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Average optimality for continuous-time Markov decision processes
under weak continuity conditions

Yi Zhang *

Abstract: This article considers the average optimality for a continuous-time Markov decision process with
Borel state and action spaces and an arbitrarily unbounded nonnegative cost rate. The existence of a deter-
ministic stationary optimal policy is proved under a different and general set of conditions as compared to the
previous literature; the controlled process can be explosive, the transition rates can be arbitrarily unbounded and
are weakly continuous, the multifunction defining the admissible action spaces can be neither compact-valued
nor upper semi-continuous, and the cost rate is not necessarily inf-compact.
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1 Introduction

In this article we establish the existence of a deterministic stationary average optimal policy for a possibly
explosive CTMDP (continuous-time Markov decision process) in Borel state and action spaces under the weak
continuity condition.

The average criterion for CTMDPs has been studied by many authors; for the recent developments, see
[13 14}, [15] [32] for the case of a countable state space, and [16] 19} 27, [34] for the case of a possibly uncountable
state space. Considering a nonnegative cost rate as in the present article, the standard approach of proving
the existence of a deterministic stationary optimal policy for an average CTMDP is through the optimality
inequality [13, 19]. If additional but less verifiable conditions are imposed, one can establish the optimality
equation [I4] B4]. In general, it is known [I3] that the optimality equation may not have a solution even if the
optimality inequality can be solved, see also [3].

In the present article, for the CTMDP with Borel state and action spaces and a nonnegative cost rate,
we also follow the optimality inequality approach, however, under the conditions different from the present
literature on CTMDPs with the average criterion. Below we explain that our conditions are rather general, in

which the contribution of the present article also lies.
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Firstly, all the aforementioned works on CTMDPs [13], 14 [15, [16] 19, 27, 32 34] assume the underlying
process to be non-explosive; and most of them achieve this by assuming the existence of a Lyapunov function
bounding the growth of the transition rates. In the present article we remove this condition, and allow the
transition rates to be essentially arbitrarily unbounded, and the controlled process to be possibly explosive.
The development of the theory covering such CTMDPs was once regarded quite challenging in the survey [15];
for the discounted criteria it has been done in e.g., [7], see also [31].

Secondly, we assume the weak continuity on the underlying signed kernel defining the transition rates, while
all the previous literature on average CTMDPs in Borel spaces is based on the strong continuity condition, except
for [20], which establishes the existence of a randomized stationary optimal policy for the constrained CTMDPs.
It is relevant to point out that recently the developments of the theory of average DTMDPs (discrete-time
Markov decision processes) and SMDPs (semi-Markov decision processes) with weakly continuous (also called
Feller) transition probabilities have received much attention from the research community [5l 6] &), [24] 25| 26].
In a nutshell, as compared to the strongly continuous case, the proofs with weakly continuous transition rates
are more technical, and the construction of the solution to the optimality inequality would involve the notion
of the generalized lower limit and the generalized Fatou’s lemma. Moreover, based on a neat generalization
of the Berge theorem [J], which is partially summarized in Lemma 1] below, and as in [§] for the average
DTMDP, we allow the multifunction defining the admissible action spaces to be neither compact-valued nor
upper semi-continuous.

If the state space is countable, then the concepts of weak and strong continuity coincide. However, in general,
meaningful applications of Markov control problems to, e.g., inventory management, have been noted, where
the weak continuity condition can be satisfied while the strong continuity condition is not, see the examples in
Section 6 of [20].

Since the solution to the optimality inequality is constructed following the vanishing discount factor approach,
some of the results about discounted CTMDPs are incidentally extended in the present paper as well.

Out of the current literature on CTMDPs, this paper is most closely related to [19], which is an extension
of [13], and also derives the average optimality inequality for a CTMDP. Nevertheless, it assumes the existence
of a Lyapunov function, and considers strongly continuous transition rates. A more detailed comparison of our
conditions with those of [19] is presented after Condition B4l below.

Finally, since we allow the transition rates to be essentially arbitrarily unbounded and not separated from
zero, the standard technique transforming the concerned average CTMDP to an equivalent DTMDP [33] remains
to be formally justified and is thus not directly applicable to our setup.

The rest of this paper is organized as follows. Sectionldescribes the concerned CTMDP problem. The main

result is presented in Section The proof of the main result is postponed to Section @l with some auxiliary



statements being presented therein. We finish this article with a conclusion in Section To improve the
readability, the proofs of the auxiliary results and some definitions together with known lemmas are collected

in the appendix.

2 Optimal control problem statement

Notations and conventions. In what follows, I stands for the indicator function, d,(-) is the Dirac measure
concentrated at x, and B(X) is the Borel o-algebra of the topological space X. Below, unless stated otherwise,
the term of measurability is always understood in the Borel sense, and a function can take values in [—oo, 00].
The convention of co — 00 := 0 is in use.

The primitives of a CTMDP are the following elements {5, A, (A(z) C A,z € S),q(-|z,a)}, where S is a
nonempty Borel state space, i.e., a measurable subset of some complete separable metric space, A is a nonempty
Borel action space, and the multifunction A(-) : z — A(xz) C A specifies the admissible action spaces, for which
we assume that A(z) € B(A) for each « € S, and its graph K := {(z,a) : € S,a € A(z)} belongs to B(S x A)
and contains the graph of at least one measurable mapping from S to A. This assumption guarantees the
existence of deterministic stationary policies defined below. The transition rates are given by ¢(|z, a), a signed
kernel on B(S) given (z,a) € K such that ¢(T's \ {z}|x,a) > 0 for all T's € B(S). Throughout this article
we assume that q(:|z,a) is conservative and stable, i.e., q(S|z,a) = 0 and ¢, = Sup,e a(y) ¢z(a) < 00, where
0.(a) i= —q({z}|z,a).

