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Abstract

For the Borel model of the continuous-time Markov decision process, we introduce a wide
class of control strategies. In particular case, such strategies transform to the standard relaxed
strategies, intensively studied in the last decade. In another special case, if one restricts to
another special subclass of the general strategies, the model transforms to the semi-Markov
decision process. Further, we show that the relaxed strategies are not realizable. For the
constrained optimal control problem with total expected costs, we describe the sufficient class
of realizable strategies, the so called Poisson-related strategies. Finally, we show that, for
solving the formulated optimal control problems, one can use all the tools developed earlier
for the classical discrete-time Markov decision processes.
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1 Introduction

The theory of continuous-time jump Markov processes is a well developed area of Operational
Research, with plenty of fruitful applications: see, e.g., the recent monographs [11, 24]. In the
framework of Queueing Theory, the state of the controlled process X(-) can be the number of
customers in the system, and the actions can affect the service rate or the intensity of the input
stream of the customers. In any case, the controlled process X(:) is assumed to be piece-wise
constant, with values in a fixed Borel space X. After the initial state X (0) = 2y € X, which can
be random, becomes known, the decision maker has to choose the control on the interval (0,7}],
up to the next jump moment T7.

1. If he/she applies a specific action a = ¢(xg) € A which can certainly depend on g, then the
sojourn time ©; = T and the new state X (77) = X; are random:

P(©1 < 1]X(0) = zg) = 1 — e 4oz}l (1)

where ¢, (a) is the total jumps intensity, and, in case ¢,,(a) > 0, for z1 # xq,

P(X) = 11| X(0) = ) — a({z1}]z0, (o)) @)
qu(SD(-TO))
Here and below, we assume for simplicity that the state space X is countable, A is a fixed
standard Borel space of actions, and we use the standard notation ¢({z1}|zo, a) for the jumps
intensity; gz,(a) = ¢(X \ {zo}|zo,a) = —q({zo}|zo, a). More general and formal definitions
are given in the next section. Here, we only underline that formulae (1) and (2) can be
combined together, if g, (a) > 0:

P(©; <t, X1 =21|X(0) = z0) :/ q({z1}|wo, @(x0))e =0 (P(20))3 g, (3)
(0.1]
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2. The action a € A, being similar to 1, can be randomized. Namely, the decision maker
can choose the probability space (£, B(E),p), where E is a standard Borel space, and the
probability p(d€|zg) can depend on zy. After that, the corresponding random element = is
simulated taking value £, and the action ¢(zg, &) is applied, where ¢ : X X E — A is a
chosen measurable mapping. Usually, random elements are denoted by capital letters, the
lower case is for their realized values.

If only such actions are allowed, we deal with the so called exponential semi-Markov decision
process [25, Ch.7]. Clearly, formula (3) takes the form

P(@l §t7 Xl :.Z'1|X(O) :.270) :/

(/(0 ) q({z1}]z0, (w0, 5))e—q10(<p(xo,g))sds> p(d€|zo).
(4)

Here again we assume that z7 # z¢ and ¢,(a) > 0 for all possible actions a. Obviously,
if @ = {1} is a singleton, then we are in the framework of case 1. On another hand,
if, e.g., one plans to mix two actions a; and as independently of xg, then E = {1,2},
p(1lzo) = p(2lzo) = 3 and ¢(zo,7) = a;.

Of course, without loss of generality, here one can take E = A and put ¢(zg,a) = a, but in
more general situations the space 2 can be different. Since any uncountable standard Borel
space is isomorphic to the segment [0,1] [3, Co.7.16.1], one can always take E = [0, 1], but
again it is convenient to keep the introduced notations.

3. More generally, one can apply different actions depending on time, e.g., according to a mea-
surable mapping ¢ : X x (0,00) = A. The randomized version is defined by the measurable
mapping ¢(zg,&,t) from X x B x (0,00) to A. If ¢, (a) > 0, then expression (4) takes the
form

P(@l S t, X1 = .’L'1|X<O) = .To) (5)

- </< ]q({xl}m,w(xo,as))e‘ﬂ“lq“’““’(“’g’u))du“)p(dﬂxo).
0,t

Note that the space (2, B(E),p) can be rather complicated, e.g., in case A = R, under a fixed
xg, the stochastic process ¢ defined on E x (0, 00) can be a Brownian motion [22, p.3510].

In each of the described situations, after the initial state xp becomes known, we have a (com-
plete) probability space (€, F, P) and a measurable (w.r.t. (@,t) ) process A(-) on Q x (0, 00)
with values in A. We will call such strategies realizable. In the previous examples, Q==g,
P(-) = p(-|xo), F is the completion of B(E), and A(-) = ¢(z, ).

On the interval (t1,73], after the values T3 = ¢; and X3 = X(T1) = x1 become known, the
situation is similar. The only difference is that the actions can also depend on ¢; and x;. And so
on.

First continuous-time Markov decision processes were introduced in the 50-60-ies [2, 15], where
only the deterministic strategies of the type 1 were considered. More general models were investi-
gated in the 70-ies [26, 28] within the class of deterministic past-dependent strategies. In all the
mentioned works, the strategies were realizable and the control process A(-) was well defined.

Starting from the 80-ies [18], the following new class of strategies came to the stage.

4. The decision maker chooses the time-dependent probability distribution 7 (-|zg, t) on A, which
can also depend on xy. The sojourn time and the new state have the following distribution
(again assuming that z1 # xo and g, (a) > 0):

P(@l S t, X1 = 1‘1|X(0) = J)o) (6)

B / / g({x1}|wo, a)m(dalwg, s)e~ o Ja deo(@(delzondu g,
(0,t] JA



Let us compare the case of zg-independent stationary (time-independent) 7(-) and formula
(4) with E = A, zp-independent measure p, and ¢(xg,a) = a, taking the form

PO <t, X1 =21|X(0) = 20) = /A (/(0 ) q({x1}|xo,a)eq’”0(“)sd5> p(da).

In the latter case, the sojourn time ©; is not exponential if the p measure is not degenerate,
while, according to (6), ©; is exponential with parameter [, g, (a)7(da).

Expression (6) means that ”randomizations” are applied independently at any time moment s €
(0, 00). To distinguish from the case 2, we call such w-strategies ”relaxed” rather than randomized.
They became very popular in the last decade: see, e.g., [10, 11, 12, 13, 20, 24] and the references
therein. In Section 3 we explain what it means that the strategy defined in terms of 7 can be
equivalently represented as a random process A(:). If such a measurable process exists, we say
that the strategy is realizable. The main result of the current article states that only the strategies
with degenerate kernels m are realizable.

Usually the solutions to constrained optimization problems and to Markov games are given
by relaxed strategies [11, Th.11.4], [12, Th.7.1], [13, Th.5.1], [20, Th.3.11], [24, Th.8.6,10.8,10.11].
Another sufficient class of strategies are "mixtures” [12, Th.7.2], [13, Th.5.2], [20, Cor.3.14]. Intu-
itively, a mixture means that the decision maker flips a coin at the very beginning and afterwards
applies this or that deterministic (Markov or stationary) strategy. Such a way to control the
process is easy for implementation, but, formally speaking, it cannot be described as a relaxed
strategy and does not fit the definition of a strategy introduced in the cited works. Since the
relaxed strategies are not realizable if the 7 kernels are not degenerate (i.e., are different from the
Dirac measures), after obtaining a solution to an optimal control problem in terms of a m-strategy,
one has to explain how practitioners can use it.

In the case of discounted model, realizable solutions in the form of switching and randomized
strategies were constructed in [8, 9]. But if the discount factor « is zero, standard randomized
strategies are not sufficient for solving optimal control problems, as demonstrated in Section 4.

