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“Lo que deseo, es que todo sea redondo y no haya de ningin modo ni
principio ni fin en la forma, sino que haga un conjunto armonioso de vida.”
— Vincent van Gogh
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Introduction

This work deals with three different classes of discrete-time zero-sum discounted
Markov games with non-constant discount factors, namely, games

1. where the state process {x,} and the discount process {a,} evolve ac-
cording to a coupled transition law Q).

2. with state-actions dependent discount factors of the form
O((Z‘n, Ap,,y bn)a

where a, and b, represent the actions of players 1 and 2, at time n,
respectively;

3. with random state-actions dependent discount factors of the form

O[(il'n,an, bna£n+1)7

where {£, } is the discount factors’ disturbance process, which is a sequence
of independent and identically distributed random variables.

In general, a two-person zero-sum game is a two-player game where the profit
of one player represents the cost of the other. Then, whereas the goal of player
1 is to maximize her payoff, the goal of player 2 is to minimize his cost.

The main objective is to prove the existence of a value of the game, as well
as optimal strategies for both players, for each class of the above games.

The natural motivation in considering non-constant discount factors comes
from the applications in economic and financial models where, in general, the
discount factors are functions of the interest rates which in turn are uncertain.
Such uncertainty can be caused by different facts, e.g., the amount of currency
in circulation, and/or actions of the players, and furthermore, random noises.
In these cases we have non-constant discount factors, for which the usual theory
on discounted Markov games with constant discount factors is not applicable.

This work is structured in three chapters, each corresponding to each type
of game with non-constant discount factors we are dealing with.

In the first one, we consider that the payoffs are exponentially discounted
with cumulative random discount rates. That is, a payoff R in stage n is equiv-
alent to a payoff Rexp(—S,,) at time 0, where S,, = ZZ;S ag if n>1, Sy =0.
Hence, the payoff at stage n takes the form

e*S”r(xn, Qs Ay b)),



where 7 represents the one-stage payoff function for players, i.e., 7 is a reward
for player 1 and a cost for player 2. This kind of games is studied by analyzing
the joint process {(z, )}, formed by the state and discount processes, which
evolves according to a joint transition law (), and whose performance index
takes the form

n
K Ze_StT(xﬁataatabt)
t=0
We analyze the case n € N and n = oo.

In Chapter 2 we study discrete-time zero-sum discounted Markov games
with state-actions dependent discount factors. In this case we assume that « is
a measurable function of the form

Ol(xn;anabn)a (1)

which plays the following role in the evolution of the game. At time ¢ = 0 when
the game is in state xq, players 1 and 2 select actions ag and by, respectively.
Then player 1 receives from player 2 a payoff r(zo, ag, bp) and the game moves to
a new state x; according to a transition law. Once the game is in state x1 players
select actions a; and b; and player 1 receives from player 2 a discounted payoff
a(zo, ag, bo)r(z1, a1, b1). Next the game moves to a new state x5 and the process
is repeated. In general, the payoffs are discounted with multiplicative discount
rates, that is, at stage n € N, player 1 receives from player 2 a discounted payoff
of the form

Fnr(znaanabn)a (2)
where,
n—1
Fn = H a(.’lfk,a,k,bk) if ne N7 and FO =1
k=0

Thus the goal of player 1 is to maximize the total expected discounted payoff
defined by the accumulation of the one-stage payoffs (2) over an infinite horizon,
whereas the goal of player 2 is to minimize such payoff of the form

E

> Tur(an, an, bn)‘| : 3)
n=0

To illustrate the application of this class of games, we present an example of a
class of games with random horizon.

Finally, in Chapter 3, we study discrete-time zero-sum discounted Markov
games with random state-actions dependent discount factors of the form

d(xnaana bnafn—l—l)v

where {£,} is a sequence of independent and identically distributed random
variables, with common distribution #. The interpretation of the discount factor
function & is similar to that of (1) in the previous class of games. The difference
is that we are now randomizing the discount factors, which constitutes a class
of games more general than the previous ones. The performance index takes

the form
oo n—1

E > T @ ar, br, i) (@, ansba) | - (4)

n=0 k=0



Our approach is to prove that (4) is equivalent to a performance index of the
form (3), with state-actions-dependent discount factors functions

ag(z,a,b) = /d(;v,mb, $)0(ds).

Then, we apply the results corresponding to (3). This kind of games are illus-
trated with a class of semi-Markov games.

The work is based mainly on the papers [4-6,11,13]. For instance, MDPs
with random discount factors are analyzed in [4,5] as we do in Chapter 1. Hence,
our results extend such papers to the Markov games. On the other hand, the
results in Chapters 2 and 3 are taken from works [6,11,13].



Chapter 1

Markov games with random
discount factors

1.1 Introduction

In this chapter we study a class of discrete-time zero-sum Markov games under
an optimality criterion with random discount factors. We begin introducing the
game model we are concerned with, as well as the necessary elements to define
the corresponding game problem. We also present certain assumptions under
which we prove the existence of an optimal pair of strategies. Finally, we present
an example to illustrate one potential application of the developed theory.

In order to introduce this class of games and the randomized discount factor,
we will assume that the payoffs are exponentially discounted on time, that is, a
payoff R at stage t is equivalent to a payoff Re~* at time 0, where S; = Z:;é Q;
ift > 1, Sy =0, and oy > 0 represents the discount factor imposed at time ¢.

1.2 Game model

Consider the following zero-sum two-person game model with random discount
factor
gM = (er,AaBaKAvKBvQ?T) (11)

where:
e The state space X is a non-empty Borel space.
e The discount factor set is I' := [a*, x0), o™ > 0.

e The action sets A and B for players 1 and 2, respectively, are both non-
empty Borel spaces.

e The constraint sets Ka and Kg are non-empty Borel subsets of X xI" x A
and X x I' x B, respectively. For each (z,a) € X x T,

A(z,a):={a € A : (z,a,a) € Ka}

and
B(z,a):={beB : (z,a,b) € K}

1



represent the admissible action (or control) sets for player 1 and 2, respec-
tively, when the system is at state x, and the discount factor « is imposed.
The set

K:={(z,a,a,b) : z€X,aeT,a€ A(z,a),be B(z,a)}

of admissible state-actions (or controls) quadruplets is a Borel subset of
XxI'x A xB.

e The transition law @ is a stochastic kernel (s.k.) on X x I given K, which
denotes the joint distribution law of the state-discount process.

e The one-stage payoff function r : K — R is a measurable function on K.

Interpretation. The game model GM in (?7?) represents a game that
evolves as follows. At each staget =0,1,..., players 1 and 2 observe the current
game state x; = ¢ € X, take into account the imposed discount factor oy = «,
and independently choose actions a; = ¢ € A(x,a) and by = b € B(x,a),
respectively. Then two things happen: (i) player 1 immediately receives a payoff
r(x, @, a,b) from player 2, and (ii) the game moves to a new state z;y1 and a new
discount factor a4 is imposed according to the transition law Q(:|z, a, a, b).
Once the transition to the new state and the new discount factor has occurred,
the players choose new actions, and the process is repeated over and over again.

1.2.1 Strategies

The actions chosen by players at each stage are selected by rules known as
strategies which are defined as follows.

We define the space of admissible histories up to time ¢ by Hy := X x I" and
H; := K! x X x T, t > 1. A generic element h; of H; is denoted by

ht = (x()vaOa a, b07 ceey Lp—1, Op—1, Ap—1, bt717xt7 at)7

where (z;,a;,a4,b;) € K for i = 0,1,...,¢ — 1, and (z;,¢) € X x T, which
represents the history of the game up to time ¢.

For each (x, o) € X x T, let Az, a) := P(A(z, o)) and B(x, o) := P(B(z,a))
(see Appendix B for details). We define the sets of stochastic kernels

Ol = {p' cP(AIX xT): p'(:|z,a) € A(z,a) Y(z,a) € X x T}
®? .= {p? € P(B|X x T) : ¢*(-|z, ) € B(z,0a) V(z,0) € X x T}

Definition 1.2.1. A strategy for player 1 is a sequence 7t = {r}} of stochastic
kernels m} € P(A|H,) such that:

’ﬂ'tl(A(.Tt,O[t)lht) = 17 A ht S Ht7 t e NO. (12)
We denote by II' the family of all strategies for player 1.
Definition 1.2.2. A strategy 7' = {m}} € II* for player 1 is called:

(a) a Markov strategy if 7} € ®1 for all t € Ny, that is, each 7} depends only
on the current state and the discount factor (xi, ) of the system. The
set of all Markov strategies for player 1 is denoted by I1},.



(b) a stationary (Markov) strategy if mi (-|h) = @' (-|z¢, op) ¥V hy € Hy, t € Np,
for some stochastic kernel o' in ®1, so that 7t = {p', o, ...} := {o'}.

The set of all stationary strategies for player 1 is denoted by I1}.

We have, of course, the following relations
Iy c 113, c It

The sets of all strategies 112, Markov strategies I13, and stationary strategies
1% corresponding to player 2 are defined similarly.

1.2.2 The game process

Let (Q, F) be the measurable space that consists of the sample space Q := Hy, =
X720 (X xI'x A x B) and its corresponding product o-algebra F. Elements of €2
are sequences of the form w = (zg, ap, ao, bo, 1, 1,a1,b1,...), (v, ¢) € X x T
and a; € A, by € B, for all t € Nyg. Notice that {2 contains the space of all
admissible histories (z, g, ag, bo, T1, a1, a1,b1,...) with (2, oy, as,b;) € K for
all t € Ny.

For each pair of strategies (7!, 72) € II' x II? and each initial probability
measure v in X X I'', there exists a unique probability measure P} b in (Q,F)
which satisfies PflvﬂQ(Hoo) =1,and for t € Ny, C € B(X xT), A € B(A),
B € B(B),

P (zo,a0) €C] = v(C); (1.3)
P (a, € Aby € Blhy] =l (Alh)7?(Blhe); (1.4)
Pfl’WQ[(fL’t+1,01t+1)€C|ht7atabt] = Q(Clay, o, ar, be). (1.5)

We denote by El’fl*WZ the expectation operator with respect to Pfl”r2.
1 2 1 2
If v is concentrated in (xz,a) € X x I, then we write P(T; (;r) and EZ; ’;r)
instead of P;Tl’”z and E]jl’ﬂz, respectively.

The stochastic process {x,, } defined on (2, F, P’rl’WQ) is called game process.

(Q:,Q)

1.3 Difference equation models

A particular case of a game model (1.1) is constituted when the dynamic of the
game is determined by a stochastic difference equations. For instance, suppose
that the discount process evolves in time according to the difference equation:

Q1 = G(C’ét,ﬂt)v

for t = 0,1,..., where G is a known continuous function, {n:} is the discount
random disturbance process, which is formed by independent and identically
distributed (or i.i.d. for short) random variables, with common density p, in
RF, respectively.

Thus we can represent the game model by



gMDE = (XvI‘a AvaKA7KBa leRk7p7 G,'I")

where the stochastic kernel (1 on X given K, represents the state process tran-
sition law.
In this case, G defines the s.k.:

QuTlo) = [ 1r(Gla.s)lplds). T e BD).

which represents the discount process transition law.
Then, the joint s.k. @, that represents the state-discount process transition
law, is defined as follows:

Q(Clwy, gy ap, by) = Q1 X Qa(Clay, oy ar, b)) VO € B(X x T)
where,
Q(X x Ly, o, a0, b)) = Qu(X |y, v, as, by) - Qa(L|xy)
- /x/w 1.[G(a, 5)|p(ds) Q1 (x|, o, ar, by)

X € B(X), L € B(T).

Hence, we can write the model of this game GM pg in terms of @, and we
obtain a game model as GM in (1.1).

1.4 Optimality criterion

As we have mentioned before, we assume that the payoffs are exponentially
discounted with cumulative random discount rates. That is, a payoff R attained
at stage t is equivalent to a payoff Re~5 at time 0, where S; := ZZ —o Qi 1ft > 1,
and Sy = 0. In this sense, when the players 1 and 2 use the strategies 7! € H1
and 72 € II2, respectively, given the initial state o = = and the initial discount
factor ag = a, we define for each n € N

e the expected discounted payoff up to the n-th stage (with random discount
factor) by

Vn(x,aﬂ'rl,’ﬂ' : Eﬂ— - [Ze xtvat7at7bt)‘| ) (16)
e the total expected discounted payoff (with random discount factors) as

V(z,a,nt, 7% = Ezr;’o’:; lz estr(a:t,at,at,bt)] . (1.7)
t=0

Observe that {e~5} is a sequence of random variables (not necessarily in-
dependent) that represent the discount factor at stage ¢t. Moreover, if a; = «
for every t > 0 and some « € (0,00), the performance index is reduced to the
usual S-discounted criterion with g = e™®.



