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Abstract: The present paper considers the constrained optimal control problem with total undis-
counted 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 pro-
cess (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 criteria
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 e.g., [13, 14, 19, 20, 21, 27, 30, 31,
32, 33, 36]. In [21, 30, 31], the convex analytic approach for constrained problems is developed,
whereas the dynamic programming approach for unconstrained problems is studied in [19, 20, 32, 33].
The investigations in [19, 20, 21, 30, 31, 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 [2, 4, 5, 11, 12, 15, 29] for the CTMDPs. This idea at least dates back to the 1970s;
see Lippman [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, i.e., those that do not change actions between two consecutive state transitions.
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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, i.e., 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 equation
is more suitable for unconstrained problem; see also [32]. Especially convenient for dealing with
constrained discounted CTMDP problems, Feinberg [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] assumed 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 underdeveloped,
despite that they would naturally find applications to e.g., epidemiology, where one aims at minimizing
the total endemic time, which does not have an obvious monetary interpretation for discounting. There
seems to be limited literature on this topic. For unconstrained total undiscounted problem, Forwick
et al [18] developed the dynamic programming approach, and established the optimality equation,
essentially following the Yushevich’s reduction method. For the constrained problem, the authors of
[22] developed the convex analytic 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 challenging in the survey
[6] and were tackled only recently in [11]; see also [10, 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 [11]; we remark that the Feinberg’s reduction method is always
applicable to discounted CTMDP models without additional 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 illustrates 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 problem. 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 CTMDP 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 Yushkevich [37]
or Forwick et al [18] dealing with unconstrained problems.)

Having said the above, the main contributions of the present paper are as follows. (More detailed
comments on the novelty and contributions of the paper are postponed to the end of Section 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 necessarily 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 Feinberg [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 (nonstationary)
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, 30], and
the associated optimal control problem of interest in this paper.

Notations and conventions. In what follows, I stands for the indicator function, §,(+) is the Dirac
measure concentrated at x, and B(X) is the Borel o-algebra of the topological space X. A measure is
o-additive and [0, oo]-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 % :=10,0-00:=0 and % = +00.

2.1 Description of the CTMDP

The primitives of a CTMDP model are the following elements {S, A, ¢, v}, where S is a nonempty Borel
state space, A is a nonempty Borel action space, - is a probability measure on B(.S) and represents the



initial distribution, and ¢ stands for a signed kernel ¢(dy|z, a) on B(S) given (z,a) € S x A such that
d(Tslz,a) :=q(T's\{z}|x,a) > 0 for all I'g € B(S). Throughout this article we assume that ¢(-|z,a) is
conservative and stable, i.e., ¢(S|r,a) = 0 and g, = Sup,¢ a(y) ¢z(a) < oo, where g, (a) := —q({z}|z,a).
The signed kernel g is often called the transition rate. Throughout this article, g, is allowed to be
arbitrarily unbounded in = € S, unlike in [19, 22, 30, 31]. In line with [11, 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 Q by adjoining to the countable product space S x ((0,00) x S)>
the sequences of the form (xg,01,...,0nh, Ty, 00, Too, 00, o, - - . ), Where xg,x1,...,2, belong to S,
01, ...,0, belong to (0,00), and z, ¢ S is the isolated point. We equip 2 with its Borel o-algebra F.

Let to(w) := 0 =: 6y, and for each n > 0, and each element w := (xg, 01, x1,02,...) € Q, let

th(w) = tp_1(w)+ Oy,

and the limit point of the sequence {¢,} is denoted by to(w) := limy_oo tn(w). Obviously, ¢, (w)
are measurable mappings on (£, F). In what follows, we often omit the argument w € € from the
presentation for simplicity. Also, we regard x,, and 6,41 as the coordinate variables, and note that
the pairs {t,,z,} form a marked point process with the internal history {F:}:>0, i.e., the filtration
generated by {t,,z,}; see Chapter 4 of [27] for greater details. The marked point process {t,,z,}
defines the stochastic process on (€2, F) of interest {&;,t > 0} by

&= I{tn <t <tnp1}mn + {teo < thaoo; (1)
n>0

recall that z is the isolated point. Below we denote So = S|J{zx}, and accept 0 -z := 0 and
1-2:=x for each x € S4.

Definition 2.1 A (history-dependent) policy © for the CTMDP is given by a sequence (my) such
that, for each n = 1,2,..., my(dalzg,b1,...,Tn—1,5) is a stochastic kernel on A, and for each w =
(1‘0,91,331,02,...) e, t>0,

m(dalw,t) = I{t >to}bar(da) + > I{tn <t < tni1}mnsr(dalzo, b1, .., 0n, 20, t — tn),
n=0

where ax, ¢ A is some isolated point. A policy m1 = (m,) is called Markov if, with slight abuse
of notations, each of the stochastic kernels m, reads my(da|zg,01,...,2n_1,5) = mp(dalr,—1,s). A
Markov policy is further called deterministic if the stochastic kernels mp(da|x,—1,s) all degenerate. A
policy m = (my,) is called stationary if, with slight abuse of notations, each of the stochastic kernels

7, reads mp(dalxg, b1, ..., xn_1,5) = w(dalr,—1). A stationary policy is further called deterministic if
mn(dalwo, 01, ..., 2n-1,8) = d¢(z,_,)(da) for some measurable mapping f from S to A.
Foreachn =0, 1,..., we formally put m,4+1({aco }|Z0, 01, .., Zn,00) :=1 =: mpt1({ace } |0, - - -, Too, 20)

with aso ¢ A being the isolated point.

The class of all policies for the CTMDP model is denoted by II, and the class of all deterministic
Markov policies for the CTMDP model is denoted by IIp;.

Under a policy 7 := (7,) € II, we define the following random measure on S x (0, c0)

VT (dt, dy) = /A G(dylér(w), a)r(dalw, t)dt

= Z/ G(dy|xn, a)mpi1(dalxg, 01, . .. Opy xp, t — t) I{t, <t < tpiq}dt
A
n>0



with gz, (@00) = q(dy|Too, aoo) := 0. Then there exists a unique probability measure PJ such that
PT(xq € do) = 1(de),

and with respect to P7, 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 (1) under the probability

measure P77 is called a CTMDP. Below, when ~(-) is a Dirac measure concentrated at x € S, we use

the denotation Pj. Expectations with respect to P and P7 are denoted as EJ and E7, respectively.
In what follows, when it is not necessary to emphasize the initial distribution v, we also say that

{S, A, q} is our CTMDP model.

2.2 Description of the concerned optimal control problem

Let N € {1,2,...} be fixed. Consider the nonnegative measurable functions ¢;(z,a) > 0 with i =
0,1,...,N from S x A to [0,00) as the cost rates. We formally put ¢;(z~,a) := 0 for each i =
0,1,2,..., V.

In this paper, we study the following optimal control problem:

BT [/ /co &, a)r(dalw, t)dt] - min

sit. EJ [/0 /ch(ftja)w(daw,t)dt] <dj, Vj=12,...,N, (2)

where for each j =1,2,..., N, d;j € [0,00) is the fixed constraint constant.
A policy 7 € II is called feasible for problem (2) if

EY {/0 /ch(ft,a)ﬂ(da!w,t)dt] <dj, j=1,2,...,N.

Let IIx be the class of feasible policies. Then the value of problem (2) is denoted as

Ve(y) = inf EJ [ / / (&, a)m(dalw, t)dt]

A feasible policy 7 for problem (2) is called to be with a finite value if

EY {/ / co(&, a)m(dalw, t)dt} < 0.

Finally, a policy 7* € Il is called optimal for the (constrained) CTMDP problem (2) if it holds

that
inf E7r {/ / co (&, a)m(dalw,t) dt} E’r {/ / co(&, a)m* (da|w, t)dt| .
wellp

3 Facts about the discounted CTMDP problem and discussions

The purpose of this section is to (a) present some relevant results about the a-discounted problem for
the CTMDP model {S, A, q,~v}, which are used in the subsequent investigations for our undiscounted
CTMDP problem (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 dis-
counted optimal control problem for the CTMDP model {S, A, q,~v}

EY [/ _O‘t/ co(&, a)(da|w, t)dt} — mln
st. EJ [/0 e_at/Acj(‘ft,a)w(daw,t)dt] <dj, Vj=12,...,N, (3)

where d; € R for each j = 1,2,..., N, and the finite constant o > 0 is a fixed discount factor. The
investigations in [13, 14] are based on the study of the so-called a-discounted occupancy measures,
firstly introduced therein, which we recall as follows.

