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The present paper considers the constrained optimal control problem with total undiscounted criteria for
a continuous-time Markov decision process (CTMDP) in Borel state and action spaces. The cost rates
are nonnegative. Under the standard compactness and continuity conditions, we show the existence of an
optimal stationary policy out of the class of general nonstationary ones. In the process, we justify the
reduction of the CTMDP model to a discrete-time Markov decision process (DTMDP) model based on
the studies of the undiscounted occupancy and occupation measures. We allow that the controlled process
is not necessarily absorbing, and the transition rates are not necessarily separated from zero, and can be
arbitrarily unbounded; these features count for the main technical difficulties in studying undiscounted
CTMDP models.
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1. Introduction

The present paper considers the constrained optimal control problem with total undiscounted cri-
teria for a continuous-time Markov decision process (CTMDP) in Borel state and action spaces.
The cost rates are nonnegative.

The majority of the previous literature on CTMDPs with the total cost criteria focuses on
the discounted model with a positive constant discount factor; see, for example, [13,14,19-21,
27,29-31,33,36]. In [21,29,30], the convex analytic approach for constrained problems is de-
veloped, whereas the dynamic programming approach for unconstrained problems is studied in
[19,20,31,33]. The investigations in [19-21,29,30,33] are based on the direct investigation of the
continuous-time models by using the Kolmogorov forward equations; for this, the authors had to
impose extra conditions bounding the growth of the transition rates in the form of the existence
of Lyapunov functions.

Another method of investigation is based on the study of the relation of the CTMDP problem
and a DTMDP (discrete-time Markov decision process) problem. Once the CTMDP problem
is reduced to an equivalent DTMDP problem, one can directly make use of the toolbox of the
better developed theory of DTMDPs; see, for example, [2,4,5,10,12,17,32] for the CTMDPs.
This idea at least dates back to the 1970s; see [28], where the author applied the uniformization
technique to reducing the CTMDP problem to a DTMDP problem; see also [36]. However, the
authors of [28,36], not only required the transition rates to be uniformly bounded, also had to be
restricted to the class of deterministic stationary policies, that is, those that do not change actions
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between two consecutive state transitions. These are also the standard setup for the textbook
treatment of CTMDPs; see Chapter 11 of [34]. The situation becomes more complicated if one
is allowed, as in the present paper, to consider nonstationary policies, that is, those allowing
the change in actions between two state transitions. In this direction, Yushkevich [37] firstly
reduced a CTMDP model with nonstationary policies to a DTMDP model, which, for the ease of
reference, we call the Yushkevich-induced model. However, the action space of the Yushkevich-
induced DTMDP model is more complicated; it is the space of measurable mappings, so that
in general a stationary policy in this DTMDP model corresponds to a nonstationry policy for
the original CTMDP model. A further reduction of the Yushkevich-induced DTMDP model to
one with the same action space as the original CTMDP model is possible after the investigations
of the dynamic programming (or say optimality) equation for unconstrained problems. Only
unconstrained problems were considered in [37], which also assumed the transition rates in the
CTMDP model to be uniformly bounded. The similar approach is developed in [3,7,8,18] for
other related unconstrained problems.

In general, the reduction method based on the comparison of the dynamic programming equa-
tion is more suitable for unconstrained problem; see also [31]. Especially convenient for dealing
with constrained discounted CTMDP problems, [13,14] proposed a novel method of reducing
directly the CTMDP model to an equivalent DTMDP model in the same action space based on
the studies of the discounted occupancy measures; we often call such an induced DTMDP model
“simple” to distinguish it from the Yushkevich-induced DTMDP model. (In fact, there is a small
inconsistency in the use of terminologies in [13,14]; the occupation measure in [13] actually
means the occupancy measure in [14] as well as the present paper.) The original article [13] as-
sumed the transition rates of the CTMDP to be bounded; this condition is completely withdrawn
in the more recent extension [14]. Feinberg’s reduction is valid without any conditions so long
the discount factor is positive. By the way, in [13,14], the author considered general cost rates,
whereas in the present paper we only consider nonnegative cost rates.

The present paper considers the total undiscounted CTMDP problem with constraints. To the
best of our knowledge, the theory for this class of optimal control problems is currently underde-
veloped, despite that they would naturally find applications to for example, epidemiology, where
one aims at minimizing the total endemic time, which does not have an obvious monetary inter-
pretation for discounting. There seems to be limited literature on this topic. For unconstrained
total undiscounted problem, Forwick, Schil and Schmitz [18] developed the dynamic program-
ming approach, and established the optimality equation, essentially following the Yushevich’s
reduction method. For the constrained problem, the authors of [22] developed the convex ana-
lytic approach by studying directly the continuous-time model, but only after imposing the extra
conditions on the growth of the transition and cost rates and some strongly absorbing structure;
such conditions make the analysis of the undiscounted model essentially similar to the one of a
discounted one.

The objective of this paper is to study the constrained total undiscounted CTMDP problem
without the absorbing condition or any condition on the growth of the transition rate, whereas
the cost rates are nonnegative. Even for DTMDPs, such problems were acknowledged to be chal-
lenging in the survey [6] and were tackled only recently in [10]; see also [11,12]. Our original
plan is to apply the Feinberg’s reduction method to the undiscounted case, and once that is done,
we can refer to the optimality results for DTMDPs obtained in [10]; we remark that the Fein-
berg’s reduction method is always applicable to discounted CTMDP models without additional
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conditions. However, we notice that the situation when the discount factor for the CTMDP model
is zero becomes significantly different and much more delicate; indeed, Example 3.1 below il-
lustrates that without additional conditions (in fact, when the transition rate is not separated from
zero), it can happen that the performance vector of the CTMDP problem under a nonstationary
policy might not be replicated by any performance vectors of the simple-induced DTMDP prob-
lem. It is thus natural to ask under what conditions does the reduction (to the simple-induced
DTMDP model) method apply to the undiscounted CTMDP model. It is also realized that the
studies of the occupancy measures alone are not useful in general for the total undiscounted CT-
MDP models. (In Section 3 below, we give a more detailed discussion on these.) Different from
the discounted case, we now also need study the occupation measures, which are on the one
hand, more delicate because they are infinitely valued, and on the other hand, are more suitable
and convenient for constrained problems. (In particular, they were not considered in [37] or [18]
dealing with unconstrained problems.)

Having said the above, the main contributions of the present paper are as follows. (More de-
tailed comments on the novelty and contributions of the paper are postponed to the end of Sec-
tion 3.)

(a) We provide the natural condition for the validity of reducing the total undiscounted
CTMDP model with constraints to a simple-induced DTMDP model. Our conditions are
of the standard continuity and compactness type, and allow the transition rates not neces-
sarily separated from zero on the one hand, and arbitrarily unbounded on the other hand.
No absorbing structure is assumed. The approach in [22] are not applicable in this general
setup. Also note that the arguments in [13,14] are essentially based on the presence of the
positive discount factor; see Section 3 for greater details.

(b) We show the existence of an optimal stationary policy out of the class of general (nonsta-
tionary) ones. It is arguable that the solvability, as we confine ourselves to in this paper, is
an issue of core importance to be addressed first for any optimal control problem. In the
present general setup, it is not clear how to obtain this result following the widely used
method in the literature based on the Dynkin’s formula.

(c) The paper is not a simple extension of the uniformization technique for CTMDPs, as
explained in the above. Rather, our investigations are based on the delicate studies of
undiscounted occupancy measures and occupation measures of the CTMDP model, for
which we incidentally obtain some properties of independent interest.

The rest of this paper is organized as follows. We describe the controlled process and state
the concerned optimal control problems in Section 2. In Section 3, we provide some relevant
facts about discounted CTMDPs, and an example further demonstrating the contribution and
novelty of the present paper. In Sections 4 and 5, we obtain some properties of the occupancy
and occupation measures, respectively. In Section 6, we establish the optimality results. We end
this paper with a conclusion in Section 7.

2. Optimal control problem statement

The objective of this section is to describe briefly the controlled process similarly to [26,27,29],
and the associated optimal control problem of interest in this paper.
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Notations and conventions. In what follows, I stands for the indicator function, & (-) is the
Dirac measure concentrated at x, and 5(X) is the Borel o-algebra of the topological space X.
A measure is o -additive and [0, co]-valued. The abbreviation s.t. (resp., a.s.) stands for “subject
to” (resp., “almost surely”). Below, unless stated otherwise, the term of measurability is always
understood in the Borel sense. Throughout this article, we adopt the conventions of 8 =0,

0-oo::0and(l)::+oo.

2.1. Description of the CTMDP

The primitives of a CTMDP model are the following elements {S, A, g, y}, where S is a
nonempty Borel state space, A is a nonempty Borel action space, y is a probability measure
on B(S) and represents the initial distribution, and ¢ stands for a signed kernel g (dy|x, a) on
B(S) given (x,a) € S x A such that g(Tg|x,a) := q(Ts \ {x}|x,a) > 0 for all I's € B(S).
Throughout this article we assume that ¢ (-|x, a) is conservative and stable, i.e., g(S|x, a) = 0 and
dx = SUPgea(x) 9x (@) < 00, where gx (a) := —q({x}|x, a). The signed kernel g is often called the
transition rate. Throughout this article, g, is allowed to be arbitrarily unbounded in x € S, unlike
in [19,22,29,30]. In line with [10,18] and to fix ideas, we do not consider the case of different
admissible action spaces at different states.

Let us take the sample space €2 by adjoining to the countable product space S x ((0, co) x §)*°

the sequences of the form (xg, 01, ..., 0y, X5, 00, Xx0, OO, X0, - - .), Where xg, X1, ..., X, belong
to S, 61,...,6, belong to (0, 00), and x ¢ S is the isolated point. We equip 2 with its Borel
o-algebra F.

Let 79o(w) := 0 =: 6y, and for each n > 0, and each element w := (xq, 01, x1, 62, ...) € Q, let
ty(w) :=ty—1(w) + Oy,

and the limit point of the sequence {#,} is denoted by to(w) :=lim,,  #,; (). Obviously, t,, (w)
are measurable mappings on (€2, F). In what follows, we often omit the argument w € 2 from
the presentation for simplicity. Also, we regard x,, and 6,1 as the coordinate variables, and
note that the pairs {#,, x,,} form a marked point process with the internal history {F;};>0, i.e.,
the filtration generated by {#,, x,,}; see Chapter 4 of [27] for greater details. The marked point
process {t,, x,} defines the stochastic process on (2, F) of interest {&;, t > 0} by

E=Y Ity <t <ty1)xn + oo < oo @1
n>0

recall that x is the isolated point. Below we denote S := S U {xs0}, and accept O - x := 0 and
1-x:=x foreach x € S.