1.4.1 Game value
Definition 1.4.1. For each n € N, the lower and upper value of the game in n
stages are given as:

Ly(z,a):= sup inf V,(z,a,7' 72) (1.8)
rleqnt m2ell?

and

Un(z,a) ;= inf sup Vi (z,a, 7, 7%), (1.9)
w2ell? p1emt

respectively, for each initial state-discount pair (x,a) € X x I
Notice that, in general, Uy (+,-) > Ly, (-, -); nevertheless, if Uy, (x, &) = L, (z, «)

holds for every (z,a) € X x T', then the common function is called the value of
the game in n stages and it is denoted by V*.

Definition 1.4.2. Consider a game in n stages. If the discounted game has a
value V¥, then:

i) A strategy wl € II' is said to be optimal for player 1 if

Vi(z,o) = inf V(x, a7l 72).
w2 ell?

ii) A strategy 72 € 112 is said to be optimal for player 2 if

Vo (z,a) = sup Vn(l',a,ﬂl,ﬂ'f).
wlellt

Thus, the pair (ml,72) is said to be an optimal pair of strategies.

The lower value L(x,«), the upper value U(x,q), the value of the game
V*(-,-), and the optimal strategies of the discounted game (with infinite horizon)
are defined similarly.

A pair of strategies (w1, 72) € II! x 112 is called a saddle point if

Vi(z, o, mt, 72) < Vio(z, o, 7k, 72) < Vi(z, o, 7wk, 72, (1.10)

V(rl,7?) € TI' x 12, (x,a) € X x I'. And observe that (7}, 72) € II* x T12 is
an optimal pair if and only if it is a saddle point.

1.5 Assumptions and preliminary results

In order to present our assumption and results in a more accessible form, we
use the following notation.

Let Y := X x T, and y; := (24, ¢). Notice that using this notation K =
{(y,a,b) : y € Y,a € A(y), b € B(y)}, and Q@ € P(Y|K) represents the
transition law of the process {y; }.

For notational convenience, we write the game model (1.1) in the form

gM = (Y7A7B7KA7KB7QaT)- (111)



For each y € Y, A(y) := P(A(y)) and B(y) := P(B(y)). Observe that the
multifunctions y — A(y) and y — B(y) are measurable, with values in compact
sets if A(y) and B(y) are compact.

For probability measures ¢! (-|y) € A(y) and »*(-|y) € B(y), y € Y, we write
0 (y) == ¢*(-|ly), i = 1,2. In addition, for a measurable function u : K — R

umw%w>=w%w%mw%ww=/;%@Uu@ﬂww%mww%%w»

(1.12)
For instance, for y € Y and Y € B(Y) we have

ry, 0t 6?) Am/‘ r(y, a,b) 0 (daly) > (dbly),

QY |y, ¢', ¢%) = / Q(Yly, a,b)p" (daly)® (dbly).
A(y) ¥ B(y)

and

The existence of a value of the game as well as a pair of optimal strategies
is analyzed under the following conditions.

Assumption 1.5.1. The game model GM (1.11) satisfies the following:

(a) For each state y € Y, the admissible actions sets A(y) and B(y) are
compact.

(b) For each (y,a,b) € K, r(y,-,b) is upper semicontinuous (u.s.c.) on A(y),
and r(y,a,-) is lower semicontinuous (l.s.c.) on B(y).

(c) For each (y,a,b) € K and each bounded measurable function v on Y, the
functions

/v(z)Q(dz|y,~,b) and /v(z)Q(dz\y,a,~) (1.13)
Y Y

are continuous on A(y) and B(y), respectively.

(d) There exists a constant M > 0 and a measurable function w:Y — [1,00)
such that
Ir(y, a,b)| < Mw(y), (1.14)

and the functions

/ w(2)Q(dzly, ) and / Qd=ly.a, ") (1.15)

are continuous on A(y) and B(y), respectively.

(e) There exists a positive constant B such that 1 < B < e®”, and for all
(y,a,0) €K

Awwmwmmmsmwm (1.16)



Definition 1.5.2. For each measurable function u : Y — R we define the

w-norm as )|
uly
l|w]| = sup ——=.
yeY w(y)
Let B, be the Banach space of all real-valued measurable functions defined on
Y with finite w-norm.

For u € B,,(Y) we define the Shapley operator

plei(y) P EB(Y)

where,
H(uy,a,b) == r(y,a,b) + e / W(2)QUdzly,a,b), (yab) €K, (L18)
Y

Later, we will be able to assure that the infimum and supremum are attained,
thus we can replace inf and sup by min and max, respectively. Therefore, we
will have

Tu(y) := max min H(u;y, ", ¢%), Yu € B,(Y). (1.19)
plEA(y) 9 EB(y)
In order to prove the existence of optimal strategies in both, the finite and
infinite horizon cases, we first introduce some previous results.

Lemma 1.5.3. Suppose that Assumptions 1.5.1(c) and 1.5.1 (d) hold. Then
the function u'(y,a,b) = [u(2)Q(dz|y,a,b) is continuous in a € A(y) and
b € B(y) for everyy € Y and every function u € B, (Y).

Proof. Let u be a function in B, (Y), so that |u(y)| < mw(y) for all y € Y,
where m := ||u||,. Then u,, := u+mw is a nonnegative function in B,,(Y), and
so it is the limit of a nondecreasing sequence of measurable bounded functions
ukF € B, (Y). Now fix y € Y and let {a"} be a sequence in A(y) converging to
a € A(y). Then, as u* 1 u,,, Assumption 1.5.1(c) yields, for every k

liminf [ wn,(2)Q(dzly,a™, b) > liminf | u*(2)Q(dz|y,a",b)

= /uk(z)Q(dz|y7 a,b).

Hence, letting k — oo, by the Monotone Convergence Theorem we have that
liminf/um(z)Q(dz|y,a",b) > liminf/uk(z)Q(dz|y,a,b)
n—00 k—o0
~ [ un()Qzlya.t)

and, therefore, [ u,,(2)Q(dz|y,-,b) is Ls.c. on A(y), which implies that u’(y, -, b)
is Ls.c. on A(y). In other words, u/(y, -, b) is L.s.c. on A(y) for every function u
in B,,(Y). Hence, if we now apply the latter fact to —u in lieu of u, we see that
u'(y,-,b) is also u.s.c. Thus u/(y,,b) is continuous on A(y). In a similar way,
we can prove that u/(y, a,-) is continuous on B(y). O



Lemma 1.5.4. Under the Assumption 1.5.1, for each u € B, (Y):

(a) Tu(y) = min  max H(uy,¢', ¢%);

»2€B(y) pl€A(y)

(b) There exist pL(y) € Aly) and ©2(y) € B(y) such that,

Tu(y) = max H(u;y, 0", 02(y))
pleA(y)

= min H(u;y, p1(y), p>
mn (us Y, u(y), ©7)

= H(uy,¢1(y), 01(y) VyeY;

(c) Tu is an element of B,,(Y).

Proof. Let u be an arbitrary function in B,,(Y).

(a)

Lemma 1.5.3 yields the continuity on a € A(y) and b € B(y) of the integral
in (1.18). This fact and the Assumption 1.5.1 (b) imply that, for each
(y,a,b) € K, the function H(u;y,-,b) is u.s.c. on A(y) and H(u;y,a,-) is
ls.c. on B(y). Then, the function H(u;y, !, ¢?) is w.s.c. on ¢! € A(y)
and Ls.c. on ¢? € B(y). Moreover, H(u;y, o', p?) is concave on ¢! and
convex on ¢?. Thus, by Fan’s Minimax Theorem (see Theorem A.4.2) we
prove part (a).

Let us define

Hi(y,¢') = SDgfIElIiBlf(ly)H(U;y7<p1,<92),

for every y € Y and ¢! € A(y). From the proof of part (a), we can
observe that Hi(y,-) is w.s.c. on A(y). Therefore, by Proposition B.2.5
and Theorem B.3.2, there exists ¢! (y) € A(y) such that

Hi(y,¢L(y)) = max Hi(y,¢").
pleA(y)

As consequence, we obtain

Hi(y, ¢l = max min H(u;y, ', ¢?). 1.20
1y, 0.(y)) e min (usy, 0, ¢%) (1.20)

By (1.20), we have

Tu(y) = min H(u;y, o1 (y), ©2).
©2€B(y)

Similarly, let

Hs(y,¢%) = max H(ujy,¢",¢°).
PlEA(y)

Then, there exists p? € B(y) such that

Tu(y) = max H(uy,¢", 02(y)).
pleA(y)

Since |u(-)| < |Jullpw(:), from (1.14) and (1.16) we get, for any (y,a,bd) €
K

)

H (uy,a,5)] < Mu(y) + Jullve /Y w(2)Q(dz]y, a,b)

< (M + Blullwe™ Jw(y).
Thus, by part (b) and the previous equation, Tu belongs to B, (Y).



1.6 Existence of optimal strategies

Our objective in this section is to prove in each case, finite-horizon and infinite-
horizon, the existence of a value of the game and an optimal pair of strategies.

1.6.1 The finite-horizon stochastic game

Let n be a positive integer. The n-stage stochastic game in which the players
play up to time n is said to be a finite-horizon game. Let ' and 72 be the
strategies of players 1 and 2, respectively. Then the expected payoff V,, (y, 7!, 72)
in such a game is given by (1.6).

Remark 1.6.1. When we are working with the n-stage stochastic game, strate-
gies ™' € II' and 7% € TI? have n components and take the form w' =

(ng, 7k, o, y) and w2 == (nd, 73, ..., w2 ,).

Theorem 1.6.2. Suppose that Assumption 1.5.1 holds. Then the stochastic
game with finite horizon has a value and both players have optimal Markov
strategies. Moreover, if V* is the value function for the n-stage game, then
Ve By,(Y) and Vi (y) =TV 1(y) for each n > 2.

Proof. Let us define the sequence of functions:

Voly) = 0,
Vn(y) = TVn—l(y)

i 1,2 —o ¥ 1 2
= min max 7(y, o, +e Vi 1(2)Q(dzly, o', )
p2€B(y) wleA(y){ (07, ¢7) /Y 1(2)Q(dzly, ¢, ¢ )}

Since Vo = 0 € B,(Y), by Lemma 1.5.4 (c) we have that for any n € Ny
Vi, € By, (Y). Then, for each n € Ny, by Lemma 1.5.4 (a),

= min max H(V,_1;y,¢",¢>
p2€B(y) preA(y) ( 1Y@ ¢) (1.21)

= max min HIN/,; b, o2
plEA(y) p2€B(y) Variy. ¢ ¢7)

and by Lemma 1.5.4(b), there exist ¢,,_1 € ®! and p,_; € ®? such that

= min H(V,_q; _1,0°
A (Va—1:9,¥n-1,¢7)

= W{Ié%)((y) H(Vn—l; Y, <pla Pn—l)

= H(Vn—l; Y Yn_1, pn—l)-

(1.22)

For n € Ny, we define

T = {1, ¥n2,.. ., %0}, (1.23)
Tt {pn—lypn—Qy"'apO}y (124)



where 1); € ®! and p; € ®2 are the respective maximizer and minimizer of ‘7i+1
asin (1.22) fori =0,1,...,n—1.
We will prove that, for every n, V,, = L,, = U, and that 7} in (1.23) and

72 in (1.24) are optimal Markov strategies for players 1 and 2, respectively.