Definition 3.1 For eachn =0,1,..., and (finite) constant o > 0, the a-discounted occupancy mea-
sure of the policy m € 11 for the CTMDP model {S, A, q,~} is a measure M5 on B(S x A) defined

by
tn+1
M5 (Ts xTy) = EJ [/ e I{¢ € Fs}/ (a + g, (a)m(dalw, t)dt
tn T4

for each T's € B(S) and I'y € B(A).

Professor Feinberg noticed that there is a close relationship between the (a-discounted) occupancy
measure for the CTMDP model {5, A, ¢, v} and the marginal distribution of (X,,, A,+1) of the DTMDP
model {Seo, A, P, v}, where the transition probability p, is defined for each I'g € B(S) by

q(T's|z,a)

o r 5 =
pa(ls|z,a) a+ gz(a)

, VeSS ae A

and
Pa(Ts|To,a) =0, ¥V a € A.

Recall that Soo = S| {70} With 2o ¢ S being the isolated point. Under each policy o for the
DTMDP model {Ss, A4, pa,7}, let the corresponding strategic measure be denoted by P27, The
expectation taken with respect to P57 is written as EJ7.

The next statement is established in [14].

Proposition 3.1 The following assertions hold for each T's € B(S) and T 4 € B(A).
(a) For each policy m € 11 for the CTMDP model, there is a Markov policy o™ for the DTMDP model
{Ssc, A, pa} such that

M3 (s xTa) =P§‘70M(Xn €lg, Aps1 €T4), Vn=0,1,....

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

M (Tg x Ty) = P97 (X, €T, App1 €T4), YV =0,1,....

According to Proposition 3.1 and the well known Derman-Strauch lemma [9] (see also Lemma 2
of Piunovskiy [29]), for each 7 € II for the CTMDP model {S, A, q,~}, there exists some policy o for
the DTMDP model {Soo, A, pa,7} such that

Z M7 (dx x da) = > P (X, € dz, Anya € da), (4)



and vice versa. Consequently, the a-discounted CTMDP problem (3) can be reduced to the following
DTMDP problem for the model {S«, 4, pa,v}

o0

Z Co (Xn7 An+1)

Eoo
v a+qgx, (Ant1)

— min
ag

n=0
oo

Z ¢4 (Xna An+l)

st. E&°

<dj, j=1,2,...,N.

n=0

(Recall that ¢;(zs,a) := 0 for each a € 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 o = 0; i.e., whether the
CTMDP problem (2) can be reduced to the following problem
i CO(Xna An+l)

— min

o

EY

i Cj (Xna An-l-l)

s.t. E?
7 ax, (An+1)

<d;, Vj=1,2,...,N. (5)

n=0

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

q~<FS|x7a)
p(Tglx,a)=—"——~- VxSl acA 6
(Tl a) = 20 (6
and
p(Ts]ze0, a) = 0. (7)
Recall that 2 := 0.) As before, the controlled and controlling processes for the DTMDP model
0

{80, A,p, 7} are denoted by {X,} and {A,}; P denotes the strategic measure under the policy o
for this DTMDP model with the corresponding expectation EJ.

We remark that since ¢;(2o0,a) = 0 and p(dy|reo,a) = 6, (dy) for each a € A, the definition
of a policy o at the current state zo, for the DTMDP model {S, A, p,~7} is not important for its
performance as far as problem (5) is concerned, and so we do not specify it in what follows.

The next example shows that the answer to the question mentioned earlier is negative in general.

Example 3.1 Consider the CTMDP model with S = {1,2}, A = [0,00), ¢i(a) = ¢({2}|1,a) = e,
q2(a) =0 for each a € A, and v({1}) = 1. Let N =1, and co(1,a) = e~ %, co(2,a) =0 for each a € A,
and ci(x,a) =0 for each x € S and a € A. Let dy > 0, so that any policy is feasible for the CTMDP
problem (2). Let us fiz a policy m defined by

m({a}|w,t) = mo({a}|z,t) = [{a=1t}, Va€A,

so that
/ql(a)ﬂ(dal,t) = / co(1,a)m(dall,t) = e "
A A

7



Then under this policy w, we see

0o 01 0o
us _ us —t —t _
E7 {/0 /Aco(ﬁt,a)ﬂ(daw,t)dt} = EJ {/0 e dt} </0 e 'dt =1,

where the third equality is due to the fact PJ (01 = ) = e~ ! < 1. On the other hand, since 621(%;;) =1
for each a € A, we have that under each policy o for the DTMDP model {Soo, A, p, v}

[e o]

Z CO(Xna An+l)

E?

Y

In summary, each policy for the DTMDP {S«, A, p,v} model would be optimal for problem (5) with
the (optimal) value being 1, whereas the value for the CTMDP problem (2) is strictly smaller than 1.
Hence, the CTMDP problem (2) cannot be reduced to the DTMDP problem (5).

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

An objective of the present paper is to provide weak and natural conditions under which the
reduction of the CTMDP problem (2) to the DTMDP problem (5) 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,~}, 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 (23) below. Finally, under our
conditions, we obtain the existence of an optimal stationary policy for the CTMDP problem (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.

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

- g(L|x, a

B(Tlz, a) == q<q | o ) I{go(a) > 0} + 6,(T) [{gu(a) = 0}, VT € B(S). (8)

x

Condition 4.1 (a) The space A is compact.
(b) For each bounded continuous function f on S, [4 f(y)p(dy|z,a) is continuous in (z,a) € S x A.
(¢) qz(a) is continuous in (x,a) € S x A.
(d) For each i =0,1,...,N, ¢; is lower semicontinuous in (z,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,c) is satisfied. Then the following assertions hold.
c(z,a)
4z(a)
in (x,a) € S x A; and [g f(y)q(dy|z,a) is continuous in (x,a) € S x A for each bounded continuous

function f on S.
(b) For each [0, 00]-valued lower semicontinuous function f on S, [¢ f(y)q(dylz,a) € [0,00] is lower
semicontinuous on S X A.

(a) For each [0, c0]-valued lower semicontinuous function ¢ on S X A, 1s lower semicontinuous




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, fsf(y)% s continuous in
(x,a) € 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 (z,a) € S x A such that ¢;(a) = 0. If there
is a sequence a,, — a such that ¢, (a,) > 0, then Condition 4.2 will not be satisfied. The obstacle is
encountered only when there is (z,a) € S x A such that ¢;(a) = 0. In this connection, let us mention,
when considering an a-discounted CTMDP problem, one can equivalently reformulate it as a total
undiscounted one by adding additional transition rate of o > 0 at each state to 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 demonstrates
that under Condition 4.1(c), the present Condition 4.1(b) is strictly weaker than Condition 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 > (z,a) # (0,0), ¢(dy|z,a) = (xr +
)0 tatin(i+x)(dy); and qo(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 functions given

ci(z,a)
gz (a)
feasible policy with a finite value for the DTMDP problem (5), 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.

(1t =0,1,2,...,N) is semicontinuous in the sense of e.g., [5]. Then by [11], if there is a

Lemma 4.2 Suppose Condition 4.1 is satisfied, and there is a feasible policy with a finite value for
the DTMDP problem (5). Then there is a stationary optimal policy for problem (5).

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

N
S = {:n IS ;ggqx(a) =0, 323 (qx(a) + ;Ci(fl?,a)) > 0} )

Sy = {x € 51 :supgz(a) = 0} ,
a€A
N
Sy = {m €s: ;1612 <qx(a) + gcl-(m,a)> = 0} ,
S3 = {x €S: irelgqx(a) > O}. 9)

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

S =51 JS:| S



Let us also denote for each x € S,
B(z):={a€ A: g(a) =0}, (10)
which is compact under Condition 4.1.

Proof of Lemma 4.2. Consider the DTMDP model {S, A,p,~}, where the transition probability pis
defined by (8). The strategic measure under a policy o for this DTMDP model is denoted by Py,

with the corresponding expectation being denoted by E~;’ . Consider the following problem

[i CO(Xna An+1)

E° — min
K n=0 an(An—‘,—l) g
¢ (X, Angr)
st. E° G Sntl < g W j=1,2,...,N. 11
" [2 i, () | = )

Note that under the same policy, the only difference between the two DTMDP models {S~, 4,p, v}
and {5, A,p,~} lies in the following: if the current state x is in S; |J S2, and some action a € B(x)
is chosen, then the process is killed at zo, 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 (5) with a finite value; assume without loss of generality
that under this policy, when the current state z is in S, only action from B(x) will be selected. This
policy is also feasible with a finite value for problem (11), because under it, the process almost surely
never visits S, and when the current state z is in S; \ S1, almost surely no action from B(z) will be
selected, for otherwise, it would contradict the assumption of feasibility and finiteness of the value for
problem (5) under this policy. (Remember the definition of the set S;.) Now, the observation in the
previous paragraph shows that this policy is also feasible with a finite value for problem (11).

