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Abstract

Semi-Markov model is one of the most general models for stochastic dynamic systems.
This paper deals with a two-person zero-sum game for semi-Markov processes. We focus
on the expected discounted criterion with state-action-dependent discount factors. The state
and action spaces are both Polish spaces, and the reward rate function is w-bounded. We
first construct a fairly general model of semi-Markov games under a given semi-Markov
kernel and a pair of strategies. Next, based on the standard regularity condition and the
continuity-compactness condition for semi-Markov games, we derive a “drift condition” on
the semi-Markov kernel and suppose that the discount factors have a positive lower bound,
under which the existence of the value function and an optimal pair of stationary strategies
of our semi-Markov game are proved by using a general Shapley equation. Moreover, in the
scenario of finite state and action spaces, a value iteration-type algorithm for approximating
the value function and an optimal pair of stationary strategies is developed. The conver-
gence and the error bound of the algorithm are also proved. Finally, we conduct numerical
examples to demonstrate the main results.

Keywords Semi-Markov game - State-action-dependent discount factor -
Optimal pair of stationary strategies - Value iteration-type algorithm

1 Introduction

This paper deals with two-person zero-sum semi-Markov games (SMGs) with expected dis-
counted criterion, which is a generalization of discrete-time Markov games (DTMGs) (Shapley
1953), since the sojourn time between two consecutive decision epochs follows any dis-
tribution rather than a constant. Such games have already been studied in the literature
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(Chen et al. 2021; Lal and Sinha 1992; Luque-Vasquez 2002a, b; Minjarez-Sosa and Luque-
Viasquez 2008; Mondal et al. 2016, 2020). However, the existing references are all restricted
to the case where the discount factor is a constant, which may not always hold in practice.

In this paper, we study a more general case of SMGs with varying discount factors to meet the
often demanding nature of real-world problems. For example, considering the application
in economics, the discount factor (interest rate) may depend both on economy environments
and decision-makers’ actions. That is, the interest rate usually varies in different financial mar-
kets and monetary policies, where financial markets can be considered as states and monetary
policies are actions taken by the government. Problems with non-constant discount fac-
tors have been studied for Markov decision processes (MDPs) (Feinberg and Shwartz
1994; Gonzalez-Hernandez et al. 2009; Schil 1975; Wei and Guo 2011; Ye and Guo 2012;
Minjérez-Sosa 2015; Wu and Zhang 2016) and two-person zero-sum DTMGs (Gonzélez-
Sanchez et al. 2019). Furthermore, in light of the application of SMGs to the dynamic
oligopoly model (Kirman and Sobel 1974) and the dynamic overlapping generations model
(Raut 1990), it is required and reasonable to investigate SMGs with state-action-dependent
discount factors to compensate for the inadequacies of theory and application.

On the other hand, most of the literature work on SMGs focuses on the existence of opti-
mal strategies. However, how to efficiently solve a stochastic dynamic game and compute
an optimal pair of stationary strategies are especially important for practical implementa-
tion of game theory. The classic algorithmic study on game theory focuses on matrix games,
which can be solved by linear programming (LP) (Barron 2013). This LP technique further
combines the policy iteration in MDPs to solve discounted two-person zero-sum DTMGs
(Hoffman and Karp 1966; Pollatschek and Avi-Itzhak 1969), where LP is used to improve
strategy at every iteration. Recently, there are emerging investigations that aim to study the
efficient computation for stochastic dynamic games using approximation or learning algo-
rithms. Littman (1994) proposes a minimax-Q algorithm to solve discounted two-person
zero-sum DTMGs, which is essentially motivated by the standard Q-learning algorithm with
a minimax operator in Markov games replacing the max operator in reinforcement learning.
In addition, finite algorithms for some interesting special classes of stochastic games are
also widely studied, such as LP to solve DTMGs with single-controller, switching controller
and separable reward and state independent transition (Filar and Vrieze 2012). Recently, the
same results are extended to SMGs. Mondal et al. (2016) study the discounted two-person
zero-sum SMGs with AR-AT-AITT (Additive Reward and Additive Transition and Action
Independent Transition Times) structure. They prove that such game can be formulated
as a vertical linear complementarity problem (VLCP), which can be solved by the Cottle-
Dantzig’s algorithm. They further propose a policy improvement algorithm for solving a
mixture class of perfect information and AR-AT SMG (Mondal et al. 2020). Notice that the
above algorithms for solving SMGs are only suitable for some special structures, which fail
to effectively solve general discounted two-person zero-sum SMGs.

In this paper, we aim at studying the two-person zero-sum SMGs with expected dis-
counted criterion in which the discount factors are state-action-dependent. The objective is
to find an optimal pair of stationary strategies to maximize the reward of player 1 (P1) and
minimize the payoff of player 2 (P2). More precisely, we deal with the SMGs specified by
five primitive data: the state space X; the action spaces A, B for P1 and P2, respectively;
the semi-Markov kernel Q(t, y|x, a, b); the discount factor o (x, a, b); and the reward rate
function r(x, a, b). The state space X and action spaces A, B are all Polish spaces, and the
reward rate function r (x, a, b) is w-bounded. The semi-Markov kernel Q(¢, y|x, a, b) is a
joint distribution of sojourn time and state for any given (x,a,b) € X x A x B, which is
more general in comparison to the literature (Luque-Vasquez 2002a, b; Minjarez-Sosa and
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Luque-Viésquez 2008; Mondal et al. 2016, 2020). To the best of our knowledge, the frame-
work with the common state-time distribution was just used in previous works dealing with
semi-Markov decision processes (for non-negative reward rate function (Huang and Guo
2011, 2010); for average criterion with unbounded reward rate function (Ross 1970)) and
SMGs (for bounded reward rate function (Chen et al. 2021; Lal and Sinha 1992; Tanaka
and Wakuta 1976); for average criterion with unbounded reward rate function (Vega-Amaya
et al. 2022)), which has not been studied in discounted SMGs with unbounded reward rate
function. This extension necessitates the addition of a new “drift condition”, which leads to
a general Shapley equation and a more complicated proof of optimality. With these new fea-
tures, we construct an SMG model with a fairly general problem setting. Then we impose
suitable conditions on the model parameters shown in Assumptions 1-4, under which we
establish the Shapley equation and prove the existence of the value function and an optimal
pair of stationary strategies of the game. Our proof is quite different from Gonzélez-Sénchez
etal. (2019) since we directly search for optimal strategies with respect to history-dependent
strategies instead of restricted to Markov strategies. Furthermore, in the scenario of finite
state and action spaces, we derive a value iteration-type algorithm to approach to the value
function and an optimal pair of stationary strategies of the game based on the Shapley equa-
tion. The convergence and the error bound analysis of the algorithm are also derived. Finally,
we conduct numerical examples on an investment problem to demonstrate the main results
of our paper.

The contributions of this paper can be summarized as follows. (1) This paper studies a
fairly general model of SMGs with state-action-dependent discount factors and joint prob-
ability transition functions. We derive a “drift condition” (see Assumption 3) on the generic
semi-Markov kernel, which is more general than the counterparts in the literature work
(Luque-Vasquez 2002a, b; Gonzalez-Sanchez et al. 2019), as stated in Remark 3. (2) In
order to find an e-optimal pair of stationary strategies and an approximate value function,
a value iteration-type algorithm is proposed, which can be viewed as a combination of the
value iteration of MDPs and the LP of matrix games. Moreover, the convergence and the
error bound of the algorithm are also analyzed.