We will proceed by mathematical induction over the game horizon n.
For n = 1, from the definition of V; in (1.7),

Vi(y,nt,7?) = E;l’”2 [r(y0, a0, bo)] = r(y, 7, 7). (1.25)

Notice that strategies in this case have only one component and take the form
7l = ! € ®! and 72 := ¢? € &2, that is, they are Markov strategies. By
(1.25) and the definition (1.18) of H,

H(07 Y, 7T17 7T2) = Vl(ya 7T17 71—2)7
and by (1.21)

Vi(y) = mi Vily, @', ¢*) =U
1(y) nin | max 1y, 07, 9%) = Ur(y)

= ma min Vi(y, ", %) =L
90165((1/) p?€B(y) e’ @) ()

=Vi'(y).
Thus, since 7] = ¢ and 72 = pg, by (1.22)

Vl* (y) = Vl (y7 ¢07 PO);
2

which implies that (71, 77) is a pair of optimal Markov strategies for the 1-stage
game.
Suppose (the induction hypothesis) that for n = k — 1,

Vie1(y) = Li—1(y) = Up—1(y) = Vie1 (y, Th_q, Th_1)-

We now prove that this fact holds for n = k. Indeed, let 7?,% = (Pr—1, Pk—25---+00)
be an arbitrary strategy for player 2. Then,

Vi(y) = TVi—1(y) = min  max {T(y7<p1,<p2)+e“/ Vk_1(2)62(d2|y7<p1,<p2)}
p2€B(y) pleA(y) Y

= min {T(ya¢k—law2)+6a/\(vk—l(z)Q(d‘dyad}k—l)@Z)}

p2€B(y)

<r(y, Yr—1,pp—1) +e /Y Vie1 (2)Q(dz|y, Y1, pr—1)-

Tterating this inequality we obtain

k-1
~ 7T1 ’/:\I'2 _ “
Vi(y) < B 5k lZe Str(ys, as,be) | = Vi(y, 7k, 73). (1.26)
t=0

Similarly, for an arbitrary strategy for player 1 #} = (D1, Vr—2, -, %0),

Vie(y) = Viely, g, 7). (1.27)



From (1.26) we have

sup inf Vk(yvﬂ—lvﬂz) > inf Vk(yv’frliaﬂg) > Vk(y)v (128)
rlem m2ell? w2 ell?

and from (1.27),

inf sup Vi(y,m',7%) < sup Vi(y, ', m7) < Vi(y). (1.29)
m2€l? p1eqqt rlellt

From (1.28) and (1.29) we obtain

Uk(y) = 2IIlf sup Vk(y,’lTl,’/T2) < Vk(y) < sup inf Vk(y,’/Tl,’/T2) = Lk(y)a
m2€ll? 1t rleqnt m2ell?

which implies that the value exists and, by the induction hypothesis,
Vii(y) = Vily) = TV (y)-
On the other hand, by (1.26) and (1.27),
Vily, s 1) > Vi (y) > Vily, 7 mi) Y (7, 1) € I > T1,
in particular for (rf,77) € II' x II? we have

Vk* (y) = Vk(ya ﬂ-liv Trl%:)v

that is, (7}, 77) is an optimal pair of Markov strategies. Therefore,

Vi(y) = TVi 1 (y) = Vily, mh, 1),

which complete the proof. O

1.6.2 The infinite-horizon stochastic game

In this section, we consider infinite-horizon stochastic games. We prove that the
game value V* is a fixed point of the operator T" in (1.17), this is, V* = TV™*,
and that the sequence {V*} converges geometrically to V* in the w-norm. The
results are established under Assumption 1.5.1.

Let us consider the game model GM in (1.1) with the total expected dis-
counted payoff function V(y,a,b). The corresponding lower and upper values
are

L(y) = sup inf V(y ' %),
rleqrt m2ell?

Uly) = inf sup V(y,x' 72).
m2€ll? 11

The goal is to show that L(-) = U(-), thus the value of the game V*(-) exists.
In order to prove this fact, we first introduce some preliminary results.

Lemma 1.6.3. Under Assumption 1.5.1, the operator T defined in (1.7) is a
contraction operator in By, (Y) with modulus T := fe~®" (with § as in (1.14)).



Proof. Let us first note that T is a monotone operator, that is, if u and @ are
functions in B, (Y), and v > 4, then Tu(y) > Tu(y) for every y € Y. Indeed,
if u, 4 € B, (Y) are functions such that u > 4, then

/ w(2)Q(dzly.a,b) > / W(2)Qdely ), Y (,a,b) € K,
Y Y

and this implies that H(u;y,a,b) > H(u;y,a,b) for every (y,a,b) € K, which
in turn implies that Tu(y) > Ta(y) for every y € Y.
On the other hand, it holds, for any real number k& > 0:

T(u+ kw)(y) < Tu(y) + Be” “kw(y), (1.30)

for every y € Y and u € B, (Y).

Now, to verify that T is a contraction, let us choose u and @ in B, (Y).
Since v < 4 + w||u — 1|lw, by applying that T is monotone and (1.30) with
k = ||lu — 4|, we have

Tu(y) < T(a+ kw)(y) < Tua(y) + Be”"kw(y),

that is,
Tu(y) — Tu(y) < Be”*|lu —illyw(y), yeY.

Interchanging u and u, we obtain
Tu(y) — Tu(y) = —Be™*[lu — allww(y),

hence,
Tu(y) — Ta(y)| < fe”*|Ju — tlluw(y), yeY,

and since a* < « for all @ € T', we have
Tu(y) — Ta(y)| < e |lu— il w(y), yeY,

@ we obtain

Therefore, taking 7 := e~
[Tu =Tl < 7llu—ilw.
O

Lemma 1.6.4. Let M, w, and 3 be as in Assumption 1.5.1, and moreover, let
ml € II' and w2 € 112 be arbitrary strategies for players 1 and 2, respectively,
and y €'Y the initial state. Then for eacht =0,1,...,

(a) B} " w(y) < fluw(y);

(0) 1B} r(yrar,be)| < MB'w(y);

(c) tlim e_SfE;I’”Zu(yt) =0 for each u € B,,(Y).
—00

Proof.



(a) Case t = 0 follows directly. Now, if ¢ > 1, by Assumption 1.5.1(e) we have

E;rl’wrz[w(yt”htfhat71,bt71} :/ w(2)Q(dzlys—1, ar—1,bi-1)
Y

< Bw(yi—1)-
Therefore, we have the inequality
By " w(y) < BB " w(yi).
TIteration of this inequality yields part (a).
(b) From Assumption 1.5.1(d) we have
|7 (e, as, be)| < Mw(y:), Yt=0,1,...,

and by part (a),
|7 (e, az, by)| < M B w(y).

(¢) By Definition 1.5.2 of w-norm and part (a), we obtain
By u(ye)] < ullwB] ™ w(ye) < Jullwf'w(y).
which implies (c).
O
Definition 1.6.5. Let p' € ®1, p? € ®%, and H be as in (1.18). We define

the operator
RLP1LP2 : Bw(Y) — ]Bw(Y), u — Rwlwzu

by
Roipou(y) == H(uy, ' (y), *(y)) VyeY. (1.31)

Lemma 1.6.6. The operator R,1,2 is a contraction operator with modulus
7:=Be " onBy(Y), and V(y, o', p?) is its unique fired point in B, (Y).

Proof. Using similar arguments as those in the proof of Lemma 1.6.3, it follows
that R,1.,2 is a contraction operator on B,,(Y) with modulus 7 := Be~®". By
Banach’s fixed point Theorem A.3.2 (see Appendix A.3), R,1,2 has a unique
fixed point w12 in B, (Y), this is,

Ugry2 = R (1.32)

ely el Uplp?,

from which we have that 1,2 is the unique solution in B,,(Y) of the equation

U2 (y) = r(y, 0" (y), 9> (y)) + e /Y U2 (2)Q(dzly, ' (y), * (), VyeY.

(1.33)
Moreover, iterating (1.32) and (1.33) we obtain

uw1w2 (y) = Rglw2u¢1v2 (y)

n—1
1,2 _ _ 1 o
=By ¢ [Ze Ser(yey 0 (9e)s 0 () | + €50 BE g o (yn)
t=0




for each y € Y and n > 1, where E;’l“‘ﬁu(yn) = [ Q"(dzly, ¢, ¢*) and
Q" (-|y, o', ¥?) is the n-th transition of the kernel of the Markov process {y:}
when players use the strategies o' and 2. Finally, by Lemma 1.6.4(c) and
letting ¢ — oo we have, from the definition of V, that u,i,2(y) = V(y, 9", ¢?)
forall y € Y. O

Now we present the main result in this section.

Theorem 1.6.7. Suppose that Assumption 1.5.1 holds. Let 8 and M be the
constants in Assumption 1.5.1(e), and T := fe~* . Then:

(a) The value function V* is the unique function in the space B,,(Y) that
satisfies the equation TV* =V*, and

Mr™
1V =Vl < T

Vn=12,.... (1.34)

(b) There exists a pair of optimal strategies.

Proof. By Lemma 1.6.3 and Banach’s Fixed Point Theorem (Proposition A.3.2),
T has a unique fixed point V in B, (Y), i.e.,

TV =V, (1.35)
and
17" = V]w <7t = V]w, Yu€By(Y), n=0,1,... (1.36)
Hence, to prove part (a) we need to show that

(i) V*isin B, (Y), with norm [|[V*||,, < {24, and

(i) V*=V.
By Theorem 1.6.2,
V=TV, ,=T"Vy Vn=01,..., V=0, (1.37)

thus, (1.34) will follow from (1.37) and (1.36) with u = 0.

To prove (i), let 72 € TI? and 72 € II? be arbitrary strategies for players 1
and 2, respectively, and let y € Y be an arbitrary initial state, then (i) follows
from Lemma 1.6.4 (b) since a direct calculation gives

Muw(y)
1—7

o]
* 1 2
|V(y771'1,7'('2)| S Ze_ta E;T o ‘T(yt>at>bt)| S
t=0

with 7 := Be~®". Thus, as 7' € II!, 72 € I12, and y € Y are arbitrary,

Muw(y)
1—7 "

Vi)l <

To prove (ii), let us note that by the equality V = TV and Lemma 1.5.4,
there exist ol € ®! and ¢? € ®2 such that, forall y € Y

Vg = sup H(V;y.0' (), ¢2(y))
P(y)EA(y)

= _inf  H(\V;y.¢i(y),¢*y)) (1.38)
»2(y)EB(y)

= H(V;y,0L(1), 92 (y)).



Observe that (1.38) can be written as

V() = r(y, o (1), 22()) + e /Y 7 (2)Q(dzly. 0} (9). 2 (4)-

Then it follows from Lemma 1.6.6 that V (y) = V (y, ¢!, ¢?). Therefore, we have
V(y,¢i,07) = sup [r(y, ol pl) +e e / V(2,05 02)Qdzly, ¢, ¢7)
pleA(y) Y

for all y € Y. Then by standard dynamic programming results, it follows that

V(y, o1, 02) = sup V(y, 7", 7).
Tlelll

Similarly, considering the infimum in (1.38) we get
Viy, 1,03 = inf V(y,ei,7°).
T2€ell?
Consequently,
V(y, o 98) = sup V(y,m',¢2) > inf sup V(y,x',7°),
rlellt m2€ll? f1em
and, on the other hand,

V(g ehpl) = nf Viy,eom) < sup inf V(y, 7).
T E

Hence,

inf - sup V(y, 7', 7%) =V(y, ¢y, 9Y) = sup inf V(y, 7' 7).
m2€ll? p1eqqt rleqnt m2ell?

This proves that the stochastic game has a value, that the value is V*(y) =
V(y, o, ¢2) = V(y) for all y € Y, and that ¢! and ¢? are optimal strategies
for players 1 and 2, respectively. O]

1.7 Example

Let us consider an infinite horizon game, with state space X = R, discount
factor set T' = [@*,00), and actions sets A = B = R. The admissible actions
sets A(x, ) and B(z, «) are compact for each (z,a) € X x I.

The state process {x;} and the discount process {a;} evolve according to
the coupled difference equations

Tpt1 = hlan,by)x, +€n (1.39)
Unt1 = Fau +Mn (1.40)

t € No, (9, o) given, where 4 < 1 is a positive constant; h : A x B — (0,7] is
a given continuous function; {e,} and {n,} are independent sequences of i.i.d.
random variables, and independent of (zg, ag), that take values in S; = [0, 51]
and Sy = [0, 53], for some positive constants 3; and 33, and having continuous
common density p. and p,, respectively.



Notice that letting X, := (€,,7,)7, we have that y,, is a random vector
taking values in S := S; x Sy with continuous joint density p := p.p, that
represents the state-discount random disturbance process. Denoting by {y, } :=

{ ((3;71) } the joint state-discount process, we can write (1.39) and (1.40) as

xn—i-l xn-i,-l ~ O
n = =h "y bn n
Yt (Oén+1) (an, bn) ( 0 ) +7 (an+1) tX (1.41)

= H(yna G,y bn) + Xn,

where y,, takes valuesin Y (=X xT'and H: X xI'x A xB — X xTI. Let
X = E(/€? + n?), and let us suppose that a* > In(1 + ¥).

The one-stage payoff function r(y, a,b) is an arbitrary measurable function,
which is u.s.c. in a and Ls.c. in b, and satisfies
r(y,a,0) < M(Jlyl +¢), yeY, (1.42)
for some M > 0 and ¢ > 1, where || - || is the usual euclidian norm in R2. Let

w(y) = llyll +e.