Under Condition 4.1, the model {S, A, p,~v} with the cost functions given by C;iaég;) is semicontin-
uous, and so by Theorem 4.1 of [11], there is a stationary optimal policy for problem (11). By an
argument similar to the above one, one can easily see that this stationary policy is also optimal for
problem (5). O

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 useful 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, ¢}:

o N
/0 /AZci(ft,a)ﬂ(daw,t)dt] — min (12)
i=0

mellpps

2

the value function of which is denoted as

V(z):= inf ET

wE€llpnm

. (13)

/()mAiiIECi(ft,a)ﬂ(dalw,t)dt

Here IIpys stands for the class of deterministic Markov policies for the CTMDP model {S, 4, q}. A
policy 7* € Tlpyy is called optimal for problem (12) if

/Ooo/f‘iiv;ci(gt,a)w*(daw,t)dt

10

EY =V(z)




for each = € S. The following proposition is borrowed from [18]; see Proposition 5.8 and Theorem 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:

V(e) = inf {zfio cir,a) / q(dyrmv(y)} (14)
S

acA q=(a) qz(a)

for each x € S.
(b) There is a deterministic stationary optimal policy ¢* for the CTMDP problem (12), which can be
taken as a measurable mapping from S to A such that

- {ziio sma) q<dy|x,a>v(y)} _ENalet@) | [ Ry e
S S

acA qz(a) qe(a) G (p*(2)) 4z (p*(2))
In fact, each deterministic stationary optimal policy for problem (12) ¢* satisfies the above relation.

In fact, the authors of [18] considered the more general piecewise deterministic Markov decision 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(z) < oo for each z € S see
“Boundedness Assumption” in p.252 therein, which, could be withdrawn when specializing to the
CTMDP problem (12), as far as the validity of the above proposition is concerned.

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

4.2 Properties of occupancy measure

Definition 4.1 For each n =0,1,..., the (undiscounted) occupancy measure of the policy = € 11 for
the CTMDP model {S, A, q,v} is a measure My"" on B(S x A) defined by

tn+1
MP™(Tg xTa) = EJ [/t I{&, € FS}/ q¢, (a)m(dalw, t)dt (15)

for each T's € B(S) and T'4 € B(A).

Lemma 4.3 Suppose Condition 4.1 is satisfied. Consider a feasible policy m = (my,) € II with a finite
value for the CTMDP problem (2). Then for each n =0,1,...,

Pl (zn € S1\ S1)

:Efyr

I{x, € 51\ 51} P (/0 /A\B( )qxn(a)ﬂn+1(da|$0,01, ey Tp,y S)ds = 00

Proof. It holds that for each n =0,1,...,

lnt1 N
/ / ch T, )41 (dalxo, . .., xp, t)dt
tn A

(A\B(zn)) U B(zn) i—0

tn+1 N
/tn Kz, € 51\ Sl} erglgn ZCZ Tn,a

=0

c>o>E7r

v

£

= ET

o
Kz, € 51\5’1} mln {Z ci(xn,a)}/ e_fOthqxn(ll)ﬂ'n+1(dalﬂ?o,...,:ﬂn,,s)dsdt] . (16)
0

Blzn) 150

11



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

P <£L‘n €51\ 5’1, / / Gz, (@)Tni1(dalzo, 01, ... Ty, s)ds < oo> >0,
0o Ja
and thus

P;r(znn s \ Sl’ /oo - fot S 4 Gz (@)Tny1(dalzo,01,..., zn,s)dsdt — OO) > 0.
0

This implies

N oo
H{z, € 51\ Sl}aergin {Z ci(n, a)} / e~ o Ja qzn((Z)Tl'n+l(dal-’EO,...,In,S)det] — 0,

Eﬂ'
K (@) | 5 0

where the last equality follows from the fact that min,cp(,) {Zf\i o Ci(z, a)} > 0 for each x € S;. This
contradicts (16). O

Definition 4.2 For each fized n = 0,1,..., and policy = (m,) € II, we define a measure m7 ,(dz x
da) for the CTMDP model {S,A,q,v} on B(S x A) by

tn+1
m;r’n(rs X FA) = E;r |:/ I{l’n S Fs}ﬂn+1(FA|ZC0,91, N N tn)dt:| (17)
t7l
for each I's € B(S) and Iy € B(A).
Evidently, for each n =0,1,..., and I's € B(S), m,,(I's x A) > 0 if and only if PJ(z, € I's) > 0.

Lemma 4.4 Suppose Condition 4.1 is satisfied. Consider a feasible policy m € Il with a finite value
for the CTMDP problem (2). Then it holds that

/ q(S1z, aym? ,(dr x da) = 0,
SxA
and
mZ ,(S1x A) =0 (18)
for each n=0,1,.... In particular,
7(81) = 0.

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

tn+1 N tn+1 N R
/ / Zci(:un,a)w(daw,t)dt / miﬂ Zci(wn,a) I{z, € 51}dt
tn AT tn ~ 9€

i=1
As a result, mzn(gl x A) = 0 for each n = 0,1,.... In particular, m§70(§1 x A) = 0, and thus

us ™ —
oo>E7 ZE7 = 0.

P (xo € S1) =~(S1) = 0. It remains to prove Josn q(S1|z, aymZ , (dr x da) = 0 for each n =0,1,....
If this is not true, then it follows from the definition of m? (dz x da) that for some n =0,1,...,

0n+1 N
0 < E'Tyr |:/0 /AQ(SHZL‘H’a)ﬂ-n+1(da|x03017"'7$n>t)dt:|

o0
= E;’r |:/ / q(sl|l‘nv CL)7Tn+]_(dCL|SUO, 915 vy Iy t)e_ fg fA en (a)wn“(da\xo,01,...,zn,s)dsdt )
0 A
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which implies that PJ(zn+1 € S1) > 0 by the construction of the CTMDP; see (2) of [30]. This leads

to the contradiction against the fact that m7 , +1(5'1 x A) = 0 as established earlier. O

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

N N
0 = inf {Z ci(x,a) + Qm(a)} = cila, f1(2) + qu(f(2)) (19)

A
R i i=0
for each x € Sy 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 m = (m,) € Il with a
finite value for the CTMDP problem (2) such that

7rn+1(da]x0, 91, RN ) 8) = 6f*(l,n)(da) (20)

whenever x, € So. Then there is a Markov policy o for the DTMDP {S~, A, p,v} such that for each
n=20,1,...,

ont1(dalz) = 0 p+(5)(da) (21)
for each x € Sy (if So #10), and

MJ;’W(FS X FA) = Pf‘y(Xn elg, An—i—l € FA), VIge B(S \ 52), 'y e B(A) (22)

$07917--'7l‘n:|:|
x0,91,...,a:n”

o0
Ey [I{xn € Fs}/ /qmn(a)wnﬂ(da\xo,ﬁh...,xn,t)e_fot fAq“””(“)”"“(d“|x0’91”"7“’5)dsdt]
0 Ja

Proof. For each I's € B(5),

tn+1
MPT(T's x A) = ET {E;’ [ /t I{& € Ts} /A g, (a)m(dalw, t)dt

9n+1
= EJ[[{zn€ls} E] [/0 Aqxn(a)wn+1(da|xo,01, cey Ty, t)dE

- & [I{xn €Ts) (1 P A qzn(a)ﬂ'n_H(da|x0,91,...,xn,s)ds>} <1 (23)

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,,11(da|z) such that

M2 (da x da) = MI™(da x A)opi(dalz). (24)

on B(S x A), and (21) holds, where the last assertion is true because M5""(S2 x A) = 0 by (20), (19)
and (15). Let 0 = (0,) be the Markov policy for the DTMDP model {S, 4,p,~v} defined by this
sequence of stochastic kernels.
Consider the case of n = 0. Then for each I'g € B(S '\ S2),
MS,TI’(I“S x A) = Efyr [I{xo elg} (1 et A qmo(a)m(da\m,s)dsﬂ
= ’Y(FS) = P:(XO S Fs), (25)
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where the first equality is by (23), the second equality follows from Lemma 4.4 in case I's C Sy, from
Lemma 4.3 in case I's C S7 \ S1, and from (9) in case I's C S3. Consequently, for each I's € B(S'\ S2)
and 'y € B(A),

M)™(Tg x Ty) = /F M7 (dx x Aoy (L alz) = /F P7(Xy € dx)oy (T alz)
S S
= Pg(Xo el'g, A1 € FA), (26)

where the first equality is by (24).
Suppose that (22) holds for all n < k. Consider the case of n = k + 1 as follows.
Note that for each n =10,1,...,

