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Abstract

We study finite horizon optimal stopping problems for continuous time Feller-Markov
processes. The functional depends on time, state and external parameters, and may exhibit
discontinuities with respect to the time-variable. Both left and right-hand discontinuities are
considered. We investigate the dependence of the value function on the parameters, initial state
of the process and on the stopping horizon. We construct e-optimal stopping times and provide
conditions under which an optimal stopping time exists. We demonstrate how to approximate
this optimal stopping time by solutions to discrete-time problems. Our results are applied to
the study of impulse control problems with finite time horizon, decision lag and execution
delay.

Keywords: optimal stopping, Feller Markov process, discontinuous functional, impulse control,
decision lag, execution delay

1. Introduction

The interest in optimal stopping and impulse control of continuous-time Markov processes has
been continually fuelled by applications to such areas as finance, resource management or produc-
tion scheduling. The theory of optimal stopping has undergone intense development for almost
three decades. The mathematical framework was built in seminal papers by Bismut and Skalli [6],
El Karoui [11], El Karoui et al. [12], Fakeev [14], and Mertens [18] with extensions in El Karoui
et al. [13]. A topic sparking a lot of interest was the regularity of the value function. Bismut [7]
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applied methods of convex analysis. The time-discretization technique, used in the present paper,
was explored in Mackevicius [16]. The penalty method, introduced by Stettner and Zabczyk [27],
was further extended in [28]. A survey of various results and approaches to optimal stopping for
standard Markov processes can be found in [29].

Another strand of literature was devoted to stopping of diffusion processes in which the dif-
ferential structure of their generators was used to form suitable variational inequalities. A pre-
dominant solution technique was pioneered in the classical monograph by Bensoussan and Li-
ons [5], who studied the stopping of non-degenerate diffusions where the cost/reward was de-
scribed by a continuous function. Generalizations covered degeneracy of the diffusion (Menaldi
[17]), removal of the discounting factor and relaxation of many assumptions regarding the func-
tional and the coefficients of the diffusion (see Fleming, Soner [10]). Recently, Lamberton [15]
obtained continuity and variational characterization of the value function for stopping of one-
dimensional diffusions with bounded and Borel-measurable reward function. Bassan and Ceci
studied semi-continuous reward functions and for diffusions and certain jump-diffusions ([1, 2]).
They proved that the optimal stopping with a lower/upper semi-continuous reward function yields
a lower/upper semi-continuous value function. Under further conditions the existence of optimal
stopping times was also shown but without an explicit contruction.

Our paper is rooted in probabilistic methods developed in Mackevicius [16]. At the heart of
our interest is the optimal stopping problem

v(z,T1,T5,b) = sup EI{F(T, X(7), b)},
T1<7<T>
where (X (t)) is a Feller-Markov process and b is a parameter. If F' is continuous and bounded it is
well known that the value function v is continuous and the optimal stopping time is characterized
by the first hitting time of the set on which the value function coincides with F' (see [29] and
the references therein). This paper studies optimal stopping problems with a time-discontinuous
function F' which appears naturally in the study of impulse control with decision lag (see Section
5). We demonstrate that certain kinds of discontinuities prevent existence of optimal stopping
times, while others, even though the value function is discontinuous, have solutions in a standard
Markovian form. We show how the discontinuities in F' are transferred to the value function
v. The results when F' is right-continuous with respect to the time variable are summarized in
Theorems 3.1 and 3.10. The left-continuous case can be found in Theorem 4.2 and Corollary 4.3.

Our research complements the papers on variational techniques in two dimensions. Firstly,
the (possibly piecewise) continuity of the value function is proved for the class of weakly Feller-
Markov processes (this is a wide class of processes comprising, inter alia, Levy processes and dif-
fusions) on locally compact separable spaces therefore providing a universal basis for the search
of further smoothness results in far more technical realm of variational inequalities. Secondly, we
provide explicit formulas for e-optimal and optimal stopping times for discontinuous function-
als. These results also benefit numerical methods for solution of stopping problems by variational
methods by providing detailed estimates on the magnitude of discontinuities, their exact positions
and the relation between the value function and optimal stopping rules.

The results of the present paper rely on an approximation of the continuous-time stopping
problem with appropriately constructed discrete-time counterparts (see Theorem 3.1). This ap-
proach provides an alternative method for numerical computation of the value function. We prove



that the optimal stopping time can be approximated by appropriately modified optimal-stopping
times for the related discrete-time stopping problems, see the proof of Lemma 3.4. This proof is
of its own interest as, to the best of our knowledge, it offers a new method to prove the existence
and form of e-optimal and optimal stopping times even in the well-studied case of continuous and
bounded F'.