In Section 2, we describe the model and the wide class of control strategies including the
discussed cases 1-4 and their combinations, along with mixtures. In Section 3 we prove the main
results about the realizability of the strategies. Definition 3 seems natural to introduce the concept
of the realizability. Theorem 2 states that a strategy is realizable if and only if there is a random
process equivalently representing it. Thus, existence of a process satisfying all the assertions
of Definition 4 can be accepted as another natural definition of the realizability. Finally, for
the constrained models with the total expected cost, we present in Section 4 the sufficient class
of realizable strategies, that is, Poisson-related strategies, and show in Section 5 how the tools
developed for the discrete-time models can be used for solving continuous-time problems. Note
that we investigate the undiscounted Borel model with arbitrarily unbounded transition and cost
rates, with the possibility of explosion and with an arbitrary, not necessarily finite number of
constraints. All this makes the current article different from the similar works in the area.

The following notations are frequently used throughout this paper. N = {1,2,...} is the
set of natural numbers; d,(+) is the Dirac measure concentrated at x, we call such distributions
degenerate; I{-} is the indicator function. B(FE) is the Borel o-algebra of the Borel space E, P(FE)
is the Borel space of probability measures on E. (It is always clear which o-algebra is fixed in E.)

The Borel o-algebra B(P(E)) comes from the weak convergence of measures, after we fix a proper

topology in E. Ry 2 (0,00), RY. = [0,00), R = [~00, 400], R} = (0,00], R} = [0, 00]; in Ry and

Rg_, we consider the Borel o-algebra, and Leb is the Lebesgue measure. The abbreviation w.r.t.
(resp. a.s.) stands for “with respect to” (resp. “almost surely”); for b € R, b" 2 max{b,0} and

b 2 min{b,0}. Measures introduced in the current article can take infinite values. Let (£, F)
be some measurable space. G; V Gs is the minimal o-algebra containing the two given o-algebras
Gy and Gs in Q; F(X) is the o-algebra generated by a measurable mapping X : Q — X, where
(X, B) is another measurable space.



2 Model description and preliminaries
The primitives of a continuous-time Markov decision process are the following elements.

(i) State and action spaces (X, B(X)) and (A, B(A)) (arbitrary standard Borel).

(ii) Transition rate g(dy|z,a) is a signed kernel on X given (z,a) € X x A taking nonnegative
values on I'x \ {z}, where I'x € B(X). We assume that ¢ is conservative in the sense that
¢(X|z,a) =0, ie., gz(a) = g X\{z}|z,a) = —q({z}|x,a). We also assume that the transition
rate g is stable, that is, sup,ca ¢=(a) < oo for each z € X.

(iii) Cost rates ¢/(-) (j € JU{0}, n =1,2,...) are measurable functions on X x A with values
in the extended real line [—o00, 00]; J Z 0 is an arbitrary set of indices. Index 0 corresponds
to the main objective, the given real numbers d’, j € J are the maximal allowed values for
other objectives: see problem (15).

(iv) Initial distribution «y(-), a probability measure on X.

We need to introduce immediately the standard Borel space (B, B(E)), the source of the control
randomness which in fact is chosen by the decision maker, as described in Introduction. We

introduce the artificial isolated point (cemetery) A, put Xa 2 XU {A}, Ea = BEU{A}, and define

q(T|A, a) S0forall T e B(Xa), a € A.

Given the above primitives, let us construct the underlying (measurable) sample space (€2, F).
Having firstly defined the measurable space (20, F0) 2 Ex(XXxExR4)®, B(EX(XxExRL)>)),
let us adjoin all the sequences of the form

(5073307 Ela 913 X1, 627 LR} am—la Tm—1, gma 00, Aa Aa 0, A7 Aa )

to 00, where m > 1 is some integer, &, € B, 0 € R, , 2; € X, & € E for all nonnegative integers
1 < m — 1. After the corresponding modification of the o-algebra F°, we obtain the basic sample
space (Q,F).
Below,
w = (50, Zo, 51; 017 Iy, 52, 027 1'2,...).

For n € N, introduce the mapping ©,, : © — R by 0,,(w) = 6,,; for n € NU {0}, the mappings
Xn: Q= Xaand E, : Q — Ea are defined by X,,(w) = z, and E,(w) = &,. As usual, the
argument w will be often omitted. The increasing sequence of random variables T,,, n € NU {0}
is defined by T), = >i, ©;; Toe = limy,_y00 T3, Here, ©,, (resp. T, X,,) can be understood as
the sojourn times (resp. the jump moments, the states of the process on the intervals [T,,, Ty 41))-
The realized values of ©,,, T,, and X,, will be denoted as 6, t, and z,,. We do not intend to
consider the process after T,,. The meaning of the £, components will be described later; see also
Introduction. Finally, for n € NU {0},

Hn = (EO7X07Eh@1)X17'"7En;®n7Xn)

is the n-term (random) history and H,, = {(&o, z0, 1,01, 21, .. .,&n, On, xn) } is the space of all such
histories. The controlled process of our interest is

X(w,0) 23 T <t < Tupa} X + T < A,
n>0

Definition 1 A control strategy is defined as follows:

S = {Evp07 <pn77rn>, n=12.. .}7

where po(d€p) is a probability distribution on B; for x,—1 € X, pn(d&y|hn—_1) is a stochastic kernel
on B given H,,_1; mp(da|hp—1, &, u) is a stochastic kernel on A given Hy,_1 xExXR,. Ifx,_1 = A,
then we assume that p,(d&y|hn-1) = da(dE,); the kernels m,(dalh,—1, A, u) are of no importance
and can be defined arbitrarily. The set of all control strategies is denoted as I1.



Control on the interval (T,,—1,T,] is based on the both kernels p,, and ,, which respectively
correspond to randomizations and relaxations. We underline, that the random element =, is
generated only once, at the jump epoch T;,_;. On the opposite, relaxations mean, roughly speaking,
that the actions are simulated at each time moment ¢t = T, _1 + u, continuously in time. For
example, the purely randomized Poisson-related strategies discussed in Sections 4 and 5 mean
that, at each jump epoch T, _1, the decision maker plans in advance, at which discrete moments
in the future the actions will change. This plan may be not deterministic, but, once realized, it
does not change as time goes on; hence the kernels p,, do not depend on u.

If the randomizations are absent, that is, the kernels 7, do not depend on the £&-components,
then we deal with a relaxed strategy. One can take E = {é} as a singleton and simply omit the
&, components; as a result we obtain the standard control strategy or policy {m,, n =1,2,...}
[10, 11, 12, 13, 18, 20, 24] which is called below as a w-strategy. On the other hand, if the relaxations
are absent, that is, all kernels 7,, are degenerate and concentrated at singletons

<pn(§0,:c0,§1,917...,:vn,hfn,u) GA, (7)

then we deal with a randomized strategy denoted below as a ¢-strategy. If ¢, does not depend on &,
and u, and one is restricted to such control strategies, then in fact he(she) deals with a semi-Markov
decision process (cf. case 2 in Introduction). General control strategies will be sometimes called
m-€-strategies. The & component is responsible for the mixtures of strategies: if, for example, pg
is a combination of two Dirac measures, then in the future, depending on the realized value &,
this or that control strategy will be used. Clearly, if functions ¢, in (7) do not depend on the
&-components, then the strategy is purely deterministic and can be equally regarded as a &- or
m-strategy. A deterministic strategy is called Markov if o, (-) = oM (2,_1,T,,_1 + u); it is called
stationary if ¢, (-) = ¢¥(z,,_1). A more detailed discussion of 7-¢-strategies can be found in [22].
Here, we only underline that on the interval (¢,—1,7,] C R4, n € N, the jumps intensity is