M (S x A) =0 = M (S x A),
where the first equality is by Lemma 4.4, and the second equality is by (19) and (20). Now
Q’(Fg\y,a) q(rs‘yaa) k
7PJ(X]€ € dy, Apiq € da) =0= —M ’”(dy X da).
/SQXA Qy(a> K N Sox A Qy(a> K
Consequently, for each I's € B(S '\ S2),
q(FS’ya CL)
Pl (Xpi1 €Tlg :/ == P X, €dy, Agy1 € da
e €L = e

QN(FS’yu a) / Q(FS’y, a’)
= ———P7 (X € dy, Agy1 € da) + —=—P7 (X} € dy, Axy1 € da
/(S\Sg)xA qy(a) 7( ! ) SoxA  qy(a) 7( ! )

q(T q(T
- / 761( sly, a) Mﬁ’”(dy x da) +/ 7q( sly. @) Mff’”(dy x da)
(S\S2)x A Qy(a) Sy x A Qy(a)

_ q~(F5|y7a) k,m a
_ /ngQy(a) MET(dy x da). (27)

On the other hand, for each I's € B(S'\ S2),

ATsly.a)  rkx oo [ ATy )
/SxA qy(a) M7 (dy > da) /S><A qy(a) (@) %k(dde)

tr41
_ / §(Tsly, aym? (dy x da) = ET [/ / q(rsgt,aw(daw,t)dt]
SxA tr A

[0kt
= [ [ vl o dalea ... )]
LJO A

r oo
= EJ / /@(stfﬂk,a)ﬂml(damoﬁb-~-,xk,t)e_fotfAq””k(“)”’““(d“|x°’91""’xk’s)dsdt]
LJo Ja

[ 4 4(Ts|zg, a)m(dalw, tk—i—l)]
L 4w (a)(dalw, tgi1)

(28)

where the first and the third equalities are by (17), whereas the second equality follows from the fact
that if g,(a) = 0, then

d(FS‘y>a):0: Qy<a)
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keeping in mind % = 0; the similar reasoning justifies the last equality, too. This together with (27)
shows

fA G(Ts|xg, a)m(da|lw, tri1)
P2(X elg)=E" 29
(e €)= 57 | [y o (o) (da, 1) 29)
for each I's € B(S \ S2).
Now it holds that
PJ(Xky1 € S)) = / A(](Sﬂx,a)mg(d:ﬂ X da)
Sx
= 0=MF"(S; x A), (30)

where the first equality is by (28), whereas the sAecond and the last equalities are by Lemma 4.4.
One can see that for each I's € B(S'\ (S2J S1)),

M,I;—H’W(FS X A) = Ej; [[{$k+1 S Ps}} = EZYT [E,Tyr [I{a:k+1 € Fs}’m’o, 91, ey Ty 6k+1H
fA QN(FS’:EIW a)ﬂ(da]w, tk+1)
Ja @i ()7 (dalw, ti)

EY =PJ(Xp41 € Tg),

where the first equality is by the last equality of (23) keeping in mind Lemma 4.3 and (9), and the
last equality is by (29). This and (30) justify that

MEFLT(Tg x A) = P(Xjq1 €T'g)
for each T's € B(S'\ S2). Now we see

Méﬁ_l’ﬂ(rs X FA) = M,’;—H’W(dw X A)Uk+Q(FA‘ZL') = / Pg(Xk—&-l S d.%')(fk+2(FA|l‘)
I's I's

= PJ(Xgy1 €5, Agy2 €T4)

for each I'g € B(S'\ S2) and 'y € B(A). The statement of the theorem is thus proved by induction. O

5 Occupation measure

The objective of this section is to show that restricted on a measurable subset ( C S, the measure
15 (dz x A) to be defined below is o-finite; see Theorem 5.1 below, where ¢ is defined by (40), whereas
the set (¢ is easy to deal with. We do this by using the technique developed in [11] by Dufour,
Horiguchi and Piunovskiy, who dealt with DTMDP problems.

Definition 5.1 For each policy m € 11 for the CTMDP model (S, A, q,~), its (undiscounted) occupa-
tion measure 07 is the measure on B(S x A) given by

77-7yr<FS X FA) = Efyr |:/ I{ft S Fs}ﬂ'(FA‘w,t)dt:|
0
for each T's € B(S) and 'y € B(A).

Lemma 5.1 For each policy © for the CTMDP model, its (undiscounted) occupation measure ny
satisfies the following relation:

/F as(apds x da) + Z7(0) = (1) + /S Ty (dy x da) (31)

for each I € B(S), where Z™(I") € [0, 1].
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Proof. For each a > 0, consider the measure on B(S x A)
72 (dz x da) = ET [ / e 1{¢, € dz}r(dalw, t)dt]| (32)
0

which is the (a-discounted) occupation measure of the policy 7 for the CTMDP model {S, A, q,~}. It
follows from the definition that for each 7 € II,

(o + (@)™ (dw x da) = Y M7 (da x da)

n=0

By Proposition 3.1, there is some policy ¢ for the DTMDP model {S., A, po, 7} satisfying (4) on
B(S x A). Note that >_>7 ( Py"?(X,, € dz, An41 € da), the right hand side of (4), is the undiscounted
occupation measure for the DTMDP model {S, 4, pa, v} 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),

& i(Tfr.a) &
PYo(X, €T) = ~(T +/ LoD NT peo(X, € dr, Anyi € da).
> P(Xnen) =)+ [ ST 2P +1 € da)

n=0
By (4), the above can be written as
/ (42(a) + ) (d x da) = 4(T) + / 4(T), )™ (dz x da). (33)
I'xA SxA

Keeping in mind

/ any™(dr x da) = £ [/ ae”MI{& € F}dt] € [0,1]
I'xA 0

for each « € (0,00), one can legitimately take the upper limit as 0 < « | 0 on the both sides of the
above equality to see that 17 (dz x da) satisfies that for each I' € B(S5)

¢z (a)n” (dz x da) + lim and™(dz x da
[ alaitan ey T [ an(de < do

= D)+ /S Ty e dy x da).

where we have used the fact that 75" (dz x da) 1 n7(dz x da) setwise as a | 0, and the monotone
convergence theorem; see Theorem 2.1 of Herndndez-Lerma and Lasserre [24]. By putting Z™(T") =
limocalo fpy 4 005" (dx x da) € [0,1], we see that the statement of the lemma holds. O

Remark 5.1 The relation (33) was established under the extra conditions imposed on the growth of
the transition rates q(dy|z,a) in [31]. The relation (31) was established for certain subsets I' € B(S)
in [22], where the authors imposed extra conditions and considered the absorbing models, so that the
term Z™(T') vanishes for all the “transient” subsets T'.

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

(a) For each € € R, it holds that the set {zr € S: Y a € A, g(x,a) > €} is open in S.

(b){zeS: VaeA, glz,a) >0 =UZ,{zx€S: VaeA, glxz,a) > 1}.

Proof. See Lemmas 3.1 and 3.2 in [11]. O
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Lemma 5.3 Let some feasible policy m for problem (2) with a finite value be fized. Suppose that
Condition 4.1 is satisfied, and that {B;, j =1,2,...} C B(S) is an increasing sequence of open sets
satisfying

/ qz(a)ny (dz x da) < oo. (34)
B;xA

Then the following assertions hold.
(a) There ezists a sequence of open sets {Ej, j=1,2,...} C B(S) such that

Yi=qzeS:VacA | JBjlz,a)+

N
J =0

ci(z,a) >0 p = UEj,
J

and for all j = 1,2,..., ijXAqm(a)ng(dx X da) < oo.
(b) There exists a sequence of open sets {Ej, j=12,...} CB(S) such that Y = Uj Ej, and for all
F=1,2,..., 7 (Ej x A) < oc.

