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OPTIMAL STOPPING PROBLEMS WITH CONSTRAINTS FOR
CONTINUOUS-TIME GENERAL MARKOV PROCESSES

HECTOR JASSO-FUENTES*® AND FIDEL VASQUEZ-ROJAS

Abstract. In this work, we consider an optimal stopping time problem with a restriction that requires
the stopping times to occur only when a given signal is observed. The dynamic of the stopping problem
evolves as a continuous-time Markov process whose state space is a subset of a Polish space, whereas
the signal is modeled by a piecewise deterministic Markov process, both processes are assumed to
be independent of each other. To solve the problem, we employ the well-known discrete-time optimal
control theory. In particular, we characterize the value function as the solution of a certain dynamic
programming equation related to the discrete-time model and demonstrate the existence of an optimal
stopping time through this equation. Our technique extends previous works that use more restrictive
conditions on the state space of the process. As a byproduct, we intend to solve optimal stopping
problems for a wider family of Markov processes.
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1. INTRODUCTION

Optimal stopping problems are perhaps one of the most interesting and studied problems in the theory of
stochastic processes. Successful methods have been developed over decades to show the existence and several
characterizations of optimal stopping times. The most studied methods to address these problems are definitely
the theory of Snell envelopes and backward-reflected stochastic differential equations —see, for instance, El
Karoui et al. [1-3], Shyryaev [4], Peskir and Shyryaev [5], Hamedéne and Jeanblanc [6] —, but on the other
hand, there is also another useful method that tackles stopping problems from a merely analytical viewpoint —
see Bensoussan and Lions [7, 8], Menaldi [9, 10], Oksendal and Sulem [11], Robin [12, 13], among others.

In this work, we study an optimal stopping time problem constrained to apply the stopping only at certain
random times so-called signals. While in classical optimal stopping problems (e.g. the models considered in
Bensoussan [8] or in Shiryaev [4]), the range of stopping times lies in some fixed subset of the nonnegative
real line (mostly unbounded), here we study a variation of this problem consisting that the dynamics can be
only stopped at certain times specified by means of an exogenous random sequence. Pioneering studies in this
direction were Dupuis and Wang [14] and Lempa [15], in which the authors studied a specific kind of dynamics,
modeled by a geometric Brownian motion combined with an exogenous sequence of i.i.d. random variables
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representing the time between signals with common exponential distribution. Later, Menaldi and Robin [16, 17]
extended this theory into a more general setting in which (a) the “signals” are put in terms of a piecewise
deterministic Markov process representing the time elapsed since the last signal, (b) the (main) dynamic is
of Markov-Feller type with compact state space and (c) the type of control also includes the way to impulse
the process. More recently, Menaldi and Robin [18] extended their results in [16, 17] for the case of locally
compact state space and also includes some other optimality criteria, such as the ergodic payoff. This paper is a
continuation of [16] in the sense that the signals are still modeled by means of a piecewise deterministic Markov
process representing the time elapsed since the last signal but the difference now relies on that the dynamic
evolves as a Markov process with state space not necessarily compact nor locally-compact. This relaxation leads
us to reformulate the method to provide optimality solutions. Namely, in lieu of applying martingale methods
as in [16] and [18], we take advantage of recent advances given in the area of the discrete-time control processes
a.k.a. Markov Decision Processes (MDPs). We will see that our original problem can be regarded as an MDP
with an absorbent state and with an associated total cost criterion. Thus, optimal elements of this latter model
will provide the solution to the original one.

The content of the paper can be synthesized as follows: after this introductory part, Section 2 gives a summary
of the main results of the manuscript. Later, in Section 3, we introduce the type of dynamics for both: the Markov
process over which we apply the stopping, and the signal process; the section concludes with the introduction of
an embedded chain that will become the main dynamics within our analysis. Section 4 is devoted to introducing
the set of admissible stopping times. It also shows the optimal stopping time problem (OSTP) viewed as a
minimization problem. Later, in Section 5, we link a discrete-time control problem (DTCP) with the OSTP.
Namely, a bijection on the set of admissible control policies for the DTCP and the set of admissible stopping
times is given. We also render an equivalence between the objective functions of both problems. Finally, Section 6
analyzes the dynamic programming equations (DPE) associated with the DTCP, in particular, it provides both
the existence and regularity of solutions to that DPE, whereas Section 7 is devoted to providing solution of
OSTP by means of the optimality results of the DTCP. The last section of the manuscript is the Appendix A,
containing key technical results that become fundamental to accomplishing our theory.

2. MAIN RESULTS

Given a strong Markov-Feller process {y(¢, z) }+>0, and a piecewise deterministic Markov process {z(¢, z0) }+>0
with slope one and jumps to zero (see Fig. 1 below), both being continuous-time processes over the same filtrated
probability space, with initial conditions x in some metric space and zy > 0 — which sometimes will be denoted
as y(-,x) and z(-, z¢) for short notation —, we analyze the stopping time problem of the process y(+, z) constrained
to stop it just when z(-, 2¢) hits the real axis, which may occur infinite but denumerable times. In this sense,
given the cost function f that is applied when the system maintains its course, and ¢ a cost for stopping the
system, we aim to optimize the following total cost function:

n—1

J(Ia 20, 77) = E|: Z Cia‘rnf (y(Tna m))l{z(‘rmzo):()} + 1{T7y<00}eia‘rn90 (y(TT% 1’)) (21)

n=0

over the set of “admissible” stopping times 7 to be defined later on. We will denote by J*(-,-) := inf, J(-,-,n)
the optimal cost (a.k.a. value function). Our goal is to show the following three aspects:

(a) The value function satisfies the next dynamic programming equation

) = it {elea0.0)+ /0 @0 (1) (. 0y (A1) 1101 (a) . (2.2)

where A(x, zg,0) is a set consisting of just one of two elements: 0 (meaning the continuation of the process)
and 1 (meaning to stop the process) that depends strongly on zp. The measure i, is the distribution of
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2(t, z0)

FIGURE 1. Process z(-, z9) with initial elapsed time zy > 0 at ¢ = 0.

the first hitting time of z(-, zo) at the real axis, and ®,(-) is the a-discounted semigroup associated to
y(+,x) with o > 0. The function ¢ encloses the information pertinent to the cost functions f and ¢:

c(w,z,t,0) = e~ [f(2) 10} (a) + p(2) L {13 (a)] 110y (2)-

(b) If f and ¢ are continuous and nonnegative then J* is also continuous and nonnegative.
(c) The existence of an optimal stopping time n* that minimizes (2.1) in the sense of J(z, 29, n*) = J*(z, 20)
that will be linked with the minimizers of (2.2).

In the rest of the paper, we will establish with rigorous detail all the aspects necessary to give the answer to
these three aforementioned goals.

3. PRELIMINARIES

Let us consider an open subset O of a Polish space provided with its Borel o-algebra Bg, and a fixed filtered
probability space & = (Q, F,{F:}i>0,P) satisfying the usual conditions (i.e., the filtration {F;};>¢ is right-
continuous and Fy contains all subsets of the P-null sets). We consider a cddldg O-valued homogeneous-time
strong Markov process {y(¢,)};>0 with initial condition # € O (i.e. P(y(0,2) = x) = 1), defined on the fixed
filtered probability space £ and whose transition probabilities satisfy

P(y(s+t,z) € B|Fs) =P(y(s+t,z) € Bly(s,x)), VB € Bp. (3.1)

With these elements, we can formulate a classical optimal stopping time problem, but in this work, we need
an extra component: a sequence of nonnegative random variables 7, representing the signals indicating the
moments at which the process can be stopped. Our first target in this preliminary part is to provide a more
detailed description of the underlying Markov process, which may have an infinite dimensional state space.
Next, we will show that the process {(y(7n, %), )}, cn, is @ time-inhomogeneous Markov chain, provided that
the elements of the sequence {7, }nen, are regarded as stopping times. By the end of this section, we will include
a so-called signal process with the purpose to fix the previously mentioned non-homogeneity.

Let us denote the homogeneous transition probabilities {p:}:>0 of the aforementioned Markov process

{y(ta x)}tZO by:

pt(Bly(s,z)) =P(y(s+t,z) € B| F,), V BE€ Bo. (3.2)
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Also, consider the set B(Q) consisting of all measurable functions from O to R. In the same manner, let B, (Q)

be the subspace of B(Q) given by all bounded measurable functions from O to R endowed with the uniform
norm ||-||. Finally, let us denote by Cy,(Q) the space of bounded and continuous functions over Q.

Assumption 3.1. We assume that for each h € B,(0), the mapping

(t.2) /@ h(w)pe(duwlz) = E[h(y(t,2))]

is measurable.

The transition probabilities {p;}:>0 satisfy the Chapman-Kolmogorov equation: for each ¢,s > 0 and h €
By(0) we have

/@ h(w)prs(dulz) = /@ /@ h(w)pe(dw|2)pa(dz]a). (3.3)

Note that (3.1) is equivalent to the following Markov property in the functional form:
E[h(y(t + s, a:))|.7-"s} = E[h(y(t + s, x))|y(s,x)] YV h € By(0). (3.4)

Thus, we define a semigroup of operators {®,(t)};>o over B,(Q) with a given discount factor a: > 0 is fixed by
Bo(Oh(z) = [ e h(w)pi(dule) = Blehyt.a)), (3.5)

for each t > 0, h € B,(0) and « € Q. This semigroup satisfies the next properties:
(a) (semigroup property) ®,(0) =1 and @, (t)P,(s) = ®o(t +s), ¥V t,5 > 0.
(b) (contraction property) || (t)h]| < ||h]l, ¥t > 0 and h € B,(0).
(¢) (monotony) @, (t)h > 0 whenever h > 0.