Clearly, Assumption 1.5.1(a)-(b) are satisfied.
Observe that, in this example, the transition law of the state-discount process
is defined by

Q(Dly, a,b) ::/Slp(H(y,a,b)—i-s)p(s)ds, D € B(Y). (1.43)

To show that Assumption 1.5.1(d) is satisfied, we have to verify that

/w(z)Q(dz\y,-,b) and /w(z)Q(dz\y,a,~) (1.44)
Y Y

are continuous on A(y) and B(y), respectively. Accordingly to (1.43), and from
the definition of w,

/ w(z)Q(dz]y, - b) = / (IH(y, . b) +sl| + p(s)ds,  (145)
Y S
and,
/ w(z)Q(dzly, a, ) = / (IH(y.a, )+ s| +)p(s)ds.  (L46)
Y S

Then, we just have to show that

/ (IH(,-.b) + 5]l + €)p(s)ds and / (H(,a, )+ sl + p(s)ds  (147)
S S

are continuous on A(y) and B(y), respectively. Which follows from the conti-
nuity of the norm and H, and the Monotone Convergence Theorem A.2.2 (see
Appendix A).

We will now proceed to verify Assumption 1.5.1(e). Let 5 := (1 + ¥), thus



/ w(2)Q(dz]y, a,b) = / w(H(y,a,b) + 5)p(s)ds
< / 5y + sll + clp(s)ds

< |7yl + / lsllo(s)ds +

<yl +ec+x
<1+ x)w(y)
= Bw(y).
Finally, we have to verify that Assumption 1.5.1 (c) holds. Indeed, let v be

an arbitrary bounded function, such that |v(y)| < @ for all y € Y. Observe that
foryeY,ae€ A(y) and b € B(y),

[ vzl ab) = [ ot a.b)+ sts)ds.

By applying a change of variable, we get

[ @@ty ab) = [ ot - H.ab)d

Let {(an,b,)} be a convergent sequence in A(y) x B(y) such that (a,,b,) —
(a,b), then

/|’U p(z—H(y,an, b)) —v(2)p(z — H(y, a,b))|dz
(1.48)

<3 / (2 = H(y,an,ba)) — plz — H(y, a,b))|dz.

Since |p(y)| < 1 for all y € Y, then |p(z — H(y, an,by)) — p(z — H(y,a,b))| <
2, thus letting n — oo in both sides of equation (1.48), by the Dominated
Convergence Theorem, we obtain

lim /|v p(z—H(y, an,by)) — v(z)p(z — H(y, a,b))|dz

n—oo

< 17/ lim |p(z — H(y,an, b)) — p(z — H(y,a,b))|dz = 0

n—oo

which is equal to zero since p and H are both continuous in A(y) x B(y).
Therefore, by Proposition B.1.3 we conclude that Assumption 1.5.1 (e) holds.



Chapter 2

Markov games with
state-actions-dependent
discount factors

2.1 Introduction

In this chapter we deal with a discrete-time zero-sum Markov game under a
discounted optimality criterion with state-actions-dependent discount factors of
the form a(zy,, an,by), where x,,, a,, and b,, represent the state and the actions
of the players at time n, respectively. We begin presenting the corresponding
game model on which we will define our problem. We also impose some assump-
tions implying the existence of a value as well as the existence of a stationary
pair of optimal strategies. Finally in order to illustrate our results, we present
an example of a game with random horizon.

For an easy reference, we again introduce some definitions and notation used
in previous chapter, adapted to this class of games.

2.2 Game model

A zero-sum Markov game model with state-actions-dependent discount factors
is defined by the following collection

QM = (X,A,B,KA,KB,Q,O(,T) (2.1)
where:
e The state space X is a non-empty Borel space.

e The actions sets A and B for players 1 and 2, respectively, are both non-
empty Borel spaces.

e The constraint sets Ka and Kg are non-empty Borel subsets of X x A
and X x B respectively. For each z € X, the z-sections

A(x) :={a € A | (z,a) e Ka}
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and
B(z) :={beB| (z,b) e Kg}

are non-empty Borel subsets, and represent the admissible actions sets for
players 1 and 2, respectively, when the system is in the state x.

The set
K:={(z,a,b) | x € X,a € A(z),b € B(x)}

is Borel subset of X x A x B.

e () is a stochastic kernel (s.k.) on X given K, and represents the transition
law of the process.

e a: K — (0,1) is a measurable function that represents the discount factor.

e 7 : K — R is a measurable function which represents the one-stage payoff
function.

Interpretation. The game model GM represents a controlled stochastic
system and have the following interpretation. At the initial state xg € X, the
players independently choose actions ag € A(xg) and by € B(zg). Then the
player 1 receives a payoff r(xg,ag, bo) from player 2, and the game jumps to a
new state x; according to the transition law Q(-|xo, ag, by). Once the system is
in state x; the players select actions a; € A(x1) and by € B(x1) and player 1
receives a payoff r(x1,a1,b1) from player 2. Next the system moves to a state
o and the process is repeated over and over again. In general, at stage n € N,
player 1 receives from player 2 r(x,, a,, b,) and the discounted payoff takes the
form

Tpr(Tny any by ), (2.2)

where .
r,:= H a(xk, ak,by) if n € N, and Ty = 1. (2.3)

k=0

Thus the goal of player 1 is to maximize the total expected discounted pay-
off defined by the accumulation of the one-stage payoffs (2.2) over an infinite
horizon, whereas the goal of player 2 is to minimize such payoff.

2.2.1 Strategies

Let Hy := X and H,, := H,,_; x X for n € N. For each n € Ny an element
h,, € H,, takes the form

hn = (.’IJ(), g, bOv L1y 3Tn—1,0n-1, bnflv xn)a
which represents the history of the game up to n.

For each z € X, let A(z) := P(A(x)) and B(x) := P(B(z)). We denote the
sets of stochastic kernels

Pl = {p! e P(AIX) : ©!(|z) € A(z) Vz e X}
®? = {p? € P(B|X) : ¢*(-|z) € B(z) Vx € X}.



Definition 2.2.1. A strategy for player 1 is a sequence ©' = {nl} of stochastic
kernels m} € P(A|H;) such that

7 (A(x)|he) =1, V hy € Hy, t € Ny. (2.4)
We denote by II' the family of all strategies for player 1.

Definition 2.2.2. A strategy n* = {n}} for player 1 is called:

(a) a Markov strategy if m} € ®' for all t € Ny, this is, each m; depends only
on the current state x € X of the system. The set of all Markov strategies
for player 1 is denoted by 11},.

(b) a stationary (Markov) strategy if 7t (-|hn) = @ (-|zy) for all h, € H,,
n € Ny, for some stochastic kernel @' in ®', so that 7' = {ot,p!,...} =
{p'}. The set of all stationary strategies for player 1 is denoted by I1%.

We have the following relations
My c 113, c It

The sets of all strategies 112, Markov strategies I13, and stationary strategies
H% corresponding to player 2 are defined similarly.

2.2.2 The game process

Similar to Section 1.2.2, we define the game process as follows. Let (', F’) be
the measurable space consisting of the sample space 2’ := K and its product o-
algebra F'. Following standard arguments, for each pair of strategies (7!, 72) €
IT' x II? and initial state zo = 2 € X, by Ionescu Tulcea’s Theorem, there exists
a unique probability measure PJ "7 and a stochastic process {(Zn, an,bpn)},
where x,,a, and b, represent the state and the actions of player 1 and 2,

respectively, at stage n € Ny, satisfying

Pr ™ zoe X] = 6.(X), X €BX); (2.5)
P ™ [an € A,by € Blha] = wh(Alhn)72(Blha), A € B(A), B € B(B); (2.6)
P 201 € X|hnyan,ba] = Q(X|@n,an,ba), X € BX), (2.7)

where 0, (+) is the Dirac measure concentrated at . We denote by E£17”2 the
expectation operator with respect to Pgl’*.
The stochastic process {z,, } defined on (Q, F, PF 7Y is called game process.

2.3 Optimality criterion
We suppose that the payoff is discounted by a multiplicative discount rate. That

is, a payoff R at stage n is equivalent to a payoff RI',, at stage 0, where I'), was
defined in (2.3).



In this sense, when players choose the strategies 7' € ITI' and 7% € II2, re-
spectively, given the initial state g = x we define the total expected discounted
payoff as

V(e,nt,7?) = E;,“l’”z [Z Fnr(asn,an,bn)l . (2.8)

n=0

2.3.1 Game value

Definition 2.3.1. The lower and the upper value of the game are defined as:

L(z) := sup inf V(x,n'7?), (2.9)

rleqrt m2ell?
and
U(x):= inf sup V(z,z' 7?), (2.10)
m2ell? r1emt

respectively, for each initial state x € X.

If U(-) = L(:) holds, then the common function is called the game value, and
is denoted by V*(+).

Definition 2.3.2. Suppose that the game has a value V*. A strategy w} € It
is said to be optimal for player 1 if

V*(z) = ian V(z,m,7%), ze€X.
ﬂ-Qe 2

Similarly, a strategy 72 € 112 is said to be optimal for the player 2 if

V*(x) = sup V(x,n',72), zeX.

mlelll
Hence, the pair (nl,72) is called an optimal pair of strategies.
Observe that (7!, 72) € II' x 112 is an optimal pair if and only if

V(e,nt,72) < V(x, 7l 7?) < V(z, 7, 7%), V¥ (z',7%) el xII?, 2 € X.
(2.11)
2.4 Assumptions and preliminary results

For probability measures ¢!(-|z) € A(z) and p?(-|z) € B(z), z € X, we write
o' (z) = pi(-|z), i = 1,2. In addition, for a measurable function u : K — R,

u(@, ¢!, ¢%) = u(z,¢' (2), ¢*(2)) = /B( )/A( )U(x,a,b)wl(dalx)ﬁ(dblz)-

(2.12)
In this way, for the functions r and @ in the game model (2.1), and for each
z € X, we have

R /A . /B bl o) @),



and
QXfat )= [ [ Q(Xle,a b dale)e(dble). X € BX),
A(z) J B(z)
The existence of the game value as well as a pair of optimal strategies is
analyzed under the following conditions.
Assumption 2.4.1. The game model (2.1) satisfies the following:
(a) For each x € X, the sets A(x) and B(x) are compact.

(b) For each (x,a,b) € K, r(x,-,b) is upper semicontinuous on A(zx), and
r(z,a,-) is lower semicontinuous on B(x). Moreover, there exists a con-
stant ro > 0 and a function w: X — [1,00) such that

|7"(x,a,b)\ < Tow(x)v (213)

and the functions
/ w(y)Q(dy|z,-,b) and / w(y)Q(dy|z, a,-) (2.14)
X X

are continuous on A(x) and B(z), respectively.

(¢) For each (x,a,b) € K and any bounded measurable function u on X, the
functions

/ u(y)Qdyl,b) and / w(y)Qdyl, a, )
X X

are continuous on A(x) and B(x), respectively.

(d) The function « is continuous on K, and

o= sup «az,a,b) <1. (2.15)
(z,a,b)eK

(e) There exists a positive constant B such that 1 < B < (a*)~! and, for all

(z,a,b) €K,
| w)Qayle.a.b) < puta). (216)
X
Definition 2.4.2. For each measurable function v : X — R, we define the
w-norm as ()
u(x
Ul = sup —=%,
Jull = sup 22

and let B,, be the Banach space of all real-valued measurable functions defined
on X with finite w-norm.

We define the Shapley operator T as

Tu(z):= inf sup H(u;z, o' ¢?), zeX, (2.17)
P?€B(Z) plei(z)



where, for each u € B,,(X) and (z,a,b) € K, H is defined as

H(u;x,a,b) :=r(z,a,b) + a(x,a,b) /Xu(y)Q(dy|x7a, b). (2.18)

The Shapley operator maps B, into itself. Moreover, as we will see later,
the interchange of inf and sup in (2.17) holds.

Lemma 2.4.3. Suppose that Assumptions 2.4.1(b) and 2.4.1 (c) hold. Then

for each u € B,(X), the function v'(z,a,b) := [ u(y)Q(dy|z,a,b) is continuous
inac A(z) and b € B(z) for every x € X.

