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Abstract

In this paper we study discrete-time Markov decision processes with Borel state and
action spaces. The criterion is to minimize average expected costs, and the costs may
have neither upper nor lower bounds. We first provide two average optimality inequalities
of opposing directions and give conditions for the existence of solutions to them. Then,
using the two inequalities, we ensure the existence of an average optimal (deterministic)
stationary policy under additional continuity—compactness assumptions. Our conditions
are slightly weaker than those in the previous literature. Also, some new sufficient
conditions for the existence of an average optimal stationary policy are imposed on
the primitive data of the model. Moreover, our approach is slightly different from the
well-known ‘optimality inequality approach’ widely used in Markov decision processes.
Finally, we illustrate our results in two examples.
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1. Introduction

The long-run average expected criterion in discrete-time Markov decision processes has
been widely studied. As is well known, when the state and action spaces are both finite, the
existence of an average optimal stationary policy is indeed guaranteed [7, pp. 165-176], [6,
p- 711, [18, p. 450]. However, when a state space is countably infinite, an average optimal
policy may not exist even though the action space is compact [7, p. 178], [18, p. 413]. Thus,
the main goal has been to find optimality conditions (i.e. conditions for the existence of an
average optimal policy). Much work on this has been done; for instance, see [1], [2], [5],
[11], [18, pp. 414-416], [25], and [24, 132—-135] for denumerable Markov decision processes
and [2], [7, p. 188], [8], [9], [10], [14, pp 67-69], [13, p. 86], [12, p. 128], [15], and [16]
for Markov decision processes in Borel spaces. In this paper, we will deal with the average
expected criterion for Markov decision processes in Borel spaces, so here we describe some
existing works on Markov decision processes in Borel spaces.
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(i) For costs/rewards that are bounded, the minorant condition for the existence of both a
bounded solution to the average optimality equation (AOE) and an average optimal stationary
policy was given in [7, p. 188]. The main results of [7] have been extended to the case with
ergodicity conditions in [9], [10], and [12, p. 56]. The methods used there to ensure the existence
of a bounded solution to the AOE employ Banach’s fixed-point theorem.

(i) When the costs are nonnegative (or bounded below), one of the optimality conditions is that
the relative difference, hy(x) := Vi (x) — V}(x0), of the discounted optimal value function,
V. (x),is assumed to be bounded below in both state, x, and discount factor, «, and the optimality
inequality approach used to prove the existence of an average optimal stationary policy employs
the Abelian theorem relating the average cost criterion to the discounted cost criterion; see [2],
[14, p. 128], and [13, p. 86], for instance. It should be noted that, in order to use the Abelian
theorem, the costs have to be nonnegative (or bounded below). Thus, the optimality inequality
approach above is not applicable when the costs have neither upper nor lower bounds.

(iii) For the much more general case in which the costs have neither upper nor lower bounds,
in order to establish the AOE and then prove the existence of an average optimal stationary
policy, the equicontinuity condition of 4, (x) [8], [13, p. 96] or the irreducibility condition (e.g.
Assumption 10.3.5 of [14, p. 130]) is required. Also, under the slightly stronger condition that
transition laws have transition densities satisfying continuity—compactness, uniform ergodicity,
and uniform integrability hypotheses, stronger results (e.g. a Blackwell optimal policy) have
been established, in [15] and [16].

In this paper we study the general case further. We not only give another set of optimality
conditions slightly weaker than those in the previous literature, but also provide a new approach
to prove the existence of an average optimal stationary policy. More precisely, we require that
the function A, (x) is bounded only in the discount factor and remove both the equicontinuity
condition of hy(x) used in [8] and [13, p. 96] and the irreducibility condition used in [14,
p. 130]. Thus, we can neither ensure the existence of a solution to the AOE nor use the Abelian
theorem since in our model the state space may not be denumerable, the irreducibility condition
of [14] has been removed, and the costs may have neither upper nor lower bounds. Instead,
we first use two average optimality inequalities to replace the AOE used in [8], [14], and [13]
and ensure that solutions to them exist. Then we prove the existence of an average optimal
stationary policy using the two inequalities. Moreover, following the ergodicity conditions in
[11, [5], [14, p. 122], [15], and [16], we give new sufficient conditions for our assumptions to
hold. These conditions are imposed on the controlled system’s primitive data.

Finally, we use a generalized inventory system to show that all conditions in this paper are
satisfied, whereas some of the conditions in [1], [2], [3], [4], [7, p. 1841, [5], [14, p. 128], [13,
p- 461, [12, p. 7], [18, p. 18], [19], [22], [20], [25], and [24, p. 15] fail to hold, and we also
apply our results to a controlled queueing model. It should be mentioned that the conditions of
[15] and [16] also apply to the generalized inventory system. It is a very interesting, and so far
unsolved, problem to find a real model for which all conditions in this paper are fulfilled, but
which does not satisfy the assumptions made in [15] and [16].