Proof. (a) Define for each I =1,2,... and j =1,2,...,

i( B N
B](.l) = {(a?,a) €S xA: al ]’x’a);éj)zz‘)q(x’a) > }}

and

~ ) N ‘
oW = {x es: Vaea IBIDD T Linocile.0) }}

qz(a)

From (31), we see that (34) implies
/ q(Bjlz,a)ny(dx x da) < oo. (35)
SxA

Let N(q) := {(z,a) € S x A: ¢z(a) = 0}. Then for each j,l =1,2,...,

g (a)nl (dx X da :/ gz (a)n2 (dx x da
/B o TR )= [ (e x )
(B N o
/ Qx(a) q(B]’xﬂ CL) + Zz:O Cl(I,(l) l’f};r(dl‘ % da)
BY (N (9)) qz(a)

IA

N
l </ (Bj|z, a)n7 (dz x da) +/ > cilw, a)nl(da da)> < o0,
SxA SxA o

where the last inequality follows from (35) and the assumption of the policy 7 being feasible with a
finite value. Since C’j(-l) x AC B](l), it follows that for each [,j = 1,2,...,

/ qz(a)ny (dx x da) < / qz(a)ny (dz x da) < oo. (36)
cVxA B

Since Bj is open in S for each j = 1,2,..., ¢(Bj|z,a) + Zf\;o ci(r,a) > 0 is lower semicontinu-

a . N .
ous in (x,a) € S x A according to Lemma 4.1(b). By Lemma 4.1(a), q(BJ‘x’a);%L")ZO <9 5 lower
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semicontinuous in (z,a) € S x A. Now referring to Lemma 5.2(a), we see that CJ@ is open for each
Gl=1,2,....
Next, let us show

UUCJ@:Y: r€S:VacA, Q(UBj]a:,a)—i- ci(x,a) >0 (37)
Jj ol j J

N
J =0

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

~(B. N '
UC_](Z):{.'L'GSZ VaeA, ABjlv,a) ¥ 2 iz cil2,0) >0}7
l

qz(a)

so that
JUcley
i1

For the opposite direction of the above relation, we argue as follows. Let some y € Y be arbitrarily
i(Bjle,a)+3°7Y  ci(w,a)
qz(a)
is increasing in j = 1,2,... keeping in mind that {B;} is an increasing sequence, one can refer to
Proposition 10.1 of Schél [35] (see also Appendix A of [4]) for the following interchange of the order

of infimum and limit:

fixed. Since is lower semicontinuous in (x,a) € S x A as explained earlier, and

i(B; N (B, N
lim inf Q(BJ ly,a) + E'L:O ci(y, a) — inf Lim Q(BJ ly, a) + ZZZO ¢i(y,a)
j—ooa€A qy(a) a€A j—oo qy(a)
(U, Bjly,a) + N ¢y, a
_ g 34U Bily.a) Em(y)>Q
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 ¢(Bjly,a) + Zij\;o ci(y,a) > 0, ie., y € |, Cj(l) -
U; U C'](-l). Since y € Y is arbitrarily fixed, this verifies
ycJyev.
7 1
Hence, (37) holds, which in combination with (36), proves the statement; remember that Cj(l) is open

for each j,1 =1,2,....
(b) The proof of this part is similar to the one of part (a). Instead of BJ(.Z) and CJ(.Z), one should
now introduce for each 7,1 =1,2,...,

N
- . 1
Bj(.l) = {(m,a) €S xA:q(Bjlx,a)+ E ci(z,a) > l}

=0

and

N
~(1 -
J() = {xGS: Vae A §Bjlza)+

=0

1
ci(z,a) > l} )

~
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so that
5 (1) il
15 (B; )S/B(” ( (Bjly,a) + EOcZ )% dy x da) <

Consequently, nf/(é'](-l) x A) < oo for each j,I =1,2,.... It is 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 7 for problem (2) with a
finite value be fized. Consider

=-Uw
=1
where W; is defined recursively as follows:

N .
Wii=<3zeS:VacA, M>O ;
¢x(a)

and for each j =1,2,...,

Wit = {x €eS:VaecA, AWUizy Wil @) + 2 g il 0) > O} :

qz(a)

Then for each j =1,2,..., W; is open in S, and so is W. Furthermore, nfyr(da: x A), being restricted
to W € B(S), is a o-finite measure on B(W); in other words, 0} (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

Wi =) E™ (38)
j
and

/E(m)XAqx(a)ng(dx X da) < oo. (39)
i

By Lemma 5.2(b), W; = Uj E](l), where for each j = 1,2,...,

N .
W = xES:VaEA,M>l
J QI(Q) J

Z'fV:O ci(z,a)

is open because
i 9z (a)
W1 is open. Moreover,

is lower semicontinuous in (x,a) € S x A, and Lemma 5.2(a). Therefore,

/]E(I)XAqx(a)nv(dx X da) < 0o
J

because the policy 7 is feasible with a finite value. Note that {Ej(-l), j =1,2,...} is an increasing
sequence of open sets.
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)

Suppose that for each k < n, W} is open, and there exists a sequence of open sets {E](k , ] =
1,2,...} C B(S) such that Wy = ; B and [, , ¢o(a)n3(dz x da) < co. Then
J

A N
Wit = {xeS: VacA CJ(U,-ZOWl|x,c;);;)zz:ocz(x,a)) >0}

WU U, B ) + S cilwa) 0}
Gz(a) .

= {xES: VaeA,

Note that each of the sets E](.l)7 1=1,2,...,n, j=1,2,... is open, and fE§i)XA qz(a)nf (dx x da) < oo

by the inductive supposition, so that [J;-, Uj EJ@ can be rewritten as the union of an increasing

sequence of open sets in S, each of which is of finite measure with respect to [, g.(a)nJ(dz x da).
Therefore, one can refer to Lemma 5.3(a) for the existence of a sequence of open sets {EJ(."H), j=

e 1 - .
1,2,...} C B(S) satistying W41 = U, E](.nJr ) and fE](n+1)XAqx(a)n7(dx x da) < oo. Thus, Wy, is

open in S, and the inductive argument is completed.
We now prove the statement of the lemma. Let us rewrite

N
le{xES:VaGA, Zci(:p,a)>0}.

=0

By Lemma 5.2(b),

where for each j =1,2,...,

N
~ 1
BV = {xeS:VaeA, Zcz‘(fﬁaa)>}a

=0 J
which is open by Lemma 5.2(a), and satisfies
n;r(Ej(l) X A) < 00

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, (38), (39) and Lemma 5.3(b), which is applicable since

U ; E](-m) can be rewritten as the union of an increasing sequence of open sets each of finite measure
with respect to [, g.(a)nf (dx x da), there exists a sequence of open sets {E](.m), j=1,2,...} CB(S)

such that Wy, = |J; Ej(m) and nfyr(ENJ(-m) x A) < oo for each j =1,2,.... It follows that the statement
to be proved holds. O

Definition 5.2 Let us define the set

C::{a:ES: inf ET

m€llpp

w~ N
/0 /Ach-(gt,a)ﬂ(daw,t)dt] > 0}. (40)

=0
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Here I1p)s stands for the class of deterministic Markov policies for the CTMDP model. Under Con-
dition 4.1, one can refer to Proposition 4.1 for that { is a measurable (in fact, open) subset of S.

Theorem 5.1 Suppose Condition 4.1 is satisfied. Let some feasible policy 7 for problem (2) with a
finite value be fized. Then 07 (dz x A) is o-finite on (.

Proof. By Lemma 5.4, the statement of this theorem would be proved if we showed
(CW, (41)

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 Dufour et al [11]. O

Definition 5.3 Suppose Condition 4.1 is satisfied. Let us fix a measurable mapping ¥* from S to A

such that whenever (¢ # (),
w / N
/0 (Z Ci(ftﬂﬂ*(ft))) dt] =0 (42)

1=0

EV

for each x € C¢; and whenever Sy # (),

P (x) = f*(2) (43)

for each x € So, where f* is defined by (19). Such a mapping, or say it interchangeably a deterministic
stationary policy, ¥* exists by Proposition 4.1.

Note that it necessarily holds that for each ¢ =0,1,..., N,
ci(x, " (x)) =0 (44)
for all x € (¢, whenever (¢ # (). Evidently,
Sy C (“.

The next statement is a direct consequence of Theorem 5.1 and Corollary 7.27.2 of Bertsekas and
Shreve [5].

Corollary 5.1 Suppose Condition 4.1 is satisfied, and consider a feasible policy m € II for problem
(2) with a finite value. Then there exists a stationary policy ¢, € I1 such that

5 (dz x da) = pr(dalz)ny(de x A) (45)
on B(¢ x A), and
or(da|z) = 0y (g)(da), ¥ x € (. (46)

Definition 5.4 Let us introduce the occupation measure M7 of a policy o for the undiscoutned DT-
MDP model {Soc, A,p,v} as a measure on B(S x A) defined by

MY (s xT4) =Y P(X, €Tg, An1 €T ) (47)

n=0

for each T's € B(S) and I'y € B(A). Here, as before, the transition probability p is defined by (6) and
(7).
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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 m = (my,) € Il with a
finite value for the CTMDP problem (2) such that

Tnt1(dalzo, 01, . .., Tp, 8) = Sy (2, (da) (48)
whenever x, € . Then there is a Markov policy o for the DTMDP {S~, A,p,v} such that
ont1(dalzn) = dy= (g, (da) (49)
for each x, € (¢, and
qz(a)ny(dr x da) = M7 (dx x da) (50)
on B(¢ x A). Here the mapping * is the fized one satisfying (42) and (43).