Following the Kitaev construction of a CTMDP [27], we take the sample space 2 := Sx ((0, 00] X S0 )>°, where
Soo := S {2} with the isolated point z., ¢ S. We equip Q with its Borel o-algebra F. For each n > 0, and
any element w := (9,01, 21,02,...) € Q, let t,,(w) := tp_1(w)+0, with to(w) := 0, and too (W) := limy, 00 tn(W).
Obviously, ¢, (w) are measurable mappings on the sample space Q. In what follows, we will omit the argument
w € ) from the presentation for simplicity, and understand t,, x,, 0,11, and t» as the n-th jump moment,
jumpped-in state, holding time of z,,, and the explosion moment. The pairs {t,,z,} form a marked point
process with the internal history {F;}:>0 (see Chapter 4 of [28]), which defines the stochastic process on (€2, F)

of interest {&,t > 0} by

&= Itn <t <tni1}an + oo < t}aoo, (1)
n>0

where zo is the cemetery point so that A(zs) 1= {@eo} and ¢u_ (@) := 0 with as ¢ A being some isolated

point. Below we denote Ay, := A|J{aco}. As in [12] we formally put & 1= Too.

Definition 2.1 A (randomized history-dependent) policy w for the CTMDP is given by a sequence (7y,) such



that, for each n = 0,1,..., m,(dalxg,01,...,2,,8) is a stochastic kernel on A concentrated on A(x,), and for

each w = (xg,01,21,02,...) € Q, t >0,

(dalw, t) == I{t > tog}oa (da) + Y I{tn <t < tni1}ma(dalao, b1, ..., 2, — ty).

n=0

In other words, a policy 7 is a predictable (with respect to {F;}i>0) stochastic kernel from € x (0, 00) to Au,
see Theorem 4.19 in [28]. The class of all policies for the CTMDP is denoted by II. A policy is called Markov if
it is in the form w(dalw,t) = 7(da|&— (w),t), where, with conventional abuse of notations, 7 on the right hand
is a stochastic kernel. Denote by II;; C II the set of Markov policies.

Under a policy 7 := (7,,) € II, we define the following random measure on S x (0, o00)

VR (dt,dy) = /A Q(dy \ (& (@)}er— (), a)(dalw, £)dt

= Z/ q(dy \ {zn Han, a)mn(dalxg, 01, . .. Xpy t — ty ) I{tn <t < tpiq}dt
n>0 A

with ¢(dy|Zeo, o) := 0. Suppose that an initial distribution v on S is given. Then by Theorem 4.27 in [2§],

there exists a unique probability measure P such that
PT (& € do) = y(da),

and with respect to P, v™ is the dual predictable projection of the random measure of the marked point process
{tn,zn}. The process {{;} defined by () under the probability measure P is called a CTMDP. Below, when ~(-)
is a Dirac measure concentrated at « € S, we use the denotation P;. Expectations with respect to P and Py
are denoted as ET and E, respectively. In fact, in what follows, we often write P™ instead of P when there is
no confusion. Under the probability measure P7, the system dynamics of a CTMDP can be described as follows.
The initial state xg has the distribution given by . Given the current state x,,, the sojourn time 6,,4; has the tail

function given by P™ (0,41 > t|xo,01,...,2,) = €~ J5 Jadan (@)mn(dalzo,01,.,2n,8)ds and upon a jump, the distribu-

_ Jaa@\{zn}zn,a)me(dalzo,01, ., 20n,0n41)
B fA Q. (a)ﬂn(dalz()a‘gla---amnvenJrl)

tion of the next state x,1 is given by P™(z,+1 € Tz, 01,..., T, 0nt1)
for each T' € B(S), where and below we quite formally put [, ¢(T'\ {zy}|a)m,(dalzo,01,. .., x,,00) := 0 for
each ' € B(S) and use the convention of % :=0, so that P™ (2,41 = Zoo|0,01,. -+, Zn,0nt1) =1 — P (xp41 €
S|zo,61,...,2n, 0nht1). According to [I1], under each Markov policy 7, the process & is a Markov jump process
in the sense of [12] with respect to (2, F, {Fi}i>0, Pr) for each z € S.

We are also interested in policies in more specific forms.

Definition 2.2 With slight but conventional abuse of denotations, a policy ® = (mn)n=01,.. € Il is called



(randomized) stationary if each of the stochastic kernels v, reads 7, (da|zg,b1,..., 20t —t,) = w(dalz,). A
stationary policy is further called deterministic if 7, (dalzo, 01, ..., Tn,t —t,) = 0y (s, (da) for some measurable
mapping ¢ from S to A such that p(x) € A(x) for each x € S; the existence of such a mapping is guaranteed

by the assumption imposed on the multifunction A(-), which also implies the set II being nonempty.