The rest of the paper is organized as follows. In Section 2 we introduce our control model and
the optimality problem. After giving optimality conditions and some technical preliminaries
in Section 3, we study the existence of an average optimal stationary policy in Section 4. In
Section 5 we use two examples to illustrate our results. We conclude in Section 6 with some
general remarks.
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2. The optimal control problem
In this section we first introduce the control model,
{S.(Ax) C A, x€8),0( | x,a),clx,a)},

where S and A are respectively the state and action spaces, which are assumed to be Borel
spaces, and A(x) denotes the set of available actions at state x € S. Suppose that the set

K ={(x,a):xe€ S, ae AXx)}

is also a Borel space. The function Q(- | x, a) with (x, a) € K, the transition law, is a stochastic
kernel on S given K. Finally, c(x, a) with (x,a) € K, the cost function, is assumed to be a
real-valued and measurable function on K. (As c(x, a) is allowed to take both positive and
negative values, it can also be interpreted as a reward function.)

To introduce the optimal control problem that we are concerned with, we need to introduce
the policy classes. For each ¢ > 0, let H; be the family of admissible histories up to time ¢, that
is, Hy := S and H, := K x H;_{ foreacht > 1.

Definition 2.1. A randomized history-dependent policy is a sequence 7w := (m;, t > 0) of
stochastic kernels 71, on A given H; that satisfy

7w (Ax) | hy) =1 forall hy = (xg,a0,...,X—1,a;—1,x) € Hyand t > 0.

The class of all randomized history-dependent policies is denoted by I1. A randomized history-
dependent policy @ := (m;, t > 0) € Il is called stationary if there exists a measurable
function f on S, with f(x) € A(x) for all x € S, such that

i ({f} 1 h) =m({f)} [ x) =1

for all h; = (xg, a9, ..., Xi—1,a;—1,x) € Hyand t > 0.

For simplicity, we denote this stationary policy by f. The class of all stationary policies is
denoted by F', which means that F is the set of all measurable functions f on S with f(x) € A(x)
forall x € S.

If X is a Borel space, we denote by B(X) its Borel o -algebra.

For each x € § and 7 € II, by the well-known Tulcea theorem (see [7, p. 16], [14, p. 42],
and [12, p. 4]), there exist a unique probability measure space (2, ¥, P7) and discrete-time
stochastic processes {x;} and {a;}, defined on €2, such that, for each D € B(S) and ¢ > 1,

P;r(xl+1 €D | hi,a) = 0D | x;,a) 2.1

for h; = (xo, ag, ..., x:—1,a:—1, x;) € Hy, where x; and a; denote the state and action variables
at time ¢ > 1, respectively. The expectation operator with respect to P¥ is denoted by ET. In
particular, when the policy 7 := f is in F, the corresponding process, {x;} (with values in S),
is a Markov chain with transition law Q(- | x, f(x)).
Now we define the long-run average cost criterion, V (-, -), and the corresponding optimal
value function, V*(-). For each x € S and € II,
ET[Y150 ¢, an)]

V (x, ) := lim sup , V*(x) := inf V(x, 7).
n—oo n mell

A policy 7* € I is called average optimal if V (x, 7*) = V*(x) forall x € S.
The main aim of this paper is to give new conditions for the existence of an average optimal
stationary policy.
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3. Optimality conditions

In this section we state conditions for the existence of an average optimal stationary policy
and give some preliminary lemmas that are needed to prove our main results.

Since the cost function, c(x, a), may be unbounded, to guarantee the finiteness of \_/(x, )
we first use the ‘expected growth’ condition, (3.1), below.

Assumption 3.1. (i) There exist positive constants, b and B < 1, and a (measurable) function,
w > 1, on S such that

/w(y)Q(dy | x,a) < Bpw(x)+b forall (x,a) € K. 3.1
N

(ii) There exists a constant, M > 0, such that |c(x, a)| < Mw(x) for all (x,a) € K.

Remark 3.1. Assumption 3.1(i) is well known as the statement of the ‘Lyapunov-like inequal-
ity’; see [14, p. 121], for instance. Obviously, the constant b in (3.1) can be replaced by
a bounded nonnegative measurable function, b(x), on S as in Assumption 10.2.1(f) of [14,
p- 121].

Lemma 3.1. Suppose that Assumption 3.1 holds. Then
(@) ET[w(x)] < B'wx)+[(1—B")/(1 —B)lbforallt >0, x € S, and 7 € I1; and
() |V(x,m)| <bM/(1 — B) forallx € S and v € T1.
Proof. (a) We prove Lemma 3.1(a) by induction. It is obviously valid for # = 0. For any
t > 1, by Assumption 3.1(i) and (2.1) we have
Ef[w(x:) | xo0, a0, X1, @i, ..., X1, ar—1] = /SW(y)Q(dy | xi—1,a:-1) < Bw(xi—1) +b

and, so,

Ef[w(x)] < BET[w(x—)]+b

<BET w2 +b+bf < < pwx)+b+bf+ - +bp!
1—p
1-p

b.