The rest of this paper is organized as follows. In Section 2, we introduce the model of
SMG as well as the optimality criterion. Our main optimality results are stated in Section 3
and studied with the proof in Section 4. A value iteration-type algorithm for approximat-
ing an optimal pair of stationary strategies is developed in Section 5, and some numerical
examples are conducted to demonstrate our main results in Section 6. Finally, we conclude
the paper and discuss some future research topics in Section 7.

2 Two-person zero-sum semi-Markov game model

Notation: If E is a Polish space (that is, a complete and separable metric space), its Borel o' -
algebra is denoted by B(E), and P(E) denotes the family of probability measures on B(E),
endowed with the topology of weak convergence.

In this section, we introduce a two-person zero-sum SMG model with expected dis-
counted criterion and state-action-dependent discount factors, which is denoted by the
collection

{X,A,B,(A(x), B(x),x € X), O(¢t, y|x,a,b),a(x,a,b), r(x,a,b)},

where the symbols are explained as follows.
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® X is the state space which is a Polish space, and A, B are action spaces for P1 and P2,
respectively, which are also supposed to be Polish spaces.

® A(x) and B(x) are Borel subsets of A and B, which represent the sets of the admissible
actions for P1 and P2 at state x € X, respectively. Let

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

be a measurable Borel subset of X x A x B.
®  Qf(t, ylx,a, b) is a semi-Markov kernel which satisfies the following properties.

(a) For each fixed (x,a,b) € K, Q(-, -|x, a, b) is a probability measure on [0, co) x X,
whereas for each fixed r € [0, 00), D € B(X), O(t, D|-, -, -) is a real-valued Borel
function on K.

(b) For each fixed (x,a,b) € K and D € B(X), Q(-, D|x, a, b) is a non-decreasing
right-continuous real-valued Borel function on [0, oo) such that Q(0, D|x, a, b) = 0.

(¢c) Foreach fixed (x, a, b) € K, we denote by

H(|x,a,b) := Q(, X|x,a,b)

the distribution function of the sojourn time at state x € X when the actions a €
A(x),b € B(x) are chosen. For each x € X and D € B(X), when P1 and P2 select
actions @ € A(x) and b € B(x), respectively, Q(¢, D|x, a, b) denotes the joint prob-
ability that the sojourn time in state x is not greater than + € R and the next state
belongs to D.

® «a(x,a,b) is a measurable function from K to (0, o0), which denotes the state-action-
dependent discount factor.

® r(x,a,b) is a real-valued function on K, which represents the reward/payoff rate
function for P1/P2.

Remark 1 In our SMG model, the semi-Markov kernel Q(, -|x, a, b) is a joint probability
distribution with respect to sojourn time and state for given (x, a, b) € K. Thus, our model
is more general than the counterpart in the literature (Lal and Sinha 1992; Luque-Vasquez
2002a, b; Gonzalez-Sanchez et al. 2019).

The evolution of SMGs with the expected discounted criterion carries on as follows.

Assume that the game starts at the initial state xo € X at the initial decision epoch
to := 0. The two players choose simultaneously actions ag € A(xp), bo € B(xp) accord-
ing to the variables 79 and xg, then P1 and P2 receive immediate reward r(xg, ag, bg) and
immediate payoff r(xo, ag, bo), respectively. Consequently, after staying at state xo up to
time #; > fy, the system moves to a new state x; € D according to the transition law
Q(t1 — tg, D|x¢, ag, bp). Once the state transition to x; occurs at the 1st decision epoch 71,
the entire process repeats again and the game evolves in this way.

Thus, we obtain an admissible history at the n-th decision epoch

hy = (to, X0, ao, bo, t1, x1, a1, b1, ..., th, Xp).
When the game goes to infinity, we obtain the history
h := (%o, x0, ao, bo, t1, x1, a1, by, ...),

where t, < ty+1, (Xn, an, by) € K for all n > 0. Moreover, let H, be the class of all
admissible histories %, of the system up to the n-th decision epoch, endowed with a Borel
o-algebra.
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Let (2, F) be the canonical measurable space consisting of the sample space Q =
(Ry x X x A x B)® and the corresponding product o-algebra F. For each v =
(to, x0, ao, bo, t1, X1, ...) € K2, we define a stochastic process {7,,, X, A,, By, t > 0} on
(€2, F) by

Ty(w) = ty, Xp(w) = xn, Ap(w) = ay, By(w) = by.
Moreover, we denote H, the processes of decision time, state and action until the n-th
decision epoch by

Hi’l(w) = (T05 X()a AO? BO? st Tns Xn)(a)) = hl‘l'

To introduce our expected discounted criterion discussed in this paper, we give the
definitions of strategies as follows.

Definition 1 A randomized history-dependent strategy for P1 is a sequence of stochastic
kernels 7! := (n,ﬁ ,n > 0) that satisfies the following conditions:

(i) for each D € B(X), n,}(D|~) is a Borel function on H,,, and for each h, € H,,
JT,} (-|hy) is a probability measure on A;
(i1) 71,} (+|h,) is concentrated on A(x;,), that is

a (A@)|hy) =1, Vh, € H,andn > 0.

We denote by IT; the set of all the randomized history-dependent strategies for P1 for
simplicity.

Definition 2 (1) A strategy xl = (n,}, n > 0) € Il is called a randomized Markov
strategy if there exists a sequence of stochastic kernels ¢; = (¢, n > 0) such that

7 Clhn) = @u(lxn), Yhy, € Hy andn > 0.

(2) A randomized Markov strategy ¢1 = (¢,,n > 0) is called stationary if ¢, is
independent of n; that is, if there exists a stochastic kernel ¢ on A given x such that

on(-1x) = @(-|x), Vx € Xandn > 0.
That is, ¢1 = (¢, ¢,...) =: ¢*°. For convenience, we still use ¢ to denote the
randomized stationary strategy without special declaration.

(3) Moreover, if ¢(-|x) is a Dirac measure for all x € X, then the stationary strategy ¢ is
called a pure strategy.

We denote by nM, & and 1'[11W D the sets of all the randomized Markov strategies,
randomized stationary strategies and pure strategies for P1, respectively.

The sets of all randomized history-dependent strategies Iy, randomized Markov strate-
gies Hg” , randomized stationary strategies @, pure strategies 1—[/214 D for P2 are defined
similarly, with B(x) in lieu of A(x). Clearly, [1{'? ¢ &, c I}/ C T} and IY'P C @, C
n c m,.

For each x € X, !

e My, 72 € M, by Theorem of C. Ionescu-Tulcea (Herniandez-

Lerma and Lasserre 2012a, P.178), there exist a unique probability space (R, F, P} d 2)
and a stochastic process {T,,, X, A,, By, n > 0} such that for each D € B(X), D; €
B(A), D, € B(B) and n > 0, we have

P77 (X =x) = 1,
1 2
PT " (A, € D1, By € Dalhy) = 7, (Di|hy)w2(Dalhy),
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1.2
]P);r o (Thr1 — Ty < t, Xp+y1 € Dlhy, an, by) = Q(t, Dlxy, ay, by).