(D[t 6ns 0) = /A T (a1, €y 0)a(Tx \ {mn Hitm_1, ), (8)

where I'x € B(X), 6 > 0 is the time elapsed after the realized jump epoch ¢,_; and &, is the
realization of the random element Z,, having the distribution p,,(d¢,|h,—1); hn—1 is the realized
history with ¢,_1 = 2?2—11 0; < 00, xp—1 € X. Along with the intensity A%, we need the following
integral

Ao & 8) = [ XKoo o) (0)
(079]ﬂR+

Now the joint distribution of (©,,, X,) is defined by
/ GSUTx, ha—1,6n,0)d0 + I{oo € TrH{A € I e~ n{hn-r8n00), (10)
T'rNR

where I'r € B(R,), I'x € B(Xa), and
GSUTx, b1, 60, 0) = AL(Tx \ {A}hn_1, &, 0)e Anlinntnf), (11)

Under a fixed control strategy S, the probability measure Pf on (Q,F), called strategical
measure, is build in the standard way. The distribution of Hy = (Z9, Xo) is given by po(déo)-(dzo)
and, for any n € N, the stochastic kernel G,, on Ex x Ry x X given H,,_1 is defined by formulae

Gr(Ba x {oo} x X|hp—1) = Gpn({A} x R4 x Xalhpn-1)=0.
Gn({A} x {oo} x {A}hn-1) Ou, . ({A}); (12)

Gn(Tz x {00} x {A}|hn—1) 0a_y (X) / e~ Mnln 180, (dgy [ —1);
'z

Gn(FE X FR X FX|hn—1)

r (X) / GE (T, ot €0, 6)d6 pr(dEnllin_1).
I's JT'r



where I'g € B(E), T'r € B(R,), I'x € B(Xa). It remains to apply the induction and Ionescu
Tulcea’s theorem [3, Prop.7.28] to obtain Pf. Expectation with respect to Pf is denoted as E§
After the history h,—; with t,_1 < co becomes known, the decision maker flips a coin resulting
in the Z,, = £, component having distribution p,,(d¢,|h,—1). After that the stochastic kernel
Tn(da|hy—1,&,,u) gives rise to the jumps intensity A, (I'|hp—1,&n,0) from the current state x,_1
to I'x € B(X). After that, the sojourn time 6,, € R, and the new state x,, € Xa of the process
X (t) at the jump epoch t,, = t,_1 + 6, are realized according to the joint distribution given by
(10). And so on. If the standard Borel spaces (E,,, B(E,)) are different then one should introduce
their direct product E = [~ | E,,.
Definition 2 Two strategies S' and S? are called indistinguishable if the space Z is the same,
po(+) is the common distribution on B, and for each n € N the following assertions are valid.

(a) For PS —almost all H, 1 (equwalently, for PS -almost all Hy,—1), such that T,,_1 # oo,

(b) For almost all uw € Ry, 7l(-|Hp_1,Zn,u) = 72(:|Hp_1,Zn,u) for Pfl-almost all H,_1,2,
(equivalently, for sz-almost all H,_1,Z,) such that T,,_1 # 0.

For indistinguishable strategies, P,‘Yg1 = P,fQ. Moreover, the detailed occupation measures on
XxA

na(Tx xTa) = E / X, 1 eTx}mn(CalHy 1,Z0,t =T 1)dt|, n=1,2,...,
(Tr—1,THn]NRy

(13)

which will be used below to define the objective functionals, coincide for all n € N, too.

The constructed mathematical model covers both the traditional continuous-time Markov de-
cision processes and exponential semi-Markov decision processes. It makes the base for the in-
vestigation of the controlled jump processes without switching between different models like in
[8].

For a given cost rate ¢/ (-) on X x A, the corresponding objective is defined as

wi(s) = EJ

Z / / 7"-n(da|l{n—1a E’rut - Tn—l)CZLJr(Xn—lv a)dt] (14)
—1,Tn ]ﬂR+

Z/ /Wn(daHn—laEnat_Tn—l)Czl(Xn—lva)dt‘| .
Th-1, n]ﬁR+

+EY

A . . -
Here and below, co — oo = 400; all integrals and series are calculated separately for the positive
and negative parts. The constrained optimal control problem under study looks as follows:

wo(S) — érelt;l subject to W/ (S) < d’, j € J. (15)

In terms of the detailed occupation measures (13), this problem can be rewritten as

oo

0 0 s .
= dz,d f 1
W) =3 . XAcn@c,a)nn( vda) — nt (16)
subject to W7 (S Z/ (x,a)n(dz,da) < &, jeJ
XxA

n=1

In many works, the admissible sets of actions A(z) in the states * € X were introduced
[10, 11, 12, 13, 18, 20, 24, 26, 27, 28]. In this connection, one can, e.g., put c2(x,a) = +00o in case
action a is not admissible in the state z.



3 Realizable strategies

In this section, we present the main results. Intuitively, a strategy is realizable (or implementable)
if the actions A(t), to be applied at the time moments ¢t € Ry, form a measurable random process.
A very simple example in [17, Ex.1.2.5] shows that for a relaxed strategy such a process does not
exist. Below, we prove that only randomized strategies are realizable. But firstly, let us discuss
informally the possible definition of the realizability.

The definition of a strategy is based on the knowledge of the spaces X and A only. We plan
to construct the definition of realizability, which will be independent of the transition rate and
cost rates, as well. Assume, a control strategy S = {E, po, (Pn, ™), n € N} is chosen and suppose
the pair (hp—1,&,) € Hy,—1 x B is fixed (realized) for a fixed n € N, and ¢,_1 < o0, z,—1 € X.
The actions A(t) for ¢ > t,_1 can certainly depend on n, h,_; and &,, as well as on the time
u=1t—t,_1 elapsed after the last jump moment. Below, we omit n, h,_1 and &, and formulate
the following natural requirements to the process A(:).

Definition 3 A control strategy S is called realizable for (hp—1,&,) € Hy—1 X B (n € N) on the
interval (tn—1,Ty] # O if there is a complete probability space (Q,]}, P) and a measurable (with
respect to (u,®) ) process A(-) on Ry x Q with values in A such that the following properties are
satisfied (as usual, the argument & € Q will be often omitted):

(a) 7p(Talhn_1,&n,u) coincides with P(A(u) € Ta) for each T o € B(A), for almost all u € R..

(b) For any measurable total transition rate 4(-) on A, the random probability measure Gs on
R, depending on w € Q and defined by

GG)(FR) = /F . (j(A(g,(:J))e_f(O-ﬂ]Q(A(u":’))d"dg’
rROR

+I{OO c P]R}e_ f(07oo) @(A(u,o?))du7 FR c B(R+),

after taking expectation E with respect to P, coincides with the probability measure (10) on
Ry at T'x = Xa, ¢u,_,(a) = 4(a).

A control strategy S is called realizable if it is realizable for each n € N, on (T,,_1,T,] # 0 for
P,f—almost all (Hy—-1,Z,). The probability space (2, F, P) can be different for different n, h,_1,
&n-

The requirement (7,,_1,7T,] # 0 is equivalent to T,,_1 < co. In all other cases, the length of
the interval (T},—1, 7] is a continuous positive random variable (with a possible atom at co), and
X, 11X Pf-a.s. As was mentioned, the A(-) process can depend on n, h,,_1 and &,, but at the
moment we do not require the measurability of A, (hp—_1,&,,u,®) in all the arguments.

Remark 1 If a strategy S is realizable, then any strategy S’, indistinguishable from it, is also
realizable.