= Blw(x) +

Lemma 3.1(a) follows.
(b) Since 0 < B < 1, (b) follows from (a) and Assumption 3.1(ii).

To state our optimality conditions, we require some results about the discounted cost criterion.
To present them we use the following notation. For each fixed discount factor a, 0 < o < 1,
each x € S, and each w € II, the discounted cost, V, (x, ), and the corresponding discounted
optimal value function, V) (x), are as follows:

o
Vo (x, ) = EY [;atc(xz,az)} Ve () i= inf Vo(x, 7).

To establish the a-discount optimality equation, we also use the following standard continuity—
compactness conditions; see, for instance, [14, p. 44], [18, p. 90], and [24, p. 15] and their
references.
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Assumption 3.2. (i) For each x € S, A(x) is compact.

(ii) For each fixed x € S, c(x,a) is lower semicontinuous in a € A(x), and the function
fS u(y)Q(dy | x, a) is continuous in a € A(x) both for all bounded measurable functions u
on S and for u ;= w as in Assumption 3.1.

Remark 3.2. Assumptions 3.2(i) and 3.2(ii) are the same as Assumption 10.2.1 of [14, p. 121].
Obviously, Assumption 3.2 holds when A(x) is finite for each x € S.

Lemma 3.2. Under Assumptions 3.1 and 3.2, for each o € (0, 1) the following statements
hold.

@ |Vox,m)| < Mwx)/(1 —a)+ Mb/[(1 — B —a)]forallx € S and w € TI.
(b) The discounted optimal value function, V) (x), satisfies the discounted cost optimality

equation:

V2 (x) = min {c(x,a)+oef Vi) O(dy |x,a)} forallx € S. (3.2)
S

acA(x)

(c) Foreacha, 0 < o < 1, there exists a stationary policy fj (depending on a) such that
Vo (x, f¥) = VF(x) forall x € S.

Proof. By Lemma 3.1 and Assumption 3.1(ii), we have

Vo, )| < MY ET [w(x,)]
t=0

< Mzaf<ﬁfw(x) + 11__’219)
t=0

< MZa’(w(x) + %)
=0
Mw(x) Mb
=T ' 1-81—-a)

Part (a) follows.
Parts (b) and (c) follow from Theorem 8.3.6 and Remark 8.3.5 of [14, p. 46, p. 47].

To prove the existence of an average optimal stationary policy, in addition to Assumptions 3.1
and 3.2, we give a new condition (Assumption 3.3, below). To state this assumption, we
introduce the following notation. For the function w > 1 in Assumption 3.1, we define both
the weighted supremum norm, ||u]|,,, of a real-valued function u on S, by

llullyy == sup w(x) " u(x)l,
xeS

and the Banach space B, (S) := {u: ||ully < oo}
Assumption 3.3. There exist two functions, vy, v2 € By/(S), and some state, xoy € S, such that
v1(x) < hg(x) <va(x) forallx € Sandoa € (0, 1),

where ho(x) := V2 (x) — VJ(x0) is, recall, the so-called relative difference of the function
V2 (x).
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Remark 3.3. (a) Assumption 3.3 is new because the function v (x) might not be bounded
below. Moreover, Assumption 3.3 is the generalization of (SEN2) of [24, p. 132] and of
Assumption 5.4.1(b) of [13, p. 86], because A, (x) is assumed to be bounded below in those
references.

(b) Assumption 3.3 holds if Assumptions 3.1 and 3.2 and the following condition (which is
Assumption 10.2.2 of [14, p. 122]) are satisfied: for each f € F there exists a probability
measure, 4, such that

sup |E;};[u(x,)] —pr)] < Lo'w(x) forallx € Sandt > 0,

lul<w
where
p ) = / u(y)i s (dy)
S
and L > O and p, 0 < p < 1, are constants independent of f.

To verify Assumption 3.3, we now provide some new sufficient conditions, and, for ease of
reference, also state some existing conditions.

Lemma 3.3. Let the function w be as in Assumption 3.1. Then, under Assumptions 3.1 and 3.2,
each of the following five sets of conditions guarantees Assumption 3.3 to hold.

(a) For each f € F, the corresponding Markov processes {x;} are uniformly w-exponentially
ergodic; that is, there exists a probability measure, |y (depending on f), such that

[e.0]

D Q¢ I x) = s Ollw < Lw(x) +b' forallx €S, (3.3)
t=0

where
10 (- 1 x) = 1Ol = sup |E{ [u(x)] — ()|
[ul<w
and L > 0,r > 1, and b’ > 0 are constants independent of f.

(b) S = [0, 00)? for some integer d > 1, and the following conditions are satisfied.