Definition 2.1. A (history-dependent) policy v for the CTMDP is given by a sequence (w,) such
that, for eachn =1,2, ..., m,(dalxg, 01, ..., xn—1,8) is a stochastic kernel on A, and for each
w= (X(),Ql,xl,ez,...) e, t>0,

o0
m(dalw. 1) = I{t > too}a, (da) + Y Ity <t < tyy1}ns1(dalxo. 01, ..., 0p. Xn. t — 1),
n=0
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where ax, ¢ A is some isolated point. A policy m = (1) is called Markov if, with slight abuse
of notations, each of the stochastic kernels m, reads m,(da|xg, ..., Xn—1,5) = wp(dalx,—1,s).
A Markov policy is further called deterministic if the stochastic kernels m,(dalx,—1,s) all de-
generate. A policy m = () is called stationary if, with slight abuse of notations, each of the
stochastic kernels m, reads w,(dalxg, ..., x,—1,5) = w(da|x,—1). A stationary policy is further
called deterministic if wy(dalxo, ..., xXy—1,8) = 8r(,_,) (da) for some measurable mapping f
from S to A.

Foreachn =0,1,..., we formally put

Tont1 ({aoo} X0, - . . Xn, 00) 1= 1 =: Tpq ({doo} X0, - . ., Xoo, )

with as ¢ A being the isolated point.

The class of all policies for the CTMDP model is denoted by I, and the class of all determin-
istic Markov policies for the CTMDP model is denoted by ITpy.

Under a policy 7 := (71,,) € I1, we define the following random measure on S x (0, 0co)

v (dt, dy) ::/Ac}(dy|$,_(a)),a)n(da|w,t)dt

= Z/ G(dy|xn, a)i1(dalxo, 01, ..., 0. Xn.t — )] {tn <1 <typ1}dt
A

n>0

with gy (@) = q(dy|Xso, Ao) := 0. Then there exists a unique probability measure PJ’,T such
that

P)f (x0 €dx) =y (dx),

and with respect to P, v is the dual predictable projection of the random measure associated
with the marked point process {t,, x, }; see [25,27]. The process {&;} defined by (2.1) under the
probability measure P;,T is called a CTMDP. Below, when y (-) is a Dirac measure concentrated
at x € S, we use the denotation Py’ . Expectations with respect to P and P are denoted as E7
and ET, respectively.

In what follows, when it is not necessary to emphasize the initial distribution y, we also say
that {S, A, g} is our CTMDP model.

2.2. Description of the concerned optimal control problem

Let N € {1,2,...} be fixed. Consider the nonnegative measurable functions c;(x, a) > 0 with
i=0,1,...,N from S x A to [0, 0o0) as the cost rates. We formally put ¢; (x, @) := 0 for each
i=0,1,2,...,N.
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In this paper, we study the following optimal control problem:

E}’f [/ / co&, a)m(da|lw, 1) dt:| — min
0 A mell

N 2.2)
s.t. E;[/ fcj(é,,a)n(da|w,t)dt]§dj, Vj=1,2,...,N,
0 A

where foreach j =1,2,..., N, d; €[0, o0) is the fixed constraint constant.
A policy m € Il is called feasible for problem (2.2) if

o0
E?[/O ACj(éz,a)n(dalw,t)dt]sdj, i=1,2,...,N.

Let ITF be the class of feasible policies. Then the value of problem (2.2) is denoted as

Ve(y):= inf E)’f |:/ /co(é,,a)ﬂ(da|a),t)dti|.
mellp 0 A

A feasible policy 7 for problem (2.2) is called to be with a finite value if

E;,T [/ / co(él,a)n(da|a),t)dt] < 00.
0o Ja

Finally, a policy * € Il is called optimal for the (constrained) CTMDP problem (2.2) if it
holds that

inf E;f |:/‘00/‘ co(ét,a)n(da|w,t)dti| =E)7f* |:/00/ co(&,a)n*(dalw,l)df}
nellp 0o Ja 0o Ja

3. Facts about the discounted CTMDP problem and discussions

The purpose of this section is to (a) present some relevant results about the «-discounted problem
for the CTMDP model {S, A, ¢, y}, which are used in the subsequent investigations for our
undiscounted CTMDP problem (2.2); and (b) demonstrate the significant difference between the
discounted and the undiscounted CTMDP problems, and illustrate that the undiscounted problem
is more delicate, which thus clarifies the contribution of the present paper; see Example 3.1 and
the discussion following it.

In his well-written articles [13,14], Professor Feinberg considered the following constrained
discounted optimal control problem for the CTMDP model {S, A, g, y}

o0
E;’ |:/ e_o”/ co(&,a)m(dalw, t) dti| — min
0 A mwell

3.1)
o0
s.t. E;f|;/ e_m/Cj(ft,a)n(da|a),t)dti|de, Vi=12,...,N,
0 A
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where d; € R for each j =1,2,..., N, and the finite constant & > 0 is a fixed discount factor.
The investigations in [13,14] are based on the study of the so-called «-discounted occupancy
measures, first introduced therein, which we recall as follows.

Definition 3.1. For eachn =0, 1, ..., and (finite) constant a > 0, the «-discounted occupancy
measure of the policy w € Il for the CTMDP model {S, A, q, y} is a measure M;:g onB(S x A)
defined by

Int
My o (Ts x Ta):=E} [/ 1 (g € Fs}f (e + g, (@) 7 (dao, t)dt]
t, Ca

n

foreachT's € B(S) and T s € B(A).

Professor Feinberg noticed that there is a close relationship between the («-discounted) occu-
pancy measure for the CTMDP model {S, A, ¢, y} and the marginal distribution of (X, A,+1)
of the DTMDP model {Sw, A, pa, ¥}, where the transition probability p, is defined for each
I's € B(S) by

(Cslx.
Pa(rslx,d)=w, VxeS,acA
a +qx(a)

and
Pa(Ts|xo0,a) =0, VYaeA.

Recall that Soo = S U {xx0} With xo ¢ S being the isolated point. Under each policy o for the
DTMDP model {Sw, A, py, ¥}, let the corresponding strategic measure be denoted by P;‘j"’. The
expectation taken with respect to P} is written as EJ-7.

The next statement is established in [14].

Proposition 3.1. The following assertions hold for each T's € B(S) and T4 € B(A).

(@) For each policy w € T1 for the CTMDP model, there is a Markov policy o™ for the
DTMDP model {Sx, A, po} such that

MIT (s xTa) =P2" (X, €Ts, Ags1 €T0),  Va=0,1,....

,o

(b) For each Markov policy o™ for the DTMDP model {Soo, A, po}, there exists a Markov
policy ™ for the CTMDP model such that

M)GIZM (s xTy) = P‘;’“M(Xn els, Apy1 €Ty), Yn=0,1,....

According to Proposition 3.1 and the well-known Derman—Strauch lemma, see [9] or Lemma 2
of [32], for each 7 € II for the CTMDP model {S, A, g, v}, there exists some policy o for the



Continuous-time Markov decision processes 1701

DTMDP model {Se, A, pa, ¥} such that

o0 o0
D M7 (dx xda) =) PY7(X, €dx, Ay €da), (3.2)
n=0 n=0

and vice versa. Consequently, the «-discounted CTMDP problem (3.1) can be reduced to the
following DTMDP problem for the model {Sx, A, po, ¥}

o
X, A
Ei’o Z co(Xn, An+1) — min

= atax, (Ant1) o

st E%O i cj(XmAn—H) <d, i=12 N
V| & e | = B

(Recall that ¢; (xs0, @) := 0 for eacha € A.)

Here and below by reduction is meant that both problems have the same value, and if an
optimal policy exists for one problem, so does an optimal policy for the other problem.

We emphasize that this reduction for the a-discounted CTMDP problem is possible without
any extra conditions being imposed on the CTMDP model, so long o > 0.

It is natural to ask whether the reduction is possible for the case of « = 0; that is, whether the
CTMDP problem (2.2) can be reduced to the following problem

o0
o co(Xn, Ant1) .
Ey|: E —_—— | - II}TII’I

= ax, (A1)
(3.3)

0

(X, A

st. E §u <dj, Vj=1,2,....N
= ax, (A1)

for the DTMDP model {S~, A, p, ¥}, where the transition probability p being defined for each
I's € B(S) by

o
pTslray =159 e g aen (3.4)
qx(a)
and
p(Tslxeo,a) =0. (3.5)

(Recall that 2 := 0.) As before, the controlled and controlling processes for the DTMDP model
{Seo, A, p, y} are denoted by {X,,} and {A,}; P’; denotes the strategic measure under the policy
o for this DTMDP model with the corresponding expectation E;‘/

We remark that since ¢; (xo0, @) =0 and p(dy|xec, a) = 8x., (dy) for each a € A, the definition
of a policy o at the current state xo, for the DTMDP model {S«, A, p, ¥} is not important for
its performance as far as problem (3.3) is concerned, and so we do not specify it in what follows.
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The next example shows that the answer to the question mentioned earlier is negative in gen-
eral.

Example 3.1. Consider the CTMDP model with S = {1,2}, A =10, 00), g1(a) =q({2}|1,a) =
e %, gr(@)=0foreacha e A,and y({1}) =1.Let N =1, and co(1,a) = e~ %, cp(2,a) =0 for
eacha € A, and c;(x,a) =0foreach x € S and a € A. Let d; > 0, so that any policy is feasible
for the CTMDP problem (2.2). Let us fix a policy 7 defined by

n({a}lo, t) =mo({a}|x, ) = I{a =1}, Va e A,

so that
/ql(a)n(da|1,t)=/co(l,a)n(da|1,t)=eft.
A A

Then under this policy 7, we see

00 0 00
E;[/ / co(gt,a)n(dala),t)dt:| :E;[/ le_tdti| </ e ldt=1,
0o Ja 0 0

where the third equality is due to the fact P}’,T (6 = 00) = e~ ! < 1. On the other hand,

since ‘21(1(;;) = 1 for each a € A, we have that under each policy ¢ for the DTMDP model

{SO(JvA’p’y}
oo
E; ZCO(anAn+1) 1.
2, (Ang)

In summary, each policy for the DTMDP {S, A, p, ¥y} model would be optimal for problem
(3.3) with the (optimal) value being 1, whereas the value for the CTMDP problem (2.2) is
strictly smaller than 1. Hence, the CTMDP problem (2.2) cannot be reduced to the DTMDP
problem (3.3).

It is also clear that Proposition 3.1 does not hold in general when o = 0.

An objective of the present paper is to provide weak and natural conditions under which the
reduction of the CTMDP problem (2.2) to the DTMDP problem (3.3) is possible. To this end,
apart from studying the (undiscounted) occupancy measures (see Definition 4.1), we also need
investigate the (undiscounted) occupation measures (see Definition 5.1) for the CTMDP model
{S, A, q, vy}, for which some properties are to be obtained. The occupation measure is more
delicate for studies because it is infinitely valued, whereas the occupancy measure is always
finite; see (4.16) below. Finally, under our conditions, we obtain the existence of an optimal
stationary policy for the CTMDP problem (2.2). It is arguable that the solvability, as we confine
ourselves to in this paper, is an issue of core importance to be addressed for any optimal control
problem.
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4. Occupancy measure

The objective in this section is to obtain a partial version of Proposition 3.1(a); see Theorem 4.1
below. This statement is needed in the subsequent sections. To this end, we need first impose the
compactness-continuity condition; see Condition 4.1 below.