Theorem 1 Suppose the pair (hp—1,&,) € Hy—1 X B is fized for some n € N, such that t,,—1 < 0.
Then the following statements are equivalent

e A control strategy S is realizable for (h,—1,&,) on the interval (t,—1,Ty] # 0.

e For almost all uw € Ry, m,(-|hp_1,&n,u) = dpu)(-) is a Dirac measure, where ¢(-) is an
A -valued measurable function on R, .

The proof is postponed to Appendix.

Corollary 1 (a) Suppose a control strategy S is realizable for (hp—1,&,) € Hp—1 X B (n € N)
on the interval (t,—1,T,] # 0. Then the process A(-) is in fact non-random in the sense that
P(A(u) = o(u)) =1 for almost all uw € Ry, where the A-valued function ¢(-) is non-random.



(b) A control strategy S is realizable if and only if it is indistinguishable from a randomized
strategy S’, that is, a &-strategy defined by functions v, (-) (7), n € N, and the components
po(+),p1(*), ... coming from the initial strategy S.

Proof. Ttem (a) immediately follows from Theorem 1.
(b) Suppose a control strategy S is realizable. For a fixed n € N, the set

{(hn-1,&,u) EHp_1 x EX Ry : my(-|hp_1,&,u) is a Dirac measure}

is measurable, because the kernel m,, is measurable and the space of all Dirac measures on A is
measurable. (It is closed in the weak topology, if we introduce the proper separable and metrizable
topology in A generating the o-algebra B(A).) Therefore, function ¢, (h,—1,&,,u) from Theorem
1 can be extended to H,,_1 x E x R, in a measurable way. The obtained {-strategy S’ is the
desired one because, for each n € N for almost all u € Ry, m,(-|[Hp—1,Zn,u) = dp(m, 1.2, u)(")
Pf—a.s.

Conversely, suppose the control strategy S is indistinguishable from a &-strategy S’ defined
by the functions ¢, (-) (7). For the ¢- btrategy S’, one can take the common probability space
(Q,F,P) forall n € N, h, 1 € H,_1, & € E, namely, the trivial space with Q = {@} being a
singleton. Definition 3 holds true for the process A(u,®) = @, (hn—1,&n,u). The original strategy
S is realizable due to Remark 1. a

According to the proof of Corollary 1(b), we see that the process

oo

p(t,w) =Y HTu-1(w) <t < Tu(w)}on(Hno1 (@), Ea(), t = Th1(w)) (17)

n=1
equivalently represents the {-strategy S, defined by the functions ¢, (+), in the sense that for all
n € N, for Pf-almost all (Hy,—1,Z,) with T,,_1 < 00, X,,—1 € X, the following assertions are valid:
e for any measurable cost function ¢(-), the cost rate on (T),—1, T3] is ¢(Xn—1, ¢(u)) and
e for any transition rate §(-), the joint distribution of (©,,X,) is defined by the transition
density §(dy|Xn—1, (Tn-1+0)).

Below, we fix an arbitrary element ¢ € A and put ¢(t,w) = a for t > Too (w).
This motivates the following definition. Up to the end of the current section, the space E is
assumed to be arbitrarily fixed.

Definition 4 Suppose (Q }') is a standard Borel space and put @ = QxQ, F = FQF. Let P be
a probability measure on 2. A measurable random process A(t,&) = A(t, (w,@)) on Ry x 0 with
values in A is said to equivalently represent a strategy S if the following assertions are valid.

e Leb x P-a.s., the process A(") has the form
A(t,0) = Z T (w) <t < Tp(w)YAn(Hp—1(w), Ep (W), t — Tho1(w), @)

fort < Too(w), where Ay, (+) is a measurable map from Hy,_1 x EX Ry X Q to A foralln eN.
Fort > Ty (w), A(t, (w,®)) = a.

o The marginal measure [:’(F X Q) coincides with the measure Pf on €.

e [or any non-negative measurable function c(-) on X x A, for all n € N, the actual cost rate
/A [{X0 1 € X}e(Xo 1, a)mn(dalHy_ 1,0, 0)
on (Tn—1,T,] # 0 coincides with
/Q H{Xn 1 € XYe(Xn_1, A(Th_1 + u, (w,0)) P(do|w)

Pf—a.s. for almost all u € Ry.



e For any transition rate §(-), for each n € N, the actual joint distribution (10) of (©n,X,)
given by

{X,_, €X} {/ GSY(Tx, Hy 1,Z,,0)d0 + [{co € Tr}I{A € rx}eA‘i(HnlEmw)}
T'rNR

coincides with

/Qf{xn,l € X} {/F AKX AT 46, (025)

><6_ f(o)g] (ixn—l (A(Tn*1+u7(w7‘:})))dud9

+I{oo € Tr}I{A € I'x}e Jo @xm(A(Tn1+u7<w@>>>dU} P(dow)

P7-a.s. Here Ty € B(Ry), I'x € B(Xa).

Just for brevity, when we say that a process A(-) equivalently represents a strategy .S, we
assume also that the space (2, F) and the probability measure P on = Q x 2 are fixed.

Remark 2 According to the discussion of formula (17), if S is a &-strategy then, after we build the
process o(+) and put Q = {&}, P(I' x {&}) = P,‘Yg(I‘) for T € F, the process A(t, (w,®)) = p(t,w)
equivalently represents the strateqy S.

Remark 3 If a process A(-) equivalently represents a strategy S, then it also equivalently repre-
sents any strategy indistinguishable from S.

Theorem 2 A control strategy S is realizable if and only if there exists a process A(-) which
equivalently represents S.

Proof. Suppose a control strategy S is realizable. By Corollary 1(b) and Remark 2, there exists
a process A(-) which equivalently represents the ¢-strategy S’ indistinguishable from S. That
process equivalently represents also the initial strategy S by Remark 3.

Suppose a process A(-) equivalently represents a strategy S and show that S is realizable. The
only difficulty is to construct the measure P for a fixed (hn—1,&n) € Hy—1 X E with ¢,-1 < o0
(n € N). Let F,, = 0(H,_1,Z,) and consider the restriction of the measure P on (F, ® F).
After we disintegrate it, we obtain the F,-measurable stochastic kernel on € given w € Q which
has the form P(d&|H,_1(w),Z,(w)). Now, for P?-almost all (H,_1,Z,) with T,,_; < oo, the
requirements (a) and (b) of Definition 3 hold true for the process A, (Hy,—_1,E,, u,®) and measure
P(d&|H,,_1,Z,). To check (a), it is sufficient to put ¢(x,a) = I{a € T'a}; for each h,_1,&,, the
measure P(d@|h,_1,&,) can be completed if needed. O

Let us look more attentively at the processes A(-) which equivalently represent this or that
control strategy under a fixed space E. Collection of all such processes is denoted as R. The space
Q) may be different for different processes from R.

First of all, the process ¢(+) of the type (17) can be characterized in the following way. On the
space 2, consider random measure

/J/(wa dt7 d(.ﬁ, 5)) = Z 5(Tn(w),(Xn(w),En+1(w))) (dtv d(l‘, f))
n=1
and o-algebras
Fo = 0(Z0,X0,Z1);
Fi = FoVo(u((0,s] x B): s<t, BeB(XxE&)).

The associated o-algebra on ) X Ri is defined as

cr(I‘x{O} (T'e Fo), T x(s,00) (FG\/}}, s>0)>.

t<s



Now a random process ¢(-) on £ x R, has the form (17) if and only if it is predictable [16,
Lemma(3.3)]. Remember, we agreed to put ¢(t,w) = a for ¢ > Too(w).

Theorem 3 (a) If the process A(-) equivalently represents a strategy S (i.e., A(-) € R), then
there exists a predictable process p(-) on Q x Ry such that

Leb x P-a.s. A(t, (w,®)) = p(t,w),
and the process A'(t, (w,&"))

a ")) = ¢(t,w) also equivalently represents the strategy S. Here
Q' = {&'} is a singleton and P(T x {&'}) = PJ(T) for I € F.