(1) The process {x;} with transition law Q(- | x, f(x)) is stochastically ordered (monotonic)
foreach f € F.

(ii) The function w is nondecreasing and satisfies

/w(y)Q(dy | x, f(x)) < Bwx) +blyy(x) forall f € Fandx >0,
N

where 1p denotes the indicator function of any set D and 8 and b are as in Assumption 3.1.

(c) For each f € F, there exist an ‘atom’, cy (depending on f), in B(S) (such that,
eg OC|x, f(x)) = OC( | cy) is independent of x € cy) and constants, 61, b1 > 0, and
B1, 0 < B1 < 1, independent of f, such that

Qcy | cp) =61,
/Sw()’)Q(dy | x, f(x) = Brw(x) + b1 1c,(x) forallx €.
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(d) For each f € F, the transition law Q(- | x, f(x)) has a unique invariant probability
measure, |4 r, and, moreover, there exist a measure function, ly, 0 < Iy < 1 (depending on f),
on S, a probability measure, v, on S, and constants, 5, > 0 and B2, 0 < B> < 1, independent
of f, such that

(i) QB | x, f(x)) =1s(x)v(B) forall B € B(S) andx € S,
(i) [olr(Mvdy) = 8,
(iii) v(w) := [gw(y)v(dy) < oo,
(V) [sw»MOWy | x, f(x)) < fow(x) + 1 (x)v(w) forall x € S.

(e) For each (x,a) € K, Q(- | x, a) has a density function, q(x, a, y), on K x S with respect
to a measure m, and there exist two sets, D1 and D>, with m(Dy) > 0, k = 1, 2, and positive
constants 3 > 0, b3 > 0, and B3, 0 < B3 < 1, such that

(1) g(x,a,y) = 83forallx € D1,a € A(x),andy € D3,
(i1) fS w(y)q(x,a, y)ym(dy) < Bsw(x) + b3 1p,(x) forall (x,a) € K,

(iii) there exists an integer, N, such that P;Cf(xN eDy)=683forall f € Fandx € {x €
S:wx) <clforallc > 0.

Proof. (a)As |c(x,a)| < Mw(x) with w(x) > 1, using Assumptions 3.1 and 3.2, it follows
from Lemma 3.2(c) and (3.3) that, foreachx € Sand o, 0 < o < 1,

|ha ()] = [Ef* [Z ole(ar, f;(x,»] ~Ef [Z o e, fj(x,»]'
t=0 =0
< 3 o B [eCa. £ )] — BE e, £ 0]

Mg@m

FEL (G, £ )] — BL [, £ )]

o
>

t=0

_.
Il
o

3

Ef*l:c(xlsf (-xt))] Ef*l:c(xlsf (-xt))jH
M M

20
<ML[1+ w(xg) + —)w(x)
=: v2(x),

which yields Assumption 3.3 with vy (x) = —ML(1 + w(xg) + 2b’/L)w(x).

(b) From the proof of Equation (14) of [23], foreachx € S, f € F,andr,1 <r < ,3_1
have

S IO ) =y Ol < —2 [w(x)+i],
4 ~1-Br 1-8

t=0

which, together with (a), yields Assumption 3.3.

(c) By Theorem 2.2 of [17], we see that (c) implies (a) and, thus, yields Assumption 3.3.

https://doi.org/10.1239/jap/1152413725 Published online by Cambridge University Press


https://doi.org/10.1239/jap/1152413725

Average optimality for Markov decision processes 325

(d) By Proposition 10.2.5 of [14, p. 126], we see that (d) implies (a) and, thus, yields Assump-
tion 3.3.

(e) By Theorem 5.1 and Lemma 5.1 of [16], we see that (e) implies (a) and, thus, yields
Assumption 3.3.

Remark 3.4. (a) Conditions (a) and (b) in Lemma 3.3 are different from those in [2], [7,
p- 188], [8], [14, p. 122], [13, p. 96], [12, p. 56], [15], and [16]. In particular, the stochastic
monotonicity condition (b)(i) has been used to verify Assumption 3.3. These conditions are the
generalization of ergodic conditions of [12, p. 56] and the minorant conditions of [7, p. 188].

(b) Condition (c) in Lemma 3.3 is a variant of those of Theorem 2.2 of [17], and conditions (d)
and (e) in Lemma 3.3 follow from Proposition 10.2.5 of [14, p. 126] and Theorem 5.1 of [16],
respectively.
4. Existence of average optimal stationary policies
In this section we provide our main results.
Theorem 4.1. Under Assumptions 3.1, 3.2, and 3.3, the following assertions hold.

a) There exist a unique constant, g*, two functions, h¥, h’ € By, (S), and a stationary policy,
q 8 2 ry polcy,
f* € F, satisfying the two average optimality inequalities

p+hix) < mi}{‘l{c(x,a) + / hi(y)0(dy | x,a)} forall x € S, 4.1
ae s
g+ h5(x) = ag&){c(x,a) +/Sh’£(y)Q(dy | x,a)} 4.2

=c(x, f*(x)) +/Sh§(y)Q(dy | x, f*(x)) forallx € S. 4.3)

(b) g* = infren V(x, ) forall x € S.

