

l’\iﬁlq’l((l = A)zZp + Az, y5) = q)l(zmyn)
Since z,, is a best reply to yy, it is obvious that, for A > 0 small enough,
(1 = Az, + Az is an e-best reply to y,. This proves theorem 3.5. 0O

Case 3B: E; =0, all j € {N+1,...,N}.

Lemma 3.6 If E; = 0, all j € {N +1,...,N}, then E; = Xy, for all
je{1,...,N}.

Proof: The lemma is trivially implied by its condition, since each z €
Xaps belongs to at least one Ej, j € {1,...,N}, and the Ej’s for j €
{1,..., N} are identical. D

Theorem 3.7 Let z, € Ay for all n and suppose that E; = 0, all j €

{N +1,...,N }. Then there ezists an e-equilibrium point for the original
game I'.

Proof : First suppose that
1(,. 1(p.
A (e) > min Ble)

max > 3.19
ie{M+1,..,.M} a(e;) je{N+1,..,N} b(e;) ( )
Let 7 be such that:
1(,. 1(,.
Be) _ . BlE) (3.20)

bles)  je(N+1,..np Dlej)
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Let 7 be such that :
Al(e) Al(e;)
a(es) ic{M+1,..m} a(ei)

(3.21)

Let yo € Ay be arbitrary. Consider the pair (e, (1 — A)yo + Aej) for A > 0
small enough. Since

1}{3 3% (€5, (1 — )y + Xez) = D2(es,9)

then for player II, (1 — A)y + Ae;j is an e-best reply to e; for A small enough.
For player 1, note that for i € {1,..., M},

1¢,.
Bien (1= Xy -+ dep) = %(e%)’
and that
1 ei 1 es
- =

fori € {M +1,...,M}. It follows from (3.19), (3.20) and (3.21) that e; is
an e-best reply to (1 — A)yo + Aej for A small enough.
The only remaining case is:

1. 1(,.
E Al o i B (3.22)
ie{M+1,..,m) a(ei) je{N+1,..,N} b(ej)

By the ARAT property it follows that the game restricted to {1,2,..., M} x
{1,2,...,N} has a pure Nash equilibrium, say (k,1). If

1(,.
d(B)+5(0) > max (&)
ie{M+1,...,.M} a(e;)

and if
2(,.
2E) +5 () >  max &)
je{N+1,...N} b(ej)

then this pure equilibrium is also an equilibrium in the original repeated

game.
Let 7 be such that
Alle) _ L Al(ei),
a(ez) i€{M+1,...,M} a(e;)
and let j be such that
B%(e;) _ B?(e;)

bles)  je(N+1..N} D(es)
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1(,.

i A
a(e;)

point. By the definition of e;:

Ql(e;, ej) > <I>1(e,-,ej), Vie{l,...,N},

> a!(i) + b'(j). then we claim that (e;, ;) is an equilibrium

and
4)2(8% ej) 2 ¢2(eia y) ) Vy € AN )

since e; € Ey = E; by lemma 3.6.
2(px
If B (eJ)
_ b(ey)
point. By the definition of e;:

®%(ei, e5) > ®*(eirej) , Vi € {1,..., M},

> a%(i) + b%(j) then we claim that (e;,e;) is an equilibrium

and by assumption (3.22) we have
Az) _ Bl(ey
a(z) ~ bley)

) Vz € Xaba’

SO
Al(z) + Bl(ej) < Bl(ej)
a(z) + b(ej) b(ej)

Further ®!(e;,,e5) = ®(ei,,€5) , Vi1 iz € {1,... , M}. This leads us to the
conclusion that e; is a best answer to ej.

All the possible cases have been considered which completes the proof.

O

o' (1"7 ej) =

= ®'(e;, €5).

Summarizing Theorems 3.1, 3.4, 3.5 and 3.7 we have:

Theorem 3.8 Every repeated ARAT game possesses an e-equilibrium point
in stationary strategies.
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