3.1. The signals

As we mentioned earlier, our system can only be stopped at some specific random times that we will call

signals. In order to model these times, we first introduce a sequence of i.i.d. random variables 77,75, ... in R
with common distribution po such that 1o({0}) = 0 which in turn are independent of the process {y(t,z)},~,-
The sequence 17,75, ... represents the waiting times between two consecutive signals. B

Let us consider a constant zg > 0, which will be interpreted as the elapsed time since the last signal happened
up to time 0. Hence we define the signals after time 0 as follows: 7 is a reference initial time equal to zero; 71 is
independent of the sequence Ty, k = 2,3,... with distribution s, (-) on Bg, defined over any interval [a,b) C R
by

tizo([a, b)) = P(71 € [a,b)) :==P(T1 — 29 € [a,b) | T} > 20)
_ P(T1 — 20 € [a,b),Tl > Zo) . uo([a+zo,b+z0))

P(Ty > 2p)) B #o([z0,00))

Finally, we define 7,, recursively by

Tn i =Tpn1+Th =1 + ZTk’ for all n > 2.
k=2
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Throughout this work, we shall assume that 7,, = 7 := 00 as n — 0.

Remark 3.2. (a) Due to po({0}) = 0, the sequence {7, },,>0 is strictly increasing a.s.
(b) The case when the elapsed time is zo = 0, reduces 7, = Y, . ,, Tk, for all n € N and the distributions
Uz, and po agree. T

(¢) On the contrary, when zo > 0 the signals turns out to be —zg, 71, 72, . . . but by convention and in accordance
with the starting time of the process {y(t, x)};>0 we have defined 79 = 0. In the case zo = 0, the signals
T0,T1, ... and the times 0,77, -- coincide.

(d) The assumption of 7, — 0o as n — oo is a common property for specific instances of Markov processes
such as the Poisson random measure of the well-known Levy’s processes, see Remark 1.3 in [11], p. 2.

Continuous time signal process. Alternatively, we can track continuously the evolution of the signal sequence
{Tn}n>0 by means of the process {z(t, 20) },~, that measures the elapsed time since the last signal with initial
condition zq at time 0 (see Fig. 1). The definition of this process is given next:

ot 20) = t+ 29, te€[0,7m); (3.6)
o t—7Tn, tE€[Th,Tht1), VneN. '

On the other hand, the elements of the signal times sequence {74 }ren can be regarded in terms of the process
z(+, 2z0) as follows:

T = inf{t > 71 | 2(¢,20) =0}, k€N (3.7

which will be useful for Lemma 3.4 below.

Remark 3.3. Without loss of generality we assume that, for each t € R, F; is large enough so that it contains
the sigma-algebra o(z(s, zg) : s < t) for all t > 0. Consequently, the process z(t, zp) is Fr-adapted.

Lemma 3.4. The nonnegative random variables {7,}n>1 are stopping times with respect to the filtration
{]: t}tZO'
Proof. We will proceed by induction: For n = 1, due to (3.7) we have

71 :=inf{t > 0| (¢, z0) = 0}.

Using Theorem 2.36, p. 53, in [19] we get that 7 is a stopping time, because {z(t, zo) }+>0 is right-continuous
and {0} is a closed set. Let us now consider n > 1 and suppose that 7,,_1 is a stopping time. Since the signal
times 7,’s are strictly increasing, we have that z(t, z9) =t — 7 if and only if ¢ € |7k, Tk+1). Then

Tn <t < t € [Ttk Tntk+1), for some k >0
< z(t,20) =t — Tntk, for some k >0 < z(t,20) <t —Tp_1.

Hence,

{rn <ty ={2(t,20) <t—maa}= |J {2(t.20) <g<t-—mo}. (3.8)
qeQt, g<t

The right-continuity of the filtration {Fs} ., implies that 7,,_; is a stopping time relative to such filtration if
and only if {r,,_1 < s} is Fs-measurable for all s > 0. Hence, the right hand side of (3.8) is F;-measurable due
to {z(t, z0) < q} is Fy-measurable for all ¢ € QF, ¢ < t and {7,_1 < t — ¢} too, due to the induction hypothesis.
So we conclude the proof. O
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Since the process {y(t,z)}i>0 is homogeneous-time strong Markovian, the process {(y(t,z),t)}i>0 is also
homogeneous-time strong Markovian, in addition, its transition probabilities are given, for all C' € Boxr, , by

P((y(t+ s,x),t+s) e’ | (y(s,x),s)) = /(ch(w,t—k s)pt(dw | y(s,:z:)). (3.9)

3.2. The embedded Markov chain

In the following paragraphs we analyze a discrete-time process {X,}necn, that is defined through the
observations of the continuous-time processes {(y(t,z),t)}i>0 and {z(t,z0)}i>0 just at the signals 7,;
that is,

X, = (y(Tn,$)7Z(Tn,Zo)7Tn) VvV n € Ny, (3.10)
with Xo = (z, 20,0). Note that the state space of this process is @ x Ry x Ry which we endow with the Borel
o-algebra Bp ® Br, ® Bg, . In addition, we associate this process with its natural filtration G, = (X, : 0 <

m < n). This process is indeed a homogeneous Markov chain as is stated in Theorem 3.7 below. To prove this
last assertion we first need the following lemmas.

Lemma 3.5. For any fized n € N and s > 0, we have that the sigma algebras o(Gy,,y(mn + s, ), T, + ) and
0(Th41) are independent.

Proof. Let f € Cp(0), and g,h € Cp(R4). By Lemma A.12 we can take a sequence of denumerable valued
random times 7/ such that 7% | 7,, and 77 are independent of T},;1. So, we have that

E[f(y(x,2))g(Tn)h(Tns1)] ZE Loy f(y(s, 2))g(mn) M(Thia)]
= ZE )] E[Lirr—sy9(70) 2(Tri1)]
- ZE E[l{rkfs}g(Tn)} E[h(TnJrl)}

- ZE S {,C 1{7"*5}9(7—71)] E[h(TnJrl)] = E[f(y(Trlf’ x))g(Tn)] E[h(TnJrl)]

Due to the right continuity of y(s,z) together with the continuity of f, we get that f(y(7*,z)) = f(y(7n,z))
a.s. Hence, the boundedness of f leads us to apply dominated convergence to obtain

E[f(y(ry, 2))9(tu)(Tns1)] = E[f (y(7, 2))9() h( T )]

on one hand, as well as

E[f (y(7y,2))g(7a) E[(T41)] = BIf (70, 2))g(7)] E[(Tn1)]

on the other hand. Therefore by the uniqueness of the limits we obtain

E[f (y(7n, ©))g(m)2(Tn11)] = Elf (4 (70, 2)) g (7)) E[R(T11)]- (3.11)

Let H be the set of all functions f € Cy(0) satisfying the relation (3.11), for fixed functions g,h € Cp(Ry).
This set will actually be the one given in part (1) of Corollary A.4. On the other hand, by taking a sequence of
fmeHN C’;r (0) in such a way that f,, T f for f finite, we can use a simple monotone convergence argument, to
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prove that f € H, which guaranties part (2) of Corollary A.4. Thus, in virtue of this aforementioned corollary,
we claim that the condition (3.11) can be extended to all measurable functions f. In the same manner, we can
repeat the same last argument to extend the relation (3.11) for all measurable functions g and h.

The rest of the proof focuses on the above argument for a sequence of vectors {(7§, 75, ..., 7% 7% + s)}ren
with denumerable-valued components that pointwise approximates the vector (0,71,..., Tn,Tn + 8). Then, for

suitable functions f € Cy,(0"*2), g € C,(R""?), and h € Cy(R,.), we can apply the arguments above to get
E[f(y(TéCa x)v ce >y(7-rlf =+ s, x))g(O, ceesTn + S)h(Tn+1)]
=E[f(y(r5, @), y(rs +5.2))g (0., 7 + 8)] E[A(Tns)]- (3.12)
Letting k£ — oo in (3.12) we deduce the independence

E [f(y(7-07x)’ se . 7y(Tn + 3,-77))9(07 o, Tt S)I’L(Tn+1)}
=E[f(y(r0,2),...,y(Tn +5,2))g (0,..., 70 + 8)| E[A(TH11)] .

Using again Corollary A.4, we can also deduce the independence (3.12) for every measurable functions f, g, h in
the same way as in the scalar case, and thus the proof is fulfilled. O

The next lemma concerns the Markov property of some elements of the process { X, },>¢. Before establishing
it we first introduce the following o-algebra and the definition of the strong Markov property.
Given a stopping time 7 in R, we define F, by

.FT Z{AG}-AQ{TSt}G}_t, tER+}
The strong Markov property is expressed as
P(y(T"’_t’m) € B|]:T) = P(y(T+t>$) € B‘y(T,SU))7 t>0, BeF,

for each stopping time 7 in R,.