(¢c) Any stationary policy, f € F, realizing the minimum of (4.2) is average optimal; thus, f*
in (4.3) is an average optimal stationary policy.

Proof. (a) Let xo be as in Assumption 3.3, and let {«,} be any sequence of increasing
discount factors such that «;, — 1 as n — oco. By Lemma 3.2(a), (1 — an)an (xp) is bounded
for n > 1. Therefore, there exist a subsequence, {o}, of {«, } and a constant, g*, satisfying

klim (I — ap)Vy, (x0) = g*, hi(x) := limsup hg, (x). 4.4)
—00

k— 00

Since |hg, | < |v1] + |val, A belongs to By, (x) (by Assumption 3.3). Recalling that i, (x) =
Vi(x) — VJ(xp), from (3.2) we have

(1 — @)V (x0) + he(x) = min {c(x, a) +a/ he(y)OWdy | x, a)} forallx € S,
acA(x) s
which yields

(1 —ak)V;k(xo)-i-hak(x) <c(x, a)+/ arhe, (y)Q(dy | x,a) forallx € Sanda € A(x).
S
4.5)
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By applying Lemma 8.3.7 of [14, p. 48] (an ‘extension of Fatou’s lemma’) and letting k — oo
in (4.5), by (4.4) we have

g +hi(x) <c(x,a)+ /Sh’f(y)Q(dy | x,a) forallx € Sanda € A(x),

which yields

g +hT(x) < min {c(x,a) +/ T(y)Q(dy | x,a)} forall x € S.
acA(x) S

Equation (4.1) follows from this.
Now we prove (4.2). For each x € S, let

h3(x) := liminf Ay, (x) € By (S),
k— o0
whence
h3(x) = lim 8y (x) with
k—00
8y (x) :=inf{hgy, (x): m > k} < hg, (x) forallk > 1.

Similarly, by (3.2) and kg, > g4, We have
(I — ax)Vy, (x0) + hg, (x) = min {C(x,a) +akfhak(y)Q(dy | x,a)}
acA(x) S

> min {C(x,a)+ak/;gak(y)Q(dy | x,a)}- (4.6)

acA(x)

Since ag1 > ax > 0and gy, — 8a; = Loy — &a; = 0, we see that the limits
lim  min {C(x,a) +Olk/(gozk(y) — 8u; () 0y | x,a)}
k—00 acA(x) K

and

lim min {c(x,a)—i—ozk/gak(y)Q(dy | x,a)} “@.7)
N

k—00 acA(x)

exist. By (4.4) and (4.6), we then have

g +hi(x) > klim min){c(x, a) + ay / 8o, MOy | x, a)}. (4.8)
s

—00 acA(x

On the other hand, for each fixed k > 1, by Assumption 3.2, there exists an ax(x) € A(x)
(depending on k and x) such that

min {c(x,a) o fsgak@)Q(dy | x, a)}

acA(x)

= c(x, ar(x)) +Olk/Sgak(y)Q(dy | x, ar(x)). (4.9)
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Since A(x) is compact, there exists a subsequence, {ay, (x)}, of {ay(x)} such that the limit
lim; _, o0 ag, (x) exists; we denote it by a’(x) € A(x). Noting that ||gq, llw < llv1llw + llv2]lw

for all k > 1, from Assumption 3.2(ii), (4.7)-(4.9), and Lemma 8.3.7 of [14, p. 48] we obtain

g¥+h3(x) > lim min {c(x,a)+aki/gaki (»O@y | x,a)}
s

i—00 acA(x)

= lim [C(x, ay; (x)) + ay fsgak" MOy | x, ay (X))}

1—00

v

c(x, d' (¥)) + fs )0y | x,d'(x)

v

acA(x)

min {e(x,a>+fs 5Dy |x,a)}.

Equation (4.2) follows from this. Moreover, (4.2) together with the well-known ‘measurable
selection theorem’ [14, p. 50] implies the existence of an f* € F satisfying (4.3). Thus, the
proof of part (a) is complete.