The properties of weak Feller processes that enable our approach are collected in Section 2.
We would like to turn reader’s attention to Proposition 2.1, which states that the study of weak
Feller processes can be limited, with high probability, to compact sets. We also show that the
assumptions in the definition of weak Feller processes cannot be relaxed without surrendering
properties of the value function and its relation to the optimal stopping time. An example pro-
vided at the end of Subsection 3.1 demonstrates that if the semigroup only maps the space of
continuous bounded functions into itself, the value function of the stopping problem with a con-
tinuous bounded F' may not be continuous and the optimal stopping time is not determined by
the coincidence of F' with the value function.

Main application, as well as the motivation for the research presented in this paper, is the
problem of finite-horizon impulse control in the presence of execution delay and decision lag,
with many applications in finance and decision-making processes (regulatory delays, delayed data
availability, liquidity risk, real-options, see [3, 8]). It appears that the discontinuities of the kind
studied in this paper are natural when there is either delay in execution of impulses or decision lag.
A simple version of the control problem when the execution delay is equal to the decision lag and
the underlying process is a jump-diffusion is solved by @ksendal and Sulem [21]. They transform
the problem into a sequence of no-delay optimal stopping problems using variational techniques.
Bruder and Pham [8] consider more general controls (the execution delay is a multiplicity of
the decision lag) and a diffusion as the underlying. They prove, using variational approach, that
there exists a solution and provide a sketch of a numerical algorithm. Different techniques are
employed by Bayraktar and Egami [3] who give explicit formulas for optimal strategies if there
is no decision lag (the execution of impulses might be delayed) and the set of admissible control
strategies is restricted to threshold strategies. Our results, presented in Section 5, are closest in
their spirit to [8]. However, in our setting the underlying process is weakly Feller on a locally
compact separable state space and no relation between the length of decision lag and execution
delay is imposed. We rephrase the problem as a finite system of optimal stopping problems which
can be solved explicitly. We prove the existence and the form of an optimal control as well as
point out the discontinuities in the value functions of the auxiliary optimal stopping problems. In
our opinion, our method has several advantages compared to those used in the aforementioned
papers. Firstly, our results hold for general weak Feller processes. Theorem 5.1 can be viewed
as a universal tool to assess basic smoothness properties of the value function as well as the
existence of optimal strategies. Secondly, our proofs address only the inherent difficulties of the
control problem leaving aside the technicalities of the variational approach. This enables us to
provide a detailed construction of a strategy and a proof of its optimality. Finally, our system of
auxiliary optimal stopping problems can suit as a basis for numerical solution: it can be split into
separate stopping problems which, after smoothing (see Theorem 3.5), have representations in
the form of variational inequalities as in [8].

The paper is organized as follows. Section 2 collects properties of weakly Feller processes.



They are used to study, in Section 3, stopping problems for functionals with right-continuous
dependence on time. Left-continuous functionals are dealt with in Section 4. Impulse control
problem is formulated and solved in Section 5.

2. Properties of weak Feller processes

Consider a standard Markov right continuous process (X (t)) defined on a locally compact sep-
arable space E endowed with a metric p with respect to which every closed ball is compact.
The Borel o-algebra on E is denoted by £. Let C be the space of continuous bounded func-
tions £ — R with the supremum norm. Denote by Cjy its linear subspace comprising functions
vanishing at infinity, i.e., functions f : £ — R such that lim ;|| f(z) = 0.

It is assumed throughout this paper that (X (t)) satisfies the weak Feller property:

P Cy CCy

where P, is the transition semigroup of the process (X (t)), i.e., P;h(z) = E* {h(X(t))} for
any bounded measurable i : E' — R. Right continuity of (X (t)) and Theorem T1, Chapter XIII
in [19] implies that the semigroup P; satisfies the following uniform continuity property:

VfeCy  lim Pf=finC. (1)

A class of weak Feller processes consists of numerous stochastic processes commonly used in
mathematical practice, as general as non-exploding diffusions, jump-diffusions and Levy pro-
cesses.

Due to the weak Feller property the study of many optimal stopping problems can be restricted
to compact state spaces. Indeed, the following proposition states that the process does not leave a
compact ball around its initial point with arbitrarily large probability over a finite time. Let

yr(z, R) =P {35 € [0,T] p(z,X(s)) > R}. (2)

PROPOSITION 2.1 For any compact set K C E

sup yr(x, R) — 0 3)
zeK

as R — oo.
Proof. The proof exploits ideas of Proposition 1 and Lemma 1 of [27]. Fix a compactset K C F.