12
Here and in what follows, we denote by EX '* the expectation operator with respect to
]P” 1 , 712
Y.
To avoid the possibility of infinitely numerous decision epochs during the finite time
interval, we take an assumption on the semi-Markov kernel, which is also used in Lal and
Sinha (1992), Luque-Vasquez (2002a, b), and the references therein.

Assumption 1 There exist constants 0 > 0 and § > 0 such that
H®|x,a,b) <1—-8§, V(x,a,b)eK.

1

Proposition 1 If Assumption 1 holds, then for each fixed x € X and n' € Ty, 7% € Ty,

we have L
P (lim T, =o0) = L.
n—oo

The proof of Proposition 1 is provided in Appendix B.
. P .. . . .
Since T,, —> o0, it is not required to consider the processes fort > Too = lim 7,,. Now,
n—o0

we establish an underlying continuous-time state-action process {X (¢), A(?), B(¢),t > 0},
which corresponds to the stochastic process {7, X,,, A, By, n > 0} with probability space

@, F,PL ),

o0
X() =Y g,<r<t,p) Xn:
n=0

o0
A(t) = Z L1, <t<70 1) Ans
n=0

(e.¢]
B(®) =) L, <<T,.1) Bu.
n=0
where 1 is an indicator function on any set E.

Definition 3 The stochastic process {X(¢), A(t), B(t),t > 0} is called a semi-Markov
game.

Next, we will show the definition of the expected discounted criterion in this paper.

Definition 4 For each (!, 72) € II; x Il,, the initial state x € X and discount factor
a(-) > 0, the expected discounted reward/payoff for P1/P2 is defined as follows:

Vix,n', 7% = Ezl'”2[/-

" R .40 B0 (x (1), A(t), B(t))dt]. (1)
0

P1 aims to maximize the reward while P2 aims to minimize the payoff. Both players aim
to find an optimal strategy.

Definition S The upper value and lower value of the expected discounted SMG are defined
as
Ux):= inf sup V(x, !, nz) and L(x) := sup inf V(x, !, 712),

2 2
n2ellyplery lemm el
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respectively. Obviously, U (x) > L(x) for all x € X. Moreover, if it holds that L(x) = U (x)
for all x € X, then the common function is called the value function of the game and
denoted by V*.

Definition 6 Assume that the game has a value function V*(-). Then a strategy 7} € IT; is
said to be optimal for P1 if

inf V(x, 7}, 7% =V*(x), Vx € X.

b 26 Il
Similarly, nf € I, is said to be optimal for P2 if

sup V(x, !, nf) = V*(x), Vx e X.

JT]€H1

If 71 is optimal for player i (i = 1, 2), then we call (;, 72) an optimal pair of strategies.

Remark 2 (!, 2) is an optimal pair of strategies if and only if

V(x,rrl,nf) < V(x,m:,n'f) < V(x,nl,nz), Vx € X,nl € 1'11,712 € I,.

Remark 2 is an effective method to verify whether a pair of strategies (7', 72) is an
optimal pair of strategies, which is widely used in the literature of two-person zero-sum
stochastic games; see, for instance, Gonzalez-Sanchez et al. (2019), Luque-Vasquez (2002a,
b), and the references therein.

3 Main results

This section focuses on the existence of the value function and an optimal pair of stationary
strategies, which requires imposing suitable assumptions on the model parameters. We first
give some notations for convenience.

Given a measurable function w : X — [1, 00), a function u on X is said to be w-bounded
if it has finite w-norm which is defined as

. |u(x)]
lulle == sup ,
xex @(x)

such a function w can be referred to as a weight function. For convenience, we denote by
B, (X) the Banach space of all w-bounded measurable functions on X.
For each given function u € B, (X) and (x, a, b) € K, we write

[o¢] o0
Gu,x,a,b) = r(x,a,b)/ e_"‘("'“‘b)‘(l—H(tlx,a,b))dt-l—/ e—“”»“-b)’/ u(y)Q(dt,dy|x,a, b).
0 0 X
2

For each fixed x € X and probability measures u € A(x) := P(A(x)) and A € B(x) :=
PP(B(x)), we denote

Gl x 1, 2) = / G, x, a, byu(dayr(db),
A(x) /B(x)

whenever the integral is well defined.
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We define an operator 7' on B, (X) by

Tu(x):= sup inf G(u,x,u,A), VxelX, 3)
;LEA(X))“EB(X)
which is called the Shapley operator. A function v € B, (X) is said to be a solution of the
Shapley equation if
Tv(x) =v(x), VxelX.
In order to explore the existence of an optimal pair of stationary strategies, we also need
to define a stationary-strategy-dependent operator 7' (¢1, ¢2) on B, (X) by

T((pla ‘/72)”(x) = G(u!x7 (Pl('|x)’ QDZ("X)), Vx € Xs

where (@1, ¢2) € 1 x P is a pair of stationary strategies.

Next, we give some hypotheses to guarantee the existence of an optimal pair of station-
ary strategies. The framework settled by these hypotheses has became quite standard for the
study of semi-Markov models (Chen et al. 2021; Huang and Guo 2011, 2010; Lal and Sinha,
1992; Luque-Viasquez, 2002a, b; Minjarez-Sosa and Luque-Vasquez 2008) and varying
discount factors (Feinberg and Shwartz 1994; Gonzalez-Herndndez et al. 2009; Gonzélez-
Sanchez et al. 2019; Minjarez-Sosa 2015; Wei and Guo 2011; Ye and Guo 2012; Wu and
Zhang 2016).

Assumption 2 (a) There exists a constant ag > 0 such that a(x,a,b) > «g for all
(x,a,b) € K. (b) There exists a measurable function o : X — [1, 00) and a non-negative
constant M such that for all (x,a, b) € K,

|r(x,a,b)] < Mw(x).

The key point is that Assumption 2 entails a finiteness property of expected discounted
reward. Below we give an important consequence of Assumption 1 and Assumption 2(a).

Lemma 1 [f Assumptions 1&2(a) hold, then there exists a constant 0 < y < 1 such that
foreach (x,a,b) € K,

o
| ety ab < v @)
0

The proof of Lemma 1 is provided in Appendix A.

Assumption 3 There exists a constant n with 0 < ny < 1 such that for each fixed t > 0
and (x,a,b) € K,

/Xa)(y)Q(t,dylx,a,b) = nw(x)H(tlx,a,b), )

where w(-) is the function mentioned in Assumption 2.

Remark 3 (1) We call Assumption 3 the “drift condition”, which is needed to ensure
that the Shapley operator (defined in (3)) is a contraction operator with respect to a
weighted norm as well as our main results. Obviously, Assumption 3 naturally holds
when r is bounded by taking w(-) = 1 and n = 1.

(2) Particularly, if we set Q(,yl|x,a,b) = H(t|x,a,b)P(y|x,a,b), where
P(y|x,a,b) denotes the state transition probability, then (5) degenerates into
fX o(y)P(dylx,a, b) < nw(x), which is the same as the Assumption 3(b) of Luque-
Vasquez (2002a) and Assumption 1(e) of Gonzélez-Sanchez et al. (2019). Thus, our
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Assumption 3 is more general than the counterpart in the literature Luque-Vasquez
(2002a) and the Example 3 of Gonzalez-Sanchez et al. (2019) about SMG is a special
case of ours.