Proof. Inspecting the proof of Theorem 4.1, one can see that any Markov policy o = (o,,) for the
DTMDP model {Ss, A,p} with o,41(da|z) satisfying (21) and (24) for each n = 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(¢¢\ S2 x A), (24) reads that for each n =0,1,...

Go(@)ym?(dz X da) = ( [t db)qxa))) o1 (dalz)
A
& qu(@)m (dz X Ay (py(da) = mT,(dw x A)ga(¥* (2))os1 (dal),
where the equivalence is by (48). Therefore, one can always put o,41(dalr) = dy«(y)(da) for each
x € ¢\ Sz without violating (24). This together with (21) shows that the policy o satisfies (49); recall
(43). From the discussion in the beginning of this proof, this policy o satisfies (22), by summing up

both sides of which with respect to n, we see that (50) 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
{Se0, A,p,v} such that

ci(z,a)

M (dx x da)

< 0
SxA qoﬂ(a)

for each i = 0,1,...,N. Suppose that there exists a stationary policy o° for the DTMDP model
{800, A, 0,7} satisfying M7 (dx x da) = M (dz x A)o®(dalz) on B(¢ x A), and o°(da|z) = Oy () (da)
for each x € (. Then

S
M7 (dz x da) < M7 (dz X da)

on B(¢ x A).

Proof. According to Proposition 4.1; see especially (14), and Proposition 9.10 of [5],

N oo N
h (&, a)m(da|lw = inf EJ M
/0 /A;Cz(&t, )m(dal ,t)dt] nt ZZ i

inf E7
n=0 iz Xn\Hntl
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for each x € S. Thus,

Ci Xn> AnJrl)
Z Z (An—i-l)

C:{xGS 1nfEU
n=0 i=0 4Xn

>0}.

Now one can apply Theorem 3.3 of Dufour et al [11] for the statement. We remark that in [11], only
nonnegative 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 [11] in this paper survive
when the cost functions are nonnegative extended real-valued. O

6 Optimality result

The main objective of this section is to show the existence of a stationary optimal policy for the
CTMDP problem (2); see Theorem 6.2 below. In the process, we also justify the reduction of the
CTMDP problem (2) to the DTMDP problem (5) 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);
see Theorem 6.1.

Theorem 6.1 Suppose Condition 4.1 is satisfied, and consider a feasible policy m with a finite value
for the CTMDP problem (2) such that for each n =0,1,...,

Tnt1(dalzo, 01, . .., Tp, 8) = Oy= (g, (da) (51)

whenever x,, € . Then the stationary policy ¢ for the CTMDP problem (2) coming from Corollary

5.1 satisfies
B U/ (&, @) (dal&,) dt}<E’r U/ (&, a)r(dalw, t)dt (52)

for eachi=0,1,...,N

Proof. The proof goes in several steps.
Step 1. We show that the stationary policy @, satisfies that

or(B(z)|x) < 1

for almost all z € S with respect to nJ(dz x A), where B(z) is given by (10), and Sy is given by (9)
It suffices to prove the above claim for the case of

7y (S1x A) >0 (53)

as follows.
Note that

N N
oo>/ 7 (dx x da) Zcz :/ ny (dx x A) /(p7r (da|x) ZcZ
51><A i—0 51 i=0
o) tnil N
= ZE;T /t /S Kz, de}/ goﬂ(da]m)Zci(x,a)dt 20,01, ..., %,
n=0 n 1
N

= ZE;T /SI{:CnGdaz}/Acp,r(dam Z ) ET [ n+1|x0,91,...,xn}]. (54)
n=0 1

=0

Ey
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Suppose for contradiction that

pr(B(z)|z) =1 (55)

on a measurable subset I'y C Sy of positive measure with respect to n7(dx x A). It holds that

N
/goﬂda|x Zczxa >/
=0

N
or(dalz) ECZ (56)
B($ =0

for each z € T'; C 51, where the last inequality is by (10) and (9).
According to (53), there exists some n =0, 1,... such that

PF(x, €T'1) > 0;

and for this n, it must hold that
EZYT [9n+1‘$07917'~7$n] < o0 (57)

for almost all w € {w € Q : z,(w) € I'1} with respect to P (dw), for otherwise this together with (56)
would contradict the first inequality of (54).
The definition of B(x) given by (10) and the inequality (57) imply that

ny({(z,a) :x €T1,a € A\ B(z)}) >0, (58)

where the set in the bracket is measurable because so is the set {(z,a) : x € I'1,a € B(x)} according
to e.g., Theorem 3.1 of Feinberg et al [16]. Since

/F on(AN\ B(x)|z)n(dz x A)

= / or(A\ B(z)|z)n)(dz x A) +/ or(A\ B(z)|z)n](dz x A)
riN¢ 1 N(¢e)
= nj({(z,a):x €T1,a € A\ B(x)}),

which holds by (45) and (51), the relation (58) implies that ¢ (A \ B(z)|z) > 0 on some measurable
subset of I's C I'y of positive measure with respect to nZYr (dz x A). This is a desired contradiction
against the relation in (55). Step 1 is completed.

Step 2. Consider the policy o for the DTMDP model {S., 4, p,~} from Corollary 5.2, and define
the stationary policy o for the DTMDP model {S, A, p,7} by

o (da|z) = O+ (z) (da)

for all « € ¢¢ and for all x € ( satisfying [, ¢.(a)pr(dalz) = 0; and

0:(0) - (daf)
7ale) = W)l o

for all 2 € ¢ such that [, ¢.(a)ex(dalz) > 0. Recall that ¢* is the fixed measurable mapping satisfying
(42) and (43). We verify that

o S _ o
M7 (dx x A)o”(da|r) = M (dx x da)

on B(¢ x A); recall (47) for the definition of M7. Throughout the proof of this theorem, the policies
o and o are understood as here.
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Indeed, on B(¢ x A), it holds that
M7 (dx x A)o®(da|z) = (/A 5 (dx x db)qx(b)> o (dalz)
_ < / i (de A)gpw(db|x)qx(b)> o (dale)
A

— (dw x A) < / %(db,m)qx(b)) 4z (@)= (da2)

fA 4z (a)pr(dalx)
= 15 (dz x A)gz(a)er(dalz)
= M7 (dr x da),

where the first and the last equalities are by (50), the second equality is by (45), the third and forth
equalities are by (59); and the fact that [, ¢.(a)pr(dalz) > 0 for almost all z € ¢, which in turn
follows from the facts that [, ¢.(a)yx(dalz) > 0 for almost all z € Sy with respect to 77 (dx x A) as
established in Step 1; [, gz(a)ix(dalz) > 0 for all x € S3 by (9); and the relation ¢ € S1JS3. Step 2
is thus completed.

Step 3. We verify that

oS S _ oS o
M7 (dz x A)o”(da|z) = M7 (dr x da) < M7 (dx x da) (60)

on B(¢ x A) as follows.
The equality in (60) holds because the policy o is stationary and (47). For the inequality in (60),
we observe that

ci(z,a)

M?(dx x da
SxA W( ) Qx(a)

o « da ci(z,a)
o Ml da)Z T 4 (0" (@)

= / n5(dz x da)q.(a) ‘
(XA

< / ci(z,a)nj(dz x da) < oo
SxA

for each ¢ = 0,1,..., N, where the first equality is by (49), the second equality is by (44), the first

mequality 1s by that g,(a 0 < ¢ x,a); recall the convention of 3 = 0 an -00 = 0, and the last
inequality is by th L 1l th f9=0and0 0, and the 1

inequality is by that the policy 7 is feasible with a finite value for problem (2). With this inequality
and the equality of (60) in hand, we see that the conditions of Lemma 5.5 are satisfied, following from
which, the inequality of (60) holds. Step 3 is completed.

Step 4. Let us introduce the set

¢ e {:1: e / 0 (@)on(dalz) = 0} , (61)
A
which is measurable. We establish
ne™ (de x da)gz(a) = M3 (da x da) (62)
on B((¢\ ¢r) x A).

To this end, we show by induction the more detailed relation

M#7(dz x da) = P (X, € dz, Anyy € da) (63)
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on B(¢\ ¢r x A) for each n =0,1,... as follows.
Consider n = 0. Then on B(¢ \ (x),

M%7 (da x A) = ~(dz) = P (X, € d), (64)
where the first equality is by (25) and the fact that ( € S\ S2. Now on B(¢ \ (r x A),
P?°(Xy € da, Ay € da) = P (X € da)o®(dalx) = MO~ (dz x A)o®(dalz)

B ) t1 ( )(pw(da|$)
- /A E? [ /0 qx(b)cpTr(db\x)I{xode}dt] T ax(@)gr(dalz)

t1
= Ef- [/0 gz(a)or(dalz)I{zy € dx}dt]
— 0,om
= My¥"(dr x da), (65)
where the second equality is by (64), the third equality is by (59); remember that
/Aqx(a)gow(da|x) >0, Vzedl\(.