Let ¢(x,a), a measurable function on K that takes values in [0, 00), represent the cost rate at the present
state € S and action a € A(x). Quite formally, for any measurable function f on K, we put f(zso,ts0) = 0.
This agreement, together with (II) and that ¢({Zoc }|Zoos o) = 0 = ¢ (ae0), allows one to define formally the

long-run average cost by

T—o0

1 min{7T, to}
= lim =ET / /c(ft,a)ﬂ(da|w,t)dt .
T 0 A

— 1 |/
W(z,m) := lim sz l/o /Ac(ét,a)ﬂ(daw,t)dt]

We are interested in the following optimal control problem

Wz, 7) — min, z € S, (2)

for which a policy 7* is called optimal if W (x,7*) = inf e W (z, ) for each x € S.
The objective of the present article is to show the existence of a deterministic stationary optimal policy

under the weak continuity conditions on the transition rates, which can be essentially arbitrarily unbounded.

3 Main result

Condition 3.1 inf,cginf eq W(z,7) < co.

For each real constant a > 0, we define the expected total discounted cost under each policy 7 € II by

min{t.,00}
/ e_at/c(ft,a)ﬁ(daw,t)dt ,
0 A

and the value function for the corresponding discounted problem by W, (x) := inf, ey W, (z, 7). Let

Wo(z, ) := EZ [/0 e_at/Ac(ft,a)ﬁ(daw,t)dt] =ET

My 1= 122 W (z) and he(x) := Wy (x) —mg > 0,

where the regulation of co — 0o := oo is in use. The function h, on S is sometimes called the relative difference
or normalized value function for the discounted problem, on which we impose the following condition, where p

denotes the predetermined metric on S consistent with its topology.



Condition 3.2 limy_, 0 . ha(Y) = SUDs~0, Ao {infoca<s, plry)<a ha(y)} < oo for each x € S.

What was defined in the above condition is the generalized lower limit of the function h,(y) as 0 < a | 0 and
y — x. Condition is equivalent to that for each x € S, there exist sequences 0 < «a,, | 0 and y,, — x such
that {ha, (yn)} is bounded. Condition and its synonyms are widely assumed in the current literature on
average CTMDPs. We provide more insights on Condition after we introduce Condition below.
Finally, we assume the following weak continuity condition. To this end, we recall that a function ¢ on
the space K is called K-inf-compact if it is lower semi-continuous on K, and satisfies the following; for each
S 3 x, =z €S asn— oo, each sequence a,, € A(x,) such that ¢(z,,a,) is bounded from the above, admits
a limit point a € A(x) [9]. The function ¢ is called inf-compact on K if the set {(z,a) € K : ¢(x,a) < A} is
compact in K for each A € (—oo, 00). By the way, the inf-compactness on K is defined in a weaker sense in [22].

It is known that the inf-compactness of a function implies its K-inf-compactness [9].

Condition 3.3 (a) For each bounded continuous function f on S, [q f(y)q(dyl|x,a) is continuous in (x,a) € K.
(b) The cost rate c is K-inf-compact.

(¢) There ezists a continuous function w on S taking values in (0,00) such that q, < w(x) for each x € S.

The rather weak part (c) of the previous condition is for technical convenience, and essentially allows the
transition rates to be arbitrarily unbounded, since so can be the function w. Part (a) of Condition reads
that the transition rates are weakly continuous. Condition does not require the multifunction A(z) to be
either compact-valued or upper semi-continuous.

Some comments on Condition are in position now. Suppose Conditions B.] and are satisfied, so
that for any o > 0, there exists a deterministic stationary optimal policy ¢} for the discounted problem,
ie, Wy(z) = Wy(x, k) for each € S; and for all sufficiently small o > 0, m, < oo (as explained in
the proof of Theorem [B.I] below). Assume that there exists some z € S such that for all sufficiently small
a > 0, mg = Wu(z). (In fact, it S = {0,1,2,...} or S = [a,b) with @ € R and b € R|J{+o0}, then

c(z,a)
' atw(x)

this assumption is satisfied when A(z) is decreasing in « € S, and for all sufficiently small « > 0

and al”g()m) Jsuly) (% +I{z e dy}) are increasing in x € S for each fixed a € A(z) and increasing
nonnegative function u on S. This follows from the fact that W, (z) = lim,4oc vn(z) with v, being defined in
the proof of Lemma [2 below.) Consider the stopping time 7, = inf{t > 0: & = z} (with respect to {F;}+>0).

As usual, the infimum taken over the empty set is put as +oo. It is known [28] that min{r.,t.} is also a

]:min{'rz,tco}‘| ‘|

stopping time. Then for all sufficiently small a > 0,

too
ho(z) = Ef° + Ef~ | Efe / e” (&, 9" (&))dt

min{7.,to0 }

min{7.,te}
/ e0te(Ee, " ()t
—Wa(2).




Furthermore, by Theorem 4 on p.197 of [12] the process & is a strong Markov one with respect to {F;}¢>0. So
by applying the strong Markov property to the second summand on the right hand side of the previous equality,
we see

ho(z) Efe

IN

4 Ea [efamin{fz,tw}wa(z)} —Wa(2)

min{7.,tec }
/ / o(&, a)r(dalw, t))dt]
0 A

where the first inequality further follows from the fact that & is right-continuous and W, (2+) = 0. It can be

min{7.,te} .
/ e lelEy, " () dt
0

o
Ere

IN

min{7.,tec }
/ 6“%MMM4$w@
0 ™

shown [2] 2I] that if there is some constant ¢ > 0 such that g,(a) > € for all x # z and a € A(z), then

min{7,te }
/ /c(ft,a)ﬂ(daw,t))dt] < o0 (3)
0 A

sup BT
s
for each = € S if there exists a real-valued upper semi-analytic function v on S such that

ozc@;@+iéw}qMM%aW@)

for each « # z and a € A(z). This thus provides a sufficient condition imposed on the primitives of the CTMDP
model for verifying Condition B2 which does not refer to the existence of a Lyapunov function as in Condition
BA below (cf. [19]). By the way, if the process & is non-explosive as prevailingly assumed in the current
literature, then (@) is satisfied when, for example, the process & exhibits some version of the ergodic property.