(3) Combining Lemma 1 with Assumption 3, it is easy to derive

o0
/0 e*‘*()‘-“’)’/ u(y)Q(dt, dy|x,a, b) < nylullew), Yu € By(X), (x,a,b) € K.
X
(6)

Moreover, we impose the following continuity-compactness conditions to ensure the
existence of an optimal pair of stationary strategies of our SMG model.

Assumption 4 (a) For each fixed x € X, both A(x) and B(x) are compact sets.

(b) Foreachfixed (x,a,b) € K, r(x, -, b) is upper semi-continuous on A(x) andr(x, a, -)
is lower semi-continuous on B(x).

(c) Foreach fixed (x,a,b) € K, t > 0and v € B, (X), the functions

a|—>/v(y)Q(z,dy|x,a,b) and bl—)/v(y)Q(t,dypc,a,b)

are continuous on A(x) and B(x), respectively.
(d) Foreachfixedt = 0, H(t|-, -, -) is continuous on K.
(e) The function a(x, a, b) is continuous on K.

Remark 4 (1) Assumption 4 is similar to the standard continuity-compactness hypothe-
ses for Markov control processes; see, for instance, Herndndez-Lerma and Lasserre
(2012b), and the references therein. It is commonly used for the existence of minimax
points of games.

(2) By Lemma 1.11 in Nowak (1984), if Assumption 4(a) holds, then the probability
spaces A(x) and B(x) are also compact for each x € X.

(3) These continuity-compactness conditions are specifically applied to infinite state and
action spaces, which obviously hold when S and A, B are finite.

Now, we present our main results, Theorem 1 below, which extends to SMGs with com-
mon state-time distribution and state-action dependent discount factors the analysis given
in Luque-Viasquez (2002a) for SMGs with constant discount factor.

Theorem 1 Suppose that Assumptions 1-4 hold, then

(@) The SMG has a value function V*(-), which is the unique function in B,(X) that
satisfies the Shapley equation, i.e.,

V¥x)=TV*(x), VxelX,

and furthermore, there exists an optimal pair of stationary strategies.

(b) A pair of stationary strategies (¢y, ¢3) € ®| x @ is optimal if and only if its expected
discounted reward satisfies the Shapley equation, i.e., TV (x, o], ¢3) = V(x, ¢}, ¢3)
forall x € X.
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4 Preliminaries and proofs

In this section, we present some results needed to prove Theorem 1. Some of these results
are already known in the literature (Luque-Vasquez 2002a, b), but we state them here for
completeness and ease of reference.

Lemma 2 Suppose that Assumptions 1-4 hold, then for each given function u € B, (X),
the function Tu is in B, (X) and

Tu(x) := min max G(u X, Uy A). @)
reB(x)neA(x)

Moreover, there exists a pair of stationary strategies (¢1, ¢2) € ®1 x Py such that

Tu(x) = G(u,x, 91(:|x), g2(:|x))
max Gu, x, p, p2(-|x))
neA(x)

min G(u x, p1(:[x), A). (®)
reB(x

Lemma 3 Both T and T (¢1, ¢2) are contraction operators with modulus less than 1.

Since T and T (g1, ) are both contraction operators, there exist unique functions u* €
B,(X) and ”wl o € Bo (X) such that Tu*(-) = u*(-) and T (¢, p2)u’
by the Banach’s fixed point theorem.
Before stating the next important result, we give the definition of the m-shift strategy
(Hernandez-Lerma and Lasserre 2012b, P.96).

o1, wz() ;Mpz(')

Definition 7 Given a strategy 7' = {7}, n=0,1,...} € II;,i = 1,2, and an integer

m > 0, the corresponding m-shift strategy "r’ = {(’")nn, n=0,1,...}is given by

Ml Clxm) 2= 70, ),

andforn=1,2,...,
(m)ﬂyl,('lxmv Ay by oo Xpgn) = ﬂ:n+n('|hms Ay by - - s Xinn),
where h,, = (ty, X0, ao, bo, ..., ti—1, Xm—1, Am—1, bm—1, tm, Xm) denotes the admissible

history at the m-th decision epoch.

Lemma 4 For each (', 7%) e TI; x [Ty and x € X,
Vit w?) = T ™, 7>V, Wa !, Ox?)
where Dt = (n,i,n > 1) is the I-shift strategy of m' = (JT,’;,H > 0), JT(i)oo =
(716, 71'6, o), i=1,2, and (7'[(}00, ﬂgoo) is a pair of stationary strategies.
Now, if we set 7! = ¢; and 72 = ¢, specially, which are both stationary strategies,

from Lemma 4, we have

V(x,01,92) =T (o1, 02)V(x,01,92), VxeX,

which implies that the function V (x, ¢1, ¢2) is the unique fixed point of the contraction
operator T (g1, ¢2).
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Lemma 5 Suppose that Assumptions 1-3 hold, let (', w?) € Ty x Iy, then for each
x € X, u € By(X), we have
Tn

lim Efl’ﬂz I:e—( o ot(X(s),A(s),B(s))dsu(Xn)] —0.

n—o0o

Proofs of Lemmas 2-5 are provided in Appendix A. Next, a complete proof of Theorem 1
is given by applying Lemmas 2-5.
Proof of Theorem 1 (a) Let u™* be the unique fixed point of 7' in B, (X), that is

u*(x) =Tu*(x), VxeX.

By Lemma 2, there exists a pair of stationary strategies (¢1, ¢2) € ®1 x &, such that for
eachx € X,

Tu*(x) = G@*, x, 1(:|x), p2(-x))

= max Gu™, x, u, p2(-|x
max ( M, 2(:1x))

= min G(u*, x, p1(:|x), 1), 9
,min, W™, x, @1(:x), 1) C))

which implies that
u*(x) = G*, x, 1(1x), p2(-|x)) = T (g1, p2)u™(x), Vx € X.
Moreover, by Lemma 4,
Vx,o1,02) =T(p1, 92)V(x, 91, ¢2), Vx € X,
from which we can derive
ut(x) = V(x, 01, 92), VxeX.

Next, we prove that u™* is the value function of the game and (¢, ¢) is an optimal pair of
stationary strategies, that is

Vx, o1, 72) > Vx,01,0) >V, 7', ¢), V', 7?) el x. (10

We just prove the first inequality in (10). Then a similar proof can follow for the second
inequality. By (9), we have

u*(x) < GW*, x, o1(-|x), 1), VA€ Bx).