Assume (63) holds on B(¢ \ ¢ x A) for all n < k, and consider the case of n = k + 1. On the one
hand, on B(¢ \ ) it holds that

s ¢(dzly,a) s
P? (X € dx) = / - P7 (Xpedy, A € da
¥ ( k+1 ) Gy qy(a) o ( k k+1 )
g(dzly,a) , / g(dzly, a)
= =2 LM (dy x da) = =2 gy(a)m?” (dy % da
/S><A Qy(a) 7 ( ) SxA Qy(a) y() %k( )

— [ atdsly.aym?y(dy x da)
Sx A ’

= E¥" [/A q(dz|zy, a)er(dalzy) BT 01| w0, 01, .. ., 2

[a d(dz|zy, a )%(da!ﬂ?k)]
fA qu a)px(dalxy,)

]

where the second equality is by the inductive supposition, the forth equality is by that (dx(ly)a) qy(a) =

¢(dz|y,a) no matter whether g,(a) vanishes or not, and the last equality holds due to the convention
of 3 = 0. On the other hand, on B(¢\ ¢x),

le—f-ﬂl (dx x A)

= EZ" [EZ7 [{xgy € da}

O 12
B [ [ [ antarontaolsn)

= EEYOW [E’(ypﬂ [I{.Tk+1 €d$}|$0,91,...,xk,9k+1]]

Jaa( dx|xk,a)<p7r(da\xk)}
fA ql‘k ))¢x(dalzy)

$0,91,--',$k,9k+17$k+1] 1’07917---7mk76k+1]]

= ESOn— |:

Thus,

S
M7, (dx x A) = P (Xpss € da)
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on B(¢ \ ¢r). Based on this, a similar calculation as the one for (65) leads to

M{r,(do x da) = PT (Xpy1 € do, Ay € da)

on B(¢\ ¢r) x A). Hence, (63) is shown by induction, and (62) follows. Step 4 is completed.
Step 5. We show that

n?™ (dx x da) < n7(dr x da) (66)

on B(C\ ¢r x A).
Indeed, by (60) and (62) as established in Steps 3 and 4, we see

N7 (dz x da)qz(a) < M7 (dx x da)
on B(C \ ¢ x A), which together with (50) further leads to
7 (e x da)ga(a) < 7 (dr x da)ga(a) (67)
on B(¢\ ¢r x A). Now on B(¢\ (),
Eg" [ /O /A 0o(@)pn(dalz) I{& € dx}dt]
(/ otaaiariata) ) 5o ) = [ e (ae x o) < [ (e x dayasta

= ([ atwrentaale) ) i < ),

where the inequality is by (67), and the last equality is by (45). Since [, ¢z(a)¢x(dajz) > 0 for all
x € ¢\ (r, we infer from the above inequality for that

ng (dx x A) < nj(dz x A)

on B(¢ \ (), from which (66) holds on B(¢ \ ¢ x A); recall (45). Step 5 is completed.
Step 6. We show that

ny (G x A) = 0. (68)
Suppose for contradiction that
ne™ (Cr x A) > 0. (69)

Note that ¢ C Si1, where (; is given by (61); recall that ¢ C S;(JSs and the definition of Ss.
Therefore, the statement established in Step 1 implies that

U;r(é}r X A) =0. (70)
Therefore, v((z) = 0. Now following from (69), there exists some I' € B(S \ () satisfying that
/A 4Gl ) (dalz) > 0 (71)
for almost all z € I with respect to the measure n¥™ (dz x A) restricted to I', and

n?= (T x A) > 0. (72)
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Note that according to (46), the definition of the set ¢ given by (40), and (42), we see that ¢({|z, ¢¥*(x)) =
0 for each z € ¢¢. Since (; C ¢, we see G((r|x,*(x)) = 0 for each x € (¢. Consequently, we have

I'e B¢\ ¢x)

for otherwise it would contradict (71). This fact, (72) and (66) as established in Step 5 show that
ny (L x A) > 0; ny(dz x A) > ng™(dz x da) on B(T). (73)

Now
[ e x da)ilcaloa) = [ w5(do x 4) [ 2cole.ahpa(dale) > 0
I'xA r A
where the first equality is by (45), and the last inequality is by (73). Thus,
B [/0 AQ(Cﬂlﬁt,a)w(daw,t)I{ft € F}dt] > 0.

It follows from this inequality and the construction of the CTMDP that 77 (¢r x A) > 0, which is a
contradiction against (70). Hence, (68) holds. Step 6 is completed.
Step 7. We prove the statement of the theorem now. It holds that for each ¢ = 0,1,..., N,

ny (dx x da)e;(x, a)

o

SxA

= / n5 (dz x da)ei(x, a) —|—/ 5 (dz x da)ci(z, ™ () —|—/ 5y (dx x da)ci(z, a)
C\¢rxA (ex A (e XA

> / n?(dx x da)ci(z,a) +/ n?(dx x da)ci(z,y* (z)) +/ n7™ (dz x da)ci(z, a)
C\¢rxA ¢cxA CrxA

= / ne™ (dz x da)ci(z, a),
SxA

where the first equality is by (51), and the inequality is by (44), (46), (66), and (68). Thus, (52) is
proved. O

Corollary 6.1 Suppose Condition 4.1 is satisfied, and consider a feasible policy m with a finite value
for the CTMDP problem (2) satisfying (51) as in the statement of Theorem 6.1. Then there ezists a
stationary policy ¢ such that

¢x(B(z)|z) =0 (74)
for each x € Sy \ Sy provided that S1 \ Sy # 0,
¢r(dalz) = by (1) (da) (75)

for each x € (¢ whenever (¢ # 0, and

E(ybﬁ |:/0m/40i(§t,a)¢w(da§t)dt] < Ejyf [/waqci(ﬁt,a)w(da|w’t)dt
for eachi=0,1,...,N
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Proof. Let the stationary policy ¢, be as in the statement of Theorem 6.1. Assume that S \ Sy # 0;
the other case is simpler. For each 2 € S;\ S1, A\ B(x) # 0; this is by the definitions of B(z), S1 and
S1; see (10) and (9). By Proposition 7.33 of Bertsekas and Shreve [5], there is a measurable mapping
@@ from 57\ Sy to A such that

sup g, (a) = gz (¢(z)) > 0

acA

for each « € Sy \ S1, where the inequality follows from the fact that sup,e 4 ¢z(a) = maxgea ¢z(a) =
MaXqe A\ B(z) 9z (@) > 0; recall the definition of B(z) as given by (10). Observe that

{2 €51\ 51 : pr(A\ B(2)|z) = 0} = {z € (S1\ $1)[ )¢ : @n(A\ Bla)|z) = 0} (76)
by (42) and the definition of S;. Now if
{z €51\ 51: pr(A\ B(a)|x) = 0} # 0,

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

Wy ({z € S1\ 51 : r(A\ B(x)|a) = 0}) =0

as established in Step 1 of the proof of Theorem 6.1, the resulting stationary policy o, still satisfies
(45) and (46); recall (76). 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 €81\ S :¢r(A\B(z)|z) =0} =0. (77)
Now define a stationary policy ¢, by

bx(dalz) = £rtdeNAN B@))|z)

pr((A\ B(z))l|z)

for each x € S1 '\ Sy, and
or(dalz) = @r(dalz)

elsewhere. Observe that ¢, defined in the above is indeed a stochastic kernel; this follows from the
fact that {(x,a) : ¢z(a) =0} = {(x,a) : a € B(x)} is measurable, which is by Theorem 3.1 of Feinberg
et al [16]; see also Corollary 18.8 of [1], and Proposition 7.29 of [5]. The relation (75) holds for this
policy ¢, because of its definition and (46); observe that for each = € (S \ S1) (¢, it holds that

¥*(x) ¢ B(x).