The proof consists of two steps:
Step 1. For each € > 0 there are compact sets Ly, Lo C F suchthat K C L;,2 = 1,2,

Tlg}f{ Prigpy(r)>1—¢ 4
and
sup sup Pilyp,y(v) <e. (5)
a¢ L t€[0,T)



To prove this, consider a family of continuous functions g% such that ||g7| < 1 (|| - || stands
for the supremum norm), g% (y) = 1, fory € B(K,n), and g% (y) = 0, fory ¢ B(K,n + 1),
where B(K,n) := {z € E : p(z, K) < n}. These functions are in Cy and g} () converge point-
wise to a constant function equal to 1 as n — oo. Due to the dominated convergence theorem
Prg?(x) also converges to 1. The sequence Prg}- is non-descreasing hence by Dini’s theorem
(see [25, Thm 7.13]) Prg} converges uniformly on compact sets to 1. This implies that there
exists n* such that Prgp (z) > 1 — ¢ for all z € K. This completes the proof of (4) with
Ly = B(K,n* 4+ 1) since 1,y (z) > gi (z).
By (1) and the weak Feller property the mapping (¢,2z) — P, f(x) is continuous for any
[ € Co. This implies that h(z) = supc(or) Ptg}?ﬂ(x) is continuous. The proof that h € C
is performed by contradiction. Assume that there exists a sequence (z,,) converging to infinity
such that h(z;) > 6 > 0 (h is non-negative by definition). Let (¢;) C [0,7] be such that
h(z;) = Ptig?(“rl(xi), i = 1,2,.... Consider a subsequence t;, converging to some ¢*. For
large j the following inequality holds: '
h(zi;) — Pr-gi i (i)

NS

= |, g (ws) = Peogi P <

On the other hand, P;- g}?"'l is in Cy (by the definition of weak Feller property), which implies
that lim;_, o P+ g}?“(wij) = 0. This is a contradiction of the assumption h(x;) > 6.

Since h € Cy there exists » > 0 such that h(x) < e for z ¢ B(K,r). This implies that
Lo, = B(K,r) satisfies (5) because g}?“(w) > l¢r,y (2).

Step 2. Let 7 = inf {s >0: p(K,X(s)) > R}, where R is such that Ly C B(K, R). For
z € K, using (4) and (5) we have

1-e<P*{X(T) € L1}
=P{X(T) € L1, 7 <T}+P*{X(T) e L1, 7> T}
<SE*{ly<rPx( {X(T —71) € L1} +P* {7 > T}
<ePP{r <T}+P{r>T}=1-P{r<T}(1—¢)
and therefore .
1—¢
which completes the proof. [ ]

P*{r<T} <

b}

COROLLARY 2.2
i) P,C C C (the Feller property).
ii) lim;_o Py f(z) = f(x) uniformly on compact subsets of E for f € C.
Proof. Let f € C and K C E be a compact set. By Proposition 2.1 there exists a sequence

T, — 00 such that

sup v (z, ) <277
rzeK



Define continuous functions g, : E — R satisfying the following properties: 0 < g,(z) < 1,
gn(x) = 1for z € B(K,ry), and g,(x) = 0 for z ¢ B(K,r, + 1). Functions f,(x) =
f(z)gn(x) are in Cy. By the weak Feller property P; f,,(x) are continuous. The construction of
ry, yields

_ I

sup ’Ptf(x) _Ptfn(x)’ = Ton
zeK

Therefore, P, f,, converges uniformly on K to P, f, which implies that P; f is continuous on K.

Arbitrariness of K yields that P, f € C.
To prove (ii) notice that

|Pef(2) = f(2)] < |Pef(x) = Pifn(@)| + [P fu(z) = fu(@)| + | ful2) = f(2)];

where f;, is defined above. Therefore,

sup | Pof(a) — f(a)| < W1

< o 1P = fall
rzeK

and letting ¢ — 0 and then n — oo we complete the proof.
|

In what follows we shall denote by £ a locally compact space of parameters endowed with
the metric pp.

LEMMA 2.3 Letu : E x EB — R be a continuous bounded function. Then the mapping
E x EB x[0,00) 3 (x,b,d) — Pyu(z,b),

where Pyu(xz,b) = E* {u(X(d),b)}, is continuous.