4.1. Compactness-continuity condition and discussions

We introduce another notation before stating the next compactness-continuity condition. Let the
stochastic kernel p on B(S) from S x A be defined by
_§(Tx,a)

ﬁ(le,a):—WI{qx(a)>O}+8x(F)I{qx(a)=O}, VI € B(S). 4.1

Condition 4.1. (a) The space A is compact.

(b) For each bounded continuous function f on S, fS fO)p(dylx,a) is continuous in (x,a) €
S x A.

(c) gx(a) is continuous in (x,a) € § X A.

(d) Foreachi=0,1, ..., N, c; is lower semicontinuous in (x,a) € S x A.

A direct consequence of Condition 4.1 is the next lemma, whose proof is routine and omitted.

Lemma 4.1. Suppose Condition 4.1(b, ) is satisfied. Then the following assertions hold.

c(x,a)
qx(a)
continuous in (x,a) € S x A; and fS f(qdylx,a) is continuous in (x,a) € S X A for each

bounded continuous function f on S.
(b) For each [0, oco]-valued lower semicontinuous function f on S, fs f(g(dylx,a) €
[0, oo] is lower semicontinuous on S x A.

(a) For each [0, oo]-valued lower semicontinuous function ¢ on S x A, is lower semi-

The assertions in the above lemma are often used without special reference below.
In the original version of this paper, instead of Condition 4.1(b), the following condition is
imposed.

Condition 4.2. For each bounded continuous function f(x) on S, |, s SO % is continuous
in(x,a)e S x A.

(Condition 4.2 is included here only for the sake of comparisons; it will not be referred to at
all in the forthcoming sections.)

Two referees pointed out a flaw of Condition 4.2. Fix (x,a) € S x A such that g,(a) =0. If
there is a sequence a, — a such that g, (a,) > 0, then Condition 4.2 will not be satisfied. The
obstacle is encountered only when there is (x, @) € S x A such that g, (a) = 0. In this connection,
let us mention, when considering an «-discounted CTMDP problem, one can equivalently refor-
mulate it as a total undiscounted one by adding additional transition rate of « > 0 at each state to
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a cemetery point. The resulting model is with the extended state space, but with a transition rate
separated from zero.

One referee suggested the present form of Condition 4.1(b). The next simple example demon-
strates that under Condition 4.1(c), the present Condition 4.1(b) is strictly weaker than Condi-
tion 4.2. (It is obvious that Condition 4.1(b) is weaker than Condition 4.2 under Condition 4.1(c).)

Example 4.1. Let S =[0,00) and A =[0, 1]. When S x A > (x,a) # (0,0), g(dy|x,a) = (x +
@)8x+a+In(1+x) (dy); and go(0) = 0. Then Condition 4.1(b) is satisfied. Note, the state 0 is not a
cemetery, there is an absorbing action (a = 0) for it, but there are also actions which make the
state not absorbing. In view of the presence of this obstacle, it is clear that Condition 4.2 is not
satisfied.

The motivation for imposing Condition 4.2 in the original version of the paper is as follows.
Under Condition 4.1(a,c,d) and Condition 4.2, the DTMPD model {S~, A, p} with the cost func-
ci(x,a)

tions given by @ (i=0,1,2,..., N)issemicontinuous in the sense of for example, [5]. Then

by Dufour, Horiguchi and Piunovskiy [10], if there is a feasible policy with a finite value for the
DTMDP problem (3.3), so is there a stationary optimal one. On the other hand, this statement
still holds under Condition 4.1; we formulate this observation in the next lemma.

Lemma 4.2. Suppose Condition 4.1 is satisfied, and there is a feasible policy with a finite value
for the DTMDP problem (3.3). Then there is a stationary optimal policy for problem (3.3).

Before we prove this lemma, let us introduce the following sets

N
Sp = {x € S:airelgqx(a) =0,airelg<qx(a)+26i(x,a)) >0},

i=0

3‘1 = {x € S1 :supgx(a) :0},

acA

N
Sy = {x € 5:3161£<qx(a)+2c,~(x,a)) :0},

i=0

4.2)

3= {x €S inf gs(a) > 0}.
acA

Under Condition 4.1, the above four sets are all measurable, by Proposition 7.32 of [5] and
Lemma 4.1. Furthermore, S1, S> and S3 are disjoint and satisfy

S=851US8 US;.
Let us also denote for each x € S,
B(x):={a € A:gx(a) =0}, 4.3)

which is compact under Condition 4.1.
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Proof of Lemma 4.2. Consider the DTMDP model {S, A, p, y}, where the transition proba-
bility p is defined by (4.1). The strategic measure under a policy o for this DTMDP model is
denoted by P¢, with the corresponding expectation being denoted by E )‘f . Consider the following
problem

00
- X, A
E; co(Xn, Any1) min

nzzo ax,(A) |0
“4.4)

o

8 (X, A

st. ES ZM <d;, Vj=12,...,N.
Y =0 CIXn(An-H)

Note that under the same policy, the only difference between the two DTMDP models
{Sec, A, p,y} and {S, A, p, y} lies in the following: if the current state x is in S; U S», and
some action a € B(x) is chosen, then the process is killed at x, in the first model, whereas the
process is not killed but remains in x with a possibility of incurring further costs in the second
model.

Consider the feasible policy for problem (3.3) with a finite value; assume without loss of
generality that under this policy, when the current state x is in S,, only action from B(x) will be
selected. This policy is also feasible with a finite value for problem (4.4), because under it, the
process almost surely never visits S 1, and when the current state x is in Sy \ S 1, almost surely no
action from B(x) will be selected, for otherwise, it would contradict the assumption of feasibility
and finiteness of the value for problem (3.3) under this policy. (Remember the definition of the
set S1.) Now, the observation in the previous paragraph shows that this policy is also feasible
with a finite value for problem (4.4).

Under Condition 4.1, the model {S, A, p, y} with the cost functions given by is semi-
continuous, and so by Theorem 4.1 of [10], there is a stationary optimal policy for p;oblem 4.4).
By an argument similar to the above one, one can easily see that this stationary policy is also
optimal for problem (3.3). O

ci(x.a) ;

On the other hand, Condition 4.1 is exactly the “Continuity and Compactness Assumption”
in [18] specified to the case of pure jump processes. A main statement from [18] will be use-
ful for our investigations in the next subsection, which we choose to formulate now as another
consequence of Condition 4.1.

Consider the following optimal control problem for the CTMDP model {S, A, g}:

00 N
ET [/O /Agci(é,,a)n(da|w,t)dt:|—> min (4.5)

mellpm

the value function of which is denoted as

V(x):= inf ET [/ /Zc,(&,,a)n(dma) t)dti| (4.6)

7 ellpm
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Here Ipy stands for the class of deterministic Markov policies for the CTMDP model {S, A, q}.
A policy * € TIpy is called optimal for problem (4.5) if

00 N
E™ [/ / Zci(ét,a)n*(dam, 1) dt:| =V(x)
0 JAizo

for each x € S. The following proposition is borrowed from [18]; see Proposition 5.8 and Theo-
rem 5.9 therein.
Proposition 4.1. Suppose that Condition 4.1 is satisfied. Then the following assertions hold.

(a) The function V is the minimal nonnegative lower semicontinuous solution on S to the
following Bellman (optimality) equation:

SN gcix,a) /a@mm
qx(a) s gx(a)

Vx) = ing{ V(y)} 4.7

foreachx € S.
(b) There is a deterministic stationary optimal policy ¢* for the CTMDP problem (4.5), which
can be taken as a measurable mapping from S to A such that

{Z%awm+/m@mm
qx(a) s qx(a)

inf
acA

V(y)}

N . * ~ *
_ Yo Ci(x, 9" (x)) +/ q(dylx, ¢ (x))V( ), Vies.
qx (p*(x)) s gx(@*(x))

In fact, each deterministic stationary optimal policy for problem (4.5) ¢* satisfies the above
relation.

In fact, the authors of [18] considered the more general piecewise deterministic Markov deci-
sion process but in the state space R"”. When specializing to the case of a CTMDP, one can put
the more general Borel state space S. Furthermore, the authors of [18] assumed that V (x) < oo
for each x € S; see “Boundedness Assumption” in page 252 therein, which, could be withdrawn
when specializing to the CTMDP problem (4.5), as far as the validity of the above proposition is
concerned.

The previous discussions basically explain why we could replace Condition 4.2 with Condi-
tion 4.1(b).

4.2. Properties of occupancy measure

Definition 4.1. For eachn =0, 1, ..., the (undiscounted) occupancy measure of the policy w €
I1 for the CTMDP model {S, A, q, v} is a measure M};™ on B(S x A) defined by

Iy
M7 (D x T4) i= ET [ / " g ety f qs,w)ﬂ(dalw’f)df} “4.8)
tn Ca
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foreachT's € B(S) and T 4 € B(A).

Lemma 4.3. Suppose Condition 4.1 is satisfied. Consider a feasible policy 1 = (m,) € Il with a
finite value for the CTMDP problem (2.2). Then for eachn =0, 1, ...,

PT (xy € S1\ $1)

o0
=E;’[1{xn651\51}P}7</ / qx,(@)mpr1(dalxg, 01, ..., Xy, 8)ds =00
0 JA\B(x,)

Proof. It holds that foreachn =0,1, ...,

i It N
o0 > E;’ / / Zci (xp, @)y (dalxg, ..., xp, t)dt
L In (A\B(x4))UB(x,) i=0

tn+l ~ N
> EJ /t I{x, € S \S1}aerrll?i(§cln) ;ci(xn,a) ds
- - (4.9)

B N
= E} | I{x, €5 \Sl}aemi(rxln){;ci(xn,a)}

If the statement of the lemma does not hold, then there is some n =0, 1, ... such that

o0
P;f (xn €S \Sl,/ / gx, (@) ng1(dalxg, 01, ..., Xy, 8)ds < oo) >0,
0 A

and thus

o0
P;j/T <xn € S \3'1,/ e_fol S @xn @n1(dalxo.O....oxn.5)ds gy oo> > 0.
0

This implies

N

o0
E)J/T I{x, € S1\ §1} min Zci(xn’a) / o= Jo Ja @ @7ni1(dalxo.ccxn.s)ds gy — o,
aeB(xy) iz 0

where the last equality follows from the fact that min, ¢ B(x){ZIN= oCi(x,a)} > 0 for each x € Sj.
This contradicts (4.9). O
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Definition 4.2. For each fixed n = 0,1, ..., and policy m = (7,) € 1, we define a measure
m3, ,(dx x da) for the CTMDP model {S, A, q,y} on B(S x A) by

Iny1
my ,(Ls x Ta) = E;[/ Hxp eFs}nn+1(FA|xo,91,...,xn,t—tn)dt] (4.10)
In

foreachT's € B(S) and T 4 € B(A).