Lemma 3.6. The discrete-time process {(y(Tn, ), Tn) tnen, @ @ time inhomogeneous Markov chain with respect
to the filtration G,. Furthermore, for every C € Bg ® Br, and n > 0, we have

P((y(7n+1az)77—n+1) e C } (y(Tnvx)aTn)) = A /()10(w77n+t)pt(dw | y(Tnax))Mz(‘rn,zo)(dt)' (313)

Proof. We will start with providing the proof of (3.13). For this end, take n € N as well as a countably valued
sequence of random times T)¥, ,, such that T}, | | T, (see Lem. A.12). Let f € C,(O x Ry.) and let us write
9(t) == E[f(y(rn + t,2), n + )| (y (70, ), 70)] -

Using the T}, 1-measurability of T)* 1 given in Lemma A.12 as well as the independence result of Lemma 3.5,
we get

E[f (y(7n + Tns1,2), 7 + Ti41) | (4(7n, 2),70)]
= ZE[]-{TJ:+1:5}JC(y(Tn + S,.’E), Tn + S) ‘ (y(Tn,l'),Tn)]

= ZE[f(y(Tn + Saw)ﬂ—n + 5) | (y(Tn,$)aTn)]P(TTILC+1 - 8)

= g(s)P(Th,, = 5) = E[g(T},))].
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Due to the continuity and boundedness of f as well as the right-continuity of ¢ — (y(7, + t,2), 7, +t), the
dominated convergence for conditional expectation (see [20], Thm. 5.5.5, p.223), yields to g(T%, 1) = g(Tn41),
when k — oo. In addition, it is easy to verify that supy, [g(T%, ;)| < | f|| and then, by dominated convergence,
we can deduce E[g(T%, )] = E[g(T,41)]; that is

> g(s)P(Thy, =) %/R 9(s)P(Thi1 € ds). (3.14)

On the other hand, by similar arguments, we get that

E[f(y(Tn + TrIerlvx)an + TrIerl) ’ (y(Tnyx),Tn)} - E[f(y(Tn + Tn+1a£)a7'n + Tn+1) ’ (y(Tn,l‘),Tn)],

when k& — co. Then, we deduce the next equality for all f € Cp(O x Ry):

E[f(y(Tn + Tn+1a 33); Tn + Tn+1) ‘ (y(Tnv x)a Tn)]

= /]R E[f(y(Tn +8,2),Th + s) ’ (y(Tn,x),Tn)]P(Tn+1 € ds). (3.15)

Now let us proceed as in previous proofs. Namely, let H be the set of all functions f € C,(O x Ry ) satisfying
the relation (3.15). This set will be actually the one given in part (a) of Corollary A.4. On the other hand, by
taking a sequence of f, € HN C;r(@ x Ry) in such a way that f, 1 f for f finite, then we can use a simple
monotone convergence argument, to prove that f € H, which guaranties part (b) of Corollary A.4. Thus, in
virtue of this aforementioned corollary, we claim that the condition (3.15) can be extended to all measurable
functions f : O x Ry — R. Hence, by the strong Markov property and choosing f = 1¢ with C' € Bp ® Bg, in
(3.15), we obtain (3.13) for the case n > 1. In the same manner, for n =0 in (3.15), we get

E[f(y(ry, z),m) | ,0] = / E[f(y(s,2), ) | ,0]P(n € ds),

Ry

from where we obtain again (3.13) by choosing f = 1¢.

To prove the Markov property, we note that o(y(7,,x),7,) C G, C F,,. Namely, the first contention is
straightforward whereas the second follows from Corollary A.15. Using this fact together with the strong Markov
property of the process (y(t,x),t), we get

=

[f(y(Tn +8,2), Tn + 3) | y(Tnvx)an]
f(y(Tn +5,2), T + 3) | y(Tnvx)an] | gn]
f(y(Tn +5,2),Tn +3) | ]:Tn] | gn] = E[f(y(Tn +5,1), Ty + 5) | gn]

Hence g(t) = E[f(y(rn + t,x), 7 +t) | G»] and thus by (3.14) and (3.15) we can prove as above that
E[f (y(m + Tor1,2), 7o + Tog1)1Gn] = lim B[f (y(rn + Ti1,2), 7o+ Tiit) | G
= Jm S gPTE =9 = [ (P (T €
s +

= E[f(y(Tn + Loy, x)an + T7L+1) } y(Tn,JS), Tn]v
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from which we get the Markov property after taking f = 1¢ for C € Bp ® Bg_; i.e.,

P((y(Tn-&-lax)an-i-l) eC | y(Tnax)aTn) = P((y(Tn-&-lam)ﬂ-n-i-l) eC ‘ gn)

O

Equation (3.13) and Lemma 3.6, show that the process {(y(7n,Z),Tn)}nen,, With initial condition
(y(70,2),70) = (x,0) is an inhomogeneous Markov chain, since its transition probabilities depend on the ran-
dom variable z(7,, z9) at stage n. However, by adding to this chain the extra variable z(7,, 20) as part of its
components (i.e. by considering now the process X, == {(y(7,,2), Z(Tn,Zo),Tn))}neNO with X = (x, 20,0)) it
is sufficient to guarantee that this new one is homogeneous. This fact is established in the next theorem.

Theorem 3.7. The process {X,}
given by

nen, U8 a time-homogeneous Markov chain with transition probabilities

(X, €D | X,) = / / 1 (w,0, 7+ D)pe (dew | y(r ) 11sy oy (A1), (3.16)

for all D € Bo ® Br, ® Br, .

Proof. Take some A € Bp, and B,C € B, . By Lemma 3.6 and recalling that z(7,, z9) = 0 for n > 1 (see (3.6)),
we can deduce, for all n € Ny,

P(X,11 € AxBxC|Gy) =110epP(y(Tnt1,2) € A, 7ny1 €C | Gn)

= 1{0€B}P(y(7'n+1,x) €A1 €C | x, 20,0,y(71,2),0,71,. .. ,y(Tn,CC),O,Tn)
= 1{0€B}P(y(7'n+1,x) €A Tp €C | y(Tn,m),Tn)

= 1{0€B}P(y(7'n+1,x) €A Tp €C | y(Tn,x),z(Tn,ZO),Tn)

=P(X,11 €EAxBxC|X,).

From the above and using again Lemma 3.6, we obtain
P(Xn+1 € Ax BxC | X,)

= 1{0613}/]R /@1Axc(an + )pe (dw | Y(Tn, ) fz(r, 20) (AL)
+

_ / / Lase 5 (10,0, 7 4 8)pe (Qw | (7 2)) 1m0y ().
Ry JO

Finally, we extend the above relation using monotone class arguments (see Lem. A.1). O

Note that (3.16) implies that
E[h(X1)] :/ /h(w70,t)pt(dw]x)uz(](dt)
R; JO

for any measurable function h € L;(2,F). In particular for h(w,z,t) = e **v(w, z) where v is a suitable
measurable function, we get by (3.5) and the above relation

E[h(X))] = /R oot /@ o(w, 0)pe (dw | )1z (dF) = /R B (£)0(, 0)piny (d2). (3.17)
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4. THE OPTIMIZATION PROBLEM

We consider now the optimal stopping time problem with constraints in which we can or never stop the process
y(s, ) at specific times given by the signal sequence {7, }nen, -

For the case in which we never stop the process, i.e. {f = oo}, we shall assume 7,, = oo, which is consistent
with the assumption mentioned in the preliminaries; namely, lim,,_, o 7, = Too 1= 00.

We begin this section with the following ancillary lemma that uses the following definitions:

goo = U(UnGNogn) and »Foo = J(UtER+ft)'
and
R, =Ry U{oo} and Np:=NjU{oo}.

Without loss of generality, we can take F = F,, — this is because F is a o-algebra containing all F;, t > 0.

Lemma 4.1. Let 1 be a stopping time with respect to the filtration {G,},ex, such that z(7,,20) =0, a.s. on
{n < oo}. Then 7, is a stopping time with respect to {Fi}cp, -

Proof. Let n be a stopping time with respect to {Gn},,cx, such that z(7,,20) = 0 on {n < co}. By the proof of
Lemma 3.6, we know that G,, C F,, for n € Ny. But this is also true for n = oo, in fact, we have that

me:{AE‘FOO:Aﬂ{TOOSt}E.Ft, t€R+}.
But,

— Q)a t€R+,
{T‘X)St}_{ Q, t=o0c.

Hence, given A € F, we get

An(m<n={ § {5

Therefore, A € F,__, which implies Foo = Fr_. Then, since G, C F,, C F for all n € Ny, we obtain G, C
Foo = Fr_ as desired. -
On the other hand, for t € R, fixed, we have

{rm<tt=J{n=nm<t} (4.1)

nENo

Since {n =n} € F,, for all n € Ny, we get

U=nmn<tier

nENo
which implies {7, <t} € 7, and thus 7, is a stopping time w.r.t. {Fi},cp, - O

Let us now introduce the next family of admissible stopping times defined over the signal sequence.
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Definition 4.2. An admissible stopping time with constraints or simply admissible stopping time is any stopping
time 6 with respect to the filtration {F;},.z such that there is a stopping time n with respect to {G, } SO
that 8 = 7, and 2(7,;,20) = 0 on {n < co}.

nENo

Remark 4.3. (a) By Lemma 4.1, we can identify any admissible stopping time with constraints 6 with a

stopping time 7 with respect to {Gn},ecx, such that z(7,,20) = 0 on {n < oo}. Whereas for the case

0 = oo, we just take 1 equals oco. Also note that we do not care about z(0o, z9) because we never consider

this evaluation on the cost functions (2.1) or (4.2) below. In this sense, we will use discrete-valued stopping
times 7 instead of continuous-valued stopping times 6 to represent the admissible stopping times.