Particularly, let A be an indicator function such that A(db) = 1. Then for each b € B(x), we
have

o0
W (x) < / {r(x,a,b)/ e*“@v“”’”[l —H(t|x,a,b)]dt
Alx) 0

+/ e_“(x'“’b)t[/ u*(y)Q(dt,dy|x,a,b)”(pl(dalx).
0 X

For each given h, = (1, xo, ao, bo, - . ., ty, Xn) € H, and b, € B(x,), we have

[
u*(xn) = / {r(xm dn, bn)/ efa(xn,an,bn)tl:l — H(t|xy, an, bn):ldt
A(xy) 0

o0
+ / | f uw* (y) Q(dt, dy|xn,an,bn>]}<m(dan|xn = x).
0 X
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For V2 € Il,, integrating b, on both sides in the above inequality, we have

o0
W) < / / { / | / W QU1 dy L, an, bo) |+
B(xn) J A(xn) 0 X

o0
r(x,, an, by) / e—a(x,,,a,,,bn)tl:] — H(t|x,, an, bn)]dt} p1(day| Xy = xn)n,%(dbann = hy)
0
_ IE“"*”Z[e‘fTTJM XA BOMs iy H, = hn:|
X

Tat1
+ES | f e i XA B (3 (1), Aw), Bt H, = .

n

Notice that the above inequality holds for all #,, € H,, taking x,, as a random variable
X, and we have

Th+1 . . . .
WH(Xp) < BT [ T OB (x|

Tnt1
+E0 | / e I CXWAOBOND (3 (1), A1), BO)drH |

n

Tn
Multiplying e~ Jo" a(X().A().B6Dds on both sides in the above inequality and using the
properties of the conditional expectation, we have

Tn

! ) Nds 2 Tnt1 ) )
e lo a(X(s),A(s).B(J))dsu*(xn) < EoT [e*.fo rx(X(s),A(s)A,B(s))dsu*(Xn_H)IH’I]

Tut1
+Ef]’ﬂ2|:/ + e_f(;a(X(S)’A(s)’B(S))dSr(X(l‘),A(l‘),B(l))dl|Hn:|~

2
Then, taking the expectation EZ''”" ", we have
[Efl’”z[e_f“n u(X(s),A(s),B(s))dsu*(Xn):| < ]E‘flvﬂz [e_ i+ a(X(s),A(s).B(s))dsu*(Xn+l)]

T,
+]Eflyﬂz[/ +1 e_f(;u(X(s),A(s),B(s))dsr(X(Z),A(I)’B(t))dt].

Now, summing overn =0, 1,2, ..., N, we obtain
o TN+ ¢
u () = B9 / eI XA By (X (1), A1), Bt ]
0
B[ Jo ! XA B ()]
i .
Letting N — o0, according to Lemma 5, we derive
0 1
') < B[ [ e a0 B0 ), a0, Bt
0
which means that the first inequality in (10) holds.

® =)

Suppose that (¢}, ¢3) € @1 x ®; is an optimal pair of stationary strategies, then for each
x € X, (71'1,712) e I1; x IT,, we have

Vx,¢f, 7% = V(x, ¢}, 93) > Vix, 7', ¢3).
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For each fixed A € B(x), let 72 = {n,%, n > 0} with ng = X and n,% = ¢;,n > 1, then by
Lemma 4, for each x € X, we have

V(x, ¢, 03) < Vix, ¢f, 1% = T(p}, MV (x, 9}, 93),
which yields

V(x, ¢, ¢3) < xlfﬁ&)T(wT’ MV (x, 0, 93) < TV(x, ¢}, 93).

Similarly, we can prove
V(x, 07, 95) = TV (x, 97, 3).

Combining the last two inequalities, we obtain the desired result.
(<)
This part holds, which has been proved in part (a).

5 Algorithm

In this section, for the feasible implementation of algorithms, the state and action spaces are
supposed to be finite. To avoid excessive symbols, we still use w-norm by taking w(-) = 1,
which represents the infinity norm, i.e., |u]l, = sup |u(x)| = ||u|lco, Yu € B, (X). We

xeX
develop an iterative algorithm to approach to the i/alue function and an optimal pair of
stationary strategies of our two-person zero-sum SMG, where numerically solving matrix
games is iteratively utilized at every state in a form of value iteration.
Without loss of generality, we assume that A(x) := {aj,a2,...,an,} and B(x) =
{b1,b2, ..., bm,}, forany x € X := {xo, x1, ..., x,—1}. Under Assumptions 1-4 presented
in Section 3, we rewrite the Shapley equation in a matrix form as follows

min max  G(V*, x,¢1(:|x), 2(:|x))
@2(-|x)EB(xX) g1 (-|x)€A(x) ¢ ¢

. T *
= min max xX)G(V*, x),(x) (11)
020 EB()p (DA ] 2

: T *
max min xX)G(V*, x)e,(x), Vx e X,
1 (DA, eBD) ! 2

V*(x) =

where G(u, x) denotes an m| X mp-dimensional matrix for each fixed x € X and given
function u € B, (X), with elements defined as

Gu,x)ij =G, x,a;,b;), i=12,....mp; j=12,...,m,

and @ (x) := (gx(1]x), ..., o (mg|x))T is an my-dimensional column vector for k = 1, 2.
It is obviously that the last equation of (11) can be viewed as a matrix game with reward
matrix G(V*, x) at each state x € X.

However, we cannot directly solve (11) since the value function V* is unknown. Below,
we develop Algorithm 1 to iteratively compute a series of matrix games whose values can
asymptotically approach to V*(x) at each state x. From the lines 11-12 of Algorithm 1, we
can see that at the n-th iteration, V;, (x) and (@ (x), ¢’ (x)) are obtained by using LP to solve
the game with reward matrix G(V,,—1, x). This iterative procedure of computing a series of
V,, is similar to the classic value iteration algorithm in the MDP theory. Considering that
iterative algorithms usually converge to approximate solutions in finite steps, we give the
definition of e-optimal.
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1 Algorithm parameter: a small threshold € > 0 determining accuracy of estimation;
model parameters 6, § given by Assumption 1, ¢g given by Assumption 2(a), and

n = 1 given by Assumption 3, with y = 1 — 8 4+ 8¢~ and ¢ = lfny;
function w(-) = 1 given by Assumption 2(b)
2 Initialize: V (x) € R for all x € X arbitrarily
3 repeat
4 A <«0
5 Loop for each x € X do
6 v < V(x)
7 for i=1;i <my;i ++do
8 for j=1;j <my; j++do
9 | G, x)ij < G(v,x,a;,bj)
10 Solving the game with matrix g(v X)
11 V(x) < max TG, X))@, (x)
01 MeA) o eB) ¥ o
12 (@(x), @5(x)) < arg max T'(xX)G(, x)@,(x)
?1 ¢2 g(pl(x)EA(X) ¢2(X)EB( )(P1 &
[v=V )|
13 | A < max{A, "w(x)x }
14 until A < ¢;
15 Output:
16 Ve(x) = V(x) and (97 (x), 95(x)) = (9, (x), @, (x))

Algorithm 1 Value iteration-type algorithm to solve the two-person zero-sum SMG.

Definition 8 Assume that the game has a value function V*. Then a pair of strategies
(nal, 7162) € I1; x I, is said to be e-optimal of the game if

V(e mh 7)) = VOl < e

Moreover, V.(-) := V (., 7181, 7r52) is called the e-value function of the game.
Furthermore, we derive Theorem 2 to guarantee the convergence of Algorithm 1.