Evidently, for each n =0, 1, ..., and I's € B(S), m 2(Ls x A) > 0 if and only if P” (x, €
I's) > 0.

Lemma 4.4. Suppose Condition 4.1 is satisfied. Consider a feasible policy w € I1 with a finite
value for the CTMDP problem (2.2). Then it holds that

f G(Silx, aymy, ,(dx x da) =
SxA

and
m% (51 x A) =0 4.11)
foreachn =0,1,.... In particular,
y(§n=0.

Proof. Suppose for contradiction that mJ , (8 x A) > 0 for some n. Then similarly to the proof
of Lemma 4.3, one can establish the following contradiction;

tn
oo = Eﬁ[/ H/ZCz(xn,a)ﬂ(daIa) t)dt]
Int1 N .
ZE;T[/ mij}{zci(xn,a)}l{xne&}dt]:
CE N

As a result, m (S1 x A) =0 foreach n =0, 1, .... In particular, m (51 x A) =0, and thus

P)’,’ (xp € Sl) = y(Sl) = 0. It remains to prove fs n q(S1 |x, a)m” (dx x da) =0 for each n =
0, 1,.... If this is not true, then it follows from the definition of m n(dx x da) that for some
n=20, 1, e

On+1 ~
O<E)7/T|:/. /q(Slensa)nn-‘:-l(da'-x()aelv'-'7xnvl)dt]
0 A

o0
_ T [/ / G311 @)1 (alx0, 01, s X0, )
0 A

w e~ Jo [ @ @Tns1 (dalxo.Oy.....xn.5) ds dt]
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which implies that P)f (Xn+1 € 3‘1) > 0 by the construction of the CTMDP; see (2) of [29]. This
leads to the contradiction against the fact that m’;,n 11 (S’ 1 X A) =0 as established earlier. U

Definition 4.3. Let f* be a fixed measurable mapping from S to A such that

N N
0=aig/§{2ci<x,a)+qx<a)} Y ci(x, £1@) +ax (£5 () 4.12)
i=0 i=0

for each x € S, whenever Sy is nonempty.

The existence of such a mapping is guaranteed by Proposition 7.33 of Bertsekas and Shreve
[5] under Condition 4.1.

Theorem 4.1. Suppose Condition 4.1 is satisfied. Consider a feasible policy & = (i) € 1 with
a finite value for the CTMDP problem (2.2) such that

Tut1(dalxo, 01, ..., Xy, ) =8 fx(x,) (da) (4.13)

whenever x, € Sy. Then there is a Markov policy o for the DTMDP {S«, A, p, y} such that for
eachn=0,1,...,

ont1(dalx) =8 p(x)(da) (4.14)
for each x € Sy (if S» # @), and
Mﬁ’”(r‘s x Ta) =P (Xy €Ts, Any1 €Ta), Vs e B(S\ S$2),TaeB(A). (4.15)
Proof. For each I's € B(S),

M (T's x A)

B In+1
:E;f E;I:/ I{& EFS}/ qgt(a)n(da|a),t)dt|xo,91,...,x,,i|i|
L In A

On-t1
= E;’ I{x, € FS}EJ’,T |:/0 / qx, (@)mpy1(dalxg, 01, ..., x,, 1) dt|x0, 01, .. .,xn:|1|
- A (4.16)

B o
=EJ|I{x, € Fs}/ / x, (@)7ny1(dalxo, 61, ..., xn, 1)
L 0o Ja
% e*fé Ja Gxn @7ng1(dalxo,01,.... X ,5) ds dt:|

_ E;T [I{xn c FS}(] _ effooc fA Gxn (a)n,,Jrl(da|x0,91,...,xn,s)ds)] <1.
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Then for each n =0, 1, ..., one can refer to Corollary 7.27.2 of [5] or Proposition D.§8 of [23]
for the existence of a stochastic kernel 0,4 1(da|x) such that

M7 (dx x da) = M})™ (dx x A)o,11(dalx) (4.17)

on B(S x A), and (4.14) holds, where the last assertion is true because M)’}’”(Sz x A) =0 by
(4.13), (4.12) and (4.8). Let 0 = (0,,) be the Markov policy for the DTMDP model {S«, A, p, ¥}
defined by this sequence of stochastic kernels.

Consider the case of n = 0. Then for each I's € B(S '\ $2),

M)™(Ts x A) = EJ[I{xo e Ts}(1 — eI S xo (@)1 (dalxo.5) ds'
(4.18)
=y('s) =PJ(Xo e ly),

where the first equality is by (4.16), the second equality follows from Lemma 4.4 in case I's S,
from Lemma 4.3 in case I's € S1 \ S1, and from (4.2) in case ['s € S3. Consequently, for each
I's e B(S\ $) and 'y € B(A),

M)™(Ds x T'a) :/ M) 7™ (dx x A)or(Dalx) :/ P (X € dx)a1(Talx)
Iy Iy

4.19)
= P[;(X() € FS, Al [S 1—‘A)’

where the first equality is by (4.17).
Suppose that (4.15) holds for all n < k. Consider the case of n =k + 1 as follows.
Note that foreachn =0, 1, ...,

M;’”(S‘l x A)=0=M}" (S x A),

where the first equality is by Lemma 4.4, and the second equality is by (4.12) and (4.13). Now

7(Tsly, G(Tsly,
/ 4@sly. @) a)P;(xkedy,AkHeda):():/ AT yrkm gy x day.
Ssxa 4qy(a) SsxA  qy(a)

Consequently, for each I's € B(S \ S3),

P (Xi41 €Ts)

i
- / 1D D po (e dy, Agy € da)
SxA CIy(a)

e
= / IO D po ;€ dy. Agss € da)
$\S)xAa  gy(@)

o
+ / MP‘; (Xy € dy, Apsy € da) (4.20)
SHx A Cly(a)

=/ Ci(rsly,a)Mk,n(dy « da)
S\Sy)xa  gy(@) 4
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5 (T,
+/ q(Tsly a)M}]f’”(dy x da)
SHxA Qy(a)

70
=/ a@sly. @) S|y’“)M’;~”(dy x da).
SxA ‘Iy(a)

On the other hand, for each I's € B(S \ $»),

S (Tsly.
/ qg(Tsly a)M)'j’”(dy % da)
sxa  qy(a)

qg(Tsly, a) .
- /SXA qu(a)my,k(dy X da)
:/ q(Tsly,aym} ; (dy x da)
SxA
[ [ lk+1
= E;T / / q(Tslé&, a)m(dalw,t) dt:| o)
L I A

M [ Ok+1
=E;T / /(}(Fslxk,a)nk+1(da|xo,91,...,xk,t)dt:|
LJO A

r o0
= E;T f f q(FSka’ a);-[k+1(da|x()’ 91’ ey Xk t)e*f(; fA qx;, (a)mi+1(dalxg,...,xk,s) ds dti|
LJO A

[ [4@(Tslxx, a)(dalw, rkm}
[4 @x (@7 (dalw, tig1)

where the first and the third equalities are by (4.10), whereas the second equality follows from
the fact that if g (a) = 0, then

—_—
i(Tsly,ay=0= 1D
qy(a)

keeping in mind 8 = 0; the similar reasoning justifies the last equality, too. This together with
(4.20) shows

g (Cg|xx, a)m(dalw, t
P7 (Xit1 er):E;[fAQ( sbx, @) (da "“)} (4.22)
[a @ (@7 (dalw, try1)
foreach I's € B(S'\ 7).
Now it holds that
P) (Xit1 € 5) = / G(Silx, aymy (dx x da)
SxA (4.23)

=0= M7 (S x A),
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where the first equality is by (4.21), whereas the second and the last equalities are by Lemma 4.4.
One can see that for each I's € B(S \ (52 U Sy1)),

M’}j“’”(f‘s x A) = E)’f[l{xk+1 €ls}]
— EZ[EZ[I{xkr1 € TsHxo. 01, . %, O]

_ Eﬂ[/‘Ac}<Fs|xk,a>n(da|w,rkH)
v fA gy () (dalw, tiy1)

where the first equality is by the last equality of (4.16) keeping in mind Lemma 4.3 and (4.2),
and the last equality is by (4.22). This and (4.23) justify that

} =P) (Xpy1 €T),

My (s x A) = P) (Xyr1 €Ts)

for each I's € B(S \ S»). Now we see

M (s x Ta) = | My (dx x Aoy (Talx)
g

2/ P (Xk41 € dx)ok42(Talx) =P (Xgy1 € Ts, Agga € Ta)
I

for each I's € B(S \ S2) and I'4 € B(A). The statement of the theorem is thus proved by induc-
tion. O
5. Occupation measure

The objective of this section is to show that restricted on a measurable subset ¢ C S, the measure
77)73 (dx x A) to be defined below is o -finite; see Theorem 5.1 below, where ¢ is defined by (5.10),
whereas the set ¢€ is easy to deal with. We do this by using the technique developed in [10] by

Dufour, Horiguchi and Piunovskiy, who dealt with DTMDP problems.

Definition 5.1. For each policy w € Il for the CTMDP model (S, A, q,v), its (undiscounted)
occupation measure n;f is the measure on B(S x A) given by

o0
WE(Ts x T) 1= ET [ /0 I € Ts)r(Talo, r)dr}
foreach T's € B(S) and T 4 € B(A).

Lemma 5.1. For each policy 7w for the CTMDP model, its (undiscounted) occupation measure
n;f satisfies the following relation:

/FAqx<a>n’;<dxxda>+2”<r)=y<r)+/ G(Cly.aym’dy xda) — (5.1)

SxA
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for each T € B(S), where Z™ (') € [0, 1].