Similar versions of Conditions Bl and parts (a,b) of the previous condition are assumed in [8] but for

discrete-time problems, see Assumptions G, W* and B therein.

Theorem 3.1 Suppose Conditions [31], and [Z3 are satisfied. Then there exist a constant g, a nonnegative
real-valued lower semi-continuous function h on S and a deterministic stationary policy ¢* such that

(a) the following optimality inequality is satisfied for each x € S

Y

inf {c(m, a) + w(x) /S h(y) (w +I{z € dy})}

ac€A(x) ’LU(ZL')

— c(w,go*(x))—l—w(x)/ h(y) (w

s w(z)

g+ w(z)h(x)

+I{z € dy}) ; (4)

(b) the deterministic stationary policy ©* is optimal for the average CTMDP problem (3); and

(c) g=inf e W(z,7) < 0o for each x € S.

The proof of this theorem is postponed to the next section, by inspecting which one can see that any deterministic

stationary policy that satisfies ({@l) is optimal. Furthermore, it follows from Lemma ET] below that inf, W (a, )



is given by the smallest constant g satisfying the inequality ().
The statement of Theorem [B.1lis obtained in [I9] under the following Condition B4l see Assumptions A, B

and C therein.

Condition 3.4 (a) There exists a measurable function w > 1 on S and constants ¢y € (—00,00), by > 0 and
My > 0 such that

(i) [sw(y)a(dy|z,a) < cow(x) + b for each (x,a) € K; and

(ii) 7, < Mow(x) for all x € S.

(b) For some sequence oy, | 0 as n 1 oo and some fixred xy € S, there exist a real constant L* and a finitely
valued nonnegative measurable function U on S such that

(i) sup,—1 2. {anWa, (7)} < 00 for each x € S; and

(it) L* < W, () = W, (z0) < U(x) < 0o for each x € S.

(¢) The following compactness-continuity condition is satisfied.

(i) The set A(x) is compact for each x € S;

(1) the cost rate c(x,a) is lower semi-continuous in a € A(z) for each x € S; and

(ii) for each bounded measurable function f on S, [¢ f(y)q(dy|z,a) is continuous in a € A(x) for each x € S.

The function w in part (a) of the above condition is called a Lyapunov function or a bounding function, whose
existence guarantees the process & to be non-explosive, i.e., PT(to, = o0) = 1 for each z € S [19], which

x

is also prevailingly assumed in the previous literature on CTMDPs with possibly unbounded transition rates
[14, [15], 16, 17, I8, 20, 30, B2, B4]. In comparison, the existence of a Lyapunov function is not needed in the
present paper; Condition[B3|(c) allows essentially arbitrarily unbounded transition rates, and thus the underlying
process to be explosive. Part (iii) of Condition Blc) states the strong continuity of ¢(dy|z, a); accordingly,
the lower semi-continuity of the cost rate ¢(z, a) is only required in a € A(x), but the multifunction A(-) needs
be compact-valued, which is not required in the present paper. Finally, one notes that Condition [3:4] implies

Condition B11

4 Proof of Theorem 3.1

In this section, before proving Theorem Bl we firstly present some auxiliary statements.
Under each Markov policy w € IIy, the process & is a Markov jump process [I1], and there exists a transition
(sub-probability, in general) function p™(u,z,t,dy) such that P™(& € dy|&,) = p™ (u, &y, t,dy) with ¢ > u >0

almost surely with respect to P™ [29]. So we formally define for each x € S, v < ¢ and Markov policy 7 € I,

W (u,2,t) = / | [ et armtaaly. sy (.. s.dgyas (5)



The next result is a generalization of Theorem 3.4 in [19], which was proved for deterministic stationary
policies only and additionally under Condition B4{(a). Since Condition B.4l(a) is not required in the present
article, to be self-contained and for its potential independent interest, we include this result here, and present

its complete proof in the appendix.
Lemma 4.1 (a) Let a Markov policy m € s be fized. Then the function W™ (u, x,t) is the minimal nonnegative

measurable solution to the following inequality

t
v(u,z,t) > //c(:n,a)7r(da|x,9)d9 e~ Ju s az(a)m(dalz.6)d6
u JA

t s
+/ e Jula q’“(a)”(daz’(’)de{/ qm(a)ﬂ(dakc,s)/ /c(z,a)ﬂ(da|z,9)d9
U A u JA

+/ /q(dy|$,a)ﬂ'(da|x,s)v(s,y,t)}ds. (6)
S\{z} /A

(b) Let a stationary policy 7 be fized, and suppose there exist a constant g € [0, 00] and a nonnegative measurable

function h on S satisfying the following inequality

g+h(x)/qu(a)7r(da|z) E/Ac(z,a)w(da|z)+/

W) /A a(dylz, a)(dalz)

for each x € S. Then g > W (x, ) for each x € S such that h(x) < oc.

Proof. See the appendix. O
The next lemma, to be used in the proof of Theorem Bl below, extends some known results for discounted

CTMDPs in the literature [7) [I7] to weaker conditions.