(b) For each predictable process o(-), there is a probability measure P on £ = Q x {@} such that
the process A(t, (w,)) = (t,w) equivalently represents some strategy S (i.e., A(-) € R).

Proof. (a) According to Theorem 2, Corollary 1(b) and Remark 3, the A(-) process equivalently
represents the &-strategy S’ indistinguishable from S and defined by functions ¢, (-) (7), which
give rise to the process (17). According to the second part of the proof of Theorem 2 applied
to the strategy S’, for each n € N, with Pf/—probability one, the requirements (a) and (b) of
Definition 3 hold true for (H,,—1,Z,) with T,,_1 < oo, for the process A, (H,_1,Z,,u,®) and
measure P(d&|H,_1,Z,). By Corollary 1 (a), for almost all u € R,

P(An(Hn—la s U, ‘-‘NJ) = ‘Pn(Hn—la Emu)‘Hn—la En) =1 (18)

Note that we deal with the &-strategy S’, so that m,(:|hn—1,8n,u) = 0p,, (h,_,.£,,u)(-) for all n € N,
(hp—1,&n,u) € H,_1 XxExR,. Equality (18) holds Pfl—a.s. (and also Pf—a.s.). Hence Leb x P-a.s.
Alt, (@) = plt,w).

According to Remark 2, the process A’(-) equivalently represents the strategy S’ as well as the
initial strategy S indistinguishable form S’. (See Remark 3.) Remember, Pf = Pf/.

(b) The process ¢(+) has the form (17). Fix an arbitrary probability po(-) on E and arbitrary
stochastic kernels p,(-) on E given H,,_1, n € N, and consider the corresponding ¢-strategy S
defined by the maps ¢, (-). It remains to put P(I' x {&}) = Pf(l“) for I' € F and refer to Remark
2. O

Definition 5 We say that two processes A1(-), Aa(+) from N belong to the same class if there exists
one E-strategy equivalently represented by both A1(-) and As(-).

Theorem 4 The classes form a partition of R, that is,
e cach process from N belongs to some class;

e two classes either coincide or do not overlap.

Proof. If A(-) € X then there is a ¢-strategy equivalently representable by A(-) due to Theorem 2,
Corollary 1(b) and Remark 3.

Suppose the process A(-) equivalently represents two &-strategies S' and S? defined by the
maps oL (-) and ¢2(-) (7). We will show that the strategies S' and S? are indistinguishable. By
Definition 4, Pf - P$2, and assertion (a) of Definition 2 follows, because the components pg(-),

pn(-) (n € N) can be constructed starting from the strategical measure Pf = sz. Let a non-
negative measurable function ¢(-) on A be such that c(a;) # c(az) if a1 # az. Such a function
exists because the standard Borel space A is isomorphic to the segment [0,1] or its countable
subset [3, Cor.7.16.1]. Now again by Definition 4, for each n = 1,2, ..., on the set (T},_1,Ty] # 0,
0L (Hy1,Z0,u) = @2 (Hp—1,Zn,u) Pfl-a.s. for almost all v € R,. Hence the strategies S' and
52 are indistinguishable and the class associated with S' coincides with the class associated with
S2. (See Remark 3.) O

Now it is clear that there is 1-1 correspondence between the introduced equivalence classes of
the processes and the equivalence classes of indistinguishable realizable strategies. Indeed, in each
such class of strategies, say, IT', there is at least one &-strategy by Corollary 1(b). The associated
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class of processes contains those and only those processes which equivalently represent all the
strategies from II': see Remark 3 and the proof of Theorem 4.

By Theorem 3, in each equivalence class of processes A(-) from R, there is at least one canonical
process, i.e., such a process that Q = {@} is a singleton and the process A(t, (w,@)) on Q x R
is predictable. This process equivalently represents every strategy from the corresponding class
of indistinguishable realizable strategies. (See Remark 3.) Therefore, canonical processes are
sufficient if we are looking for a set of processes which equivalently represent realizable strategies.

If & = {£} is a singleton, then the argument ¢ can be omitted everywhere, and the model
transforms to the classical continuous-time Markov decision process [10, 11, 12, 13, 18, 20, 24]. In
this case, by Corollary 1(b), a strategy is realizable if and only if it is indistinguishable from a
randomized strategy which is defined by functions ¢,,(h,—1,u) and is actually deterministic.

4 Sufficient classes of realizable strategies

As was proved in [22, Th.2], for any strategy S, there is a relaxed Markov strategy S7 (i.e., all
the kernels 7, (-|hp_1,&n, 1) look like 7 (-2, _1,u)) such that {n315%, = {n5"}°,. One can find
the explicit expression for that S™ strategy in [22, p.3520]. Therefore, relaxed strategies form a
sufficient class for problem (16). But as was shown, they are usually non-realizable.

A simplest realizable strategy, below called Markov standard &-strategy, is defined by 2 = A,

Po(dap|hn_1) = pM(dan|zn_1), ©(hn_1,an,u) = ap: the decision maker, at every jump epoch,
chooses the randomized action a,, depending on the current state and the jump number, and that
action remains constant up to the next one jump. If the kernels p*!(-) do not depend on n € N,
then the standard £-strategy is called stationary. According to [22, Th.1], if g.(a) > 0 for all
z € X, a € A, then, for any S € II, there is a Markov standard &-strategy S¢€ such that 77;?5 >nd
for all n € N. One can find the explicit expression for that S¢ strategy in [22, p.3519]. Hence,
in this case, Markov standard &-strategies form a sufficient class for problem (16) with negative
cost rates ¢/. They are sufficient for arbitrary cost rates ¢/ if g, (a) > e for some € > 0 [22, Th.1].
Example 2 in [22] shows that, in case g.(a) > 0 and ¢ (z,a) > 0, the infimum in (16) over all
strategies can be strictly smaller than the infimum over Markov standard £-strategies.

Note that the discounted cost model [8, 20] means, there is a positive rate « of the transitions
to a cemetery from each state x € X. Thus, ¢, (a) > a > 0, and the previous reasoning applies. In
this special case, the sufficiency of Markov standard £-strategies was established in [8], although
using different notations and constructions.

It is easy to understand, why the Markov standard £-strategies and even their history-dependent
modifications are not sufficient in case ¢/ > 0, if we consider the following trivial model: X =
{1}, A = (0,1}, g.(a) = 0, (x,a) = a, J = 0 (unconstrained case), v({1}) = 1. For every
Markov standard &-strategy S¢, when the action is fixed until the next one jump, i.e., fixed forever,
WO(S%) = oo. But, if, e.g., one applies action a; = g on the interval (0, 1], action ag = g on the
interval (1,2], and so on, then, for such strategy S, which is again a special case of randomized,
hence realizable, we have W°(S) = §, and § > 0 can be arbitrary. Similar examples in the theory
of discrete-time Markov decision processes are well known [21, §2.2.11]. Thus, it is reasonable to
consider £-strategies similar to the Markov standard ones, but where it is allowed to change actions
at some time moments between the jumps. To be more specific, after the (n — 1)-th jump of the
original process X (+) at the time moment T;,_1, we allow to choose different actions A}, A%, ... on
the intervals (Ty,—1, Tn—1+17], (Th-1+T17, Tn-1+T7"+T%], ... correspondingly. When considering
the process X (-) only at those moments 5,1, T,—1 + 17", Tr—1 + T4', ..., one can talk about the
standard discrete-time Markov decision process with the corresponding actions A}, A%, .... Such
construction is presented in Section 5. The described idea, when the mentioned time moments
17,73, ... form an independent of the past Poisson process, leads to the following definition.