Proof. For each o > 0, consider the measure on B(S x A)
o0
n;"”(dx x da) = E; |:/ e Y& edx)n(da|w, 1) dt:|, (5.2)
0

which is the («-discounted) occupation measure of the policy m for the CTMDP model
{S,A,gq,y}. It follows from the definition that for each = € I1,

oo
(o + qe(@)n®™ (dx x da) =Y MIT (dx x da).
n=0

By Proposition 3.1, there is some policy o for the DTMDP model {Ss, A, pq, '} satisfying
(3.2) on B(S x A). Note that Y _»° P)‘j‘*"(X,, € dx, Ay41 € da), the right-hand side of (3.2), is
the undiscounted occupation measure for the DTMDP model {Ss, A, pq, '} restricted to S x A,
so that, by a well known and easy-to-see fact from the theory of DTMDPs, for each I" € B(S),

oo oo

S (Tlx.
Y PEO(X, €T) =y () + / 4@lx.a) 3 PO (X, € dx, Anpr € da).
— SxA &+ gx(a) =0
By (3.2), the above can be written as
/ (gx(@) + @)y (dx x da) =y (T) +/ q(T|x,a)ny™ (dx x da). (5.3)
I'xA SxA

Keeping in mind
o0
f any ™ (dx x da) = E} [/ ae ' I{ € F}d{| €[0,1]
I'xA 0

for each o € (0, 00), one can legitimately take the upper limit as 0 < « | 0 on the both sides of
the above equality to see that 77’; (dx x da) satisfies that for each I" € B(S)

/ qx(a)n’; (dx x da) + limsup/ an;’,"”(dx x da)
I'xA 0<al0 Jrxa

=y(1“)+/s Aé(l“ly,a)n’y[(dy x da),

where we have used the fact that )" (dx x da) 1 177; (dx x da) setwise as « | 0, and
the monotone convergence theorem; see Theorem 2.1 of [24]. By putting Z7 (") =
lim SUP)<¢ 40 erA an;‘f*”(dx x da) € [0, 1], we see that the statement of the lemma holds. [

Remark 5.1. The relation (5.3) was established under the extra conditions imposed on the growth
of the transition rates g(dy|x, a) in [30]. The relation (5.1) was established for certain subsets
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I' € B(S) in [22], where the authors imposed extra conditions and considered the absorbing
models, so that the term Z” (I") vanishes for all the “transient” subsets I'.

Lemma 5.2. Suppose Condition 4.1(a) is satisfied, and let an extended real-valued lower semi-
continuous function g on S x A be fixed. Then the following assertions hold.

(a) Foreach ¢ € R, it holds that the set {x € S:Ya € A, g(x,a) > e} isopenin S.

b) {(xeS:VaeA,gx,a) >O}=Ufil{x €S:Vae A gx,a) > %}.
Proof. See Lemmas 3.1 and 3.2 in [10]. O

Lemma 5.3. Let some feasible policy w for problem (2.2) with a finite value be fixed. Suppose
that Condition 4.1 is satisfied, and that {Bj, j = 1,2, ...} € B(S) is an increasing sequence of
open sets satisfying

/ qx(a)n’; (dx x da) < co. (5.4)
BjXA

Then the following assertions hold.

(a) There exists a sequence of open sets {E;, j =1,2,...} C B(S) such that

i=0

N
Y= {xeS:VaeA,é(UBj x,a>+ZCi(X,ll)>0} =UEj,
F J

and for all j = 1,2,...,ijXAqx(a)nJ’f(dx x da) < oo.
(b) There exists a sequence of open sets {Ej, j=1,2,...} S B(S) suchthat Y = Uj Ej, and
f0rallj=1,2,...,r]§(Ej x A) < 00.

Proof. (a) Define foreach/=1,2,...and j =1,2,...,

B0 .=l a)e_gXA'é(lex,a)+ZfV:0ci(x,a) 1
S ' 4. (@) ;

and

G(Bjlx.a) + ¥ici(ra) 1}

C(.l) = {x eS:VaeA,
J qx(a) l

From (5.1), we see that (5.4) implies

/ q(Bjlx, a)n;f(dx x da) < 00. (5.5)
SxA
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Let N(g) :={(x,a) € S x A:qgx(a) =0}. Then foreach j,[=1,2,...,

b/
/B ) 4@ (dx x da)
J

=/ , qx(a)ny (dx x da)
B n(N(@)")

</ B ICTERORD PRCICRD
~ 0o gx(@)

ln;f (dx x da)

N
51(/ c}(lex,a)n’;(dx xda)—}—/ Zci(x,a)n’;(dx xda)) < 00,
SxA

SxA i—0

where the last inequality follows from (5.5) and the assumption of the policy 7 being feasible
with a finite value. Since Cj(.l) x A C Bj(.[), it follows that foreach /, j =1,2,...,

/;u) Aqx(a)n;(dx x da) < /BU) qx(a)n)rf(dx x da) < 00. (5.6)
i j

Since B isopenin S foreach j =1,2,...,4(Bj|x,a) + Z,N:o c;i(x,a) > 0 is lower semicon-
(Bjlx.a)+ 3 g ci(x.a)
qx(a)
is lower semicontinuous in (x,a) € S x A. Now referring to Lemma 5.2(a), we see that C;l) is
open foreach j,/=1,2,....
Next, let us show

N
UUcP =y = {xes:VaeA,q(UBj}x,a>+Zc,-(x,a)>0} (5.7)
jol j

i=0

tinuous in (x,a) € S x A according to Lemma 4.1(b). By Lemma 4.1(a), q

as follows. By Lemma 5.2(b), foreach j =1,2, ...,

~ N
G(Bjlx,a)+ ) ;yci(x,a) >0}’

O]
C/=1xeS:VaeA,
LIJ J { qx(a)

so that
JUePer
il

For the opposite direction of the above relation, we argue as follows. Let some y € Y be arbi-

. . g(Bijlx, N i(x, . . . . .
trarily fixed. Since 9(Bjlx a);%’)*"c 9 45 Jower semicontinuous in (x,a) € § x A as explained

earlier, and is increasing in j =1, 2, ... keeping in mind that {B;} is an increasing sequence, one
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can refer to Proposition 10.1 of [35] (see also Appendix A of [4]) for the following interchange
of the order of infimum and limit:

~ N ~ N
lim mf{‘I(B]b’,a)+21:0Cz(yaa)}:mf hm{q(B]|y’a)+Z[:0Cl(yva)}
j—ooacA qy(a) acA j—oo qy(a)
. {é(Uijly,a)+va—oci(y,a)}
= inf >0,
acA qy(a)

where the last inequality follows from the fact that y € Y. This implies the existence of some
J =1,2,... such that for each a € A, it holds that g(B;|y,a) + ZZN:O ci(y,a) >0, ie., ye
U, ¢ cU; U, €Y. Since y € Y is arbitrarily fixed, this verifies

YgUUC;”.
]

Hence, (5.7) holds, which in combination with (5.6), proves the statement; remember that C 5.1) is
open foreach j,/=1,2,....

(b) The proof of this part is similar to the one of part (a). Instead of Bj(.l) and C;l) , one should
now introduce for each j,[=1,2,...,

N
- 5 1
B§1> ::[(x,a)eSxA:q(lex,a)+ E c,-(x,a)>7]

i=0
and
~(0) - 1
Cj = {x €S8:VYacA, q(Bjlx,a) +Zc,~(x,a) > ?},
i=0
so that
N
n;(gj('l)) = /é(,)l<‘§(3j|y, a)+ chi(y,a)>n;(dy x da) < co.
j i=
Consequently, ny (C’;l) x A) < oo foreach j,[=1,2,....Itis clear now how to proceed the rest
of the reasoning as in the proof of part (a). O

Lemma 5.4. Suppose Condition 4.1 is satisfied. Let some feasible policy w for problem (2.2)
with a finite value be fixed. Consider

we=Jw;

o
j=1
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where W; is defined recursively as follows:

N .
Zhaten )

W, = {xeS:VaeA,
qx(a)

and foreach j =1,2,...,

Witi = {x €eS:YaecA AUy Wilx. @) + Xy citr @) > O}.
! ’ qx(a)

Then for each j =1,2,...,W; is open in S, and so is W. Furthermore, ”173 (dx x A), being
restricted to W € B(S), is a o -finite measure on B(W); in other words, n’; (dx x A) is o-finite
on W.

Proof. First of all, let us show by induction that for each m = 1,2, ..., W, is open, and there
exists a sequence of open sets {E;m)} C B(S) such that

W = Eﬁ”” (5.8)
j

and
/ qx(a)n;f (dx x da) < 00. (5.9)
EM™ A

J

By Lemma 5.2(b), W| = U/ E(.l), where foreach j =1,2,...,

Z;vzoci(x,a) 1}
==

Ej“:{xeS:VaeA, :
’ q,v(a) J

N
is open because % is lower semicontinuous in (x, a) € S x A, and Lemma 5.2(a). There-

fore, Wy is open. Moreover,

/ gx(@)n7 (dx x da) < o0
EWxA v

J

because the policy 7 is feasible with a finite value. Note that { EJ(.I) ,j=1,2,...}is an increasing
sequence of open sets.
Suppose that for each k < n, Wy is open, and there exists a sequence of open sets { E;k), j=

1.2,...} C B(S) such that W = J; E%” and [, , gx(@)n?(dx x da) < c0. Then
J

G Wilx.a) + Y g ci(x, a) >0}
qx(a)
§U—oU; EY x.a)+ Yy ci(x. a) 0}
> .
qx (a)

W,,H:{xeS:VaeA,

:{xES:VaeA,
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Note that each of the sets Ej.i),i =1,2,...,n,j=1,2,...is open, and fmeAqx(a)n;f(dx X
j

da) < oo by the inductive supposition, so that |J;_,J j E;i) can be rewritten as the union

of an increasing sequence of open sets in S, each of which is of finite measure with re-

spect to f A qx (a)n’; (dx x da). Therefore, one can refer to Lemma 5.3(a) for the existence

of a sequence of open sets {E;Hl),j =1,2,...} C B(S) satisfying Wy11 = ; ES."H) and

fE(n+1)XA gx(a)ny (dx x da) < cc. Thus, Wy is open in S, and the inductive argument is com-
J

pleted.
We now prove the statement of the lemma. Let us rewrite
N
W, = xeS:VaeA,Zci(x,a)>0 .
i=0

By Lemma 5.2(b),

o
(1
Wi :UE;)’
j=1

where foreach j =1,2,...,

N

- 1

E;): xeS:VaeA,Zci(x,a)>; )
i=0

which is open by Lemma 5.2(a), and satisfies
(1)
n, (E i X A) < o0

by the fact that the policy 7 is feasible with a finite value. For each m = 2,3, ..., by what was
established in the beginning of this proof, (5.8), (5.9) and Lemma 5.3(b), which is applicable
since | j E;m) can be rewritten as the union of an increasing sequence of open sets each of finite
measure with respect to f A4 4x (a)nl’f (dx x da), there exists a sequence of open sets { E;m), j=
1,2,...} € B(S) such that W, =, E;f") and n;(Eﬁ.’") x A) < oo for each j =1,2,.... It
follows that the statement to be proved holds. ]

Definition 5.2. Let us define the set

00 N
= {x €s: inf ET [/0 /A;ci(é,,a)n(daw,t)dt} > 0}. (5.10)

Here Ipy stands for the class of deterministic Markov policies for the CTMDP model. Under
Condition 4.1, one can refer to Proposition 4.1 for that ¢ is a measurable (in fact, open) subset
of S.
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Theorem 5.1. Suppose Condition 4.1 is satisfied. Let some feasible policy w for problem (2.2)
with a finite value be fixed. Then n’)f (dx x A) is o-finite on ¢ .