(b) For each 7 € IT and x € S, from (4.1) we obtain
g+ hi(x) < c(x,ar) +/ 1MOWy | x;,a;) forallx; € S, a; € A(x;), andt > 0,
S

which, together with (2.1), yields
g" +ET[h](x)] < ET[c(xs, a)l + EX[A](x;41)] forallz >0

and, thus,
N—1
o h’f]f]x) - E7 [Z,zoNc(xz,at)] N E7 [ht(xn)]

However, by Lemma 3.1(a) we have

forall N > 1. (4.10)

1—gN
EZ (11} (o)) < IIhTIIw[ﬂNw(x) o b}.
Hence, we have limy _, oo ET [} (x§)]/N = 0, which, together with (4.10), yields
g" <V(x,m) forallx € Sand 7 € II. 4.11)

Thus, B
g" < inf V(x,m) forallx € S. (4.12)
mell

Similarly, by (4.3) we have
g5 Hh3 () = ey, [ () + / W5()QWy | ., f*(x)) forallx, € Sandr > 0. (4.13)
s

Then, as in the proof of (4.11), by (4.13) we have
gt > V(x, f*) forallx e S. (4.14)

By (4.12) and (4.14), we have g* = V(x, f*) = infren V(x, 1), completing the proof of
part (b).
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(c) The proof of part (c) follows obviously from the proofs of parts (a) and (b).

Remark 4.1. (a) It should be mentioned that there are two key steps in the ‘optimality inequality
approach’ used, for instance, in [14], [13], [18], [25], and [24]. The first step is to obtain an
inequality such as (4.12) by the Abelian theorem relating the average cost, V (x, ), to the
discounted cost, V,(x, ), and the other is to obtain an inequality such as (4.14) from an
optimality inequality such as (4.3). To guarantee the applicability of the Abelian theorem, the
costs have to be nonnegative. Thus, the Abelian theorem used in the optimality inequality
approach in the previous literature is not applicable to our case, because the costs in our model
may have neither upper nor lower bounds. Therefore, the approach provided in this paper may
be regarded as a modification of the optimality inequality approach taken in previous works
cited.

(b) When the state space S is denumerable, under Assumptions 3.1, 3.2, and 3.3 the standard
diagonalization argument serves to show the existence of a sequence, {f4, (x)}, such that the
limit 2*(x) 1= limg_ o0 he, (x) exists for all x € S. Hence, h](x) = h3(x) = h*(x) for all
x € §, the inequalities (4.1) and (4.2) thus coincide, and the AOE is obtained. Moreover for a
denumerable state space, under suitable conditions some stronger results have been obtained;
see, for instance, [5] for the existence of a Blackwell optimal policy and [1] for a condition
sufficient and necessary for an optimal policy.

(c) To establish the AOE in Borel spaces, in addition to our Assumptions 3.1, 3.2 and 3.3, an
additional condition is required; see, for instance, the irreducibility condition (e.g. Assumption
10.3.5 of [14, p. 130].) On the other hand, under the slightly stronger conditions of [15] and
[16], not only can the AOE be established using Lemmas 5.1, 6.1, and 6.3 of [15] (or by
Theorem 10.3.6 of [14, p. 130]), but the existence of average and Blackwell optimal policies
can also be shown.

5. Examples

In this section we first illustrate our assumptions with a generalized inventory system and
then apply our results to a controlled queueing model.

Example 5.1. (A generalized inventory system.) Consider a control system of the form
X1 = +am —&)Y, 1=01,..., (5.1)

with a state space S := [0, co). This model can in fact have several interesting interpretations,
such as, as a random-release dam model or a single-server queueing system (of general type
GI/GI/1) with controllable service rates. Here, we interpret (5.1) as a generalized inventory
system. Thus, x; and n; respectively denote the stock level and amount of ‘base product’ ordered
(and immediately supplied) at the beginning of period ¢, while & denotes the demand during
period ¢. The control variable, a;, denotes the reciprocal of the amount of base product ordered
at the beginning of period . We denote by c(x, a) an associated cost function for this system.

For the average optimality of system (5.1), we consider the following hypotheses.

Assumption 5.1. (On Example 5.1.) (i) For each x € S, the action set A(x) is a compact
subset of an interval (0, 6], for some finite 6 > 0.

(i) {n:} and {&:} are independent sequences of independent, identically distributed random
variables.
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(iii) no takes finite values b; > 0, 1 < i < N < oo, and has probability distribution
pi :=P(no = b;) with ZlN:l pi = 1, while &y has a continuous and bounded density function q.
In particular, system (5.1) is the well-known inventory system of a random-release dam model
whenP(ng=1) = 1.

(iv) E[zg] < O and vy (r) < oo for somer > 0, where E[z,] and Y, (r) := E[e"%] respectively
denote the mean and a moment generating function of the random variable z, := any — &
with a € (0, 0]. (Thus, ¥9(0) = 1 and wé (0) = E[z9] < 0, and, so, there exists a constant, p,
0 < p <, such that Yg(p) < 1.)

(v) There exists a constant, M > 0, such that |c(x,a)| < MeP* forall x € S and a € A(x),
with p as in part (iv).

(vi) ¥q(p) is continuous in a € A(x) for each x € S, and c(x, a) is lower semicontinuous
ina € A(x).

We now define the weight function w(x) := e®* for all x € §, and proceed to verify
Assumptions 3.1, 3.2, and 3.3. By Assumptions 5.1(vi) and 5.1(v) and the description of the
model, we find that Assumptions 3.1(ii) and 3.2(i) are automatically satisfied. Thus, it only
remains to verify Assumptions 3.2(ii), 3.1(i), and 3.3.