The proof of Lemma 2.4.3 is similar to the proof of Lemma 1.5.3
Lemma 2.4.4. Under Assumption 2.4.1, for each u € B, (X):
(a) Tu(r) = max min H(u;z, 9" (z), % (), v € X;

pleA(x) p2€B(x)

(b) There exist pl(x) € A(z) and ¢? € B(x) such that,

Tu(z) = H(u;z, .(2), ¢3(2))

= fax H(u;w, 0", 0?)

_ : . 1 2 .
wzrrelIlBr(lz)H(u,m,so*,w)v z € X;

(¢c) Tu is an element of B, (X).
Proof.

(a)

Since Assumption 2.4.1 holds, A(z) and B(x) are both compact, and by
Proposition B.2.5 (see Appendix B.2), A(x) and B(z) are also compact for
every z € X, which implies that the maximum and minimum are attained
on A(z) and B(zx), respectively. That is, we can use max and min instead
of sup and inf in (2.17). On the other hand, by Lemma 2.4.3 and Assump-
tion 2.4.1(d), for v € B,,(X) and (z, a,b) € K, we have that H(u;z,-,b) is
u.s.c. on A(x) and H(u;z,a,-) is l.s.c. on B(z). Furthermore, since A(x)
and B(z) are both compact, by Proposition A.1.4, H(u;z,-,b) is bounded
above on A(x) and H (u; x, a, -) is bounded below on B(z). Then, applying
Proposition B.2.6 we can prove that the function H (u;z, -, ¢?) is w.s.c. on
A(z) while H (u;z, !, ) is Ls.c. on B(x). In addition, since H (u;z, o', ¢?)
is concave in ¢! and convex in (2, the Fan’s Minimax Theorem (see The-
orem A.4.2 in Appendix A.4) implies that we can interchange min and
max in (2.17), i.e.,
: ) 1 2
Tu(z) = wlrreli?x)wzrgér(lx)H(u,%(p (x),0°(x)), zeX.

Theorem B.3.2 (see Appendix B.3) yields the existence of ¢! € A(x) and
¢? € B(z) such that

Tu(x) = H(u; z, 01 (x), 92(x))

= @pelg?w)H(U;:mwl,@f)

= min H(u;z, ¢, ¢%), zeX,
Ao H( )

which proves part (b).



(¢) Since |u(-)| < |Jullow(:), from (2.13) and (2.16) we obtain, for arbitrary
(z,a,b) € K, that
Hus,0.8)] < row(s) + ulls [ w(s)Qdsla .t
< (ro + Bllullw)w(y),
which implies that Tu € B,,(X).
O

Lemma 2.4.5. Under Assumption 2.4.1, the operator T defined in (2.17) is a
contraction operator in B, (X) with modulus o3 < 1.

Proof. Let us first notice that T is a monotone operator, that is, for u,u €
B, (X) such that v > @, we have

Tu(z) > Tu(x), VzeX.

On the other hand, since Assumption 2.4.1(e) holds and «(x, a,b) < o* V(x, a,b) €
K, we have for any real number k > 0

T(u+ kw)(z) < Tu(x) + " Bkw(x), (2.19)

for all z € X and v € B,,(X).
Let u,v € By, () be arbitrary. Since u < v 4+ w||u — v||,, by the monotonic-
ity of T and (2.19), with k = ||u — v||,, we have

Tu(z) <T(v+ kw)(z) < Tv(z) + o Bkw(x),

that is,
Tu(z) — Tv(z) < a*Bllu — v|jpw(z), x€X. (2.20)

Interchanging u and v, we obtain

Tu(z) — Tv(x) > —a*Bllu — v]jpyw(z), x€X. (2.21)
Thus, from (2.20) and (2.21) we obtain

|Tu(z) — Tv(z)|] < a™Bllu — v||pw(z), zeX.

Therefore,
[Tu = Tvllw < o Bllu — v,

that is, T is a contraction operator with modulus a* < 1. O]

Lemma 2.4.6. Let w and 8 be as in Assumption 2.4.1, and let 7' € II' and
w2 € 12 be arbitrary strategies for players 1 and 2, respectively, and x € X the
initial state. Then for each u € B,,(X) and n € N,

(a) EF ™ [w(zni1)] < B w();
(b) lim ET ™ Tpu(z,) = 0.
n—oo

Proof.



(a) From Assumption 2.4.1(e), for each z € X, (nt, 72) € II' xII?, and n € Ny,
1 2 1 2
E7 T [w(zng)] < BETT [w(an)].

The iteration of this inequality yields

E™ ™ w(zns)] < B w(z), =€ X, ne N,. (2.22)
(b) From (2.22) and (2.3), for each u € B, (X), z € X, (7!, 7?) € II' x I1%
and n € Np,
1 2 *\1 7T1.7T2
E7 T Tou(zn)| < (@) lullw B ™ [w(zn)]
< (Ba)*[|ullww(z).
Therefore,
lim E;rl’”zl‘nu(xn) =0, ze€X, (r',7?) eIl* x 1% (2.23)
n—oQ

O

Definition 2.4.7. Let o' € ®1, ©? € ®2, and H be as in (2.18). We define
the operator T2 : By (X) = By (X) as

Tpipeu(x) == H(u;z, 0" (), 9% (2)), x€X. (2.24)

Lemma 2.4.8. The operator T,1,2 is a contraction operator with modulus o* 3
on B, (X), and V(z, ¢, p?) is its unique fived point in B, (X).

Proof. Using similar arguments as those in the proof of Lemma 2.4.5, it follows
that T,1,2 is a contraction operator on B, (X) with modulus 7 := Sa*. By
Banach’s fixed point Theorem A.3.2 (see Appendix A.3), T,1,2 has a unique
fixed point ug1,2 in B, (X), that is,

uleSOQ - T[P1[P2u¢1¢2, (225)
from which we have that w12 is the only solution in B,,(X) to the equation
Ugt 2 (x) = (2, 0' (2),0° (@) + alz, ¢ (), ¢ (2)) /x%l"”z W)Qdylz, o' (), ¢' (2)) z €X.
(2.26)
Thus,

U1 p2(x) = / / [r(:ma,b) + a(z, a, b)/ V12 (Y)Q(dylz, a, b)} ©' (da|z)p®(dblz), =€ X.
BJ/A x
Iterating this equation we obtain

m—1
Upt p2(x) = E;rl”TQ Z Lor(zn, an,by) + E;Tl’ﬂszv¢17w2 (Tm).

n=0

Now, letting m — oo, from (2.23) and (2.8) we obtain
Upt p2(2) = V(z, 0" 9%, VreX.

Therefore, V (z, @', ¢?) is the unique fixed point in B,,(X) of the operator T,1 2.
L]



2.5 Existence of optimal strategies
We now present our main result as follows.
Theorem 2.5.1. Suppose that Assumption 2.4.1 holds. Then:
(a) The game GM has a value V* € B,,.
(b) The game value V* is the unique function in B, such that TV* = V*.

(c) There exist pL(z) € A(z) and p?(z) € B(x) such that

Viz) = H(V*5,0,¢7) (2.27)
= max H(V*;x,cpl,goi) (2.28)
pleA(n)
= min HV*z, 0L 0%, VzeX. (2.29)
©2eB(x)

In addition, the stationary strategies ol = {pl} € Iy and ¢? = {2} € 1%
form an optimal pair of strategies for the game GM.

Proof. From Lemma 2.4.5, T is a contraction on B, (X), thus, by Banach’s Fixed
Point Theorem (see Appendix A.3), there exists a unique fixed point v € B,,(X)
of T. From (2.17) and Lemma 2.4.4(a), v satisfies
v(z) =Tv(z) = max min H(v;z, o' (z), 0% (x))
pleA(z) p2eB(x)
= min max H(v;z, ¢'(z),¢*(x)), zeX.
Jminmax H(via, ¢ ), (x)

In addition, from Lemma 2.4.4 (b), there exists a pair of stationary strategies
(¢l,¢?) € IT§ x II% such that

v(e) = H(vz,pi(2),¢i(2) = Tyipev(z) (2.30)
= max H(vio ol (o), () (231)
PleA(z)
=  min H(vz,¢l(z),¢*(x), zeX. (2.32)
P2 €B(x)

Moreover, from Lemma 2.4.8, V (-, o1, ¢?) is the unique fixed point of T,1.2, so
(2.30) implies v(z) = V(z, 9!, ¢?), 2 € X. Therefore, considering (2.31) and
(2.32), the theorem will be proved if we show that

V(z,mh¢?) < Vi,ep,¢)) < Vie,pi ), Yr'a?) el xII?, z € X.
(2.33)
To prove the first inequality in (2.33), let 7! € II! be an arbitrary strategy for



player 1. Then, for all n € N,
71'1 2 71'1 2
EI s [Fn+1v(xn+la¢ivwz)|hn] = FTLEI ,Sa*[a(xnaanabn)v(xn—i-la@}kawz)‘hn}

T, {a(xn,w;wmi) /. V<y,soi,soi>c2<dyxn,mhn),wz)}
—rn{am,mﬁ(hn),soi) /X V(s 0L 0)Qdylen, 7 (), ¢2)
T (a7 (), 62) — r(mn,mhn),wi)}

<TIy sup H(U;xn,wl(xn)wﬁi(%)) _r(mnvﬂi(hjﬂ)a‘pi)
pleA(zn)

= Fn{”(xn) - T’(In, erb(hn)v @i)}
= Fn{V(CEm 9017 SDE) - ’I"({L‘n, erz(hn>7 903)}
(2.34)

where the last two equalities come from (2.30) and (2.31). Now, from (2.34),
for all n € N,

wt ol
FnV(xn,sDi,sof) — FEy v [Fn+lv(xn+17@ia¢i)‘hn} > Fnr(xmﬂi(hn),@i)a

1 2
thus, taking expectation E, ¥~

obtain

and adding over n = 0,1,...,m—1,m > 0, we

m—1
1 2 1 2
V(x, @iv @3) — Ez ¥ [Fm-ﬁ-lv(xm-‘rh ‘Pi» @f)] > E; ¥ Z Lot (@, an, by).
n=0

Letting m — oo, from (2.8), Theorem A.2.3 and Lemma 2.4.6(b) we obtain
V(wi}w‘pi) > V(xﬂflﬂpi)v z e X,

that is, the first inequality in (2.33) holds. The second inequality is proved
similarly. Hence, the proof of Theorem 2.5.1 is completed. O

2.6 Example: A game with random horizon

Let (X,A,B,K4,Kp,Q,r) be a standard game model which is played as fol-
lows. At time n, when the game is in state x,,, players choose actions (a,by,)
and player 1 receives a payoff r(x,,an,b,) from player 2. There is a positive
probability 1 — a(z,, an,by,) that the game stops; otherwise, the game process
jumps to a new state x,1 according to a stochastic kernel Q(-|x,, an,b,), and
the process is repeated. Hence, the game has a random horizon.

Our objective is to show that this class of games can be modeled by means
of models of the form (2.1), which includes to prove that the corresponding
random horizon total payoff can be written as a performance index with state-
actions-dependent discount factors as (2.8).

We impose the following condition on the stopping probability.



Assumption 2.6.1. There is v € (0,1) such that

*

o= sup ax,a,b) <1l-—vy<l1.
(z,a,b)eK

Let «* and (a*, b*) be artificial state and actions. We define the game model
gM* = (X*aA*aB*;KA*7KB*;Q*7a7T*)
where X* = X U {z*}, A* = AU {a*}, B* = BU {b*} and the corresponding
z-sections are the sets

win . | Aa*} fz=2a,
A(z) { A(z) ifxeX;

won A ifx =g,
B(z) "{ B(z) ifzeX.

We denote
K*:={(z,a,b) : 2 € X*,;a € A*,b e B*}.

The transition law Q* among the states in X* is a stochastic kernel on X* given
K* defined as follows. For (z,a,b) € K

Q*(X|z,a,b) = a(z,a,)Q(X|r,a,b), X € BX)
Q" ({z"}z,a,b) :=1— a(z,a,b),
Q" ({z"}Ha*,a*,b%) := 1.
The payoff function r* : K* — R is given by

wi . | r(z,a,b) if (z,a,b)
(@) _{ 0 if (z,a,b)

K,
(z*,a*,b%).

Im

Let (£, F') be the measurable space associated to the game model GM™ (see
Section 2.2.2) and define the first passage time 7 : ' — Ny U {+00} as

7 := 7(x0,a0,b0,-..) :=inf{n € Ny : &, = 2"},

where, as usual, inf ) = 4+-o00. In other words, 7 is the first entrance time of the
game process into the set {x*}, which will never be left once it is reached, and
where the players incur no payoff.