Proof. By Lemma 5.4, the statement of this theorem would be proved if we showed
{CW, (5.11)

where the set W is defined in the statement of Lemma 5.4. This fact can be proved in the same
way as in the proof of Proposition 3.3 of [10]. (]

Definition 5.3. Suppose Condition 4.1 is satisfied. Let us fix a measurable mapping ¥* from S
to A such that whenever € # @,

0o [/ N
EY [/0 (Zci (&. w*@»)) dr} =0 (5.12)
i=0
for each x € ¢¢; and whenever S» # &,
Ur(x) = f*(x) (5.13)

for each x € Sy, where f* is defined by (4.12). Such a mapping, or say it interchangeably a
deterministic stationary policy, ¥* exists by Proposition 4.1.

Note that it necessarily holds that foreachi =0, 1,..., N,
C,'(x,l//*(x)) =0 (5.14)
for all x € ¢¢, whenever ¢¢ # &. Evidently,
S, <.
The next statement is a direct consequence of Theorem 5.1 and Corollary 7.27.2 of [5].

Corollary 5.1. Suppose Condition 4.1 is satisfied, and consider a feasible policy w € Il for
problem (2.2) with a finite value. Then there exists a stationary policy ¢ € Il such that

r)’; (dx x da) = ¢y (da|x)n;f (dx x A) (5.15)
on B(¢ x A), and

@x (dalx) = dy+(x)(da), Vx € ¢€. (5.16)

Definition 5.4. Let us introduce the occupation measure MY, of a policy o for the undiscoutned
DTMDP model {S, A, p, ¥} as a measure on B(S x A) defined by

00
MS(Ts x Ta) i= Y PS(Xy € s, Ayt €Ta) (5.17)
n=0
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for each T's € B(S) and T4 € B(A). Here, as before, the transition probability p is defined by
(3.4) and (3.5).

The next statement is a consequence of Theorem 4.1 and its proof.

Corollary 5.2. Suppose Condition 4.1 is satisfied. Consider a feasible policy & = (,,) € T1 with
a finite value for the CTMDP problem (2.2) such that

Tpr1(dalxo, 01, ..., x4, 8) = 8yx(x, (da) (5.18)
whenever x, € £€. Then there is a Markov policy o for the DTMDP {S«, A, p, y} such that
ont1(dalxy) =8y (x,)(da) (5.19)
for each x,, € ¢€, and
qx(a)n’; (dx x da) = M;‘, (dx x da) (5.20)
on B(¢ x A). Here the mapping V™ is the fixed one satisfying (5.12) and (5.13).

Proof. Inspecting the proof of Theorem 4.1, one can see that any Markov policy o = (o,,) for the
DTMDP model {Sx, A, p} with 0,,1+1(da|x) satisfying (4.14) and (4.17) for eachn =0, 1, ...
fulfils the conditions of the statement of Theorem 4.1; and there exists at least one such policy,
which we consider now. On B(£€\ Sy x A), (4.17) reads that foreachn =0, 1, ...

ge(@m?,(dx x da) = ( f m?, (dx x db)qx(b>)on+1(da|x)
A

& qrl@ym} ,(dx x A)dy+)(da) =m} ,(dx x A)qx (Y™ (x))ont1(dalx),

where the equivalence is by (5.18). Therefore, one can always put 0;,11(da|x) = §y+(x)(da) for
each x € ¢¢\ S, without violating (4.17). This together with (4.14) shows that the policy o
satisfies (5.19); recall (5.13). From the discussion in the beginning of this proof, this policy o
satisfies (4.15), by summing up both sides of which with respect to n, we see that (5.20) is also
fulfilled. The corollary is now proved. ]

We end this section with the next lemma.

Lemma 5.5. Suppose Condition 4.1 is satisfied. Let some o be a policy for the DTMDP model
{So0 A, p, v} such that

ci(x,a)

M? (dx x da)
SxA v qx(a)

foreachi=0,1,..., N.Suppose that there exists a stationary policy o for the DTMDP model
{Seo, A, p, v} satisfying M;f (dx x da) = M;f (dx x A)oS(dalx) on B(¢ x A), and o5(da|x) =
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Sy+(x)(da) for each x € €. Then
M’ (dx x da) < M (dx x da)
on B(¢ x A).
Proof. According to Proposition 4.1; see especially (4.7), and Proposition 9.10 of [5],

o ¢i (Xn, Ap+1)
Ldnf ET [/ /Zc,(g,,a)n(dmw t)dt:| infE] [ZZ ax o) }

0
for each x € S. Thus,

= {x es: 1nfE" [ZZ CI(X"’A”+1)j| >O}.

=0 i—=0 qx, (An+l)

Now one can apply Theorem 3.3 of [10] for the statement. We remark that in [10], only nonneg-
ative finitely valued cost functions were considered for the concerned DTMDP model. A careful
inspection of the reasonings therein reveal that all the cited statements from [10] in this paper
survive when the cost functions are nonnegative extended real-valued. d

6. Optimality result

The main objective of this section is to show the existence of a stationary optimal policy for
the CTMDP problem (2.2); see Theorem 6.2 below. In the process, we also justify the reduction
of the CTMDP problem (2.2) to the DTMDP problem (3.3) under Conditions 4.1 and 6.1; see
Remark 6.1 below. To this end, we firstly show the sufficiency of stationary policies for the
CTMDP problem (2.2); see Theorem 6.1.

Theorem 6.1. Suppose Condition 4.1 is satisfied, and consider a feasible policy w with a finite
value for the CTMDP problem (2.2) such that for eachn =0, 1, ...,

a1 (dalxo, 01, - ... X, $) = Sy (xy (da) 6.1)

whenever x, € €. Then the stationary policy ¢n for the CTMDP problem (2.2) coming from
Corollary 5.1 satisfies

Er U‘X’/ Ci(gt,a)(/’n(da|$t)d{| <E} [/oo/ C"@”a)”(dmw’t)dt] ©2
0 A 0 A

foreachi=0,1,...,N.

Proof. The proof goes in several steps.
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Step 1. We show that the stationary policy ¢, satisfies that
O (B(x)|x) <1

for almost all x € S with respect to n’; (dx x A), where B(x) is given by (4.3), and S is given
by (4.2).
It suffices to prove the above claim for the case of

1, (81 x A) >0 (6.3)
as follows.
Note that
N N
oo>/S n’;(dxxda)zci(x,a)zfs 0} (dx xA)/AqJn(daM)Zci(x,a)
1xXA 1

i=0 i=0

o In+1 N
=ZE; E] / / I{xnedx}/(pn(da|x)Zci(x,a)dﬂxo,@],...,xn (6.4)
n=0 o IS0 A i=0
00 N
=) E [/S 1{x, edx}/A%(dapc)Zci(x,a)E;[en+1|xo,el,...,xn]}.
n=0 1

i=0
Suppose for contradiction that
¢z (Bx)|x) =1 (6.5)

on a measurable subset I'; € S; of positive measure with respect to n; (dx x A). It holds that

N N
[ orta0 Y cwaz [ guaany aea =0 6.6)
A B(x)

i=0 i=0

for each x € I'y C S, where the last inequality is by (4.3) and (4.2).
According to (6.3), there exists some n =0, 1, ... such that

P;,T(xnel_'l)>0;
and for this 7, it must hold that
E;[9n+1|xo,91,...,xn] <0 6.7)

for almost all w € {w € 2 : x,(w) € I'1} with respect to P}’,T (dw), for otherwise this together with
(6.6) would contradict the first inequality of (6.4).
The definition of B(x) given by (4.3) and the inequality (6.7) imply that

7 ({(x,a):x €T1,a € A\ Bx)}) >0, (6.8)



Continuous-time Markov decision processes 1723

where the set in the bracket is measurable because so is the set {(x,a) : x € I'1,a € B(x)} ac-
cording to e.g., Theorem 3.1 of Feinberg et al. [15]. Since

/r o (A\ B(x)|x)n} (dx x A)

=/ ¢x (A\ B)Ix)n7 (dx x A) +/ @ (A\ BOO)IX)n] (dx x A)
ring INTaltey

= n’}f({(x,a) xeTl,ae A\ B(x)}),
which holds by (5.15) and (6.1), the relation (6.8) implies that ¢, (A \ B(x)|x) > 0 on some
measurable subset of I'y € I'y of positive measure with respect to 17 (dx x A). This is a desired
contradiction against the relation in (6.5). Step 1 is completed.

Step 2. Consider the policy o for the DTMDP model {Sx, A, p, ¥y} from Corollary 5.2, and
define the stationary policy o5 for the DTMDP model {S., A, p, y} by

oS (da|x) = 8y (da)
for all x € ¢€ and for all x € ¢ satisfying fA gx(@)px(dalx) =0; and

4x (@) gz (dalx)
J4ax(@¢x(dalx)

oS(dalx) := (6.9)

for all x € ¢ such that f 4 9x @@z (dalx) > 0. Recall that Y¥* is the fixed measurable mapping
satisfying (5.12) and (5.13). We verify that

M (dx x A)o®(da|x) =M (dx x da)

on B(¢ x A); recall (5.17) for the definition of M;‘,. Throughout the proof of this theorem, the

policies o and o® are understood as here.
Indeed, on B(¢ x A), it holds that

M (dx x A)o®(da|x) = ( / 07 (dx x db)qx(b))as (da|x)
A

= (/A my (dx x A)(/Jn(deX)qx(b))US(daIX)

4x(@)¢x (dalx)
fA gx(a)gr (dalx)

— 7 (dx x A) ( /A o (db|x)qx<b>>

=1, (dx x A)gx(a)px (dalx)
= M‘; (dx x da),

where the first and the last equalities are by (5.20), the second equality is by (5.15), the third and
forth equalities are by (6.9); and the fact that f 4 9x (@@ (da|x) > 0 for almost all x € ¢, which
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in turn follows from the facts that f 4 9x @)Yy (dalx) > 0 for almost all x € §; with respect to
r/;f (dx x A) as established in Step 1; fA gx(a)¥z(da|x) > 0 for all x € S3 by (4.2); and the
relation ¢ € S7 U S3. Step 2 is thus completed.

Step 3. We verify that

M’ (dx x A)oS(dalx) = MY (dx x da) < M3 (dx x da) (6.10)

on B(¢ x A) as follows.