Verification of Assumption 3.2(ii). For each a € A(x), we have z, = any — & < z¢ (as
0 <a < 6 foralla € A). Thus, by Assumptions 5.1(ii) and 5.1(iii), we can derive the
distribution function G (a, y) of z,, as follows:

N N o]
G(a,y) =Pz, <y) = ZP(abi —& <y)pi= Z /b q(v)pi dv. (5.2)
i=1 i=1 b=y

Hence, from Assumption 5.1(iii) and (5.2) we see that the density function of z,,

N
gla,y) =) _qlabi —y)pi, (53)

i=1

is a bounded, continuous function of @ € A(x), and it follows from (5.2) that G(a, y) is also
bounded and continuous in a € A(x). Thus, for each measurable bounded function u on S, by
(5.1) and (5.3) we see that

[e.0]

/Su(y)Q(dy | x,a) =u(0)G(a, —x) +f u(x +y)g(a, y)dy (5.4)

—X
is also bounded and continuous in a € A(x). Moreover, by replacing u in (5.4) by the weight
function w above, and noting that z, < zy, we obtain

o]

/Sw(y)Q(dy | x,a>=G<a,—x>+/ wix + gla, ) dy

—X

= G(a, —x) + wx) ” e’ g(a, y)dy

—X

=G(a,—x) + w(X)[Wa(p) - / ePg(a,y) dy} (5.5

< Yo(p)w(x) + G(a, —x). (5.6)

—X
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Since g(a, y) is bounded and continuous in a € A(x), by Assumption 5.1(vi) and (5.5) we see
that fS w(y)Q(dy | x, a) is continuous in a € A(x), and Assumption 3.2(ii) thus follows.
Verification of Assumption 3.1(i). By (5.6) we can verify Assumption 3.1(i) with 8 = ¥y (p)
and b = 1.
Verification of Assumption 3.3. We use Lemma 3.3(d) to verify Assumption 3.3. To do so,
let f € F,let v be the Dirac measure at x = 0, and define

la(x) :=G(a, —x) forallx € Sanda € A(x),
lr(x) :==G(f(x),—x) forallx €S.

Then, as 0 < f(x) <6 forall x € S, we have
lp(x) = G(f(x), =x) =P(f(x)no — & = —x) = P(Ono — o < —x) = G0, —x),
which, together with (5.4) and (5.6), yields
OB | x, f(x)) =1lf(x)v(B) forall B e B(S)andx € S,

fsw(y)Q(dy [ x, f(x) = Yo(p)wx) +1r(x)  forallx €S,

from which parts (d)(i) and (d)(iv) of Lemma 3.3 follow.
Moreover, by the definitions of v and /7, we have

/lf(y)v(dy) =17(0)> G(9,0) >0 forall f€F,
S

b(w) == /Sw(ymv(dy) —1,

from which parts (d)(ii) and (d)(iii) of Lemma 3.3 follow. Hence, all conditions in Lemma 3.3(d)
have been verified.

Exactly as in Lemma 10.9.4 of [14, p. 159], we can also verify that Q(- | x, f(x)) (for each
fixed f € F) has a unique invariant probability measure, 1 y. Thus, Assumption 3.3 follows
from Lemma 3.3.

In summary, we have the following result.

Proposition 5.1. Under Assumption 5.1, the generalized inventory system above satisfies As-
sumptions 3.1, 3.2, and 3.3. Therefore (by Theorem 4.1), there exists an average optimal
stationary policy.

Remark 5.1. (a) According to the discussions above, we see that for Example 5.1 all conditions
in this paper are satisfied. It should be noted that in Example 5.1 the state space is not
denumerable and that we can easily give a cost function (for this example) that might have
neither upper nor lower bounds. Therefore, the earlier conditions in [1], [2], [3], [4], [7,
p. 184], [5], [14, p. 128], [13, p. 46], [12, p. 71, [18, p. 18], [19], [22], [20], [25], and [24,
p- 15] fail to hold. This is because the state spaces considered in the previous literature are all
denumerable, except in [2], [7], [14], [13], [12], [19], and [22], where the cost functions are
assumed to be bounded below.

(b) Although the conditions in this paper are slightly weaker than those in [15] and [16],
a straightforward calculation together with the Radon—-Nikodym theorem can show that the
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results of [15] and [16] also apply to Example 5.1. Moreover, it should be mentioned that it
is very interesting and difficult to find a real model for which all conditions in this paper are
fulfilled, but which does not satisfy the assumptions of [15] and [16].

We now apply our results to a queueing system.