Theorem 2 Under Algorithm 1, for any given € > 0 and initial value Vy € R, there exists a
non-negative integer N = (l +logyy (mn)ﬂﬂ@#% such that ||Vy, 41— Vi, llo <
€, which implies that Algorithm I can converge within N iterations. Moreover, the strategy

pair (¢], ¢5) output by Algorithm 1 is e-optimal, where & = lfny'

Proof According to the iterative formula of Algorithm 1, we have
Vas1r = Vallo = 1T Ve = TVaillo = 0¥ IVe = Va-illw, V=1,
which by iteration yields
1Vist = Vallo < )" ITVo — Vollw,  ¥n = 0.
For each given € > 0 and initial value Vy € R, if TV = Vp, choose N, = 0, and we have

[VNe+1 = Ve llo =0 < €,
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otherwise, if TVy # Vp, choose N. = 1 + Llogny(mn, and we have

VN1 = Vv llo < )N lIT Vo = Vollw < €.

Combining the two cases above, choose N, = (1 + Llogny(mn)lm@#v‘) and
we have ||Vn.+1 — Vn.llo < €, which implies that Algorithm 1 can converge within N
iterations.

Moreover, since V* is the unique solution of the Shapley equation, we have

Vi — V*”w < Vat1 — V*”a) F Ve = Varillo < 0y IVe — V*”w + Ve = Vit llws

thus,
V.=V,
”Vn _ V*”w < ” n n+l||w
l—ny
taking n = N, and we have
€
VN, = Vo < =e¢
1 —ny
which implies that (¢f, ¢3) is e-optimal by Definition 8. O

Therefore, with Algorithm 1, we can iteratively approach to the value function and an
optimal pair of stationary strategies of our SMG problem through recursively solving a
matrix game at each state x. Theorem 2 guarantees the convergence of Algorithm 1. We can
implement Algorithm 1 to solve practical problems, as illustrated in the next section.

6 Numerical experiment

In this section, we conduct numerical examples to illustrate our main results derived in
Sections 3-5. First, we give an example to demonstrate that Assumptions 1-4 ensuring the
existence of the value function and an optimal pair of stationary strategies of SMGs are easy
to verify in practice.

Example 1 Consider a system with a model of SMG which is defined as follows:

The state space X := (—00, 0o) and the action spaces A := [a,a], B := [b, b] with
admissible action sets A(x) := A, B(x) := B for each x € X. The semi-Markov kernel is
given by:

141t
o(t,ylx,a,b) = GD(TH)))F([), vY(t,y,x,a,b) € [0,400) X X x K,
where ®(-) and F(-) denote the cumulative distribution functions of a normal distribution
with mean u(x, a, b) and variance o2(x, a, b) and an exponential distribution with parame-
ter B(x, a, b), respectively. The reward rate function is denoted by r (x, a, b) := 2+a+b.
Moreover, the discount factor is defined as «(x, a, b) := elxlItath,

Now, we verify that the conditions on the existence of an optimal pair of stationary

strategies described in Assumptions 1-4 are satisfied in this example. To this end, we need
the following hypothesis:
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Assumption 5 (a) The function B(x, a, b) is_continuous on K and has both a positive
lower bound B and a positive upper bound B; (b) u2(x,a,b) + oc%(x,a,b) < 41x2 +

patb—1
W, V(x,a,b) e K.

With this hypothesis, we directly have the following result.

Proposition 2 Suppose that Assumption 5 holds, then Example 1 satisfies Assumptions 1-4,
which means that the SMG has an optimal pair of stationary strategies.

The proof of Proposition 2 is provided in Appendix B.

Next, we give another example about investment problem to demonstrate the numerical
computation of Algorithm 1 to solve the value function and an optimal pair of stationary
strategies of the game.

Example 2 Consider an investment problem with three states {1, 2, 3}, which denotes the
benefit, medium and loss economy environments, respectively. At each state, the investor
will buy some assets while the market-maker will sell. The interest rate depends on the
economy environments as well as the number of assets that investor buys and market-
maker sells. In state i € {1, 2}, the investor buys a certain amount of assets from {a;1, a;2}
and the market-maker sells from {b;{, b;j>}, which leads to a reward rate (i, a, b) to the
investor and —r(i, a, b) to the market-maker, where a € {a;1, ai2}, b € {b;1, biz}. Then
the system moves to a new state j with probability p(j|i, a, b) after staying at state i for
a random time which follows exponential-distribution with parameter B(i, a, b). In state
3, the investor buys a certain amount of assets from {a31, az»} and the market-maker sells
from {b31, b3z}, which leads to a reward rate r (3, a, b) to the investor and —r (3, a, b) to the
market-maker, where a € {a31, a3}, b € {b31, b3z}. Then the system moves to a new state j
with probability p(j|3, a, b) after staying at state 3 for a random time uniformly distributed
in [0, B(3, a, b)] with parameter 8(3, a, b) > 0. For this system, the decision makers aim
to find an optimal pair of stationary strategies.

We establish an SMG model to solve this investment problem. The state space is X =
{1, 2, 3}, action spaces are A(i) = {ai1,ai2}, B(i) = {bi1, biz} for eachi € X and the
semi-Markov kernel Q is given by:

(1 — e PEabtyp(jli,a, b) if i€ {l,2},
oft, jli,a,b) = mp(jli,a,b) if i=3,0<rt<8(,a,b),
p(jli,a, b) otherwise,

from which we can obtain

p(jili,a, b)B(i, a,be PEabiqr if e (1,2},
ot jli.a,b) = | gilemplli.a.b) it i=3,0<t<8Gab)
0 otherwise,

and
1 — e PEabI if e (1,2},
H(tli,a,b) = m if i=3,0<t<p3,a,b),
1 otherwise.
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Then by (2), we have

3
(i,a,b) B(.a.b) . . . .
TTaisian T aTaniFian _ZIP(Jll,a,b)u(j) if ie{l,2},
iz

Gluia,b) = § oS [a(,a, 0B a,b) — 1 + e eGaniGan]

3

_e—aG.a.b)pB.a.b) . ) o

+Heampaan L PUI3 @ Dul) if i=3.
j=1

To take numerical calculation for this example, we assume that the values of model
parameters are shown in Table 1.

With this data setting, by taking og = 0.25,§ = 0.1, 6 = 0.023, Assumptions 1-4 obvi-
ously hold since both the state and action spaces are finite. Thus, the existence of the value
function and an optimal pair of stationary strategies of the SMG are ensured by Theorem 1.
Next, we use Algorithm 1 to find the approximate value function and an e-optimal pair of
stationary strategies of the game. The detailed steps are listed as follows.

Step 1: Initialization.

Letn = 0, and Vo(-) = 1; set a small threshold € := 10~%, and we have ¢ = 1—€ny =
0.33.

Step 2: Iteration.

Forn >0, (a,b) € A(i) x B(i), we have

. . 3
. _ r(i,a, b) Bl a,b) s N
) = e b ¥ B ah) | alab)+ Bl a b ;”(”"“’b)v"(”’ i=12
r(3,a,b) —aBoab
J(.a.b) = 3.4 b)pGua,b) — 1 4+ e ¥GabpC.ab)
w00D) = G b a s DD 1t |
| — e—B.a.b)fB3,a,b) 3

* a(3,a,b)B(3,a,b) ;P(jli a,b)yV,(j).