(b) Whilst in [16-18] the authors distinguish between admissible stopping times and zero-admissible stop-

ping times. However in our model the condition z(7,,20) = 0 in the above lemma allows us to make no

distinction by unifying the cases zy = 0 and zp > 0, for which 7 takes values in either Ny or N, repectively.

Let us keep the notation B(X) of all measurable functions on the (generic) set X. The subspace of all
nonnegative measurable functions will be similarly denoted by B (X). With this in mind, let us now introduce
the total cost function J that considers both a running cost function f € B*(Q) and a final cost function
@ € BT(0). Tt is worth mentioning that our problem assumes that only costs can be generated on the signals
{Tn}nen, but not between them, then it is clear and net that our cost to be optimized becomes a (discrete) sum
rather than an integral. The accurate definition is given next:

Definition 4.4. For all z € O, zy > 0, and admissible stopping time 7, we define the total cost function

-1

J(z, 20,1 [ e (Y(Th, @) Lz 20)=01 + Lin<ocye” T (y(my, @ ))} (4.2)
=0

3

3

Thus, if 29 = 0, then z(7,,2¢) = 0 for all n € Ny. Therefore, n > 0 and

J('T 0 77 |: Z e f Tny JJ)) + 1{n<oo}e_a7—n<p (y(Tm x)):l .

On the other hand, if zg > 0, then z(79, z0) = 20 > 0 and z(7,,, 29) = 0 for all n € N. Hence, > 1 and

J(z, 20,7 [Ze 0T f (Y(Tns ) + Liyeoore ™0 (y(1y, @ ))}

The optimal cost is then
J*(x, 20) mf{J x, 20,M) | 7 is admissible}. (4.3)

It is important to say that the above problem is well-defined as there exists more than one stopping time,
say the constant (with respect to the variable w) n = 1, such that J(z, z9,1) < co for every (z,20) € O x Ry
and provided that E[e™* ¢(y(71, z))] < oco. Sufficient conditions to guarantee that the cost J is finite for every
admissible stopping time will be given in later subsections, under mild assumptions on f and ¢.

5. EQUIVALENT DISCRETE-TIME MARKOV DECISION PROCESS

The aim of this section is to introduce an ancillary discrete-time control problem whose dynamic involves
the discrete-time homogeneous Markov chain {X,, },en, defined before. We will explore our Markov decision
process (MDP) under study and will see, among other facts, that such a process is quite robust in the sense that
include both cases: when the signal is allowed at time zero (z9 = 0) or when it does not (zp > 0). This paradigm
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somehow simplifies the modeling in previous literature as we do not have to distinguish between models in which
it is mandatory to consider a signal at time zero and models whose stopping is not allowed at that point — see
Menaldi and Robin [16-18].

Going back to the cost function (4.2), there are three elements in it that evolve from time to time. Namely,
the process y(7,,x), the signal indicator 1.(7,,20)=0 and the discount factor e=*™. So, our MDP model must
be large enough in order to contain all these elements. With this in mind, we next introduce the elements
conforming the aforementioned MDP.

(a) The state space is denoted by E = O x R} x Ry U{9}, with Borel o-algebra By, and where 9 is an absorbent
state not contained in @ x Ry x Ry.
(b) The action space is just A = {0,1}, and given £ € E the admissible action space becomes

{0}, €=(0,21)#£0, and >0,
A)=<¢ A, &= (z,2,t)# 0, and z =0, (5.1)
{1}, £€=0.

(c) A transition kernel @ defined as follows: for all D € Bg, £ €E, a € A

/ 1p(y,0,t+ T)pr(dy|$)ﬂz(dr>1{0}(a)> §=(, Z>t) # 0,
Q(DI§, a) = OxRy (5.2)

dro1(D), £E=0 or a=1.

(d) A cost function ¢ : E x A — R, given by

e - [T IEL0 )+ @ @] 10 (), €= (20 £,
7)o, £E=0, or z>0.

Let us define now the set of feasible state-action pairs by

K= {(6,a) | € €E,a € A},

which is a measurable subset of E x A. Observe that K contains at least the graph of a measurable function
from E to A. Namely, consider the function g(§) = 0 if £ # 0 and g(§) = 1 if £ = 9. This function satisfies
{(€9(0) €€ E} CK.

For each n € Ny let us define the space H,, of admissible histories up to time n as Hy := E and
H, =K'xE=KxH,_;, VneN (5.4)
Observe that for each n, H,, is a subspace of
H, =ExA)"xE=(ExA)xH,;, VneN
and Hy := H, = E.

We also consider the set IT of deterministic polices m = { gn}nGNo given by measurable mappings g, : H,, — A

satisfying g,,(h,) € A(&,) for all h,, € H,, of the form (&, a9, ,&n_1,an_1,&n). Let Ho = (E x A)> endowed
with its corresponding product o-algebra Ho,. A simple use of the Ionescu-Tulcea theorem (see for instance
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Proposition C.10 in [21]) ensures that for any given measure v over E, and any policy 7 € II, there is a unique
probability measure P7 on (Hu, Hoo) — indeed, it is supported on H,, := K* by definition of g,, satisfying

Py (¢ € D) = v(D), (5.5)
Pl(an € C | hy) = 14g, (h)ecys (5.6)
Pg(gnJrl €D | hnaan) = Q(D | §naan)7 (57)

for all D € Bg, C C A, and where &,, a,, stands for the projections of H, onto its respective n-th coordinates,
whilst h,, is the projection onto the history H,, given by:

hn (@) = (£0(®), ap(@), . .., an-1(©),&n(@)) = (Do, @1, .. . D2n—1,@2n), ¥V © € Hu.

We denote by E] the expectation with respect to PT.
On the other hand, let us consider the following cost function

o0

L(v,m) =E" [Z (&n, an)}, vr e IL (5.8)

n=0
Also, let the optimal cost (value function) be given by
L*(v) =inf{L(v,7) | m € II}. (5.9)

Remark 5.1. The Markov decision process (MDP) above is formulated in a weak sense because the probability
space involved in this model is just (Hoo, Hoo, P7), and its structure was built in terms of “primitive” elements
including the transition kernel @, the initial distribution v, and the control policy 7. However, in what follows,
we will see that, when the initial distribution in (5.5) is v/(-) = (4,2,0)(+), the Markov chain { Xy, },.en, together
with an arbitrary stopping time 7 (with respect to the filtration {G,},cx,), both imply the existence of a
deterministic policy m € Il and a new state-action process that fits with our MDP above, in particular, the
relations (5.14) to (5.16) below are satisfied. In other words, each pair ({X,}nen,,”n) implies the existence of
7 € II, so that the paths of a state-action process (see (5.10)—(5.11) below) will belong to the set H,, and whose
transition probabilities satisfy the aforementioned relations.

To begin with, let 7 be an admissible stopping time and £ = (2, F,P). Think of a discrete-time model Y,
that tracks the evolution of X, up to the stopping time 1, and then enters into an absorbent state 0. This is
the MDP we will construct in the following lines, adding the action process {Ay, }nen,, which indicates whether
the process moves forward or is stopped. Let us define the aforementioned processes by

An(w) = 1{n§n} (o.)) (5.10)

for all n € Ny, w € Q. Note that A,, =0 for all n € Ny if and only if n = occ.
Also, we define

Xo(w): (vaO’O)v n =0,
Yo(w) = Xp(w) = (y(7a(w),2)(w), 0, 7 (w)), Ap_1(w) =0, (5.11)
aa An_l(w) = ]_,
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for all n € N and w € Q. Note that A, takes values on the measurable space (A, 2"), whilst Y, takes so in the
space E =0 x Ry x Ry U {0} endowed with the o-algebra Bg. Together with these processes, we also define

So=Yy and S,(w):= (Yo(w),AO(w), . ,An_l(w),Yn(w)) VneN, we,
which is contained within the measurable state space (H,,, H,,) defined in (5.4).

Next, we will prove that the process {Sp }nen, 18 {Gn }nen,-adapted. Essentially, the idea is that if we know
the process has not been stopped up to time n — 1, then Y, is not at the absorbent state 9, and vice versa, if we
know Y,, is not at the absorbent state, then we can deduce that the stopping time 7 occurs strictly after n — 1.
For easy of notation, in what follows we will omit the variable w. Indeed, for every n € N, we have

{n>n—-1} ={n>r, Yr=0,---,n—-1}

5.12
:{S :(XO,O,Xl,-~~7Xn—1707X'n)}3 ( )

meanwhile
fn<n-1} = {Y,=0} (5.13)
Hence, we have that for all D € Bg and k < n:
YeeDin{n>n—-1}={X, e D\ {0}}n{n>n—-1}
and
MeeDin{n<k—-1}={0eDin{n<k—1}

which proves that {Y;, € D} € G, since X}, is G,-measurable for all k < n and 7 is a stopping time with respect

to {Gm }mer,- This latter fact also implies that A1 = 1{,<x_1} is G,-measurable. Hence, we have (Ag_1,Y%)
is G,-measurable for all 1 < k < n, so in virtue of So = Xy is also G,, measurable we get .5,, is G,,-measurable
for all n € Ny, which proves the above assertion.

The proof of the next proposition uses the following concept: We say that two o-algebras G and H are equal
on Bifandonlyif Be GNH and BNG =BNH.