Lemma 4.2 Suppose Condition [T3(c) is satisfied. For each o > 0, W, is the minimal nonnegative lower

semi-analytic solution to the equation

o(z) = inf { dwa) | _wl@) /Sv(y) (M -l—I{xedy})}. (7)

acA(@) la+w(r)  w(z)+a w(x)

If additionally Condition [3.3(a,b) also holds, then W, is lower semi-continuous on S, and there exists a deter-

ministic stationary for the discounted C'TMDP problem.

Proof. See the appendix. O
Proof of Theorem [3.31 Note that under Condition Bl m, < co by Proposition A.5 of [I8] for all sufficiently
small o > 0, say, to be specific, for all 0 < o < ap < oo. Indeed, Condition BIlasserts the existence of some z € S
and policy 7 € II such that W (z,7) = limyjee 2 ET {fot [y e, a)m(dalw, s)ds} < o0. Thus, for all sufficiently

large t > 0, fot ET [, c(&s, a)m(dalw,s)] ds = ET [fot [y e(&s, a)m(dalw, s)ds} < 00. Due to the nonnegativity of



the cost rate ¢, this implies ET [ [, ¢(&, a)m(dalw,t)] < oo for t > 0 almost everywhere. Thus the condition of

Proposition A.5 in [I8] is verified, and we infer from it for that

Tim a <
o aWeu(z,m) < W(z,m) < o0, (8)

and consequently, there exists some 0 < g < 0o such that m, < W, (z,7) < oo for all 0 < @ < ag as required.

Let go := amg,. For each 0 < a < g, we write Wy, (z) = ho(x) + mg in [@) with W, in lieu of v, and obtain

ha(s) +me =  inf { cwa) | _wlw) /S(ha(y)—i—ma) (wﬂ{wedy})}

(
acA@) |a+w(z)  wx)+ w(zx)
I dylr.a) w(@)me
N aeAfz) {oe + w(x) * w(x) + « /Sha(y) ( w(z) +Hze dy}) i a+ w(zx) } - 0

It follows from (@) that

ha(y) (w +I{ze dy}>} . (10)

(w(z) + @)ha(x) + 9o =  inf {c(z, a) + w(x)/ w(@)

acA(x) S

Define now

= lim g, >0 11
g:=lim go >0, (11)
which is finite because of ({]), and
h(z) = lim  ha(y), (12)
0<al0, y—x

which is finite under Condition B2 It is known that for each convergent sequence 0 < ay, | 0 as n — oo,

sup h,(x)=h(z)= lim h, (y), (13)

ae(0,00) n—ooy—r

where h, (v) :=lim, ,, Ha,(y) with Ha, (y) = infac0,a,] ha(y), see (24) of [§] for the first equality in (I3])
and Corollary 1 of [8] for the other. The above three functions are all measurable; in fact, the functions b, and
h are lower semi-continuous on S, see Lemma 5.13.4 of [I] and Lemma 4.2 of [4], respectively. Note that by

their definitions

for each z € S and o > 8 > 0.

10



Let € > 0 be arbitrarily fixed. Then by the definition of the constant g (see ([IIl)), there exists 0 < a1 < «p

such that for each « € (0, 1], g > go — €. It follows from this and ([I0) that for each 0 < a < ay,

(w(z) + )he(z) + g+¢> inf {c(z, a) + w(z) /S ho(y) (M b o e dy}> } ,

acA(z) w(z)
which, together with (Id), leads to that for each 0 < 8 < a < ay,

q(dy|z,a

(w(:z:)+ﬁ)h5(x)+g+e>a1nfm){cxa+w /H ( )—i—l{xedy})},

and thus by the definition of H,, the above relation and (I4]) again,

V

(w(z) + a)Ha(z) + g+e > ae%){cxa +w(x /H ( dy|z)a)+l{:c€dy}>}
inf {c(:c,a) +w(z)/sha(y) <M +I{z e dy})} (15)

a€A(x) ’LU(.’L')

Y

for each 0 < a < ;. Under Condition B3] the stochastic kernel Q(dy(‘;a + I{x € dy} is weakly continuous,

which, together with the lower semi-continuity of h,, (as explained earlier), implies that
q(dy|z,a)
w(o) [ 1) ( + Iz e dy)
s w(z)

defines a lower semi-continuous function on S. As a result, c(x,a) + w(z) [q R, ( (% +I{z € dy}) is
K-inf-compact because so is the cost rate ¢ and that b, (r) > 0 for each x € S, see Lemma[5.2 in the appendix.
Therefore, one can infer from Lemma [51]in the appendix for the lower semi-continuity on S of the expression
in the second line of (IH]). Following from this and upon taking the corresponding lower limit on the both sides
of ([I3)), one obtains

(0l) 4 o) 494 e inf Jelea) +uto) [ ) (MY 41 can )|

acA(x)

for each 0 < o < . Now the first equality of (I3) and the above inequality imply

. q(dy|z, a)
(wa) + (o) +g+ > int {eloa) +uto) [ o) (LGS 4 o e an )} (16)

for each 0 < o < . By the K-inf-compactness of the expression inside the parenthesis on the right side of (I

11



(as explained earlier) and Lemma [5.1] for each 0 < o < avq, there exists some a, € A(x) such that

(w(z) +a)h(x)+g+e > inf {c(x, a) + w(z)/

acA(x) S

he(y) <% + Iz e dy}) }

— clraaa) +ola) [ o) (DU 1o e ). (17)