Definition 6 A Poisson-related &-strategy ST = {2, po, (pn, ™), n = 1,2,...} is defined by
{E=RxA)>™® = {(a1,71,02,72,...)},& > 0,ppx(dalzn_1), n € N, k € N}, where p,, 1, are
stochastic kernels on A given X, in the following way. For n = 1,2,... the distribution p, of
=2, = (AT, AY, . L) given H,, 1 is as follows:
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o forallk > 1, pp (TP < t|hp—1) = 1 — e °; exponential random variables T}' are mutually
independent and independent of Fp, , = F(Hp—1);

o for all k > 1, p(A} € Talhn-1) = Dnx(Talrn-1), and, given x,_1, the random elements
A} are mutually independent and independent of (Zo, X1,Z21,01,X1,...,En-1,0,-1) and of

m,Ta,. ...
Finally,
ﬂn,(da‘hn—h fnv u) = 6tpn(hn,1,£n ,u) (da)a
where -
On(hn—1,&n,u) = ZI{Tf +.ooo+T g <u<T 4. 47 ag.
As usual, (af, 7", a%,...) = &, € E denotes the realization of the random element

(Ar, T, A% ..) = Z,. The & component plays no role and can be omitted. Note, the func-
tion ¢, does not depend on h,,_.

Such a strategy means that, after any jump of the controlled process X (), the decision maker
simulates a Poisson process and applies different randomized actions during the different sojourn
times of that Poisson process. One can say that a Poisson-related £ strategy is a randomized
switching strategy [8] at random time moments. According to [22 Th.5], for any control strategy
S € 11, there is a Poisson-related ¢-strategy ST such that {93}, = {nn }5° ;. One can find the
explicit expression of that S strategy in [23, p.199-200] and also in [22, p.3527]. Now it is clear
that the class of Poisson-related ¢-strategies is sufficient for problem (16). The value of € > 0 can be
chosen arbitrarily (but the kernels p,, ,, depend on ¢). Remember, like every randomized strategy,
Poisson-related £-strategy is realizable. Note also that if € = 0, then the notion of the Poisson-
related strategy transforms to the Markov standard ¢-strategy, because 1} = co. Similarly, if all
the kernels p, i (-) are identical and degenerate, then we actually deal with a stationary standard
E-strategy. As was mentioned, w-strategies form another sufficient class of strategies because, for
any control strategy S € II, there is a m-strategy S™ such that {2}, = {2}, [22, Th.2].
But m-strategies are usually not realizable.

5 Continuous and discrete-time models with the total ex-
pected cost

In this section, we accept that the cost rates ¢/ do not depend on n, the jump number.
Since Poisson-related ¢-strategies are sufficient for problem (16), let us fix such a strategy S¥
and, for each w € (2, consider the sequence of realized essential time—moments, states and actions:

(to = 0,50 = 20,01 = aj), (to+717y1—xo7bz—042) (to+z ilvyko—lzx()?bko :04/1%)7
(t1, yro = xl’bkoJrl =af), (i + 71, Yo+1 = 21, bpgr2 = 013)
(tl + Z = 1 T; ’yko+k1 1= xlvbko+k1 = Oéil),
(tQaykoJrlm = T2, bkt k41 = QF), ..
(19)
Here ko, k1,... > 1 and 73’ 2 0. The corresponding time moments are naturally ordered:

ko—1 ko ki—1

k1
tLe(tot+ Y Thto+ > 7)), b€lti+ > A+ 1),
i=1 i=1 i=1 i=1

Recall that ¢, = >, 6; denote the realized jump moments, and 7;* are the realized exponential
random variables, the components of &,. If ¢, is the last jump moment (the state x,, is absorbing)
then k,, = oco: the tail of the introduced sequence is

_ n+1
(trs Yot oAby = Tns Okgt otk 41 = Q7 ),

n+1 . n+1
(tn + 7 s Yko+...+kn—1+1 = Tn, bko+---+kn—1+2 = Gy )7
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Using these sequences, the objective (14) can be represented as

Wi(s?y = N ES [ (Yo, Buns1)/ (@, (Bmsr) +€)] (20)

m=0

s} P
+ Z ES [ (Y, Bmt1)/(@v,, (Bms1) + €)].
m=0
To show this, note first that, for fixed n € N and for T},,_1 < o0,

SP
E’Y

/ / o (dalHoy 1, Z,t — To 1)+ (X1, a)dt (21)
(Tn_l,TT,,]ﬂR+ A

Ko+Ki+..+K,_1—1

I " .
= E Z T (Yo, B 1) Ton— (Ko+ Ky 4o A K —0)+1 | 5
m=Ko+Ki+...+Kn_2

where K_1 =0;forl=1,2,..., K,

T _ Tln’ if1§j<Kn71§
L= On — (TP + T3 +...+ T ), ifj=K,

= win{T}", ©, — (I} +T¢ + ... +T7",)}

and T§ = 0. As usual, the capital letters K,,_1, Y, Bmy1,1]*, ©, denote the random elements
whose realizations were denoted as kn,—1,Ym, bm+1, 7", 0n. For Il =1,2,... consider

EY [CH(YI+K0+K1+...+KW,_2—17Bl+Ko+K1+...+Kn_2)Tl1{l < Kn—l}\gz} 7

where G, = ]:(anl) \Y ]:( ?,Tln, .. ,A?) Note that )/'Z+KO+K1+.“+K717271 = X,_1,
BitkotKit. 4k, , =A7 and [{I < K,,_1} =I{©, > T7" + T3 + ...+ I;* , }. For fixed values of
Xp—1=2p—1, AT =, T =17, ..., A} = o, under the condition ©,, > 7{*+73'+...+ 71", the

random variables A© = ©,, — (77" + 75 + ... + 7/*,) and T} have densities g, , (a]')e %n-1(20)2
(when z < T* and assuming g, ,(o]) > 0) and ee™** correspondingly. Therefore (also in the
case ¢z, , (o)) = 0) the conditional expectation E;?P [Tll{l < K,_1}|G| equals the expectation

of the minimum of two independent exponential random variables:

_ )
ES T (Vi kot kot K15 Biv kot s s, ) TH{L < Kn71}|gl}
1

= cj+ Xn—lvAn T Any
( O e (A ¥ e

and the expression (21) equals

Ko+Ki+..+Kp_1—1

EY" > I (Y, Bis1)/(@x, (Bmi1) +€)
m=Ko+Ki+...+K, 2

The desired formula (20) follows.

The sequence

MW - (y07b17y17b27 e 7ym7bm+l7ym+17 .. )

is in fact a trajectory of a discrete-time Markov decision process. Indeed, for any y,, € X,
bm+1 € A, the value of y,,,+1 is the realization of the random element with distribution

Qs bygr) = LN o) ¥ LTSy} 1 iy e,

qun (bm+1) +e

This discrete-time Markov decision process is denoted as M, and the histories, strategical measures
etc, relevant to M, are usually equipped with the left upper index M.
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For each m € N U {0}, having in hand the history *h

m = <y07b1ay17 o 7bmay’m) in M7 one
can recalculate the values of n > 1 and k& > 1 such that

(to =0,y0 = 20, b1 = 1), (to + 71, y1 = To, b2 = @), ..., (to + Thy_1, Yko—1 = To, by = )
(t1,Yky = T1,bko41 = 03), (01 + T, Yro 41 = T1, brgg2 = 043)

(tl + Tkl 17yko+k‘1 1= 1, bko+k1 ak;l) (t2vyk‘o+k1 - x27bk0+k1+1 — O[;;))