The equality in (6.10) holds because the policy o is stationary and (5.17). For the inequality
in (6.10), we observe that
ci(x,a)

M? (dx x da)
sxa qx(a)

ci(x,

ci(x, U™ (x))
qx(P*(x))

= M; (dx x da)

) / i
M? (d A
- @ M

ci(x,a)

qx(a)

=f 1y (dx x da)qx(a) 5/ 1y (dx x da)c;(x, a)
XA XA

5/ ci(x, a)n;(dx x da) < 0o
SxA

foreachi =0, 1, ..., N, where the first equality is by (5.19), the second equality is by (5.14), the

first inequality is by that g (a)% < ¢;j(x, a); recall the convention of 0 _0and 000 = 0,

and the last inequality is by that the policy 7 is feasible with a finite value for problem (2.2).
With this inequality and the equality of (6.10) in hand, we see that the conditions of Lemma 5.5
are satisfied, following from which, the inequality of (6.10) holds. Step 3 is completed.

Step 4. Let us introduce the set

1= {xe§ 3/ qx(a)%(dalx)ZO}’ (6.11)
A
which is measurable. We establish
n‘)f” (dx x da)gy(a) = M;S(dx x da) (6.12)

on B((¢ \ {x) X A).

To this end, we show by induction the more detailed relation
M97 (dx x da) =P3 (X, € dx, Ags1 € da) (6.13)

on B(¢ \ ¢y x A) foreachn =0, 1, ... as follows.
Consider n = 0. Then on B(¢ \ ¢r),

MO¥r (dx x A) = y(dx) =P’ (Xo € dx), (6.14)
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where the first equality is by (4.18) and the fact that ¢ € S\ S2. Now on B(¢ \ {r X A),

Pgs(Xoedx,Al eda)
:P;S(XO c dx)gs(dapc) = Mg»%r (dx x A)O'S(da|x)

q4x (@)@ (dalx)
Ja ax(@¢r(dalx)

1
=/ E‘p”|:/ qx(b)gon(db|x)l{xoedx}dt:| (6.15)
A 4 0

I
= E?” [/ gx(@)pr(dalx)I{xg € dx}dt:|
0
= MJ(}‘/’” (dx x da),

where the second equality is by (6.14), the third equality is by (6.9); remember that

/Aqx(a)wn (dalx) > 0, Vx €&\ &x.

Assume (6.13) holds on B(¢ \ ¢ x A) for all n < k, and consider the case of n =k 4+ 1. On
the one hand, on B(¢ \ &) it holds that

P) (Xit1 € dx)

.
_ / 9@ ot (¢ gy, Ay € da)
sxa  4y(a)

g(dx|y, g(dx|y,
2/ MM)]ﬁ’(pﬂ (dy X da) :/ mqy(a)m‘pnk(dy % da)
sxa  qy(a) sxa  qy(a) v

:/ q(dxly, a)m;f”k(dy X da)
Sx A ’

=E}" [/ G(dx|xk, a)px (dalxi) EY [O111x0, 01, - ., Xk]]
A

_ E¢|:fAé(dx|xkv a)(pn'(daLXk)}
-y
[ @x (@r (dalxy)

where the second equality is by the inductive supposition, the forth equality is by that

%qy (a) =G (dx|y, a) no matter whether ¢, (a) vanishes or not, and the last equality holds

due to the convention of % = 0. On the other hand, on B(¢ \ &),

M‘ﬂn

k+1’y(dx x A)

= E;f” |:E§f” |:I{xk+1 edx}
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Ok+2
x E$" |:/ / Ix (@ @r (dalxp1)|x0, - .,9k+1,Xk+1] ‘ x0,~-~»xk79k+l:|:|
0 A
= E;f” [E;’f” [I{Xk+1 € dx}|xg, 01, ..., Xk, 9k+1]]

— E%r |:fA q(dx|xi, a)py (da|xk)i|
4 fA (qu (a))(pn' (da|xk)

Thus,

M‘pn

S
L, dx x A) =P7 (Xpq1 €dx)

on B(¢ \ ¢r). Based on this, a similar calculation as the one for (6.15) leads to

M(ﬂn

¢r,(dx x da) =P3 (Xpy1 € dx, Apsr € da)

on B(¢ \ ) x A). Hence, (6.13) is shown by induction, and (6.12) follows. Step 4 is completed.
Step 5. We show that

n;‘,’” (dx x da) < n;f (dx x da) (6.16)

on B(¢\ ¢y x A).
Indeed, by (6.10) and (6.12) as established in Steps 3 and 4, we see

n‘)‘,)” (dx x da)gy(a) < MJ‘Z (dx x da)
on B(¢ \ ¢z x A), which together with (5.20) further leads to
ny" (dx x da)qx(a) <ny (dx x da)qx(a) (6.17)

on B(£ \ &x x A). Now on B(Z \ &x),
Eyr [/ /qx(a)wn(dalx)l{é‘z edx}dt}
0 A
= (/A wn(dalx)qx(a))nﬁ” (dx x A) = /A ny" (dx x da)gx(a) < /A 1y (dx x da)gx(a)

= (/; Qx(a)fﬂn(da|x)>n§f(dx x A),

where the inequality is by (6.17), and the last equality is by (5.15). Since

/Aqx (@)gr(dalx) >0

for all x € ¢ \ ¢z, we infer from the above inequality for that

n‘f,’” (dx x A) < n;f (dx x A)
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on B(¢ \ &), from which (6.16) holds on B(¢ \ {; x A); recall (5.15). Step 5 is completed.
Step 6. We show that

Ny (Ex x A) =0. (6.18)
Suppose for contradiction that
Ny (Ex x A) > 0. (6.19)

Note that {; C S1, where ¢ is given by (6.11); recall that ¢ € S U S3 and the definition of S3.
Therefore, the statement established in Step 1 implies that

0 (Gx x A) =0, (6.20)

Therefore, y (¢;) = 0. Now following from (6.19), there exists some I" € B(S \ ¢;) satisfying
that

/Aé(&nlx,a)%(dalx) >0 (6.21)

forall x e I', and
ny (' x A) > 0. (6.22)
Note that according to (5.16), the definition of the set ¢ given by (5.10), and (5.12), we see that
q(&|x,¥*(x)) =0 for each x € ¢€. Since ¢ C ¢, we see ¢({r|x, ¥*(x)) =0 for each x € ¢€.

Consequently, we have

e B\ &x)

for otherwise it would contradict (6.21). This fact, (6.22) and (6.16) as established in Step 5 show
that

n;f(l" x A) > 0; n;’ (dx x A) > n;f” (dx x A) on B(I"). (6.23)

Now
/ ny (dx x da)q(¢xlx, a) =/ 1y (dx x A)f q(&xlx, a)er (dalx) >0,
I'xA r A
where the first equality is by (5.15), and the last inequality is by (6.23). Thus,
o0
EJ [/ / q(xlé a)m(dalw, 1)I{E; € F}dt} > 0.
0 Ja

It follows from this inequality and the construction of the CTMDP that 77; (&x x A) > 0, which
is a contradiction against (6.20). Hence, (6.18) holds. Step 6 is completed.
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Step 7. We prove the statement of the theorem now. It holds that foreachi =0, 1,..., N,
/ 777; (dx x da)ci(x,a)
SxA
:/ rf; (dx x da)ci(x,a) ~|—/ n;f (dx x da)c; (x, Ip*(x))
\gr xA CCXA
+/ ny (dx x da)c;(x, a)
L xA
> / %™ (dx x da)ci(x, a) +/ %" (dx x da)c;(x, y*(x))
\gr x A XA
+/ n;f” (dx x da)ci(x,a)
tr XA

=/ ny™(dx x da)ci(x, a),
SxA

where the first equality is by (6.1), and the inequality is by (5.14), (5.16), (6.16), and (6.18).
Thus, (6.2) is proved. O

Corollary 6.1. Suppose Condition 4.1 is satisfied, and consider a feasible policy w with a finite

value for the CTMDP problem (2.2) satisfying (6.1) as in the statement of Theorem 6.1. Then
there exists a stationary policy ¢ such that

O (B(x) |x) =0 (6.24)
for each x € S1\ S provided that S \ S *J,

¢r(dalx) = Syx(x)(da) (6.25)

for each x € £€ whenever (¢ # &, and

E?/b” |:/Oo/ Cj(‘i:t,a)¢n(da|§t)dl:| < E;T |:/°°/ ci(&,a)n(dalw,t) dti|
0 A 0 4

foreachi=0,1,...,N.

Proof. Let the stationary policy ¢, be as in the statement of Theorem 6.1. Assume that S \ S #*
&; the other case is simpler. For each x € S7\ 3’1, A\ B(x) # @; this is by the definitions of B(x),
Sy and 8y; see (4.3) and (4.2). By Proposition 7.33 of [5], there is a measurable mapping 1} from
S\ 3’1 to A such that

sup gy (@) = qx (¥ (x)) > 0

acA
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for each x € 1\ S1, where the inequality follows from the fact that sup,.,¢x(a) =
mMaXgeA qx (@) = MaXgeA\B(x) 4x (@) > 0; recall the definition of B(x) as given by (4.3). Observe
that

[xeS1\S1:9:(A\B@)Ix) =0} ={x € (S1\ S N¢: 9z (A\ B)Ix) =0} (6.26)
by (5.12) and the definition of Sj. Now if
[x €81\ 8192 (A\ B(x)|x) =0} # 2,

then we modify the definition of ¢ by putting (with slight abuse of notations by using ¢, for
both the original and the modified policies) ¢ (da|x) := éﬁ(x)(da) foreachx € {x € (S1\ S1) N
¢ :@r(A\ B(x)|x,a) =0}. Since

Ny ({x € S1\ 81 :0x(A\ B(x)x) =0})=0

as established in Step 1 of the proof of Theorem 6.1, the resulting stationary policy ¢, still satis-
fies (5.15) and (5.16); recall (6.26). Therefore, Theorem 6.1 remains applicable to this modified
policy. For this reason, in the rest of this proof, we suppose without loss of generality that

[x €S1\S1:9:(A\ B(x)lx) =0} = 2. 6.27)
Now define a stationary policy ¢, by

¢n(da N (A\ B(x))|x)
@r ((A\ B(x))|x)

¢n (da|x) =

for each x € S \3‘1, and

¢ (dalx) := ¢z (dalx)

elsewhere. Observe that ¢, defined in the above is indeed a stochastic kernel; this follows from
the fact that {(x, a) : gx (@) =0} = {(x,a) : a € B(x)} is measurable, which is by Theorem 3.1 of
[15]; see also Corollary 18.8 of [1], and Proposition 7.29 of [5]. The relation (6.25) holds for this
policy ¢, because of its definition and (5.16); observe that for each x € (S7 \ 3’1) N (¢°), it holds
that ¢*(x) ¢ B(x).