Proposition 5.2. Consider the Markov chain { X, }nen, with initial condition (z, z,0), and take an arbitrary
admissible stopping time n. Then, there exists a sequence of measurable functions {gn}nen, from H, to A,
associated with the state-action process {(Yn, An)}nen, (5.10)=(5.11), so that the following relation holds in
terms of the probability measure P in E:

P(YO € D) = 5(m,zo,0) (D)7 (514)
P(A, € B|S,) = 144,(5,)eB}> (5.15)
P(Ya+1 € D|Sy, 4,) = Q(D|Y,, Ay), (5.16)
and
gn(Sn) € A(Yy), (5.17)

for alln € Ny, D € Bg, B C A.
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Proof. The relation (5.14) is straightforward. To prove (5.15), we will invoke Lemma A.10, so in the following
lines we will demonstrate that its corresponding hypotheses are satisfied. Indeed, by (5.12) and (5.10), we have
that

A={S,=(X0,0,...,X,-1,0, X))} ={n>n—-1} ={A,_1 =0},
then A € 0(S,) NG, = o(S,). Now observe that A° € ¢(S,,) and
A°={np<n—-1}={4,.1=1,4, =1} (5.18)
Indeed, first note that n <n — 1 if and only if 1 = 1y,<,,_1} = A,,—1. Besides, we have
{4,-1=1} C{A, =1}.
Therefore, we get {n <n—1} ={A,_1 =1} ={A4,-1 =1, 4,, = 1} as desired. Then, for all B C A, we get

1ao-P(4, € B| S,) =P(A°, A, € B| S,,) (5.19)
= P(AC71 €B ‘ Sn) = 1{1eB}1AC = ]-{AneB}]-AC-

On the other hand, given sets Dy,..., D, € Bg and By, ..., B,_1 € A we have

Aﬂ{SnED()XB()X...XDn_lXBn_1XDn}
:Am{(Xo,O,...,Xn_l,An,Xn)€D0><Bo><...><Dn_1 X B,_1 XDn}
:AQ{XOEDo,...,XnEDn}ﬂ{OGBo,...,OEanl},

which is in ANG,, and so, ANo(S,) C ANG,. Also, we get
Aﬂ{Xo €Dy,...,X, GDn}:Aﬂ{YO €Dy,....Y, EDn},

which is in ANo(Sy,). Thus ANG, C ANa(S,), and so, o(S,) = G, on A. Hence, by Lemma A.10, we obtain
the first equality in (5.20). Additionally, since A,, is G,-measurable and by properties of conditional expectation,
we obtain the second equality in (5.20)

]-AP(An €eB | Sn) = lAP(An eB | Qn) = l{AneB}lA- (520)
Using the above and (5.19) we get

P(An €eB | Sn) = 1{A,,,€B}7 V n € Ny, (5.21)
which proves that A,, is S,-measurable. As a consequence, there exists a measurable function g, : H,, — A such
that ¢,(S,) = A, for each n € Ny. Now, we will show that g,(S,) € A(Y;,) for all n € Ny (see (5.1) for the
definition of A(Y},)). Due to (5.13), we get Y,, = 9 if and only if A,_; = 1 which implies A, =1 = g,(S,) €
A(Y,). We know that when Y,, # 0 the second component of Y;, is not zero only when n = 0. So, we analyze
this case: let zg > 0, then n > 1 and so Ag = 0 = go(So) € A(Sp). Therefore,
gn(Sn) € A(Y,), V n € Ng.

Thus, we obtain relation (5.17).
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It remains to prove the relation (5.16). First take D € By and note that {4, =1} = {A, = 1,Y,,41 = 0},
then

1{A71:1}P(Yn+1 eD | Sn,An) = P(A" =1, 0€eD | Sn,An) = 1{6€D}1{An:1}' (522)

In the same manner, we obtain {A, = 0} = {n > n} = {n < n}° = {4, = 1}° € 0(Sn, 4n) N Gy, because
{n <n}°eg,and {4, =1}° € 0(Sy, Ay); and as in the first part of the proof, we can show that o(S,,, A,) = G,
on {A, = 0} that is the same to say that when A,, = 0 the information provided by o(S,, A,) is equal to G,.
Furthermore, we have that 1ty . epy = 1{x, ,ep} on {A, = 0} by (5.11) then, again by Lemma A.10 and the
Markov property of {X,} we get

n+1
neNg ?

1(a,=0yP(Yot1 € D | Sy, An) = 1qa, =0y P(Xop1 € D | Gy)
= 1{An:0}P(Xn+l €D | Xn) (523)

Comparing (5.22) and (5.23) with (5.2) and using the homogeneity of the chain {X,}, oy, we get (5.16). O

The next theorem is a key point for giving solution to our optimal stopping problem. It provides a kind
of bijection between the set of optimal stopping times with respect to the filtration {G,}, cx, and the set of
deterministic control policies II in terms of the cost functions (4.2) and (5.8).

Theorem 5.3. Consider the cost functions J and L defined in (4.2) and (5.8), respectively. Then, for any
ingtial condition of type & = (x,20,0) € E\ {9}, the following statements holds true:

(a) For any admissible stopping time n with respect to {G,}
that

neR, there exists a deterministic policy w € II such

J(x,z0,m) = L(&, ). (5.24)

(b) For any deterministic policy 11 there exists an admissible stopping time n in Ny with respect to {G,}

nENo
such that the equation (5.24) remains unchanged.

As a consequence, we obtain

J*(x, z0) = L*(x, 20, 0). (5.25)

Proof. (a) Let us take an admissible stopping time 7. Then, the discrete-time process Yy, Ag,Y7,... is well
defined, which depends on 7 as in (5.10)—(5.11) and we take {g, }nen, as in Proposition 5.2.

The mapping ¢, : @ — He, given by 9, (w) = (Yp(w), Ao(w), . ..) is measurable due to Lemma A.9. Let P,
be the induced measure over (Hu, Ho) given by

P,(C) =P, €C), C € He. (5.26)

Denote also by E, its corresponding expectation operator. We note that for any random variable ¢ on
(Hoo, Hoo, Pyy) we have

Engz/gdPn:/gd(Pmpgl):/go% dP = E[C o ). (5.27)
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We will prove that P, satisfies (5.5)—(5.7). First, note that

P, (& € B) = Ey[lgen] = E[lggen o ¥y = E[lyep] = P(Yo € B) = v(B). (5.28)
Also, we get
E, [1{an60}1{hneD}] = E[I{AnEC}l{SnED}]
= E[l{gn(sn)ec}l{SnED}] = En [1{gn(hn)ec}1{hnED}]’
yielding

Pn(an c(C ‘ hn) = 1{gn(hn)€C}- (5.29)

Moreover, using (5.26), (5.14)—(5.16) in Proposition 5.2, and the concept of conditional expectation, we get

E,[1te, . entin.enaccy] = B[Liv, . eny (s, enylia.ecy]
=E[Q(D | Yn, A) (s, ey l{a,ccy] = Ey[Q(D | &n,a0)1in, ey Lanecy ],

which implies
Pn(§n+1 €D | hp,a,) =Q(D | &nyan). (5.30)

Besides, by (5.17) we obtain

P,y (gn(hn) & A(&n)) = P(gn(Sn) € A(Y,)) = 0.

Hence, essentially 7 := {gn }nen, is an admissible policy. Now, considering the distribution v(D) = (5 5,,0)(D),
the transition kernel @@ and the policy 7, we can construct the probability measure PT over (H, Hoo) satisfying
(5.5)—(5.7). But due to (5.28)-(5.30), P, also satisfies the same relations, therefore, by the uniqueness of P]
due to Iunescu-Tulcea theorem, we assert that

PT =P, (5.31)
and so using (5.27) along with the definition of the cost function ¢ in (5.3) we obtain
o (o) o0
Eg [ Z C(ﬁm an)] = E|: Z C(fm an) © wn] = E[ Z C(Yna An)]
n=0 n=0 n=0
n—1
= E|: Z eiaTnf(y(Tny x))l{Z(Tn,Zg):O} + 1{’r]<oo}e7a‘rn§0(y(7-7]7 SL‘)) 3
n=0
which proves (a).

(b) Consider a deterministic policy m = {gn (hn)}nen, € II. Now define the process (Yy, Ao, Y1, ...) as Yo = Xo,
Ao = 90(Yo) = go(Xo), and for n € N as
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and
A =90 (Yo, Aoy, Yoo1, An1, Vo). (5.32)
Let us define the random time
n=inf{n € Ny | 4, =1}, (5.33)

with the convention that inf () = oo, which is the case when A,, = 0 for all n € Ny. Now we will prove that 7 is
indeed a stopping time with respect to {Gn },,cx,- Namely, first consider n € Ny and note that

(Apo1 =0} ={Yp = Xp} = {V = X0, ... Vi = X1} = {Ay_1 =0,..., Ay = 0}. (5.34)

The first equality follows from the definition of ¥ and A. The second one follows from the fact that if ¥; = 0 for
some j < n, then A; = ¢;(Yp,...,A4;,0) € A(9) = {1}, which would imply Y;;; = 0 and inductively Y,, = 0.
The third equality comes again from the definitions of Y and A.