Now let « € S be arbitrarily fixed, and take oy > v, L 0 (v, > 0). Under Condition the expression on the
left side of inequality () is finite (recall (I2) for the definition of the function h). Considering () with a,
replacing « therein, it follows from the definition of the K-inf-compactness that the sequence {a,, } admits a
limit point a* € A(z). Taking the lower limit on the both sides of (I7)) along the specified sequence vy > v, | 0

(an, > 0), we see

woh(e) +g+e > cloa’) o) i [ o, o) (L2880 4 1o e ay))
> c(r,a)+ w(x)/sh(y) (% +I{z € dy}>
: q(dylz, a)
> aelﬁfz) {c(z, a) + w(x) /s h(y) (7 +I{z € dy}> } , (18)

w(z)

where for the first inequality the finiteness of A(x) and the lower semi-continuity of the term inside the parenthesis
on the right side of () are used; and the second inequality follows from (3], the weak continuity of the
underlying stochastic kernel, and the generalized Fatou’s lemma, see Lemma in the appendix or Lemma
4.2 of [d]. That the inequality in (@] is satisfied by the constant g and the nonnegative real-valued lower semi-
continuous function A follows from ([I8) and the arbitrariness of e > 0. Regarding the existence of a measurable
selector ¢* satisfying the equality in [@)), one can refer to Lemma B} recall that the term in the parenthesis
in @) is K-inf-compact. We prove the rest of this statement as follows. Let ¢* be any measurable selector
satisfying the equality in (@). By the finiteness of h(z), @) and Lemma [AT]

g > Wiz, @) > inf W(x, ). (19)

mell

For the opposite direction, let = € S be arbitrarily fixed. Since g < oo, we see infeqg W(z,7) < oco. Fix
arbitrarily some (possibly z-dependent) policy 7 such that W(x, 7) < co. Now as in the argument for (8) with z
being replaced by z in the beginning of this proof, we see limgq 0 aWa (z) < W (z,7) < 0o, which together with
the arbitrariness of the policy 7 and the fact that g = limg<qjo @ infres Wo(2) < limgeqjo aWe(x) (recalling
here the definition of g given by (), leads to inf e W(x,7) > g. Thus, we see the validity of (I9) with
inequalities being replaced by equalities. It follows from the arbitrariness of « € S that the policy ¢* is optimal.

The proof is now completed. a

12



5 Conclusion

To sum up, for a CTMDP in Borel state and action spaces with a nonnegative cost rate, the existence of a
deterministic stationary average optimal policy is proved with weakly continuous transition rates. Our conditions
allow the controlled process to be explosive (i.e., the transition rates are essentially arbitrarily unbounded). In
addition, following the neat generalization of the Berge theorem [9], the condition on the admissible action

spaces has been further relaxed as compared with the previous literature.

Appendix

Definition 5.1 The collection of analytic subsets of a nonempty Borel space S is the collection of images of
measurable subsets of Y under all measurable mappings fromY into S, where Y is an uncountable Borel space.
A function f on the nonempty Borel space S is called lower semi-analytic if for each € € (—00,00), the set

{x €S : f(x) <€} is analytic. A function f is called upper semi-analytic if —f is lower semi-analytic.

See more details about the above definition in Chapter 7 of [2].
The next lemma comes from [9], see Theorems 1.2 and 3.3 therein, where the more general statements are

established.

Lemma 5.1 Suppose a function g on the nonempty Borel space K = {(x,a) : © € S,a € A(x)} is K-inf-
compact. Then infaeA(I)g(x,a) defines a lower semi-continuous function in x € S. Furthermore, there is a
measurable mapping p* from S to A, whose graph is contained in K, such that inf,c 4(z) 9(z,a) = g(x, p*(x))

for each x € S.

The following lemma summarizes some facts about K-inf-compact functions, which are used frequently in

the proofs in this paper.

Lemma 5.2 Let ¢ be a K-inf-compact function on K. If v is a nonnegative lower semi-continuous function on
K, then c+wv is also K-inf-compact on K. If u is a continuous real-valued function on S such that u(x) > 0 for
each x € S, then % defines a K-inf-compact function on K.

c(z,a)

S and a,, € A(x,) such that there is some real constant M > 0 such that % < M ie., e(@p,an) < Mu(a,)

for all n. Since w is continuous and the set X := (>~ {zn} U{z} is compact in S, we further infer from the

Proof. We only verify the second part. Clearly is lower semi-continuous on K. Now suppose S 3 z,, = = €

previous inequality for that c(z,,, a,) < M sup,¢ x u(y) < oo for all n. Now it follows from the K-inf-compactness
of the function ¢ that there exists a limit point a € A(z) for the sequence {a,}, as required. O
The following statement is known as the generalized Fatou’s lemma [4] [5, [I0]. A detailed proof with more

general statements is available at [10].
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Lemma 5.3 Suppose a sequence of probability measures Q,, on the nonempty Borel space B(S) is weakly con-

vergent to the probability measure Q on B(S). Then for each sequence of nonnegative functions g, on S, it holds

tha‘t fS hmn—>oo LY g"( ))Q(dy) < hmn—>oo fs gn Qn(dy)

Proof of Lemma 4l (a) For simplicity, throughout the proof of this lemma, we omit the fixed policy 7 from

indications, and introduce the following notations

c(x, 8) ::/Ac(:n,a)w(dam,s), q=(9) ::/qu(a)ﬂ(dam,s), q(dy|z, s) ::/Aq(dy|:c,a)7r(da|x,s).