In next chapter it is proved that it is sufficient to consider the family of
Markov strategies, in order to analyze the game. Then, we restrict our analysis
to the sets IT%,, i = 1,2.

For each pair of strategies (!, p?) € I}, x T2, and initial state € X, the
total expected payoff with random horizon 7 takes the form

1 2 T
VT(I7<)013<)02) = E;,(P ® Zr(znaanabn)a
n=0

where E* is the expectation operator corresponding to the game model GM™.



Theorem 2.6.2. For each x € X and (¢!, ¢?) € 11}, x 113,

Vr(z, 0", 0%) = V(z, 0!, 9%),
where V' is the performance index defined in (2.8)

Proof. For each x € X and (o', ¢?) € [T}, x [13,, observe that

-
1 2
* * *
E¥ % E " (Tp, Gn, by) = E, oo E (T, Gy b ) I7s).-
n=0

Now we have o L
*7 b — ’
E’z L ’I“({,Eo,ao,bo) = E;’O ? T(,To, aop, bo)

In addition, on the set [T > n], we have

1 2
B et = [ [ [ [ @) el lo)Q @l ao o)
A* B* X* A* B*
B (dbo )b (dao) )

- / / / / / r(e1, a1, b1) @3(dby |21)@} (dar [£1)a(z, a0, bo)Q(dz1|z, ao, bo)

A BXAB

1]
@5 (dbo|z)pg (dao|z)

1,2
= E? ¥ a(xo, a0, bo)r(x1,a1,b1).

3 (dbole)pd (daole)

a(x, a0,bo)r(x1,a1,b1) @3 (db1]z1)e] (da|e)Q(dx |2, ao, bo)

Uj\

By applying similar arguments we can prove
E;’wl’¢2 [r*(acmambn ESO i [H « xnvanv T(xnaanabn)

This fact proves the result. O

Similar game models with random horizon have been studied in previous
works under several settings. For instance in [16] it is considered a finite stochas-
tic game, and in [14] it is assumed a bounded payoff. Our example is based on
the paper [6].



Chapter 3

Markov games with random
state-actions-dependent
discount factors

3.1 Introduction

In this chapter we study a class of games which can be considered as a mixture
of the games analyzed in previous chapters. Indeed, we now consider games with
random state-actions-dependent discount factors of the form a(z, ap, by, Eny1),
where z,, a,, b, and &,41 are the state, the actions chosen by the players
and the discount factor’s random disturbance at time n. The key point to
analyze this kind of games is to prove their equivalence to games with state-
actions-dependent discount factors, i.e., non-randomized. Once stated such an
equivalence we can use Theorem 2.5.1 above to prove the existence of a value
of the game and a pair of optimal strategies. However this approach holds over
the class of Markov strategies for which we first need to prove its sufficiency in
the sense of Theorem 3.5.5 below.

As in the previous chapters, we rewrite all elements needed to formulate the
game problem, adapted to this kind of games.

3.2 Game model

A zero-sum Markov game model with random state-actions-dependent discount
factors is defined by the following collection

gM = (X,A,B,Ka.Kg,S,Q,a,r) (3.1)

satisfying the following conditions. The state space X and the actions sets A and
B for players 1 and 2, respectively, as well as the discount factors disturbance
spaces S, are assumed to be Borel spaces. The constraint sets Ka and Kg are
Borel subsets of X x A and X x B, respectively. For each x € X, the z-sections

A(z) :={a € A | (z,a) e Ka}

30



and
B(z) :={beB| (z,b) e Kg}

are non-empty Borel subsets, and represent the admissible actions sets for play-
ers 1 and 2, respectively, when the system is in the state x.
The set
K:={(z,a,0) :x € X,a € A(z),b € B(z)}

of admissible state-actions triplets is a Borel subset of X x A x B. The transition
law Q(:|z, a,b) is a stochastic kernel on X given K, and @ : K xS — (0,1) is a
measurable function which gives the discount factor a(z,, an,bn, &nt1) at stage
n € N, where {{,} is a sequence of independent and identically distributed
(i.i.d.) random variables defined on a probability space taking values in S with
common distribution 8 € P(S). That is

0(S)=P(,€8), SeB(S), neN.

Finally, r(-,-,-) is a real-valued measurable function on K that represents the
one-stage payoff function.

Interpretation.

The game is played as follows. At the initial state o € X, the players inde-
pendently choose actions ag € A(zg) and by € B(xg). Then player 1 receives a
payoff r(zg, ag, bo) from player 2, and the game moves to a new state x1 accord-
ing to the transition law Q(+|zg, ag, bg), and the random disturbance &; appears.
Once the system is in the state z; the players select actions a; € A(z1) and
b1 € B(z1) and player 1 receives a payoff r(z1,a1,b1) from player 2. Next the
system moves to a new state x2, the random disturbance & appears, and the pro-
cess is repeated over and over again. In general, at stage n € N, on the record of
the state-actions and random disturbances, player 1 receives r(xy,, a,, b,) from
player 2 and the corresponding discounted payoff takes the form

FnT(xnv Qn, bn) (32)

where )
I, = H &(2k, az, b, Epy1) ifn €N, and Io=1. (3.3)

k=0

Thus, the goal of player 1 is to maximize, while player 2 wants to minimize,
the total expected discounted payoff defined by the accumulation of the one-
stage payoffs (3.2) over an infinite horizon.

3.2.1 Strategies

The players’ strategies are defined exactly in the same way as in Chapter 2 but
changing the definition of the set H,, of histories up to time n. In this case, we
define Hy := X and H,, := K x S x H,,_1 for n € N, where, for each n € Ny, an
element h,, € H,, takes the form

hn = (%0, ap, bOafl) ooy Tpn—1,0n—1, bn—l;fnamn)y

which represents the history of the game up to time n.



We keep the notation and definitions introduced in Section 2.2.1 of Chapter
2, for the sets A(x), B(x), ®! and ®2.

Thus, strategies for player 1 are defined in Definition 2.2.1, and II' repre-
sents the family of all strategies for player 1. In a likewise manner, Markov
and stationary strategies are defined in Definition 2.2.2, and 11}, and Hls rep-
resent the set of all Markov strategies and the set of all stationary strategies,
respectively.

The sets of strategies 112, Markov strategies 113, and stationary strategies
1% for player 2 are defined similarly.

3.2.2 The game process

Let (€', ) be the measurable space consisting of the sample space ' = (K x S)°
and its product o-algebra F'. As in the previous chapters, for each pair of
strategies (!, m2) € II' x I1? and initial state 2o = x € X, there exists a unique
probability measure PJ " and a stochastic process {(Zn, n, bn, Eny1)}, where
Ty, Ay, by, and &, 41 represent the state, the actions of players, and the discount
factor random disturbance, respectively, at stage n € Ny, satisfying

PI ™ e X] = 6.(X), X €B(X); (3-4)

P™ ™ [a, € A by € Blhn] = 7L (Alhn)72 (Blhn), A € B(A), B € B(B); (3.5)

PF g1 € Xlhnyanbnbng1] = Q(X|an,an,by), X € BX); (3.6)
P77 [€ni1 € Slhnyan,ba] = 6(S), S € B(S), (3.7)

where 0,(+) is the Dirac measure concentrated at . We denote by E;Tl’ﬂz the
expectation operator with respect to PJ i
The stochastic process {z, } defined on (Q, F, P™ ™) is called game process.

3.3 Optimality criterion

According to (3.2) and (3.3), the total expected discounted payoff — with ran-
dom state-actions-dependent discount factors — for a pair of strategies (7!, 72) €
II' x II2, given the initial state 2o = x € X, is defined as

f/(x,ﬂl,ﬂj) = Egl’WQ [Z fnr(xn,an,bn)] . (3.8)
n=0

where T, is given by (3.3).

3.3.1 Game value

Definition 3.3.1. The lower and the upper value of the game are defined as:

L(z) :== sup inf V(z,7',7%) and U(z):= inf , sup V(z,7', 7%
rleqnt m2ell? m2€ll? piet

respectively, for each initial state x € X.

If U(-) = L(-) holds, then the common function is called the value of the
game and is denoted by V*.



Definition 3.3.2. Suppose that the game has a value V*. A strategy w} € It
is said to be optimal for player 1 if

* . ¥, 1 2
V*(x) —ﬂ21161£[2V(a:,7r*,7r ), zeX.

Similarly, a strategy 72 € 11? is said to be optimal for player 2 if

V*(x) = sup V(z,7',72), zeX.
wlellt

Hence, the pair (zl,72) is called an optimal pair of strategies.
Notice that (r},72) € II' x II? is an optimal pair if and only if
V(z,nt,72) < Ve, nl,72) < V(e,nl,72), V(r',7?) e I* x II2, z € X, (3.9)

which is known as the saddle point property.

Similar to previous chapters, for probability measures ¢'(:|x) € A(x) and
©%(|lz) € B(z), € X, we write ¢'(z) = ¢'(-|z), i = 1,2. In addition, for a
measurable function u : K — R,

U.T]'Q:Ul' 11’ Qx:: ulxr, a 1&1'2 x).
(2.0, %) = u(z, 0 (2), ¢(z) /B(w)/m) (2,0, b)¢" (dalz)p <db|(3>10)

3.4 Preliminary results

In this section we will present some lemmas that we use in the proof of our
main results, which we will present in the next section. In order to prove such
lemmas, we introduce the following notation.

Let us fix ¢? € II%. Define the stochastic kernel Q,2 on X given K4 as

Q2 (X|z,a) ::/BQ(X|:v,a,b)gaQ(der)7 X € B(X), (3.11)

likewise, 72 : K4 — R and G2 : K4 xS — (0,1) are the measurable functions
defined as

ro2(r,a) = /Br(x7a,b)<p2(db|x), (3.12)
Goe(v,ays) = /B Gz, a,b, s)2(dblz). (3.13)

In addition, let 7! € II' be an arbitrary strategy and 2 € X, we define the
performance index

Ve (2, 7)== E;Tl

ST e, an)] : (3.14)

n=0



where,
n—1

fﬁz = H Gy (Tg, ag, &pv1) forn € N, and fgz =1,
k=0
and E7 " is the expectation operator with respect to the probability measure
fl = P;rl"f’2 induced by (7!, ¢?) € II' x I1% and z9 = 2. Then, from (3.4) —
(3.7), PT " satisfies the following properties:

Prllzg e X] = 6,(X), X eB(X); (3.15)
P [an € Alhy] = PTan € A b, € Blhy]
= (Alhn)eh (Blz,)
= wL(Alh,), A€ B(A); (3.16)
Pr [@ni1 € X |y anybnénia] = Qu2(X|zn,a), X € B(X); (3.17)
P [€pi1 € S|hn,an,ba] = 0(S), S € B(S). (3.18)

Similarly, for a fixed ¢! € H};, we define Q,1, 71, &1 and the performance
index

f/g,l (x,7%) = E;Q Zfﬁlrw(xn,bn)] , mell? zeX, (3.19)
n=0
where,
n—1
~ 1 - ~ 1
0% =[] @t (zr, br, Gey1) for n €N, and T§ =1.
k=0

Lemma 3.4.1. For each z € X, p? € 113, and ' € II! there exists o' € 11},
such that : y
Ve (2, 7)) = Va2, 0"). (3.20)

Proof. Let x € X, p? € IT%, and 7! € II! be arbitrary. Let us consider the finite
measures

MZ(K) = EX T I (2p,a,), K € B(X x A), n €N, (3.21)

and
m? o (X) = B T¢ Ix(z,), X € B(X), neN. (3.22)
Notice that mg,ln is the marginal of M;ln on X (see Definition B.2.1, in Appendix
B). Indeed, for X € B(X),
MT (X xA) = EF T% Ixwa(n, an) = EF T¢ Iy (xn)]a(an)

x,m
= E" T Ix(z,) =m™ (X).

z,n



Then, by Proposition B.2.2, there exists a stochastic kernel ¢} on A given
X such that, for X € B(X) and A € B(A),

M (X % A) = / o (Aly)m? (dy). (3.23)
X

Furthermore, since M;rln is concentrated on K, we can assume that L (A(y)|y) =
1, y € X. Thus, ¢} determines the Markov strategy ¢! := {¢k} € I1},.
For ¢!, we also define M;ﬁ; and mf,ln in a similar way as in (3.21) and (3.22).
On the other hand, observe that for any measurable simple function f on
X x A we have

BT TS f (i an) = /X I )M ). (3.24)

And from Proposition B.2.3 and the Monotone convergence theorem A.2.2 we
obtain that (3.24) holds for any measurable function f : X x A — R. Moreover,
(3.24) also holds for any measurable function f: X x A — R, with ¢! instead
of 7!, that is,

BT f(2nran) = /X 1w )M, (A ). (3.25)

Therefore, the key point in getting (3.20) is to show that

1 1
A ¥
Mm,n - Mx,na

z € X, néeNg. (326)

We will proceed by induction over n as follows. From (3.15), for X € B(X) we
have ) ) )
my o(X) = E7 Ix(x0) = 02(X) = m o(X).