Our aim is to prove that {n =n} = {A,-1 =0, A, = 1} is G,-measurable and the way to proceed is by using
mathematical induction on n. Namely, by definition, we know that Ag = go(Xo) is Go-measurable. For n = 1
we have that

{AO = O,Al (S C} = {Yl = Xl} n {gl(Yb,Ao,Yl) S C}
= {g0(Xo) = 0} N {g1(X0,0,X1) € C}

is Gi-measurable for any C' C A. Let us assume that {A,_; =0, 4,, € C} is G,,-measurable. We have that

{An, =0,4,41 € C} ={Ynt1 = Xog1,.. ., Y1 = X1} N {gn41(X0,0,..., X41) € C}
= {AO =0,...,A, :0}'m{gn+1(X0’0’...’0,Xn+1) S C},

is G,,+1-measurable because by induction hypothesis {4y =0, ..., A, = 0} is G,,-measurable. In particular, we
get

n=n}={A,_1=0,4,=1} € G,,

and so 7 is a stopping time with respect to {G,, }nen, -

We will now analyze the case n = oc. For this end, note that {n = oo} =1, cy,{4n = 0}. Based on previous
arguments, we have that {4, = 0} € G,, for each n € Ny. Hence, {n = 0o} € G, which entails that n is a
stopping time w.r.t. {Gn},ex, -

Now, we will prove that in fact A, = 1<y for all n € Ng. For this purpose, note that 1;,<,; = 0 if and
only if n > n if and only if Ag =...= A4, =0, and also 1y, <, = 1 if and only if Y,, = 0 if and only if 4, = 1;
that is 1;,<,y = A, for all n € Ny. So, it is clear that z(7,, z9) = 0 if 29 = 0, however, if 29 > 0 then A9 =0
and necessarily n > 1, which imlplies z(7,, 20) = 0. Hence, by Remark 4.3, n is admissible.

Finally, we can apply the arguments in part (a) of this proof in order to define first P,y and hence use
Proposition 5.2 as long with Ionescu-Tulcea Theorem to get P] = P, . Later use (5.27) to finally obtain (5.24).

Once we have established the equivalence in (5.24), we can easily conclude the veracity of expression (5.25).

O
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6. DYNAMIC PROGRAMMING EQUATIONS

In this section, we will analyze the dynamic programming equation (DPE) (6.5) below associated with the
Markov decision process (MDP) studied in the previous section. This analysis involves showing the existence of
solutions to this equation and its regularity in the sense to get a solution in the space C(0).

Recall that 71, appearing as an element of the sequence of signals {7, }nen,, has distribution

po([a+ z0,b+ 20))

pzo([a.0) = P(m € [a.b)) = === "3

and so, the expectation of 7, depends on zy. This dependence will be reflected in the next lemma. Also remember
that po({0}) = 0.

Lemma 6.1. For each zy € Ry and a > 0 the next inequality holds true
020 =E[e™ ] < 1. (6.2)

Proof. We have

o0 1 o0
2= / ™M g (dt) = ———— / e 750 g (dt) (6.3)
0

/’LO([ZO? OO)) 20
eOLZo

= /OO e o (de) (6.4)

to([20,00)) Jz,

for all z5 > 0, since by (6.1)

/OO 1[(1,5) (t — Zo)uo(dt).

to([20,00)) /.,

| v O an) =
0

If zg = 0, then given that po({0}) = 0 we get t — e~ ** < 1 pp-a.s, and hence

on :/ e o (dt) </ po(dt) = 1.
0 0

On the other side, for zg > 0 we have that

o0
[ ettty < e (o0, 00) < 1.

Z0
Finally, using (6.3) and the above inequalities, we get
eazo

oo [ et de) < 1.
to([20,00)) /zo po(di)

6.1. Regularity under continuous costs

In this subsection, we shall restrict our study to the case when both the running cost f and terminal cost ¢
introduced in (5.3) satisfy a certain grade of regularity (continuity and boundedness). It turns out that, assuming



20 J.-F. HECTOR AND V.-R. FIDEL

the Feller property of process {y(t,z)}:i>0, we can prove the same regularity properties for the solution of the
DPE (6.5) (or (6.9)) below. We begin with the setup of the aforementioned assumptions.

Assumption 6.2. (a) The process {y(t,z)}i>o satisfies the Feller property. That is, the mapping z +—
Joe " (y)pe(dy | z) = Pu(t)p(z) belongs to Cy(0) for every continuous and bounded function ¢ € Cy(0)
and all ¢ > 0.

(b) The running and terminal costs f, ¢ : @ — R belong to the set of nonnegative, bounded, and continuous
functions C;" (0).

We shall be interested in the next DPE:
v(x, 20) = A%nf 0){c(x,zo,0,a) + / e vy, 2)Q(dy x dz x dt | x,ZO,O,a)l{O}(a)}, (6.5)
acA(x,zp,
E\{o}

for each z € O and zp € Ry.

Remark 6.3. Equation (6.5) can be viewed as a specific case of the more commonly used equation in the
theory of Markov decision processes (MDPs) with undiscounted costs — see, for instance [22], Section 9.

f)(fo) = a€i£(20){c(§0’a) + ‘/]Eﬁ(f)Q(dé | 50,a)}7 50 = ($,2070) cE \ {8}7

07 gO =0.

(6.6)

for x € O and zp € R;. In the equation above, note that we restrict the initial condition to take only values
of the form £ = (z, z9,0). Namely, the relation between the solutions of (6.5) and (6.6) trivially obeys to the
following:

(6.7)

o2 () = m ) € B\ {9),
v(f){ Y

where v is the solution of the DPE (6.5). In fact, departing from equation (6.5), we can then pose this equation
in terms of ¥ as in (6.7) to obtain

i) = int {el6o0)+ [ o©QUE | S0}y @)

a€A(§o)

=t {elga)+ [ o0 | 6.0},

a€A(§o)

The second equality in (6.8) is due to the fact Q(d¢ | &, 1) = dsy(d§) and ©(9) = 0.

We will use equation (6.5) to seek existence, uniqueness, and regularity of the value functions J*, meanwhile,
we shall utilize the equation (6.6) to achieve the link between the DPE and our optimal stopping problem with
constraints and also to guarantee the existence of an optimal stopping time.

The definition of @ suggests another way to write the integral above; namely, by (5.2) and (3.17)

/ e *v(y,2)Q(dy x dz x dt | z, 29,0,0) = / e v(y,0)p(dy | )=, (dt)
E\{0} OXR,

_ /0 0 (t)o(a, 0)piay (D),



OPTIMAL STOPPING PROBLEMS WITH CONSTRAINTS FOR CONTINUOUS-TIME GENERAL MARKOV PROCESSES 21

then we obtain the next form of the DPE:

o(e,z0) = inf 070){0(95,20,0, a) + /0 o (t)u(a, O),uZO(dt)l{o}(a)}. (6.9)

For each fixed zg € R, we define the operator T}, : B, (0) — B; (0) as the right-hand side of the DPE;
i.e.,

Too(e) = _nf 0){0(:1:,20,0,(1) + /0 @a(t)v(:v)uzO(dt)l{o}(a)} VzeO. (6.10)

The next theorem provides some properties of the operator 15,:
Theorem 6.4. Under Assumption 6.2, we have for each zg € Ry.:

(a) The operator T, leaves invariant the space C; (0); i.e., for every v € C;7 (0), we have T,yv € C;F (0).
(b) T., is a contraction operator in the space Cyf (Q). Furthermore, it is monotone non-decreasing on By (0);
i.e, Toyu > Ty v for all u > v.

Proof. (a) Take v € C;f (0). Note that c(-, 29,0,a) € C; (0) since f,¢ € C; (0). Then, by Assumption 6.2,
boundedness of v and dominated convergence we see that the mapping

x — c(z, 29,0,a) + /000 Qo (t)v(2) a2, (dE) 140y (a) (6.11)

is nonnegative, bounded, and continuous for each zy € Ry and a € A(x, 20,0). Noting also that the set A in
5.1) is finite, so it is A(z, 20, 0) for every z, zp. Then, the continuity and nonnegativeness of the right-hand side
of (6.10) on O remains valid, in other words, the mapping T, v lies in C’gr (0), which proves (a).

(b) Let v,v" € C;f (0). Firstly, note that when z = 0,

T.,v(z) = c(z,0,0,1) A {c(:r,0,0,0) +/ @a(t)v(x),uo(dt)};
0
whilst zg > 0, we obtain
L.y0(0) = cla,20,0.0) + [ @altjo(oi, ().
0
Therefore, using Lemmas A.16 and 6.1, we deduce, for every zg > 0 that
[Tego(e) = T/ @) < [ e Bloly(t,2)) = o (ot )z ().
Hence,
oo
Toyv(@) — Tev'(2)] < / e sy (dt) lv — o' < 0 lv —2'|], YV2eO (6.12)
0

where the last inequality in the above procedure is due to the bound in (6.2). This implies that T, is a
contraction operator over C; (0). The monotony of T, follows easily by the definition of this operator. O
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In virtue of the contraction property of the operator T, in Theorem 6.4, and the fact of the completeness of

the space C’;‘ (0), we can apply Banach’s fixed point theorem to ensure the existence of a function, say v,, in
Cyf (0) so that

Uzo = TZO”ZO? (613)

which in turn guarantees the solution of the DPE (6.9). With this in mind, we claim the following corollary.

Corollary 6.5. The solution v(-,z0) == v,,(-) of the DPE (6.9), belongs to the space Cy (Q), for each zy € R..

7. SOLUTION OF THE STOPPING TIME PROBLEM

We have reserved this section as a connection between our optimal control problem (5.8)—(5.9), the optimal
stopping problem (4.2)—(4.3), and the solution of the DPE (6.5).