Then, for each state i € {1, 2, 3}, we solve the linear program

max v
fG,ain), f(i,ai2),v

v <up (i,ai1, bij) f G, ain) +un (i, a2, bij) fGoain),  j=1,2
s.t. f ai)+ [, ai2) =1 (12)
f G ai) =0, f@Q,a2) =0,
with the solution denoted by ! (-|i) where 7} (a;11i) = £, ai1), 7} (aiali) = f(i, ai2).
Also we solve the dual program of (12)
min
8(i,bi1).8(i,bi2).z
2> up (i aij. bit) g (. bit) + un (i, aij. bi2) g (i bin) . j=1,2
s.t. g, bi1) +g (i, biz) =1
g(i,bi1) 20,8, bi2) 20,
with the solution denoted by n,%(-li) where n,%(b,-l li) = g(, biy), n,%(b,'zli) = g(i, bjn). We
set

Vapr() = Y (i, a, by, (@li)my (bli).
acA(i),beB(i)
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18 = Error |

1.4 1

121 b

Error

0.8 1
0.6 b
04 b

02r Value: 9.0882e-05

0 I I h &
0 10 20 30 40 50 60 70 80 90 100

number of iterations n

Fig. 1 The error of two successive iterations

Step 3: Termination judgement.
If 'n}azx%|Vn+1(i ) — V,(i)| < e, then the iteration stops, Vj, is the e-value function and
1=1,2,3

(), 71,%) is an e-optimal pair of stationary strategies of the SMG. Otherwise, setn = n + 1
and go to Step 2.

We use Matlab to implement the iteration algorithm for this example. It takes about 10
seconds to stop at the 93rd iteration. The curves of the error of two successive iterations, the
value function, and the optimal pair of stationary strategies of players with respect to the
iteration times are illustrated by Figs. 1, 2 and 3.

Based on the experimental results, we have the following observations:

1. When the state is benefit, the investor should take action aj; with probability 0.60217
and ajp with probability 0.39783, while the market-maker should take action b1 with
probability 0.55737 and b, with probability 0.44263;

= =V(n,1)
Value: 11.1653 V(n,2)
== \(n,3)
14 P
12 Value: 12.1271
10 _ - &
g _\Valie: 12.6054
> 6 7
4 /
2 /
° !
I ﬂwo
70
I 40 50 %
20 30
o '° “number of iterations n

Fig.2 The value function of the game
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o . oof ~ - Vfluf: 0_'811:1 Value: 1
S Value: 0.60217 o * : .
06 DTSR . Value: 1
I L Value: 0.77887 08
05 Value: 0.55737 08
s 8 )
S o4 & o5 & o6 1
< —la, )| X — )| N m(a9)
0a 2 o = =7(by,13)
— b, 1) - B ) 0 by,
02
02
02
o1 o
o 10 20 30 40 50 60 70 80 9 100 o 10 20 30 40 50 60 70 80 9 100 00 10 20 30 40 50 60 70 80 9 100
number of iterations n number of iterations n number of iterations n

Fig.3 The optimal pair of stationary strategies (7!, 773)

2. When the state is medium, the investor should take action a; with probability 0.87111
and apy with probability 0.12889, while the market-maker should take action by with
probability 0.77887 and by, with probability 0.22113;

3. When the state is loss, the investor should always take action a3y while the market-
maker should always take action b3;

4. If both investor and market-maker use the optimal strategies, the investor will obtain a
profit 12.6054 at benefit state, 12.1271 at medium state and 11.1653 at loss state, while
the market-maker will lose the same amount, respectively.

Remark 5 In this example, we choose a uniformly distributed sojourn time at state 3 to show
that arbitrary distributions are permitted for the sojourn time of semi-Markov processes.
Other distributions can also be chosen for the sojourn time according to practical situations.
Moreover, if all the sojourn times are exponentially distributed, the semi-Markov games
degenerate into discrete-time Markov games.

7 Conclusion

In this paper, we concentrate on the two-person zero-sum SMG with expected discounted
criterion in which the discount factors are state-action-dependent. We first construct the
SMG model with a fairly general definition setting. Then we impose suitable conditions on
the model parameters, under which we establish the Shapley equation whose unique solu-
tion is the value function and prove the existence of an optimal pair of stationary strategies
of the game. While the state and action spaces are finite, a value iteration-type algorithm
for approaching to the value function and an optimal pair of stationary strategies is devel-
oped. Finally, we apply our results to an investment problem, which demonstrates that our
algorithm performs well.

One of the future research topics is to deal with the nonzero-sum case of this game
model. We wish to find sufficient conditions under which we use the similar arguments to
establish the Shapley equation and prove the existence of Nash equilibrium for such game.
In practice, many decision problems are continuous in states or actions. It is of interest
to further study the discretization technology of continuous SMGs in order to apply our
value iteration algorithm. Moreover, considering the limitations of computing resources,
the dynamic programming algorithm is difficult to implement in reality when the scale of
the game becomes huge. Another future research topic is to develop data-driven learning
algorithms to approximately solve the game problems, such as the combination with multi-
agent reinforcement learning approaches.
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Appendix A:Proofs of Lemmas 1-5

Proof (Lemma 1) For each fixed (x, a, b) € K, integrating by parts and we have

oo o0
/ e g (dt|x,a,b) = a(x,a,b)/ e APl H (t)x, a, bydt
0 0
oo
6

0
- a(x,a,b)[/ e’“(x""”)’H(tlx,a,b)dt+/ e’”(x’”‘h)tH(t\x,a,b)dt]
0

IA

0 oo
a(x,a,b)[(l—a)/ e’“(x‘”’h)’dt—i-/ e’”‘("'“'h)'dt]
0 2]

1—s (1 _ e—oz(x,u.b)(?)

1—8+8e 0 < 1.

N

Lety = 1 — 8 + 8e~%? which yields (4). O

Proof (Lemma 2)
By Assumption 2 and formulation (6), for each given function u € B, (X) and (x, a, b) €
K, we can easily get

M
|G(u,x,a,b)| < p” co(x) +nylulle - o(x).

The above inequality yields |G (u, -, a, b)||» < aMO ~+ ny||lu|lw, which implies G (u, x, a, b)
isin B, (X), and so Tu € B, (X).

On the one hand, by Assumption 4, it follows that G (u, x, -, b) is upper semi-continuous
on A(x), then for each fixed A € B(x), by the Fatou’s theorem, the function

a—> G(u,x,a,b)r(db)
B(x)

is also upper semi-continuous on A(x). Moreover, since the probability measures on B(X)
endowed with the topology of weak convergence, by Theorem 2.8.1 in Ash et al. (2000), the
function G (u, x, -, A) is upper semi-continuous on A(x). Similarly, G (u, x, i, -) is lower
semi-continuous on B(x). Thus, by Theorem A.2.3 in Ash et al. (2000), the supremum and
the infimum are indeed attained in (3), which means

Tu(x) = max min G(u,x, 1, A).
neA(x) reB(x)

Then, by the Fan’s minimax Theorem (Fan 1953), we obtain (7).