Furthermore, if ¢(x, s), ¢.(s) and ¢(dy|z, s) in the above are s-independent, as in the case of a stationary policy,
we omit s from the arguments.
It is known [I1] that the transition function p(u, z, ¢, dy) can be constructed iteratively by > ;o pr(u, 2, t,dy) 1

p(u, z,t,dy) as n 1 oo, where the convergence is set-wise, and for each T" € B(SS)

polu,a,t,T) = I{zeThe Jus(ds;

t
pr(u, 2, t, 1) = // e_fuq“(e)d‘gq(dmx,s)pk_l(s,y,t,F)ds.
S\{z}

It follows from this, the nonnegativity of the cost rate ¢ and the monotone convergence theorem, see Theorem

2.1 in [23], that m,,(u, x,t) f fs Y,8) > op_o Pn(u, z, s,dy)ds T W (u,z,t) as n 1 oo, see (H).
We verify firstly that W (u,z,t) satisfies (@) with equality as follows. By the iterative definitions of the

transition functions p,,

t n
M, 2,) = / / o) D pul .5,
u JS
= o(u,z,t) //y, Z (u, z, s,dy)ds
= (u,z,t) / / c(y, s Z/ / e i Oy dz |z pr_1(r, 2, s, dy)dr ds
k=17u S\{z}

- mo(u,z,t)+/u /SC(y,

t
= mo(u,x,t) + / e~ Juan(0)0 q(dz|z,r)mp_1(r, 2, t)dr,
u S\{z}

n—

/ / — SO x|z ) pe_1(r, 2, 5, dy)ds dr
S\{I}
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where the last two inequalities follow from the legal interchange of the order of integrations. Integration by

parts gives mo(u, z,t) = e~ Ju 4=(9)d? f; c(z,0)do + fi [2 e(x,0)dfe™ T a0, (s)ds. Tt thus follows that

t
mn(uv'rvt) = / C(:E,@)d@e* f"z 4= (0)dd

t s
+/ eI q’“(")d"{qx(s)/ C(x,9)d9+/ q(dylx,s)mnl(s,y,t)}ds. (20)
u u S\{z}

By the standard monotone convergence theorem, passing to the limit as n 1 oo on the both sides of the above

equality gives
! t
W(U,m,t) = / C(.T,@)d@e_ fu q-(0)do

t s
+/ e~ Ju 1(6)df {qz(s)/ c(x, 0)do + / q(dyl|x, s)W (s, y,t)} ds.
u U S\{z}

For the minimality of W (u,x,t) as a nonnegative measurable solution to inequality (6]), suppose that there
is another nonnegative measurable solution v(u,z,t) to inequality ([@). Thus, v(u,z,t) > mo(u,x,t). Now
an inductive argument based on (20) and the fact that v satisfies (@) implies v(u,x,t) > my,(u,x,t) for each
n =0,1,..., which, together with the fact that m,, T W point-wise as n 1 oo, leads to that v(u,x,t) > W(u,x,t)
as desired.

(b) Suppose a stationary policy  is fixed, and there exist a constant g and a nonnegative measurable function
h on S as in the statement. Without loss of generality, we assume that g < oo for otherwise the statement holds
automatically. Tt is well known, or otherwise follows from the construction of the transition function p(u, z, t, dy)
above that under the stationary policy, p(u, z, t, dy) depends on u and ¢ only through the time increment t—u, and
the underlying Markov jump process & is homogeneous, and thus W (u, z,t) = E, [ OFU c(fs)ds} = W(x,t—u),
see Theorem 2.2 of [I1]; recall the agreement that the (stationary) policy 7 is omitted from indication in this
proof. Tt follows from this and part (a) specialized to a stationary policy and u = 0, that W(Jc, t) is the minimal

nonnegative measurable solution to the inequality

Wi(z,t) = c(w)te‘q““r/o e {qz C(w)8+/s\{ }q(dylw)W(y,t—S)}dS-

Now it can be verified, based on the definitions of the constant g and the function h, that the above inequality
is satisfied with h(x) 4 gt in lieu of W (z,t). Consequently, h(z) + gt > W (x,t) by part (a) of this lemma. At
2 € S such that h(z) < oo, dividing the both sides of the previous inequality and then passing to the upper

limit as t — oo yields the statement. O
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Proof of Lemmal[4.2l Let a > 0 be arbitrarily fixed. It is known that the value function Wy, for the discounted

CTMDP problem is the minimal nonnegative lower semi-analytic solution to the equation

= in c(x,a) v Q(dmxva’) . ~O’U T
o(a) aeAE@{rqm(a) o (y)—ﬁqz(@} Tou), (21)

see Theorem 5.5.5 in [7]. For the first part of this lemma, it remains to recognize that the two equations (7)) and
[I) admit the same minimal nonnegative solution. Below, in spite that the argument is trivial, we briefly verify
this relation because first, a similar relation between equation ([7l) and another equation similar to ([21]) was falsely
claimed without proofs in [31], see equation (8) therein, and second, it is easy to construct examples to show that

equations () and (ZI) are not equivalent; indeed, there can be solutions to (), which do not satisfy 2II). For

brevity, we write (@) as v = T'ov with Tov(x) := inf,c a() {;ﬁ,}&)ﬁ) Jgfﬂ)a Jsvly (% +I{z € dy})} .