As a first remark, we can verify that Lemma 6.1 and Assumption 6.2, as long with the definition of ¢ in
(5.3), all together imply that there is a control policy 7 € II such that the function L in (5.8) is finite under this
policy when the initial distribution is v(-) = d¢3(-), § € E, and so the value function (5.9) is finite too. Namely,
assume first Assumption 6.2 and take m := {g,(hn)}nen,, With go =0, and g, = 1 for all n > 1. Plugging this
policy into (5.8), we obtain for all £ = (z, 29,0) € E:

L, m) = Eg[ > clén, an)] = f(x) + Ele™ M p(X1)] < f(2) + [lpl| Ele™™] < o0, (7.1)
n=0

where the last inequality is due to (6.2) as long with the transformation (5.27) and (5.31). We note that
L* < L(&, ) < 0o, which demonstrates the finiteness of the value function (5.9) when the initial distribution is
deterministic.

Next, we establish a technical result useful to show our main result later. Consider the function ¢ defined in
(6.7). This function allows to simplify the notation for the DPE and related expressions.

Lemma 7.1. Under Assumption 6.2, for each & = (z, 20,0) we have that:

(a) For alln € Ny and w € I1, the next holds true

0(&n) < c(nyan) + Ego [{)(fn+1) | hman]- (7.2)
(b) There exists a minimizer g*(-,20) : @ — A of (6.8) such that g (x) € A(z, 29,0) for all xz € Q.

(C) Let * = {g;kz} given by g;(hn) = g*(xnazn) if &n = (x7uzn>tn); and g:(hn) =11f &, =0, for all hy, =
(€0,a0,---,&n—1,an-1,&,) € H,, and n € Ny. Then, we have

ﬁ(€n) = C(fnaan) + Ego* [@(§n+1) | Ny an} Pgo*'a-s- Vv n € No. (73)
(d) For every w € II, we have
Ef [0(&0)] =0, as n— oo. (7.4)

Proof.  (a) From (6.8), if &, = (zn, 2n, tn), then we deduce

e_atnﬁ(l‘na Zn, 0) < e_atnc(xnv Zn, 0, an) +e % / ’O(f)Q(df | Ty Zn, 0, an)'
E
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But in virtue of (5.2), we obtain

ometn / B(E)QdElzn, 20, 0, an) Lo ()
E
=/ e~ F5(y, 0,0)py (dy|2,) s, (dE)
OxR4
- / 89,0, + )pe(dy | 20)pss, (d)
@XR+

= /]Eﬁ<§)Q(d§ | xn7znatnaan)]—{0}(an) = Ego [@(§n+1) I hnyan]l{o}(an>-

In the last equality above we have used (5.7). The cases a,, = 1 and &, = 0 are trivial. Thus we deduce
(7.2)

(b) Tt is clear that the action set A in (5.1) is finite, so is A(§p) for every & = (x, 2z0,0). Furthermore, the
definition of the cost ¢ (5.3), leads to ensuring that the mapping a — ¢(&o,a) + [; 0(§)Q(dE | &, a) is
continuous on A endowed with the discrete topology, then the result follows by the selection measure
theorem in Proposition D.5 in [21].

(c¢) From (6.8) and part (b) we obtain

8(En) = c(€ns g1 () + / S(E)QUE | En. gt (hn))], V¥ n € No.

Then, following the steps in part (a) we get (7.3).
(d) The idea behind this is to use the operator RZ° : B,,(0Q) — B,,(0), defined by

R h(x) = / " Do) (@) (1), (7.5)

which maps C;f (0) into itself by Theorem 6.4 and (6.11). First, it is easy to show that
RS Al < 02 [[RI], if h € By(0). (7.6)
Using (5.7), (5.2), (6.9) and (7.5) we get

20 [ﬁ(ﬁn)] = Ego [Ewo [ﬁ(gn) | h"_17 a”_l]]

e~ Otn_1 / P, (t)'f)(xn,l, 0, O)Mznf1 (dt)l{o} (anl)}
0

As above, we can apply the same argument to the mapping

§n—1 = (xn—la Zn—1, tn—l) > e ot R(Zln_l r[}(xn—la 0, O)
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and get a similar inequality as above. Hence, iterating the latter inequality, we get
o [0(6n)] < RZ(RY)™ i(x,0,0).
Since 9(+,0,0) = v(+,0) € C;7 (0), we use (7.6) and get
R (RO Lo(2,0,0) < (62)" 1 [|6(-,0,0)]| = 0, when n — oo,

due to o0 < 1.
O

The next result ensures that the value function L* in (5.9) is the unique solution of the DPE (6.9) in the
following sense.

Theorem 7.2. Let Assumption 6.2 hold true. Then, for each zy € Ry, we have:
(a) The value function L*(-, z,0) in (5.9) is the unique nonnegative solution that satisfies the DPE (6.9); i.e

U0 = it fe(w000)+ /0 @0 (1)L (2.0,0)p, (A1) 110y (0) 1

for all x € O.

(b) The mapping x — L*(x,z9,0) belongs to the space C; (0).

(c) There exists an optimal control policy 7* € I for the optimal control problem (5.8)—(5.9), when the initial
distribution is V() = 6z 2,.0)(*)-

Proof.  (a) Fixed 7 € II, we proceed to take expectation in (7.2) and then arrange terms to get

go [f)(fn)] < Ego [C(fm an) + 'ﬁ(fn+1)]
Iterating the last expression, we obtain

n

(&) < Eg, [ZC iy ar) +0 £n+1):|
k=0

— {)(EO) - Ego [f}(gn-‘rl < Efo {Z c €ka ag ]

k=0

Taking the limit when n — oo in the right-hand side inequality above, and then using (7.4), the
nonnegativeness of v and ¢, and thus the monotone convergence, we obtain

9(&) <E [ZCﬁk,ak } = L(&o, 7).
k=0
Since m € II was taken arbitrarily, we can deduce

v(&o) < L™ (&o)-
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Now, consider the policy 7* as in Lemma 7.1 (c¢). Applying expectation to both sides but now to expression
(7.3), we have

EZ, [6(6)] = B, [e(&nran) + 0(&nt)].

Again, iterating we obtain

n n

(&) = Ef, [Z c(&ks ak) + @(§n+1)} =Ef [ C(fkvak)] +EL [6(6n1)]-

k=0 k=0

Due to both the monotone convergence theorem and the fact that when n — oo then Ego I:'(A](En_f_l)} — 0,
we obtain

=E7 [g})c iy a } = L(&, "),

so we conclude

(&) = L™ (&0)-

(b) This part follows from Corollary 6.5.
(¢) Use the policy 7* € II defined in part (c) in Lemma 7.1. Then, by part (b) of this theorem, we know that
L(&o,m*) = L*(&), which proves that 7* is optimal for the control problem (5.8)—(5.9).
O

We have arrived at our main result concerning the regularity of the cost function u in (4.3) as well as the
existence of an optimal stopping time n* that minimizes J introduced in (4.2). The result is established in the
sequel.

Theorem 7.3. Under Assumption 6.2, the following assertions hold true for each zy € Ry

(a) J* satisfies (6.9) and J*(-, z9) belongs to Cp(Q).
(b) There exists an admissible stopping time n* € Ng that minimizes (4.3); id.e., J(x,z0,m*) =
inf,en, J(z, 20,m), for all x € O.

Proof. Part (a) follows from Theorems 7.2(b) and 5.3, respectively; while part (b) is a direct consequence of
Theorems 7.2(c) and 5.3, indeed the optimal stopping time is given by

=inf{n > 0| 4} =1} (7.7)
where AY comes from the equation (5.32) taking the optimal policy 7* in Theorem 7.2(c). O
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APPENDIX A.

This appendix shows some technical but important results for the theory developed in the manuscript. Most of this
material is well-known; see for instance Kallenberg [23], Blumenthal et al. [24], and Tudor [25].

A.1 Monotone class theorems

Consider a nonempty set X.

A m-system on X is a collection of subsets of X that is closed under finite intersections. A A-system (on X) is a
collection of subsets of X that contains the total set X, and is closed under proper differences and increasing sequences;
that is, if A, B are in a A-system and A C B then B\ A is in the same A-system, and if {A,}, oy is in a A-system and
14, 114, where A =U,A, pointwise, then A is in the same A-system.

Lemma A.1l. Given a set X, let C be a w-system and D be a A-system both subsets of 2*. Suppose that C C D, then
o(C) CD.

Proof. See Theorem 1.1 in [23], p. 10. O
Theorem A.2. Let M C 2% and H be a vector space of real-valued functions over X. Let us assume that

(a) M is a non-empty m-system.

(b) 1€ H and 1p € H, for all B € M.

(¢) If fn is an increasing sequence of nonnegative functions in H such that f = lim, f, is finite (resp. bounded), then
feH.

Under these assumptions H contains all real-valued o(M)-measurable (resp. bounded) functions on X.
Proof. See Theorem 2.3 in [24], p. 6. O

Lemma A.3. Let X be a metric space. Then for any open set B in X, there exists a sequence of continuous functions
over X such that f, — 1.

Proof. For any non-empty open set B C X we define

d(z,B) = bigg d(x,b).