On the other hand, since A(x) and B(x) are compact, by the well-known measurable
selection theorem for minimax problems (Nowak 1984), there exists a pair of stationary
strategies (¢1, ¢2) € @1 x P, that satisfies (8). O
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Proof (Lemma 3)

First, it is easy to verify that the operator 7 (¢1, ¢2) is monotonically increasing. Let
u,v € B,(X), by the definition of w-norm, u(-) < v(:) + |lu — v|,@(-), it follows that for
each fixed x € X, we have

N

T(p1, 92)(v + ollu — v|le)(x)
T (o1, p2)v(x)

Hlle — vl / / | / e / ()01, dylx,a,b) g1 (dalv)px(dblx)
A(x) JB(x) X

T (o1, p2)v(x) + 1y llu — vlpw(x), (13)

T (o1, p2)u(x)

N

where the last inequality is followed by formulation (6). Furthermore, taking maximum of
¢1 € &1 and minimum of ¢ € &, on both sides of the inequality (13), we have

max min T(rm @2)u(x) < max mln T(</>1 @2)v(x) + nyllu — vllpw(x),
91€D 1D p1€P e

ie.,
Tu(x) < Tv(x) +nyllu — vlpwx).
Similarly, interchanging u and v, we obtain
Tv(x) < Tu(x) +ny v —ullpwx).
Combining the two inequalities above, we have
|Tu(x) = Tv()| < nylu —vlowx), VxeX,
ie.,

ITu = Tvllo < nylu —vlo,

which implies T is a contraction operator with modulus ny < 1. Using the same arguments,
we can prove that T (¢g, ¢3) is also a contraction operator with modulus ny < 1. O
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Proof (Lemma 4)

oo
Vet = BF| / eI XOAD B (X (1), A1), B ]
0
12 h 't
= g [/ ej/Oa(X(s).A(s),B(s))dsr(X(Z)’A(t)’B(t))dt]
0

o0
+]E§I'”2[/ e—f(ja(x(s),A(s),B(s))dsr(X(t)7A(t)’B(t))dt]
T

oo
= Eg'ﬂz[/ Ligysppe @ A0 B0 (x| Ay, Bo)dt]
0

[o0] 1 . . . .
+E; [Ei’l‘”z [ eretmtmom = i A0 500 (), aqe, B(t))dtIHlﬂ
T

1

o0
=/ / [/ e’“("’“"’)’[l7H(tlx,a,b)]r(x,a,b)dt}n(;(dalx)ng(dbu)
A JB) Lo

2 oot
4T [e—a(,x,Ao,Bo)T]Egl,n~|:f I "‘(X(")’A“)‘B(”’f“r(X(z),A(z),B(r))dnHlH
T

1

oo
= / / [/ eI~ H(tlx, a, b)]r(x, a, b)dt 7} (dal) 7w (dblx)
A(x) JB(x) 0
_HE:l,rrz I:efoz(x,An,Bo)T] V(Xl,(l)ﬂl,(l)ﬂz)]
oo
- / / r(x,a,b)[/ e N[ — H(tlx, a, b)]dt | (dalx)d (dblx)
A(x) J B(x) 0

o0
+/ / [/ e*‘”*’“””’/ v<y,<‘>n1,“>n2)Q(dt,dy|x,a,b)]nol(da|x)n§(db|x)
A(x) /B(x) 0 X

:/ / {r(x,a,b)[/ooe—au,a,b)x[l—H(t\x,a,b)]dz]+
A(x) JB(x) 0

o0
/ | / V<y,“)n‘,<”n2>Q<dr,dy\x,a,b)}}né(da\x)né(dbm,
0 X

where the third and fourth equalities are ensured by the property of conditional expectation.
The fifth equality follows from the strong Markovian property. Hence,

Vi, ! 1) =T (™, mg™)Vix, Vr!, Vr?),
which is required. O
Proof (Lemma 5)
ForVn > 1 and x € X, we have

ot Pl a(X(s»A(s),B(s»dsw(X")]‘

Tn
Egl‘ﬂz [e—fo ot(X(s),A(s),B(s))dsw(Xn)|Hn_|y Ayt Bn—l]:”

Th—1

20 — (In
oo @X(0).46) Boyas ' x [e fT’**‘a(X(S)'A(S)’B(S))dSw(Xn)IH,H,A,H,B,H]]‘

[
[
|
[

0

Y 5 Bendst 75 =
= [E7' 7 [ ho a<X<s>,A<s).B<s)>ds[/ . u(X,,fl.An,I,BH»/ w(y)Q(dt,dlen_l,An_l,Bn_1)]]'
X

IA
=
3

s

Ty—
]Egl,nz |:e_f“ ! a(X(.g),A(.s),B(s))dsw(XFI)]‘
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where the first and second equalities are ensured by the property of conditional expectation.
The last inequality follows from formulation (6). Through iteration we have

IA

12 Tn
lullo|EX I:e*fo a<X<s>,A<s>,B(s))dsw(xn)]’

Egl*”z[e* o ot(X(s),A(s),B(s))dxu(Xn)]

A

< ()" llullow(x),
which yields Lemma 5. O

Appendix B: Proofs of Propositions 1-2

Proof (Proposition 1)
By the property of conditional expectation and Lemma 1, we have

B e ] = B[R e e, Av, B ]
= Egl’nz I:eiT”ilE;rl’nz [ei(TniTnil”Hn—l s An—1, Bn—l]]
1 2 T o0
=Ey " [e_ "71[/ e "H(dt|Xp—1, Ap—1, anl)]:l
0
<=6+ Sefe)E;rl’nz [eiT”—l],

where the last inequality follows directly from the proof of Lemma 1 by taking o« := 1.
Through iteration we have,

B o] < (-4 5070y
For any given ¢ > 0, by the Chebychev inequality, we obtain
PI (T <) =BT e 2 o) < BT [T < (- 8 80,
notice that 1 — § + 8¢~ < 1, we have
PTT (lim T, <1) = lim PT " (T, <1) =0,
n— 00 n— o0

since ¢ is arbitrary, Proposition 1 holds. O

Proof (Proposition 2)
Using the marginal distribution formula, the corresponding distribution of sojourn time
is given as follows,

H(t|x,a,b) = O(t, +ool|x, a, b) = 1 — e Fxa:b),
Easy to show that Assumption 2 holds by choosing «p = 4t w(x) = x2 +1land M =

- = 1 o o —/3/0[()
3max{fal. lal. |5, [B]. 1}. Now, let & = L In (1 + FO) and 8 = (1 + ?0) . then for
each (x,a,b) € K,

H@Olx,a,b) =1 — e BEab)l < | _ =B _ 1 _ 5

thus, Assumption 1 holds.
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Next we verify Assumption 3. According to Lemma 1 and its proof, we can choose

y =1— 8+ 8e~%0 and further take n = %, then

2 1+ 1+
[X@ +1><b(—2+ty)F<r>d(—2+ty)

2
- [(ﬂ> (12(x, a,b) +02(x,a, b)) + I]F(t)

/Xw(on, dylx. a.b)

1+t

4 1 5 edtb—1 |
[ (Zx +8<B+ea+b))+ }FU)

< [x2 o dx 1]F(t)
2(B + ap)

I—vy

2

X +7+1]Ft
[ 1+y ®

nw(x)H(tlx, a, b),

A

A

IA

which implies that Assumption 3 holds. Finally, since the reward rate r(x,a, b), dis-
count factor «(x,a,b) and semi-Markov kernel Q(t, y|, x, a, b) are continuous on K,
Assumption 4 holds. Hence, the SMG of Example 1 has an optimal pair of stationary
strategies. O
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