(

tn 1 +7_k 2y Ym—1 = zn—hbm, - ak—l)?( n—-1+ Tk_laym = xn—l) (lf Ym = Ym—1; then & Z 2);

or
(to = 0,50 = mo, by = 1), (fo + 71,51 = To, b2 = @3), ..., (to + Thy 1, Yko—1 = T0, by = Q)
(t y Yko = L1, bk0+1 - al) (tl + Tl s Yko+1 = 21, bko+2 = a%)
(t1 + 7 15 Yhothi—1 = T1, bty = Ay ), (B2, Yko 4k = $2,bk0+k1+1 =a}),..
(tn 1+Tkn 11— 1:Ym—-1 = Tn— 17bm—ak ) ( n7y7n:-rn) (lfym#ynz—lathenkzl)-
h
X1
. Xpo
(a) Xy X, D, o(da| x;)
} —t } > t } >  time
0 Tll Tll-i-’r; o +1,
6 =1 6 +6, =1, 6 +06,+0, =t
WN=Y =2 =¥ . ~
_}' _— I FT j 7-}, I JJ rl ! J'S:xl J‘S_xs I.B-ﬁ,‘\' pJ,._D(-'J'(S)
0 =% =0 T
3
X0
Xo ~
D;,(dal x,)
b X
(b) X, I
} } i i > time
6 +1’ 3
0 6=t 10 6, +6, =t, 0 +0, +1;
J'o*ro' . . ~
y=x »n=n V3= I Ya=0s I BSN D3 y0)

Figure 1: Two scenarios illustrating the construction and the connection between the histories
Mp,,, and the trajectories of the CTMDP:

(a) m =6; Mhg = (yo,b1,...,y6); n(Mhg) =4, k(Mhg) = 0;
(b) m = 4; Mh4 = (y07b1, . .,y4); n(Mh4) = 3, k(Mh4) =1.

To do this, one should simply remember that the value of n (counting the real jumps of the
controlled process X (+)) increases by 1 every time when the next value of y,, is different from the
previous value y,,,—1. More detailed explanations are in [23].
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If we denote as n(™h,,) and k(*h,,) those values of n and k and apply the control strategy
MS in the M model defined by

Mprit (M Aun) = Bty k(M) Clym),

then the strategical measure P7M5 in M coincides with the measure pr on the space of trajec-

M

tories “w, so that

WI(SP) = 37 B (Y Bius1) (@, (Bust) + )], (22)

m=0

where EWMS is the mathematical expectation w.r.t. PWMS . These constructions are illustrated on
Figure 1.

Conversely, suppose a Markov control strategy ™S in M, defined by ™p,11(-lym), is fixed
(m € NU {0}). According to [19, Lemma 2], for an arbitrary strategy in M, there is a Markov
strategy such that the objectives (22) coincide for any measurable function ¢/, so that we don’t
loose the generality being restricted to Markov strategies. Firstly, we construct the equivalent, in
the sense of (22), strategy in the original continuous-time model, which is a little more general
than Poisson-related, namely, history-dependent. That means, the space E = (R x A)> is the
same, but the kernels p,, , may depend on h,_1, not only on z,_;. The histories h,, in this case
look similarly to the case of a standard Poisson-related strategy. For any such history

hn—l = (gOa Zo, gla 917 Tis--- agn—h 971—17 xn—l)y n= 17 27 s
one can build the corresponding history *h,,, in M, using the formulae (19), where the last element
is (tp—1 = 2?2—11 0, Ym = Tp—1). The corresponding value of m is denoted as m(h,—1) € NU {0}.
It remains to put

ﬁn,k("hnfl) = Mpm(hn_1)+k('|ym(hn_1))u k= 1a 27 cee

to obtain the history-dependent Poisson-related strategy in the original continuous-time model
with the strategical measure coincident with PWMS on the space of trajectories *w. For that
history-dependent strategy, we take the (standard) Poisson-related strategy S* leading to the
same sequence of the detailed occupation measures {nSP 159, (see Section 4). As a result, we
obtain equality (22) valid for any measurable function ¢/.

To summarise, for any Poisson-related strategy S*, there is a Markov strategy .S in M (and
conversely, for any Markov strategy “S in M, there is a Poisson-related strategy S*) such that
equality (22) is valid. Therefore, solving problem (16) is equivalent to solving the discrete-time
problem

o0
M .
> B8 (Yo, Bmg1)/ (v, (Bmyr) +6)] — inf (23)
0 Mg are Markov in m

subject to > B[/ (Y, Brui1)/(av,, (Bms1) +€)] < &, je.

m=0

Remember also that, if the total transition rate ¢, (a) is strictly separated from zero (e.g., one is
dealing with the discounted cost model), then one can restrict himself with the Markov standard
E-strategies which are Poisson-related with e = 0: see Section 4. All the reasoning in the current
section applies in this special case.

Now all the theory, developed for the discrete-time Markov decision processes, can be used for
solving problem (16). Without intention to provide an exhaustive survey, let us mention several
special cases.

1. If J = 0 (the case of the unconstrained optimization) and ¢°(-) > 0, then, under appropriate
compactness-continuity conditions, there is an optimal non-randomized stationary strategy
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in M [3, Cor.9.17.2]. That strategy gives rise to the optimal Poisson-related strategy with
the degenerate identical stochastic kernels p,, j, which in fact is a stationary Markov standard
&-strategy. The standard dynamic programming approach applies if J = @ [3, 7, 14]. Let
us remind that in general, stationary strategies are not sufficient for solving optimal control
problems [21, §2.2.11].

2. If J # () is finite then the convex analytic approach to problem (23) leads to the linear
program on the space of (total) occupation measures on X x A

M > M
K S(F) = Z P,y S((meBm-‘rl) er).
m=0

One can find the details in [4, 14]. For example, under appropriate conditions, if one succeeds
to find a solution to that linear program, then it is possible to construct the so called induced
(stationary randomized) strategy in M solving problem (23) [4, Th.5.2]. That strategy again
gives rise to the optimal Poisson-related strategy solving problem (16).

3. For the case of finite or countable state space X, many results about discounted, absorbing,
and transient constrained models can be found in [1]. See also [6].

4. The Borel discounted model with constraints was studied in [5, 19]. The weight function
technique was demonstrated in [5].

Application of the discrete-time methods to controlled continuous-time models, for instance the
policy iteration in the unconstrained case, appeared already in [15] for simple semi-Markov decision
processes. For a more general model, reducing to the discrete-time case was described in [27], again
in the framework of the unconstrained model and dynamic programming approach. Here, actions
in the discrete-time model were A-valued functions. For the multiple discounted objectives, such
a reduction was developed in [8, 9] using the concept of occupation measures. Here, actions in the
discrete-time model were just the original actions from A.

6 Conclusion

In the recent decades, many authors provided solutions to continuous-time Markov decision pro-
cesses in the form of (relaxed) m-strategies. As is known, such strategies are usually not realizable
on practice. On the other hand, simple realizable randomized strategies, corresponding to the case
= = A and called Markov standard £-strategies in the current paper, are not sufficient for solving
optimal control problems. Even their history-dependent modifications are not sufficient. Moreover,
such strategies do not fit the definition of a strategy accepted in many articles and books.

In the current paper, following [22], we introduced the most wide class of 7-¢-strategies which
makes it possible to study the classical continuous-time Markov decision processes as well as the
exponential semi-Markov decision processes, working with one unified model. Figure 2 illustrates
the concepts of sufficiency and realizability: the second sufficient class of strategies, that is, Poisson-
related strategies, are realizable. Note that working in the space of w-strategies, or in the space
of Poisson-related strategies, or even in the general space of all m-¢-strategies, leads to the same
optimal values of the objectives. The details can be found in [22], see also the end of Section 4.
The goal of the current paper was to investigate in depth the idea of realizability and emphasize
the class of Poisson-related strategies which is simultaneously realizable and sufficient. Moreover,
when looking for the best Poisson-related strategy, one can invoke all the methods developed for
discrete-time Markov decision processes. Note that the objective functionals are total undiscounted
losses, and absolutely no conditions were imposed on the cost and transition rates.