Example 5.2. (A controlled queueing system.) Consider a controlled queueing system in which
the state variable denotes the number of customers in the system. When there is more than
one customer in the system, we suppose that an arriving customer will be rejected from the
system with probability p; > 0 and admitted to the system with probability p, := 1 — pj.
The arrival rate is assumed to be a fixed constant, A > 0, and the service rates a are assumed to
be controlled by a decision-maker. Here, we interpret the service rates as the control actions.
When the system’s state is x € S := {0, 1, ...}, the decision-maker takes an action a from a
given set A(x) = [y, u2] with uy > w1 > 0, which increases or decreases the service rates
given by (5.7)—(5.9), below. The action incurs a cost ¢(x, a). In addition, the decision-maker
obtains a reward px during the time in which the system remains in state x (p > 0 denotes the
unit reward produced by a customer).

We now formulate this system as a discrete-time Markov decision process. The correspond-
ing transition law, Q(- | x, a), and cost function, c(x, a), are given as follows. When there
is at most one customer in the system, it is natural to assume that no control of the system is
necessary. Thus, for each a € A(x) with x = 0, 1, we have

“2

01]0,a)= , 110,a)= , 5.7
0 1]0,a) it 0(110,a) T (5.7
M2 pii P2
0]1,a)= , 1]1,a)= , 21 1,a)= 5.8
00| 1,a) PR o | ) Tt 02| 1,a) g (5.8)
Moreover, foreachx > 2 and a € A(x),
T 2
ify=x—2,
A+ 2 Y
B2 79 ey —x -1,
)
QU [ xoa)i= P el (59
A+ u2
par
ify=x+1,
A+ p2 Y
0 otherwise,
c(x,a):=c(x,a) — px for(x,a) e K :={(x,a):x€S,aecAx)}. (5.10)

We aim to find conditions that ensure the existence of an average optimal stationary policy. To
do this, we consider the following assumptions.

Assumption 5.2. The parameter X is such that (€ — 1)js > prre?.

Assumption 5.3. The function c(x, a) is continuous in a € A(x) for each fixed x € S, and
such that |c(x, a)| < Le* forall (x,a) € K and some constant, L > 0.
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Under these conditions, we have the following result.

Proposition 5.2. Under Assumptions 5.2 and 5.3, the controlled queueing system above satis-
fies Assumptions 3.1, 3.2, and 3.3. Therefore (by Theorem 4.1), there exists an average optimal
stationary policy.

Proof. We shall first verify Assumption 3.1. Let p = [ua + piie + pare?]/[e(h + u2)]
and let w(x) = e* forall x € S. By Assumption 5.2 we see that 0 < p < 1. Then, combining
(5.7) and (5.8), we have

7% Are
0,a)w = +
D 0G0, aw(y) PR
yeS
u2 + Ae
< pw(0) + ) 5.11
pw(0) "+ s (5.11)
j2%) P1Ar pA 5
1, a)w = + e e
Y0k | Lawy) PR b
yeS
= pw(l). (5.12)

Moreover, for each x > 2 and a € A(x), from (5.9) it follows that

4 w2 P27 g PIA o P2

X,a)w = — e’ +
yXE;Q(yI W = - Py i T,
a+e(uy — a) + pire? + pore’
= 5 w(x)
e*(A + u2)
epr + pni(l —e) + prie? + pare’
< 5 w(x)
e*(A + u2)
< pw(x). (5.13)
Thus, for each x € S and a € A(x), by (5.11)—(5.13) we have
u2 + Ae
> 00 [ x aywy) < pwlx) + 1oy (x) (5.14)
A+ o
yeS
n2 + Ae
< pw(x)+ )
< pw(x) PR

which gives Assumption 3.1(i) with b = (2 +Ae) /(A + o) and B = p < 1 defined as above.
On the other hand, since e* > x, from (5.10) and Assumption 5.3 we have

lc(x,a)] < (p+ L)w(x) forallx €S,

which verifies Assumption 3.1(ii) with M := p + L. Assumption 3.1 is thus satisfied.

By (5.7)-(5.9), the model’s description, and Assumption 5.3, Assumption 3.2 is obviously
satisfied.

Finally, we verify Assumption 3.3. By (5.7)—(5.9), for each fixed f € F we have

Z oy | x, f(x)) < Z Oy | x', f(x") forallx,x’,k € Sandx < x/,

y=k y=>k
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which, together with Theorem 7.4.1 of [21, p. 298], implies that the corresponding Markov
process, {x;}, is stochastically monotone (for each f € F). Thus, by (5.14) and Lemma 3.3(b)
we see that Assumption 3.3 is satisfied.

6. Concluding remarks

In the previous sections we have studied the average optimality problem for discrete-time
Markov decision processes in Borel spaces. Under suitable assumptions we have shown the
existence of an average optimal stationary policy. The approach developed in this paper is
different from the optimality inequality approach widely used in the previous literature, and
may be regarded as a modification thereof. We believe that our formulation and approach can
be used to analyse other important problems, such as that of stochastic games and average
sample path optimality for discrete-time Markov processes in Borel spaces.
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