Proof. Take a sequence (zy,by,dy) € E x EB x [0,00) converging to (x,b,d). Let K =
{z,z1,29,...}, B={b,b1,bs,...}. By Proposition 2.1 for any € > 0 there exists a compact set
L C E such that

sup IP””(HS €0,d+1] X(s) ¢ L) <e.

zeK
Define a continuous function g : E — [0,1] such that g(z) = 1 forx € L, g(z) = 0 for
x ¢ B(L,1). The function u(z,b) = g(x)u(x,b) has a compact support for any fixed b € EP
and |Pu(x,b) — Pya(z,b)| < €ljul| for (z,b) € K x B. Therefore

’Pdu(x,b) — Pdku(xk,bk)‘ < 25||u|| + ‘Pdﬂ(l‘, b) — Pdka(xk,bk)’
< 2¢||u|| + |Pda(l‘, b) — Pdkﬂ(mk,b)| + |Pdkﬂ(l‘k,bk) - Pdkﬂ(xk,b”.

The second term converges to 0 by the Feller property (see Corollary 2.2). The third term con-
verges to 0 by uniform continuity of w on £ x B. [ ]

The following lemma explores another aspect of continuity of weak Feller processes.



LEMMA 2.4 ([9, Theorem 3.7]) For any compact set K C FE and any €, > 0 there is hg > 0
such that

sup sup P*{X(h) ¢ B(z,6)} <e.
0<h<ho z€K

3. Optimal stopping of right-continuous functionals

This section studies optimal stopping problems with the reward function that is right-continuous
with respect to time. Notice that this type of discontinuity complies with the right-continuity of
weakly Feller processes. The properties of value function are explored and existence of e-optimal
and optimal (if exists) stopping time is proved.

3.1. Optimal stopping of a simple discontinuous functional

Fix T* > 0 and let f,g € C([0,T*] x E x EP). Define the functional

J(s,T,2,b,7) = E”{l{KT,S} Fls+ 7, X(7),b) + Lrar_a 9(T, X (T — s), b)}, 6)

where T' € [0,7*],s € [0,T), x € E,b € EP and 7 > 0. The goal is to maximize the functional
over all stopping times 7. Denote by w the corresponding value function:

w(s, T,x,b) =sup J(s,T,x,b, 7). (7
In the following theorem we study the continuity of w and characterize optimal (if exists) and

e-optimal stopping times. If the functions f and g do not coincide at the time T — s the functional
is discontinuous and an optimal stopping time may not exist.

THEOREM 3.1

i) The function w is continuous and bounded on {(s, T,z,b) € [0,T*] x [0,T*] x E x EP :
s < T} (there might be a discontinuity at s = T'), and

lim w(s,T,z,b) = max (f(T,,b),9(T,z,b))

s—T—
uniformly' in (T,z,b) € [0,T*] x K x B, for any compact K C E and B C EP.
ii) Foreache > 0and s € [0,T] the stopping time

=inf{t>0:w(t+sT,X(t),b) < F(t+s X(t),b)+e}, 3)

'The uniformity of convergence is understood as

lim supsup sup |w(T —6,T,,b) — max(f(T,,b),g(T,z,b))| = 0.
=0+ 2K be B T€[6,T%)



where
flu,z,b), uw<T,

g(T,z,b), u="T, ©)

F(u,z,b) :{

is e-optimal, i.e. J(s,T,x,b,75) > w(s,T,z,b) — ¢,

i) If g > f then the function w is continuous on {(s,T,z,b) € [0,T*] x [0,T*] x E x EB :
s < T} (there is no discontinuity at s = T') and the stopping time

Ts=Iinf{t > 0:w(t+sT,X(t),b) <F(t+s X(t),b)} (10)
is optimal for the functional J(s,T,x,b, ). Moreover,

lim 75 =7,
5
e—0+ °

The proof of the above theorem consists of several lemmas. Let A, (s,T) = % for T' ¢
[0,7*] and s < T. Consider the following discretized stopping problem

w™(s,T,xz,b) = sup IE’”{17<T,Sf(T+ s, X(7),b)
TETA,, (s.T)
+ L1 og(TX(T = )b}, (D)
where 7x (s 1) is the class of stopping times taking values in the set H" (s, T') := {0, A, (s,T), . ..

nAp(s,T)}. The family of stopping problems (w™) can be decomposed into a sequence of simple
maximization problems:

wl(s,T, x,b) = max (f(s x,b), Pr_s g(T, , b))
w" (s, T, 2,b) = max (f(s, 2,0), Pa,  (sTyW" (5 + Any1(s,T), T, x, b)), n=12,...,

where Paw(s,T,z,b) = E® {w(s,T, X (t),b) }. Indeed, w™(s + Ap41(s,T),T,x,b) is a value
function for the problem in which stopping is allowed in the moments

{O, A, (s + Anﬂ(s,T),T), ... ,nAn(s + Anﬂ(s,T),T)},

which simplifies to {0, A, 11(8,T), ..., nAnt1(s, T)}.