Direct calculations show that for each xz € .S,

Jad( dy|ff»‘ a)pr(dalz) [, q( dy|1‘ a)¢x(da|z)
fA 4z (a)pr(dalz) fA 4z (a)r(da|x)

Also observe that for each z € Sy \ Sy and i = 0,1,...,N,
/ / clx,a ¢7r da‘x) —[4 @z(a ¢w(da|x)tdt

(
< fA z((z\gw )d|a|)$) — [ 4 az(a)pr(dalz)t mdt
Pr z
1
)¢

= x,a)px(dalz)

/A cilm endale) o on dala)

= [ [ e ahpn(dafore Sanereetinion g
0o JA
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remember, [, ¢-(a)pr(dalz) > 0 for each x € Sy \ S1 by (77). In other words, under the stationary
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. O

Corollary 6.2 Suppose Condition 4.1 is satisfied, and consider a feasible policy m with a finite value
for the CTMDP problem (2) satisfying (51) as in the statement of Theorem 6.1. Then there exists a
stationary policy o2 for the DTMDP model {Ss, A, p,y} such that for each i =0,1,..., N,

< ET [/ /cl €1, a)m(dalw, t)dt |

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 oM = (¢} ) for the DTMDP model {Sw, A, p,7} satisfying, for
eachn=20,1,...,

ng [Z Cz(Xna An+1

7 n—0 qx, (An+1

M$’¢”(d:): X da) = Pg’]’w (Xn € dz, Apt1 € da) (78)
on B(S\ Sz x A), and

oM 1 (dalx) = 6 p+(z)(da) (79)

for each x € Sy whenever Sy # (.
Now for each i =0,1,..., N, it holds that

ol U /cz &, a)én(dalé,) dt] Z/ 6= (dr x da)

Z {/ (z,a) f"n(d:r X da) + / ci(x,a)mffn(d:n X da)
n=0 Sl\Sl XA Sl XA
+/ ¢i(x, a)mﬁj;l(dw X da) +/ ci(z, a)mf%(dw X da)} . (80)
Sox A S3x A

The first term in the summand in the last line of the above equality can be written as follows:

/ ci(z, a)m?;’;l(dx x da) = / / ci(z, a)¢ﬂ(da|x)m$"n(d:c x A)
51\§1XA ’ 51\51 A ’

= / / a)¢x(dalz)m (dx x A) = / (@, )M” O (dx x da)
51\51 A Qx 51\51 x A qz( )
cz(x,a)
pPor X, €dx, A, € da),
/51\.§71><A qyc(a) 7 ( i )

where the second equality holds because of (74), and the third equality is by the definitions of MY o

and myn, and the last equality is by (78). For the second term in the summand in the last line of
(80), we have

' o B ci(z,a) v
czx,amnda;xda/ P2~ (X, € dx, A,i1 € da),
/S‘A'lXA ( ) i ( ) §1XA QCIZ(G) 7 ( - )
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where the equality holds because
¢" (Sl XA)—O—PU (X 651>

with the first equality being by Lemma 4.4 (see (18) therein) applied to ¢, which is feasible with a
finite value for problem (2) for it outperforms the policy 7 by Corollary 6.1, and the second equality
being valid by (78) and that M;mb“ (dx xda) = qx(a)mﬁﬁl(dx x da). For the third term in the summand
in the last line of (80),

/ ci(x,a)mfj;l(da: X da) = / ci(x,w*(x))mﬁﬁfn(dx x A)=0
SQXA S2

M oy - C@'(:L',a) oM - .
f Sty P e = [ ST e s A <o)

where the first equality is by (75); recall that Sy C (¢, the second and third equalities are by (44), and
the last equality is by (79) and (43). Finally, for the last term in the summand of (80), it holds that

| etwamgnn <o = [ S0y @ (e x da)
S3x A ’ S ’

3><A ql‘(a)

ci(z,a) ci(z,a) v
M7 (da x da / P (X, € dz, Api1 € da),
/w gy Mo da) = @) T +1 € da)

where the first equality is by the definition of S3, and the last equality is by (78). Combining these

observations, we see from (80) that for each ¢ =0,1,..., N,
E% [/ / cil&e, a)ér da|£t)dt} Z/ cile. o) ng (Xpn € dx, Apq1 € da)
sxaA Gz(a)
o o= € (Xns Ang)
= EIr Z Ci\An, fAn41) s

n=0 an (An+1)

On the other hand, one can apply Theorem 3.3 of Dufour et al [11] and the arguments in the proof of
Lemma 4.2 for the existence of a stationary policy o for the DTMDP model {Su, A, p, v} satisfying
that for each i =0,1,..., N,

Eo;f i Ci(XmAnJrl) < Eaﬁ/f io: Ci(XmAnJrl)
This and (81) thus prove the statement. O

Lemma 6.1 Suppose Condition 4.1 is satisfied. Consider a stationary policy o° for the DTMDP
model {Ss, A, p,7v}, which satisfies

0°(da|z) = 64+ (4)(da), ¥ z € S,

and is optimal and with a finite value for problem (5). Here the transition probability p(dy|x,a) is
given by (6) and (7). Then there is a stationary policy ™ for the CTMDP problem (2) satisfying for

eachi=0,1,..., N,
= |:/ / C; ft, da\ft)dt
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Proof. Since o® is feasible with a finite value for problem (5), it is easy to see that > oo Pgs (X, €
5'1) = 0 so that, if necessary, we can modify the definition of the policy ¢ by putting

o®(da|z) = da(da), ¥V x € Sy,

with A € A being an arbitrarily fixed point; the resulting policy is still optimal with a finite value for
problem (5) and with the same performance vector as of the original policy.
Note also that o (B(z)|x) = 0 for each = € S; \ Si. For this reason, we can legitimately define the
following stationary policy 7° for the CTMDP model;
1 S
S (dale) = 2
N @ oS (da|x)

for each z € S\ (S2JS1),
7 (dalz) = 6a(da),
for each z € S1, and
75 (da|z) = 64«1 (da)

for each x € Sy. The discrete-time Markov chain {X,,} under PZS can be regarded as the embedded

chain of the pure jump time-homogeneous Markov process {{;} under PJ S; see [17]. Indeed, it holds
on B(S) that, for each z € S\ (SoJS1),

z,a)o’ (da|z) = q(dylz,a) [y a(dylz, a) S(da|1’)_
/Ap(dy| )l )_/A qz(a) oldalr) = S 4 te(a)m(dalz)

for each x € S,

St [ Ayra) g ddyle @) fyddgle,a)ndals)
| plute ) dale) = [ TS o) = TELID = Ty an(@nS(dalz) "

and for each z € 9,
sty [ Adyra) gyl A) [ d(dyle. a)nS (dala)
| vt oo anie) = | FLER o aale) = RS = 4 Oy

Furthermore, it is easy to verify that for each ¢ = 0,1,..., N, given the current state x € 5,
the (Conditional) expected total cost during the current sojourn time of & under P]YTS is given by

N C; z0) o®(da|z), which is the same as the (conditional) expected one-step cost for the discrete-time

Markov chain {X,,} under P;’S. The statement of this lemma now follows. O
Condition 6.1 For problem (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), there is a stationary optimal policy .

Proof. 1t is clear that for the CTMDP problem (2), one can be restricted to the class of feasible
policies 7 with a finite value and satisfying (51); there exists at least one such policy under Condition
6.1. It also holds that for the DTMDP problem (5), if the stationary policy o7 for the DTMDP model
{Seo, A, p,v} is optimal, then the stationary policy ¢ for the DTMDP model {Ss, A,p, v} defined
by 0°(da|z) = 0§ (da|z) for each x € S\ Sa, and o (da|z) = 0+ (2)(da) for each z € Sy is also optimal
with a finite value for problem (5). Now the statement is a consequence of Lemma 4.2, Lemma 6.1,
Corollary 6.2, and Theorem 4.1 of Dufour et al [11]. O
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Remark 6.1 Suppose Condition 4.1 and Condition 6.1 are satisfied. Theorem 4.1 of Dufour et al
[11], Lemma 4.2, Lemma 6.1 and Corollary 6.2 justify the reduction of problem (2) for the CTMDP
model {S, A, q,~v} to problem (5) for the DTMDP model {Soo, A,p,v} as well as to problem (11) for
the DTMDP model {S, A,p,~}; once the stationary optimal policy for the DTMDP problem (5) or
for the DTMDP problem (11), which exists, is obtained, an optimal stationary policy for the CTMDP
problem (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 q;(a) are separated from zero, then
one can show that for each policy w for the CTMDP, there is a policy o for the DTMDP {Sx, A, p, 7}
such that

[e.e] oo
G (Xna An+1)
E7 / /c-(ft,a)ﬂ'(da\w,t)dt] =E M 4
e (3 s
and vice versa, for each © = 0,1,..., N. The argument is essentially the same as for the discounted

case, and the reduction is possible without further conditions. Howewver, the objective of the present
paper is to consider the more delicate and nontrivial case, i.e., 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 significantly
more challenging for studies. For DTMDP models, often the studies of this criterion are facilitated
with some absorbing assumptions; see [2] and [15]. 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 occupation measure. In
this connection, let us mention that DTMDP models with infinite occupation measures were studied
in a recent series of papers [10, 11, 12].

Acknowledgement. This research is partially supported by NSFC and GDUPS. We thank the three
referees for their very helpful remarks. Especially two referees pointed out the flaw of a condition
imposed in the earlier version of this paper, and the present Condition 4.1(b) is suggested by one
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