Then, from (3.21) and (3.23) we obtain, for X x A € B(X x A),
MEX )= [ b(AlmEy(a)
= [ cblmmE ) = ME(X x A).
Hence (3.26) holds for n = 0. Now, let us suppose that (3.26) holds for some n €

N. Then, by (3.17), (3.18), (3.22), and (3.24) with f(y,a) = Q(X|y,a) [g &2 (y,a, s)0(ds)
we have the following:

1 1

~ 2 ~ 2
W (X) = BT T o) = BT (B2 [P D)l
[ 1 [~ 2
= E;:r E;:r [Frf a<p2($naanugnJrl)IX(anrl)‘hnyan:H
[~ 2 1
= B [T B (G0 (s an, Guot) Ix (2ns1) s ]

= ET f‘ﬁ2Q¢2(X|xman)/dwz(xn,an,s)ﬁ(ds)}
L S

1 [~ 2

= B[R )] = [ oMz @)

= [ rwamg ). (3.27)
XxA



Similarly, as in (3.27), with ¢! instead of w!, we obtain

1

mZen (0 = [ F@)ME (. ). (3.28)
XxA
From (3.27) and (3.28) we get

mg,n-&-l(X) = mﬁ,n—&-l(X)' (329)

Now, let us prove M;:;H = Mgf,;+1~ On the one hand, from (3.23) and (3.29),

ME (X x 4) = /X o (Aly)mT o (dy)

- / / oL 1 (daly)m o (dy)
X JA

- / / oL 1 (daly)m®, , (dy). (3.30)
X JA

Further, observe that following similar arguments as in (3.24), it can be shown
that for each w! € II', n € Ny, and any measurable function g : X — R,

ETFE o) = /X a(y)m (dy). (3.31)

On the other hand, from (3.21), (3.16), and (3.31) with g(y) = Ix(y) [, ¢r41(daly)
we obtain

Lp
Mac n+1

(X xA) = E? n+1IX><A(xn+lva'n+1)

T
= { { n+1IxXA(l‘n+han+1)\hn+1H
B r

n+1IX Tp1) By [IA(an+1)|hn+1]}
1
— By [Fm (ansr) [ soal(damw}
= BT g(en) = /X a(y)m . (dy)
- / / oL 1 (daly)mS 1 (dy). (3.32)
X JA
Hence, (3.30) and (3.32) yield (3.26).
Finally, by (3.26) and (3.24) with f(y,a) = r2(y, a),
7wl [Fe? al
BT [0 rpe(wn,an)] = s (4,0) M2, (d(y, )
XxA
1
- / o2 (y, @) ME (d(y, a)
X xA
= Efl [ffrwz(xn,an)].

Therefore, from (3.14) we obtain (3.20), providing that the interchange of ex-
pectation and sum holds, which follows from Assumption 3.5.2 below.
O



Remark 3.4.2. Let us fix o' € II;. Then, once the necessary changes have
been made in the proof of Lemma 3.4.1, we can conclude that for each w2 € 112
there exists ©* € 113, such that

Vo(z,7%) = Va(z,9?), z€X, (3.33)
where ‘Zpl is the performance index defined in (3.19).

Lemma 3.4.3.

(a) For each w' € II' and ©* € 11% there exists p* € I}, such that

Ve, mh 0% =V(z, o' %), zeX. (3.34)
(b) For each n* € II? and @' € 1% there exists p? € 113, such that
Viz, o', 72 =V(z, o' %), zeX. (3.35)

Proof. Let m' € II' and 2 € H% be arbitrary strategies. Let us consider the
corresponding performance index V. (r,7'), z € X. Lemma 3.4.1 yields the

existence of ! € IT}, such that V2 (z, ') = V,2(z, '), 2 € X. Thus, to obtain
(3.34) it is enough to prove

Ve(z, ) = V(z,m',¢?), zeX. (3.36)

In order to prove so, we will compare the corresponding terms in the sums (3.14)
and (3.8).

Indeed, for the first term, from (3.12),
Eglnpz (zo,a0) = / 72 (, ag) g (dag|x)
A

- / / r(, a0, bo)R (dbol) b (daole)
AJB
= E;1’¢2T(l’0,a0, bo)

Moreover, from (3.13)

1~,.2 1
E7 TS ro2(21,a1) = Ef a2 (20, a0,61)702(21,01)

:/ Qe (T, a0,1)T 02 (21, a1) 7] (dai|h1) Q2 (da1| 2o, ag)0(dér ) (dag|x)
AXSXxXxA

/ a(z, ao, bo, &1)r (w1, a1,b1)
AxXxBxSxXxAxB

@1 (dby|)mi (das |l )Q(dx1 |0, ao, bo)8(dér) ¢ (dbolz) g (dao|z)
= BT ¢ a0, a0, bo, €1)r(w1, a1, b1)
= E;Tl’“"2f1r(x1, ai, bl)

By an induction argument it is shown that

1~ 2 1 2~
E7 T ro2(xn,an) = Ef ¢ Tyr(2,, an,by),  Vn € N.

x



Therefore, from (3.14) and (3.8) we obtain (3.36), providing that the interchange
of expectation and sum holds, which follows from Assumption 3.5.2 below.

The proof of part (b) is similar.

3.5 Existence of optimal strategies

Our approach to show the existence of optimal strategies is to prove the equiva-
lence between the performance index (3.8) and one of those studied in Chapter
2, and therefore to apply Theorem 2.5.1. To this end, let us define the mean
discount factor function o : K — (0,1) as

ap(z,a,b) ::/&(m,a,b, s)0(ds), (x,a,b) € K, (3.37)
S
and denote
n—1
Ty =[] ao(ar, ar,be) if n €N, and Ty =1, (3.38)
k=0

For each pair of strategies (7!,72) € II! x II? and initial state x € X, we
define

V(z, 7t n2) = ET [Z I‘nr(:cn,an,bn)] . (3.39)

n=0
We suppose, for the moment, that the class of Markov strategies are sufficient
in the sense of Theorem 3.5.5. Then we can establish our first result as follows.

Theorem 3.5.1. For every initial state x € X and every pair of strategies
(9013§0 ) € 1_IM X H]V[7

Viz,o',¢%) = V(z, ¢!, ¢ (3.40)
Proof. For each z € X and (¢!, p?) € I}, x I12,, from (3.37)

1 2~ 12
E7 9 T'ir(x1,a1,b1) = Ef ¥ a(wo, ao, bo, &1)r (1, a1,b1)

&(xo, ag, bo, &1)r(x1,a1,b1)

/A><B><S><X><A><B
@1 (dbi[a1) 1 (das [21)Q(dz1 |0, ao, bo)B(dér ) @5 (dbo|x) g (dao )

/ / (%0, ag,bo, &1)0 51// r(x1,a1,by)
AxB AxB

@1 (dby|1) i (dar|a1)Q(dx1|wo, ao, bo) e (dbol) g (daolz)
= E¢" ag(wo, ag, bo)r (1, ar, by )
= Efl’V’QFlr(ml, ay,by).
Following an induction argument it is shown that
Efl"Panr(xn,an,bn) = Efl"sznr(xn,an, bn), VmneN.
Therefore, from (3.8) and (3.39) we get (3.40). O



The existence of a value of the game as well as a pair of optimal strategies
is analyzed under the following conditions. (See Assumption 2.4.1)

Assumption 3.5.2. The game model (3.1) satisfies the following:
(a) For each x € X, the sets A(z) and B(x) are compact.

(b) For each (x,a,b) € K, r(x,-,b) is upper semicontinuous (u.s.c.) on A(x),
and r(x,a,-) is lower semicontinuous (l.s.c.) on B(x). Moreover, there
exist a constant ro > 0 and a function w: X — [1,00) such that

Ir(z,a,b)| < row(x), (3.41)

and the functions
/w(y)Q(dy|x,-,b) and /w(y)Q(dy|x,a,-) (3.42)
X X

are continuous on A(x) and B(z), respectively.

(c) For each (z,a,b) € K and each bounded measurable function v on X, the
functions

/ w(y)Qdylz, ) and / u(y)Q(dylz.a,)
X X

are continuous on A(x) and B(x), respectively.

(d) The function a(x,a,b,s) is continuous on K x S, and

o= sup ap(zr,a,b) <1 (3.43)
(z,a,b)€K

(e) There exists a positive constant B such that 1 < B < (a*)~, and for all
(z,a,b) €K
/ w(y)Q(dylz, a,b) < fw(x). (3.44)
X
Remark 3.5.3. Notice that Assumption 3.5.2 (d) implies that Assumption 2.4.1

holds for cg. Indeed, Theorem A.2.3 (see Appendiz A) yields the continuity of
Qg .

We now present our main result which is consequence of Theorem 2.5.1.
Theorem 3.5.4. Suppose that Assumption 3.5.2 holds. Then:
(a) The game GM has a value V* € B,,.
(b) The value V* is the unique function in B, such that TV* = V*.

(¢c) There exists a pair of strategies (pl,p?) € Iy x 114 which is optimal
respect to the Markov strategies

Hence, from Theorem 3.5.5 below, (0L, ©2) is an optimal pair of strategies for
the game GM.



Finally, we conclude presenting the proof of the sufficiency of Markov strate-
gies.

Theorem 3.5.5. Let (¢, p?) € 11§ x I1% be an optimal pair with respect to the
Markov strategies, i.e., for every x € X,

Ve, o) S Ve, ol 92) S Viz o ¢7), V(ph¢?) € My x I3, (3.45)
Then (pl,¢?) is an optimal pair with respect to all strategies, i.e., (3.9) holds.

Proof. Let (pl,9?) € HJS X H% be an arbitrary optimal pair with respect to the
Markov strategies. From Lemma 3.4.3, we have, for each ¢? € 1%,

[/ 12\ _ [/ 1,2
ﬂr{lgr)fl V(l’,’]‘(’ ) P ) - Lprlrg%—[}i[ V(LE,QO P )7 T e Xa (346)

and for each ¢! € I1},

min V(z,¢',7%) = min V(z,p',¢%), z€X. (3.47)

r2€lI2 p2€ll2,

Then, from (3.45) and (3.46)

Vie,op,0l) 2 max V(z,e' el
prelly,

= max V(z, 7 02)
> V(z,nlp?), Vrlell', zeX. (3.48)
Similarly, from (3.45) and (3.47)

V(z, ol 9?) <  min V(z, oL, ¢?%)

V2ell},
= ﬂgleilrilz V(x, L, 7?)
< V(z,pl,n?), Vr2ell?, zeX. (3.49)
Therefore, combining (3.48) and (3.49) we obtain (3.9). O

3.6 Example: Semi-Markov games

A standard two-person semi-Markov game can be formulated as follows: If at the
nth decision epoch the game is in state x,, = x, then the players independently
choose actions a, = a and b,, = b an the following happens:

(1) the game remains in the state z during a nonnegative random time &,41
with distribution H(:|z,a, b);

(2) a payoff 7(z,a,b) is generated which represents a reward for player 1 and
a cost for player 2;

(3) the game jumps to a new state x,y; = y according to a transition law

Q( |z, a,b).



Once the transition to the state y occurs, the process is repeated. (See [8], [12],
10]).
Observe that the decision epochs are T, :=T,_1 +&,, n € N and Ty = 0,
T, Zk o §k+1 The random variable &,4+1 = T, 41 — T}, is called the
SOJOUI‘H or holding time at state x,,.
The standard performance index is defined as follows. For each pair of
strategies (7!, 72) € TI! x 112 and initial state xo = z € X, we define

o0
V(x,wl,ﬂ2):E§1’” Z "T' $n7an7b )

= Egl,w r(xo, ag, bo) + e~ 00 Erta (xn,an,bn)] (3.50)

1 2
=FET " |r(xo,a0,bo) + Z H —ht1p xn,an,bn)‘| ,

8 HMSB

where o > 0 is the so-called discount factor.