Direct calculations show that for each x € S,

J4@@dylx, a)¢x (dalx) _ J4@(dylx, )¢z (dalx)
S ax(@¢x(dalx) J4ax(@¢x(dalx)

Also observe that for each x € S7 \ 3‘1 andi =0,1,..., N,

o0
| [ ctxarsadapore s gy
0 A

- ® [, ci(x,a)pz(dalx) o= Ja ax@gx (dal)i
0o ex(A\B(x)|x)

1
o ABOM (t
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= i ) T d
/AC (6 @grdal) S o dal)

o0
=/ / i (x, @) s (dalx)e™ A te@or (bt gy,
0 A

remember, f 4 9x @z (dalx) > 0 for each x € §; \ 3’1 by (6.27). In other words, under the sta-
tionary policy ¢, given the current state x € S, the (conditional) distribution of the next jump-in
state is the same as the one under the stationary policy ¢, and the total (conditional) expected
cost during the current sojourn time is not larger than the one under ¢, . Since both policies ¢
and ¢, are stationary, this and Theorem 6.1 prove the statement. (]

Corollary 6.2. Suppose Condition 4.1 is satisfied, and consider a feasible policy w with a finite
value for the CTMDP problem (2.2) satisfying (6.1) as in the statement of Theorem 6.1. Then
there exists a stationary policy ajf for the DTMDP model {Sx, A, p,y} such that for each i =

0,1,...,N,
0
s ¢i(Xn, Apy1) o
E”ﬂ E “iiAn Sntl) <E”|:/ /C( ,a)rw(da a),t)dti|.
Y [ gx,(Ans1) |~ T LJo Ja A |

n=0
Proof. Let ¢, be the stationary policy for the CTMDP model coming from Corollary 6.1. By

Theorem 4.1, there is a Markov policy say UJZTVI = (an ) for the DTMDP model {S~, A, p, ¥}
satisfying, foreachn =0, 1, ...,

M
M (dx x da) =PJ" (X, €dx, Ayy1 € da) (6.28)
on B(S\ S x A), and
oy i1 (dalx) =8 pxy (da) (6.29)

for each x € S, whenever S, # @.
Now foreachi =0,1,..., N, it holds that

E} [ / N / ci(s,,a)qsﬂ(dam)dr}
A

_Z/ ci(x, a)m L (dx x da)

(6.30)
= Z{/ ci(x, a)m L (dx x da) +/ c(x, a)m " (dx x da)
Sl\Sle S1xA

+/ ci(x, a)m L (dx xda)—i—/ c(x, a)m L (dx x da)}
SHx A S3xA
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The first term in the summand in the last line of the above equality can be written as follows:

/ R c,-(x,a)m;’f”n(dx X da) = / / ci(x, a)¢n(da|x)m " (dx x A)
S\ x A ’ SI\Si

ci(x,a)
=/ / qx(a)d)n(daIX)m L (dx x A)
s\§1 Ja gx(a)

Z/ ci(x,a) M;’% (dx x da)
Si\Sixa 4x(a)

:/ i (¥, a) ” (X, €dx, Ayr1 €da),
SI\S1x A qx(a)

where the second equality holds because of (6.24), and the third equality is by the definitions of
Mﬁ"”” and mfi’fn, and the last equality is by (6.28). For the second term in the summand in the
last line of (6.30), we have

/ ci(x, @ym¥, (dx x da) = / G ot X e dx, Anyi € da),
SixA SixA gx(a)

where the equality holds because
br (O oM a
m,,,n(Sl xA)=0=P,) (X, €81)

with the first equality being by Lemma 4.4 (see (4.11) therein) applied to ¢, which is feasible
with a finite value for problem (2.2) for it outperforms the policy 7 by Corollary 6.1, and the

second equality being valid by (6.28) and that M;f’d’” (dx x da) = gy (a)m w(dx x da). For the
third term in the summand in the last line of (6.30),

/ ci(x, a)m ' (dx x da) = f ci (x, w*(x))m?jfn(dx x A)=0
Syx A $

6 Y () po
= — T 7 ” X, ed
/sz Gy 7 Knedo)
:/ Ci(x.d) po % (Xy € dx, Any € da),
Sy x A ‘Ix(a)

where the first equality is by (6.25); recall that S, C ¢€, the second and third equalities are by
(5.14), and the last equality is by (6.29) and (5.13). Finally, for the last term in the summand of
(6.30), it holds that

¢i(x,a)

/ ci(x, a)m ' (dx x da) = / -7 x(a)m ' (dx x da)
Syx A S3xA qx(a)

:/* ci(x,a) M;’% (dx x da)
x4 qx(@)
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. M
:/ MP‘;” (X € dx, Aps1 € da),
S3xA Clx(a)

where the first equality is by the definition of S3, and the last equality is by (6.28). Combining
these observations, we see from (6.30) that foreachi =0,1, ..., N,

[e'e) > ci(x,a) a]i”
Edr [ /0 /A ci<st,a)¢n(da|st>dr]=§) /S e Y K edx, Ay € da)
(6.31)

0
oM ¢i(Xn, Ant1)
]

g, (Ant)

On the other hand, one can apply Theorem 3.3 of Dufour et al. [10] and the arguments in the proof
of Lemma 4.2 for the existence of a stationary policy a;f for the DTMDP model {Sx, A, p, v}
satisfying that foreachi =0,1,..., N,

. iCi(Xn,AnJrl) g ici(Xn,A,,H)
"2 e [T &2 ax (A |

This and (6.31) thus prove the statement. (|

Lemma 6.1. Suppose Condition 4.1 is satisfied. Consider a stationary policy o5 for the DTMDP
model {Sco, A, p, v}, which satisfies

oS(dalx) =8+x)(da),  Vx €S,
and is optimal and with a finite value for problem (3.3). Here the transition probability p(dy|x, a)

is given by (3.4) and (3.5). Then there is a stationary policy 75 for the CTMDP problem (2.2)
satisfying for eachi =0,1,..., N,

[ A ] T [ [ e s
K {; 4%, (Ans1) }_EV |} [ oot aacya.

Proof. Since o5 is feasible with a finite value for problem (3.3), it is easy to see that
> P)‘ﬁS(Xn € §1) =0 so that, if necessary, we can modify the definition of the policy o
by putting

o5(da|x) = 8a(da), Vx € 81,

with A € A being an arbitrarily fixed point; the resulting policy is still optimal with a finite value
for problem (3.3) and with the same performance vector as of the original policy.
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Note also that o5 (B(x)|x) = 0 for each x € S} \ S 1. For this reason, we can legitimately define
the following stationary policy 775 for the CTMDP model;

1 S
o> (dalx)
JTS(d6l|)C) — Q)c(al)
[ —qx(a)as(dabc)

foreach x € S\ (S, U S1),
7% (dalx) = 8a(da),
for each x € S, and
78 (dalx) = 8 p+(x) (da)

for each x € S,. The discrete-time Markov chain {X,,} under Pj,’s can be regarded as the embed-
ded chain of the pure jump time-homogeneous Markov process {&;} under P s; see [16]. Indeed,
it holds on B(S) that, for each x € S\ (S, U 31),

s _ [ qylx, a) _ [4d(dylx, a)w®(dalx)
Ap(dylx,a)a (daIX)—/Aiqx(a) o(dalx) = T ax@nSdalx)

for each x € 57,
i(dylx. a) G(dylx. £*(x)
dvy|x, Sed =/ q(dylx.a) g d 1= J
/Ap( yayotdalg = | Sy 0 WA =T e &)

_ Jhd@ylv ayrSdaly) _
Ja ax(@)7S(dalx) ’

and for each x € Sy,

S [ dylx.a) _gldylx,A) fAc}(dy|x,a)nS(da|x)
pr(dyl)c,akI (dalx)—/A @ (dalx) = g:(&)  [yq:(@)75(dalx)

Furthermore, it is easy to verify that for each i =0, 1, ..., N, given the current state x € S,
the (conditional) expected total cost during the current sojourn time of & under P}’f *is given
by f A %05 (da|x), which is the same as the (conditional) expected one-step cost for the
discrete-time Markov chain {X,,} under P;fs. The statement of this lemma now follows. [l

Condition 6.1. For problem (2.2), there exists a feasible policy with a finite value.

Theorem 6.2. Suppose Condition 4.1 and Condition 6.1 are satisfied. Then for the CTMDP
problem (2.2), there is a stationary optimal policy 7.
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Proof. It is clear that for the CTMDP problem (2.2), one can be restricted to the class of feasible
policies = with a finite value and satisfying (6.1); there exists at least one such policy under
Condition 6.1. It also holds that for the DTMDP problem (3.3), if the stationary policy UIS for the
DTMDP model {S, A, p, ¥} is optimal, then the stationary policy o5 for the DTMDP model
{Seo, A, p, y} defined by o3(dalx) = als(da|x) foreach x € S\ S», and o3(dalx) = 3 r+(x)(da)
for each x € §; is also optimal with a finite value for problem (3.3). Now the statement is a
consequence of Lemma 4.2, Lemma 6.1, Corollary 6.2, and Theorem 4.1 of [10]. O

Remark 6.1. Suppose Condition 4.1 and Condition 6.1 are satisfied. Theorem 4.1 of Dufour
et al. [10], Lemma 4.2, Lemma 6.1 and Corollary 6.2 justify the reduction of problem (2.2) for
the CTMDP model {S, A, g, y} to problem (3.3) for the DTMDP model {S, A, p, y} as well as
to problem (4.4) for the DTMDP model {S, A, p, y}; once the stationary optimal policy for the
DTMDP problem (3.3) or for the DTMDP problem (4.4), which exists, is obtained, an optimal
stationary policy for the CTMDP problem (2.2) can be automatically constructed based on it in
principle, and the three problems have the same value.

Remark 6.2. As was rightly noted in [13], if the transition rates g, (a) are separated from zero,
then one can show that for each policy 7 for the CTMDP, there is a policy o for the DTMDP
{Seo, A, p, ¥} such that

00 o0
(X, A
E] [/ / ci (&, a)m(dalo, t)dz] =EJ| )’ € (Xn, Ant1)
0o Ja = 4%, (Ant1)
and vice versa, for each i =0, 1, ..., N. The argument is essentially the same as for the dis-

counted case, and the reduction is possible without further conditions. However, the objective of
the present paper is to consider the more delicate and nontrivial case, that is, when the transition
rates are not necessarily separated from zero.

7. Conclusion

To sum up, for the constrained total undiscounted optimal control problem for a CTMDP in
Borel state and action spaces, under the compactness and continuity conditions, we showed the
existence of an optimal stationary policy out of the class of general nonstationary ones. In the
process, we justified the reduction of the CTMDP model to a DTMDP model. Several properties
about the occupancy and occupation measures were obtained, too.

We mention that compared to discounted models, the total undiscounted criterion is signifi-
cantly more challenging for studies. For DTMDP models, often the studies of this criterion are
facilitated with some absorbing assumptions; see [2] and [17]. The absorbing assumption allows
one to focus on the restriction of the occupation measure to a subset of the state space, where it
is finite. The difficulty in dealing with undiscounted total criterion is the infiniteness of the occu-
pation measure. In this connection, let us mention that DTMDP models with infinite occupation
measures were studied in a recent series of papers [10—12].
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