In the framework of games, realizable solutions look problematic. (See [24, Th.10.8, 10.11].)
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Figure 2: Overview of sufficient and realizable strategies.

7 Appendix

Lemma 1 Suppose (E,p) is a complete separable metric space and let the set Eq = {e1,ea,...} C
FE be dense in E. Let P be a probability measure on E. If, for alle;, k € N, P (O (ei7 %)) € {0,1},
then P is a Dirac measure. Here O (ei, %) = {e €E: plee)< %} s an open ball.

Proof. Collection of the balls {O (el-, %) s,k e N} is a base of the topology in E generated by
the metric p. The formulated property of the P measure implies that P(B) € {0,1} for every open
set B C E. Hence P is a Dirac measure. O
Proof of Theorem 1. We will show that the following statements are equivalent.

(a) A control strategy S is realizable for (h,_1,&,) on the interval (¢,_1,T,] # 0.

(b) There is a complete probability space (Q, F, P) and a measurable (with respect to (u,@) )
process A(-) on Ry xQ with values in A such that, for almost all u € Ry, for each I'a € B(A),
P(A(u) € Ta) = 1y (Calhn—1,&n,u) and, for each 6 € Ry, for every bounded measurable
function ¢(-) on A, the integral f(O,G] G(A(u))du is degenerate (not random), that is, equals

a constant P-a.s.

(c) For almost all u € Ry, mp(:|hn_1,8n,u) = dy((-) is a Dirac measure, where ¢(-) is an
A-valued measurable function on R;.

(d) There is a complete probability space (€, F, P) and a measurable (with respect to (u,@) )
process A(-) on R, x Q with values in A such that
— for almost all v € Ry, for each T'a € B(A), P(A(u) € Ta) = 7, (D alhn_1,&n, u) and
— for each bounded measurable function ¢(-) on A, the integrals fh G(A(u))du and fh G(A(u))du
are independent for any bounded non-overlapping intervals Iy, I, C Ry.

Let us show that (a) implies (b).

Suppose the total jump rate ¢(a) is an arbitrary measurable bounded function. Then, ac-
cording to item (a) of Definition 3, for almost all u € Ry, §(m,u) = FE[§(A(u,d))], where
g(m,u) = [, 4(a)mn(dalhy_1,6n,u). Therefore, according to item (b) of Definition 3, the cu-
mulative distribution function of the sojourn time ©,,, given by

/ GEUX, hy 1,y u)du = 1 — e~ Jom almwdn g _ P lom MA@ ] g oo 6 < oo,
(0,0]
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1— e Joa Q(A(“":’))d“}, that is, we have

must coincide with £ [

oS00 dA@@) ] _ 7 {6— S 4<A<u,w>>du} .
Since function e~ is strictly convex, we conclude that, for each § € R, the integral f(o,e] G(A(u,@))
xdu is not random. Therefore, assertion (a) implies (b).

Let us prove that (b) implies (c).

Suppose m, (-|hn—1,&n, s) is not a Dirac measure on a subset of a positive Lebesgue measure,
that is, on a subset of a finite interval (O,ﬂ C Ry having a positive Lebesgue measure. The goal
is to show that assertion (b) is violated. We are going to apply Lemma 1 to £ = A, where A has
been equipped with a compatible metric p. Below, O(a,e) = {b € A : p(a,b) < £} is an open ball.
If for any e, € Ey, for any k € N, the set {t € (0,7] : m,(O(€em, 3 )|hn-1,&,t) € (0,1)} is null,
then the set

{t €(0,t]: Je, € Eg, Ik eN: 7, (O(epm, %)|hn,1,fn,t) S (0,1)}

is also null as a countable union of null sets, and therefore, according to Lemma 1, for almost all
t € (0,1], mn(-|hn_1,&n,t) is a Dirac measure. From the obtained contradiction, we conclude that
there are é,, € Eq and k € N such that Leb(I'g) > 0, where

I'g = {t € (0,1 : 1 (O(ey, %)|hn_1,§n,t) € (0,1)}. (24)

Now, suppose assertion (b) is valid.
Consider the function §(a) = I {a € O(ém, i)} and the integrals V(t) = f(o 4 G(A(u))du for

t € (0,1], which are non-random if assertion (b) is valid. To be more precise, for each rational
t € (0,], there is a number f(¢) such that P(V (t) = f(t)) = 1. Hence

P(for all rational ¢t € (0,%] V() = f(t)) = 1.

Since for each @ € Q the function V(-) is absolutely continuous, we can extend the definition of
the function f to the whole interval (0,] in such a way that it is also absolutely continuous: it is
sufficient to take an arbitrary @ such that V() = f(t) for all rational ¢ € (0,#] and extend this
equality for the whole interval ¢ € (0,7]. As a result, P(Vt € (0,%] V(t) = f(t)) = 1. Therefore,
function f(-) is differentiable everywhere apart from a null set N and

P(Q) =1, (25)

Q = {wefz: (j(A(t)):h(t):%for alltE(O,ﬂ\N@}{dzeflz vt € (0,f) V() = f(t)}.

Here N := NU{t: G(A(t,&)) # h(t)} and Leb(Ngz) = 0 for all @ € Q. Below, if necessary, we
extend the function h(-) with values in {0,1} on the set T'r C (0, ], defined in (24), in an arbitrary
way. (Remember, ¢(A(t)) € {0,1}.) For the set
I'={(t,®): t €Tr, (A, @)) = h(t)},
we have
Leb(Ty) = Leb({t: t € g, §(A(t,@)) = h(t)}) = Leb(I'r \ Nz) = Leb(I'g)
for all & € Q. Therefore, (25) implies that

Leb x P(I') = Leb(T'g) > 0. (26)
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On the other hand, according to (24), since for almost all ¢ € T'g,
L - 1 .1
P(G(A(®)=1)=P (A(t) €0 (e,m I%)) =Ty (O (em, ]%> hn_l,gn,t> € (0,1),

and similarly P(§(A(t)) = 0) € (0,1), we have inequality 0 < Leb x P(I') < Leb(I'g) because
h(-) € {0,1}. The obtained contradiction confirms that assertion (b) is violated.

We have proved that (b) implies (c).

If statement (c) holds, then one can take Q = {&} as a singleton with the trivial o-algebra and
the trivial probability P(Q) = 1. After we put A(s, ) = ¢(s), we see that statement (a) holds, as
well as statement (d). (Remember, any two random variables on the trivial probability space are
independent.)

Now suppose statement (d) is valid. For an arbitrary fixed bounded measurable function ¢ on
A and fixed 0 € R,

k
/(0,9] Al = ; /(tz‘,ti+1] A(Au))du,

(=10 and k € N is a fixed number. Since the integrals f(

k tistita] q
dent from each other, the variance of [ 0,0] G(A(u))du with respect to P satisfies equality

k
Var </(070] d(A(u))du) = 7Z;Var (/(ti)tiﬂ] Q(A(u))du> .

where t; = (A(u))du are indepen-

However,

Var ( /(ti,tiﬁ]‘“f‘(“”d“%’; ( /MquA(u))duy <(2§R|cz<a>|2)2,

i 0* (supaea |4(a)))’
Var (/(079] q(A(u))du) < L .

Since this inequality is valid for each k € N,

Var </(0,9] d(A(u))du) =0

and the integral f(o g 4(A(u))du is not random. Statement (b) holds true. The proof is competed.
O

so that
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