In our case, we assume that {£,} is a sequence of i.i.d. random variables
with common exponential distribution with parameter A > 0. Moreover, we
suppose that the discount factor is a continuous function vy : K — [d, 00) for
d > 0. Under this context, the index (3.50) takes the form

oo n—1
V(w7 7?) = BX ™ |r(xo,a0,b0) + Y [[ e 7@mentbetin(z,, a,, m] :
n=1 k=0
(3.51)
Hence, defining & : K x S — (0,1) as

G(x, a,b,€) = 770,

where S = (0, 00), then the performance index (3.51) takes the form (3.8).
Observe that the function & satisfies the Assumption 3.5.2 (d). Indeed, & is
continuous and

o A A
b) = \ —v(z,a,b)s —)\sd — < .
as(,a,b) /0 ‘ TN @b T A rd

Thus

A
*<7 1.
=354 S



Appendix A

Miscellaneous results

A.1 Lower semicontinuous functions

Definition A.1.1. Let X be a metric space and v a function from X to RU{co}
such that v(z) < oo for at least one point © € X. v is said to be

e Lower semicontinuous (l.s.c.) at x € X if

liminf v(x,) > v(x)

n—oo
for any sequence {x,} in X that converges to x. The function is called
lower semicontinuous (1.s.c.) if it is L.s.c. at every point of X.

e Upper semicontinuous (u.s.c.) at z € X if

lim sup v(x,) < v(x)
n—roo

for any sequence {x,} in X that converges to x. Similarly, the function
is called upper semicontinuous (u.s.c.) if it is u.s.c. at every point of X.

The following result is immediate.

Proposition A.1.2. Let X be a metric space. A function v : X — R is u.s.c.
atxz € X, if and only if, the function —v is l.s.c. atx. Moreover, v is continuous
if and only if v is both l.s.c. and u.s.c.

Let L(X) be the family of all the functions on X that are l.s.c. and bounded
below.

Proposition A.1.3. v is in L(X) if and only if there exists a sequence of
continuous and bounded functions v, on X such that v, T v.

Proposition A.1.4. Let X be a compact metric space and f: X — RU{oco} a
l.s.c. function. Then the function [ attains its minimum value at some rg € X,
that is, f(xzo) < f(zx) for all x € X. Further, the set of points where f attains
its minimum value is compact.

Similarly, for an u.s.c. real-valued function f defined on a compact space X,
the set of points for which the maximum is attained is nonempty and compact.

42



A.2 Basic integration theorems

For proofs of the following three theorems, A.2.1- A.2.3, see theorems 1.5.4 —
1.4.6 in [3], pp. 25-26.

Theorem A.2.1 (Fatou’s lemma). If f, > 0 then

liminf [ f,du > /(lim inf f,)dp.
n—oo

n— oo

Theorem A.2.2 (Monotone convergence theorem). If f,, > 0 and f, T f then

[ it [ san

Theorem A.2.3 (Dominated convergence theorem). If f,, — f a.e., |fn] < g
for all n, and g is integrable, then

/ Fadp — / fdu.

A.3 Banach’s fixed point theorem

Definition A.3.1. Let (S,d) be a metric space . A map T : S — S is called a
contraction if there is a number 0 < 7 < 1 such that

d(Ts1,Ts2) < 7d(s1, $2)
for all s1,s9 € S. In this case T is called the modulus of T.

For a proof of the following Proposition see Theorem 5.1-2 in [9], pp. 300-
302.

Proposition A.3.2 (Banach’s Fixed Point Theorem). A contraction map
T on a complete metric space (S,d) has a unique fixed point s*. Moreover,
d(T™s,s*) < t"d(s,s*) foralls € S, n=0,1,..., where T is the modulus of T,
and T™ := T(T"Y) forn =1,2,..., with T := I (the identity).

A.4 Fan’s minimax theorem

Definition A.4.1. Let f be a real-valued function defined on the product set
X xY of two arbitrary sets X, Y (not necessarily topologized). f is said to be

(a) convex on X if for any two elements x1,z2 € X and number « € [0,1],
there exists an element xg € X such that

f(xo,y) <af(zry) + (1 —a)f(e2,y), yeY;

(b) concave on Y if for any two elements y1,y2 € Y and number o € [0,1],
there exists an element yo € Y such that

f(xayo) Zozf(x,yl)—l—(l—a)f(x,m), z e X.



Theorem A.4.2 (Ky Fan’s Minimax Theorem). Let X and Y be two compact
Hausdorff spaces, and f a real valued-function defined on X x Y. Suppose that,
foreveryy €Y, f(-,y) is l.s.c. on X; and for every x € X, f(z,-) is u.s.c. on
Y. Then:

(i) The equality

i ) = in f(z, Al
min max f(x, y) = max min f(z, y) (A1)

holds, if and only if the following condition holds: For any two finite sets
{z1,29,...,2,} C X and {y1,92,-.-,Ym} C Y, there exist o € X and
Yo € Y such that

fxo,ye) < f(xi,y0) (1<i<n,1<k<m).

(ii) In particular, if f is conver on X and concave on'Y, then (A.1) holds.



Appendix B

Borel spaces, stochastic
kernels and multifunctions

B.1 Borel spaces and stochastic kernels

A topological space will always be endowed with the Borel o-algebra B(X), that
is, the smallest o-algebra of subsets of X that contains all of the open sets in
X. Thus, for sets or functions, “mesurable” means “Borel-measurable”.

A Borel subset X of a complete and separable metric space is called a Borel
Space, and its o-algebra is denoted by B(X). A Borel subset of a Borel space
is itself a Borel space.

Definition B.1.1. Let X and Y be Borel spaces.A stochastic kernel on X given
Y is a function Q(+]) such that

(a) Q(:|ly) is a probability measure on X for each fixedy € Y, and

(b) Q(X|) is a measurable function on Y for each fized X € B(X).
The set of all stochastic kernels on X given Y is denoted by P(X|Y).
Definition B.1.2. The stochastic kernel @ € P(X|Y) is said to be

(a) weakly continuous (or that it satisfies the Feller property) if the function

Yo / o(2)Q(dz]y) (B.1)

is continuous and bounded onY for each continuous and bounded function
v oon X;

(b) strongly continuous (or that it satisfies the strong Feller property) if the
function in (B.1) is continuous and bounded onY for each bounded func-
tion v on X.

The following proposition is a consequence of Theorem 16 in [15, p. 89]
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Proposition B.1.3. Let g and g,, n = 1,2,..., be integrable functions such
that g, — g almost everywhere. Then

/lgn_g‘ﬁo

if and only if [|gn] — [lg|. In particular, if g and g, are probability density
functions, then the stated result is known as Sheffé’s Theorem.

Proposition B.1.4 (Theorem of C. Ionescu Tulcea). Let Xo,Xq,... be a se-
quence of Borel spaces and, for n € Ny, define Y, = Xg X --- x X, and
Y = HZOZO X,,. Let v be an arbitrary probability measure on Xy and, for every
n € Ny, let P, € P(X,,+1|Y,). Then there exists a unique probability measure
P, on'Y such that, for every measurable rectangle By X --- X By in Y,

Pl,(Box~-~><Bn):/

V(dx())/ P()(dl‘1|l‘0) Pl(d$2|l‘0,$1)
By By

B2 (B.2)

. / Ph_1(dzn|zo, .. Xpe1).

n

Moreover, for any nonnegative measurable function u on Y, the function

- / u(y) Py (dy)

is measurable on Xo, where P, stands for P, when v is the probability concen-
trated at x € Xg.

B.2 Probability Measures on Borel Spaces

Let X and Y be Borel spaces with Borel o-algebras B(X) and B(Y), respec-
tively. We denote the family of all probability measures on X by P(X).

Definition B.2.1. Let p be a probability measure on X X Y, we denote by
the marginal (or projection) of u on X, i.e.,

p1(X):=puX xY), VX eBX).

Proposition B.2.2 (Corollary 7.27.2 in [1, p. 139]). Let X and Y be Borel
spaces and let u € P(X x Y). Then there exists a Borel-measurable stochastic
kernel o(dy|x) on' Y given X such that

WX V) = [ ¥ lays(de) ¥ X € BX), ¥ € B(Y)

where w1 is the marginal of p on X.

Proposition B.2.3. Let f be a non-negative F-measurable function. Then
there exists a sequence of simple F-measurable functions {s,} such that 0 <
$1< ... <8, < $py1 < ... and lim,_,, = f.



B.2.1 Convergence of Probability Measures

We assume that P(X) is endowed with the weak topology, which is induced by
the weak convergence of measures defined as follows.

Definition B.2.4. Let p and p,, n > 1, be probability measures on X. fi,
converges weakly to pu (which we write as [i, — w) if

/vd/,tn — /Ud,u as n— oo (B.3)

for every continuous and bounded function v on X.

Proposition B.2.5. If X is a Borel space, then so isP(X). Moreover, if X is
compact, then P(X) is also compact.

Using Proposition A.1.3, one can easily prove the next result:

Proposition B.2.6. If y, — p and v: X — R is Ls.c. (see Definition A.1.1)
and bounded below, then

linn_1>i£f/vd,un > /vdu.
B.3 Multifunctions and Selectors

Let X and A be (nonempty) Borel spaces.

A multifunction (also known as a correspondence or set-valued map-
ping) ¢ from X to A is a function such that ¢(z) is a nonempty subset of A
for all x € X. A single-valued mapping ¥ : X — A is an example of a multi-
function. The graph of the multifunction v is the subset of X x A defined as

Gr(y) = {(z,a)lx € X, a € ¢¥(z)}. (B.4)
In this work, we write ¢ (z) as A(z) (B(x)).

For every subset A of A, let
UTHA) = {z € X[i(x) N A # 0}
Definition B.3.1. A multifunction v from X to A is said to be

(a) Borel-measurable if ¥~1(G) is a Borel subset of X for every open set
G CA;

(b) upper semicontinuous (u.s.c.) if »~1(F) is closed in X for every closed
set ' C A;

(¢) lower semicontinuous (L.s.c.) if ~1(G) is open in X for every open set
GCA;

(d) continuous if it is both u.s.c. and l.s.c.



Let 1 be a Borel-measurable multifunction from X to A, we denote by F
the set of measurable functions f : X — A with f(z) € ¢(z) for all x € X. A
function f € F is called a measurable selector of the multifunction .

Let M : X — Y be a correspondence, we define the correspondence @ : X —
P(Y) by

O(z) :=P(M(z)), zeX.

Theorem B.3.2 (Measurable Selection Theorem). Let X and Y be Borel
spaces, ¥ : X — Y be a correspondence with nonempty compact values and
suppose that the function u : Gr(¢)) — R is Borel-measurable such that u(x,-) is
u.s.c. on Y(x) for each x € X. Then, there exists a Borel-measurable selector
f: X =Y for each v such that

u(z, f(x)) = max u(z,y) para cada zx € X.
yeY ()

Moreover, if u is l.s.c. on ¥(x) for each x € X, then there exists a measurable
selector g : X — Y for ¢ such that

u(z, g(z)) = yg};&)u(m,y) for each x € X,

and the function v defined by v(x) = nllblgl)u(x,y) s Borel-measurable.
yeY(x



Appendix C

Conditional expectation

Let (Q,F,P) be a probability space, G a sub-c-algebra of F, and n a F-
measurable random variable. If n is P-integrable, then the conditional expecta-
tion of n given G, denoted by E(7n|G), is any function « on Q such that

(i) w is G-measurable, and

(ii) / udP = / ndP for every G € G.
G G

If C is an event in F, the conditional probability of C given G is defined as
P(C|G) := E(I¢|G), where I¢ is the indicator function of C.

If G is a o-algebra generated by a collection {g;,t € T'} of measurable func-
tions, that is, G = o{g:,t € T}, we usually write E(n|g;,t € T) instead of

E(n|G).

Of course, the conditions (i) and (ii) above determine » only up to a P-null
set in G. However, in relationships involving conditional expectations, we will
usually omit the qualifying “P-almost surely”, since by u = E(n|G) we simply
mean that u satisfies (i) and (ii).

Proposition C.0.1. Letn andn’ be P-integrable random variables on (0, F, P)
and G and G' sub-c-algebras of F.

(a) If 7 is a constant k, then E(n|G) = k;
(b) E(n+n'1G) = EmIG) + E(n'|G);
(c) E[E(m|G)] = E(n);
(d) Ifn is G-measurable then E(n'|G) = nE('|G); In particular, E(n|G) = n;
(e) If G C G, then
E[E(|G)|G'] = E[E(n|G")|G] = E(1|G);

(f) If n, > 0 and n, T 1, then E(n,|G) T E(n|G)

(9) If nn >0, then E(Y_n,|G) = > E(1|9).

n=1 n=1
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