Firstly, consider the minimal nonnegative solution u to 2II), and let & € S be arbitrarily fixed. If u(z) = oo,

then T o u(z) = oo = u(x) (recalling the convention of co — 0o := 00). Now suppose u(z) < co. Then it follows
w(z)

that u(z) < <&

ateey T — [ u( (M +I{r e dy}) for each a € A(x). Let ¢ > 0 be arbitrarily fixed,

w(x)

and take any 0 < e < ¢. Then there exists some as € A(x) such that u(xz)4€ > ai(zzai)& +fS\{z} )% S0

that u(z)+0 > u(x)+ e(i:ﬁ”((;lf)) > ;waa‘;) w(z) — [ u( (Q(dylz as) 4 [z € dy}) . Since § > 0 is arbitrarily

fixed, we see that w(z) = T o u(x). Thus, u > v with v being the minimal nonnegative solution to (). For

the opposite direction, note that if v(z) = co, then v(x) > T o v(z). Suppose now v(z) < co. Then for each

c(z,a w(x dy|z,a c(z,a dy|z,a
a € A(@), v(@) < iy + wirta Js o (% +H{z e dy}) cand s0 0(x) < Z5ET5 + [ ) v(0) BETES-

Let 6 > 0 be arbitrarily fixed, and choose ¢ > 0 such that C(a%f(z)) < ¢. Since v satisfies (), there exists some
as € A(x) such that v(z) > acflﬁu"(‘;)) a+w 5 fs q(dy|z,as) + %v((f)) — €. Simple rearrangements of this

(z,as)

inequality further lead to v(z) > a‘iqm(as) + a+qr(a6) fs\{z} y)q(dy|z, as) — 0. Thus, v(z) > Towv(z). It follows

from this and Proposition 9.10 of [2] that u < v, and thus u = v (recalling the opposite direction of the previous
inequality being established earlier). The first part of this lemma is proved.

Next, we observe that according to the first part of this lemma and Proposition 9.16 of [2], W, is also given by
the value function of a DTMDP with the total undiscounted cost criterion specified by the following primitives.

The state space is S| J{zo}; the action space is A J{ao}; the admissible action space is A(z) for each z € S

with A(2) = {axo}; the transition probability is given by Q(T'|z,a) := w”z;()””_i)m (q(il(a;,)a) +I{ze F}) for each

xeS, acAlx) and T € B(S), Q{zoc}|z,a) == I{r =2,a = acc} + [{z € S;a € A(2)}(1 — Q(S|z,a)); and

finally, the cost function is I{z € S,a € A(z)} ;ﬁ};?;). Here we recall that 2., ¢ S and as ¢ A are two isolated
points. Under Condition B3] one can verify that the transition probability Q(dy|x,a) is weakly continuous, i.e.,
for each bounded continuous function f on S (J{zwo}, [ Utea} f()Q(dy|z, a) is continuous in z € S| J{z} and
a € A(x); and the cost function is K-inf-compact, see Lemma [1.21 Denote the value function for this DTMDP

problem with the total undiscounted cost criterion also by W,. Below, to be self-contained, we verify that
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W, can be constructed using the value iteration algorithm under Condition Let vo(z) := 0 and v, (z)

inf e a(a) {ai(j;‘(li) + wq(ux(ﬁa Jstn-1(y) (% +I{z € dy})} for each z € S, whereas v, (z) := 0 for each

n=20,1,2,.... Under Condition B3] since the transition probability is weakly continuous and the cost function
is K-inf-compact, by Lemma [B.1] v, is lower semi-continuous for each n = 0, 1,.... Furthermore, the sequence
{vn} is increasing, so that we formally define voo () := lim, 400 v (), which is thus also lower semi-continuous.
Let © € S be arbitrarily fixed. It is easy to see from the monotone convergence theorem that ve(z) <

c(z,a)

atw@ T J5 Voo (¥)Q(dy|z, a) for each a € A(z), and thus v () < infuea(a) {;ﬁu(m) + [ voo (1) Q(dylz, a)}

For the opposite direction, without loss of generality, we assume that v, < co. For each fixed m <n — 1,

=t (20 L ot

acA(z) | a0+ w(x)

Y

Voo ()

c(x, an)

- el [5 Va1 (1)Q(dylw, ay) >

o+ w(z

c(x, an)

At [ Qe ). 22)
where a,, € A(z) are the corresponding minimizers, whose existence is ensured by Lemma [} and the last
inequality is due to that {v,} is an increasing sequence. Having noted that aﬂ(j}ai + [svm(y)Q(dylz, a) is
K-inf-compact, and v (2) < 0o, we see that the sequence {a,} admits some limit point a* € A(x). Assume
without loss of generality that a,, — a* for otherwise one can take the corresponding subsequence. By passing
to the limit as n — oo on the both sides of (22) and the lower semi-continuity of the involved functions, we

c(xz,a”

obtain veo(x) > P ) + Js vm(y)Q(dy|z,a*). Further passing to the limit as m — oo on the both sides of

c(z,a”

the above inequality yields veo () > £505 +fs Voo (Y)Q(dylz, a*) > inf e a() {acJ(rzU;ai + 4 Voo (1) Q(dylz, a)}

Hence, in combination with the other direction as proved earlier, we see that v, is a nonnegative measurable (in
fact, lower semi-continuous) solution to (). This, by virtue of Proposition 9.16 of [2], shows ves(x) = W (z),
and thus the lower semi-continuity of W, follows. Consequently, there exists a deterministic stationary policy

" such that

Wale) = aéﬁf@ {acfﬂl ) N w(ligzl /W ) ( (dy(lx) a) +I{z € dy}>}

A (M5 )

G

Evidently, this policy satisfies Wy, (z) = W, (z, ¢*). O
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