Then z — d(x, B) is continuous since |d(z, B) — d(y, B)| < d(z,y). Let us assume that B # X. Let D, = {z € X :
d(z,X\ B) > 1}, then we have D, C Dy1. It is also true that B = |J2°, D, since B is open and D,, is closed for all
n € N. The continuous functions

d(z, X \ B)
(z, X \ B) + d(z, D»)

fulw) =

satisfy 0 < f,, <1 and converge pointwise and monotonically to 1g. O
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Corollary A.4. Let X be a metric space and H a vector space of measurable (resp. bounded measurable) maps f : X — R
such that:

(1) H contains the set Cy(X).
(2) IfOL< fat f, fn € H, f finite (resp. bounded), then f € H.

Hence, H contains all measurable (resp. bounded measurable) maps f : (X, Bx) — R.

Proof. Tt follows by Theorem A.2 and Lemma A.3. O

The following Proposition A.5 and Theorem A.6 can be found in [24], p. 6. The preamble is the following: let X be a
set and (S;,S:);c; be a family of measurable spaces indexed by an arbitrary set I. For each i € I, let M; be a m-system
generating S; and let f; be a map from X to S;. Using this setup we state the following two results.

Proposition A.5. Let M be a collection consisting of all sets of the following form (., f;l(Ai) where A; € M, for
i € J and J ranges over all finite subsets of I. Then M is a w-system on X and o(M) =o(f;: 1 € I).

Theorem A.6. Let X be a nonempty set, (Xa, Fa) a family of measurable spaces, fo : X — X, for alla € I and H a
vector space of functions f : X — R satisfying the following conditions:

(a) 1€ H
(b) If0O< fot f, fn € H, f finite (resp. bounded), then f € H.
(¢) For each o € I there is a w-system Mqo C Fo with 0(Ma) = Fa and H contains the functions of the form

H 1a, 0 fa, J CI,J finite and Aq € Ma. (A1)

acJ

Then H contains the measurable (resp. bounded) functions f : (X,0(fa: a € I)) = (R, Bg).

A.2 Canonical Markov processes

Given a measurable space (S,S), and T a subset of Ry, let ST be the product set [l;c. S and denote by B the o-
algebra generated by finite cylinders of type: [[,c, B, Bt € S, and {t € T | B; # S} is finite. In addition, let 7 : ST =8
be the mapping, a.k.a. projection mapping, given by m;(w) = w(t) for all w € ¥ and t € T'.

The following results are mainly part of Tudor [25]. For self-contained purposes, however, we have included the sketch
of their respective proofs.

We denote by o(m; : ¢ € T') the minimal o-algebra that makes measurable all the projections m; for ¢ € T. We can see
that this o-algebra is generated by the family {z; '(B) | B € S,t € T}.

Lemma A.7. The o-algebra B coincides with the o-algebra generated by the projection mappings {m;: t € T'}.

Proof. The inclusion o(m : t € T) C BZ holds true because 7; ' (B) = {w € " : w(t) € B} = [[,op Bs, where B, =S
for all s # ¢ and B; = B, is a finite cylinder for any ¢ € T and B € S. On the other hand, for any finite cylinder [] . B:
in B with B; =S for all t # t1,...,t, we have that [] ., B: = m,,'(By,) N ... N7, ' (Be,) which is in o(m : t € T).
Therefore, o(m : t € T) = BY. O

Lemma A.8. Fiz some set X and a o-algebra G over X. Let B C X and Gp be the o-algebra over B given by Gg =
{BNA: A€ G}, which is commonly called the trace of G on B. If G is generated by a family C of subsets of X that
contains X, then Gp is generated by CNB ={BNC | C € C}.

Proof. We clearly have that CN B C Gg. On the other hand, let £ = {A C X | AN B € o(CN B)}, then £ is a o-algebra,
in fact, XN B € CNB C o(CN B) since X € C. On the other hand, given A € £ we have A°N B = B\ (AN B) that is
in o(C N B). Finally, the property UnenAy € € for any sequence A, € &, follows from the distributive property between
unions and intersections and the fact BN A, € o(C N B). Now, we note that G = 0(C) C € since C C € and € is a
o-algebra, and so, Gg = GN B C o(C N B) and we conclude the result. O
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Let us consider the case T = N. Then by Lemma A.7 we get BY = o(m; : t € N). Hence, BY is generated by {m; *(B) |t €
N, B € Bs} but this family is not a m-system, in aim to show the next lemma, we consider the following 7-system

k
G5 = {7 (Ba) [KEN, ta €N, By € §,¥n=1,....k}.

n=1
Given a discrete-time stochastic process { X»}, .y With state space (S, S) we define the map ¢x : (2, F) — (SN, BY) given
by 1/’X(W) = (Xl(w)vXQ(w)7 . ) est.
Lemma A.9. The mapping {x is measurable.

Proof. Let D = {B € By | 1/1;1(3) € .7-'}. This set is a A-system, indeed it is a o-algebra for basic properties of inverse
image. We will show that C; C D. Let k € N, ¢1,...,tx € Nand By,...,Br € S. We have that

k k k k
ox () mal (Ba)) = () vx (7 (Ba) = () (7o, 0 0x) ™ (Ba) = () X0, (Ba)

n=1

which is in F by the measurability of X;,. Therefore C C D. The required contention BY C D follows by the equality
BY = o(CF) and by Lemma A.1. O
A.3 Conditional expectation and stopping times

The following lemma, taken from [23], Lemma 8.3, p. 166, is known as the local property for the conditional expectation
and it will be useful to simplify some proofs. Given two o-algebras G and H, we say that G = H on B if B € GNH and
BNGg=BnNwH.

Lemma A.10. Consider two sub-c-algebras G,H C F and random variables &,m such that E €| V E|n| < oo, and let
FegnH. Then
G=H, (=1 as.on F = E[E|G|=E[n|H] as. on F.

We define a new filtration {F," };>0 by F;" := ., F, and say that {F;}+>o is right-continuous if 7, = ;" for all
t > 0. We say that a nonnegative random variable 7 is weakly F-stopping time if {7 < t} € F; for every ¢ > 0. The
notions of stopping time and weakly stopping time agree when {F:},, is right continuous:

Lemma A.11. A nonnegative random variable T is weakly stopping time with respect to {Fi},~o if and only if it is
stopping time with respect to {F; },<-

The following lemma is based on Lemma 9.4 in [23], p.188.

Lemma A.12. For any nonnegative random variable T with values in R, there exists a sequence of countably valued
nonnegative random variables T, such that 7, | T pointwise. Moreover, T, is measurable with respect to o(t) for all n.
Besides, if T is a stopping time with respect to {Ft}teRJr which we assume to be right-continuous and Foo = {0 (F¢) 1 t >
0}, then every 7, is also a stopping time w.r.t. {ft}t€R+.

Proof. Let
me=2"F2"r +1] € 27"No U {o0}, k€ No.
For m € Ny we have that
=2"F12"r+1]<27"m = |27 +1]<m = 2"r<m = 7<27Fm.

Hence, {m, < 27%m} = {r < 27%m}. Now, choose m = oo then {7, = oo} = {7 = co} which implies that 7 is o(7)-
measurable. But if 7 is stopping time with respect to {Ff}teui+ then by Lemma A.11 we get {mx < 27"m} = {7 <
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27Fm} € Fy—tpy, and {7 < 00} = Umeng{h < 27"m} U {m = 00} = Umeno {7 < 27¥m} U {7 = 0o} and so 7} is also
stopping time for all £k € Nyg. On the other hand, if z € Ry then we have that |z 4+ 1] =2+ 1> z = [z] and if
x € (m,m+ 1) for some m € N then |2 + 1] = m+ 1 = [z], both cases imply that [« + 1| > [z]. Using this we get that

=212+ 1) > 27 27 > 7.

Therefore7 on {7 < OO} we obtain
0<717 —7T=— Zk'r—|— —2"7) < — — 0, when k£ —
— 2k (L J ) — 9k ’ :

Besides, if 7 = 0o then we just get 7, = oco. O

A.4 Progressively measurable processes

We say that a process X is progressively measurable or simply progressive if its restriction to Q x [0,1] is F; ® Bjo 4 -
measurable for every ¢ > 0. Note that any progressive process is adapted. Conversely, we may approximate from the
left or right to show that any adapted and left or right-continuous process is progressive as is stated in the following
proposition taken from [26] (Prop. 1.13, p. 5), whose proof assumes a state space given by R? but that can be adapted
for a general metric state space.

Proposition A.13. If the stochastic process X is adapted to {F;}i>0 and every sample path is right-continuous, then
X is also progressively measurable with respect to {Ft},~-

Lemma A.14. Consider a filtration {Fi},cq and a process X with index set T C Ry U{oo} and values in a measurable
space (S, S), also, let T a stopping time in T. Then X, is Fr-measurable under each of these conditions:

(1) T is countable and X is adapted,
(2) T =Ry and X is progressive.

Proof. See Lemma 9.5 in [23], p. 189. O

Corollary A.15. Let X be an adapted and right-continuous process and T a stopping time in Ry both with respect to
{Fit}iso- Then X, is Fr-measurable.

Proof. 1t follows by Proposition A.13 and Lemma A.14. O

A.5 Miscelaneous results

Lemma A.16. The following inequality holds for every measurable functions f,g and h in B(Q):
lfANR=gAK <|f—gl.
Proof. We have both — |f —g|+gAh< f—g+g=fand —|f—g|+gAh<hthat imply —|f —g|+gAh < fAh.

Analogously, we have —|f —g| + f A h < g A h, and joining the two obtained inequalities we get |f Ah —gAh| <
\f =gl O
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