LetD = {(s,T,2,b) € [0,T*]x [0,T*] x Ex EP : s < T'}. Notice that the difference D\ D
consists of the points of the form (7", T', z, b). The following lemma explores continuity properties
of the value functions w™ and their extensions to D. Notice that w™ may be discontinuous at D\ D
(take, e.g., f = 1 and g = 0).

LEMMA 3.2 Functions w™ are continuous and bounded on D. Their restrictions to D have
unique continuous extensions w" to functions on D that satisfy

w™(T,T,z,b) = max (f(T, x,b),9(T, z, b))



Proof. Boundedness of w™ follows directly from the boundedness of the functional. Continuity on
D is proved via induction. The function w? is continuous as a maximum of continuous functions.
For w™, n > 1, it suffices to show the continuity of Pa,, ., (s,7)w™ under the assumption that w™
is continuous and bounded on D. This follows from Lemma 2.3.

Consider the following auxiliary maximization problem: for 7" € (0,7*] and n = 1,2,. ..

v"(s,T,x,b) = max (f(s, z, b),PAn(S,T)h(s—FAn(s, 7),T,x, b)), (5,2,b) € [0, T|x ExE®,

(12)
where h : [0,7%] x [0,7*] x E x EB — R is a bounded continuous function. Lemma 2.3
implies that Px (s myh(s + An(s,T),T,x,b) converges to h(T,T,x,b) as s — T uniformly
inn = 1,2,... and (T,2,b) € [0,7*] x K x B for compact K C E, B C EB. Uniform
convergence of f(s,z,b) to f(T,x,b) for (T, xz,b) € [0,T7*] x K x B follows from the uniform
continuity of f on compact sets. Finally, we have

'lir%l v"(s,T,x,b) = max (f(T, x,0), (T, T, x, b)) (13)
uniformly in 7 € [0,T*],z € K,b€ Bandn =1,2,....

Existence of the continuous extension w™ follows from the following result: for any compact
subset K C E,BC EB

SEIYI} w"(s, T, x,b) = max (f(T, z,b),9(T, z, b)) (14)
uniformly on (7', z,b) € [0,7*] x K x B. The proof of the limit (14) is performed by induc-
tion. The value function wl(s, T,x,b) can be written as the maximization problem (12) with
h(s,T,z,b) = g(T,x,b). Hence, lim,_7_ w'(s,T,z,b) = max (f(T, x,b),9(T, z, b)) uni-
formly in (7', z,b) € [0,T*] x K x B. Next, assume that the convergence (14) holds for w™. The
value function w™*! on D has the form (12) with

w™(s,T,x,b), s<T,

h ’T, ab =
(T t) {ng(T,a:,b), s>T.

Since w"™ satisfies (14), h is continuous. By (13) the limit property (14) is satisfied by w,,+1. R

The following lemma provides an estimate of the approximation error of w by w™ on the
set D. The estimate is one-sided as w™ < w by construction: it represents the optimization of
the same functional but on a restricted set of stopping times. The value functions w and w™ are
identical on the set D \ D: w(T,T,z,b) = g(T, z,b) = w™(T, T, x,b).

LEMMA 3.3 For every compact set K C E, B C EB and € > 0 there exists ng such that for
n > ng

supsup sup sup (w(s,T,z,b) —w"(s, T,x,b)) <e(4+ 11 f[| + 3[|g]))-
z€K beB T€[0,1*] s€[0,T)



Proof. By Proposition 2.1 there exists a compact set L C E such that
sup P*{X(s) ¢ L for some s € [0,T"]} < e.
zeK

Functions f, g are uniformly continuous on [0,7*] x L x B, so there exists 6 > 0 such that

sup sup sup sup |f(s,x,b) — f(t,y,0)| + |g(s,x,b) — g(t,y,b)| < e.
beB zeL yeB(x,0) t,s€[0,T*], [t—s|<d

By Lemma 2.4 there is ho > 0 such that

sup sup P*{X(h) ¢ B(z,0)} <e.
0<h<ho z€L

Set ng = T*/(hg A ) so that for n > ng we have A, (s, T) < hg A §, which enables us to use
the estimates formulated above.
Fix (T,z,b) € [0,7*] x K x Band s € [0,T). We have

w(s, T,z,b) — 0" (s, T,x,b)

< sup ]Ez{l{‘r<Tfs} fls+7,X(7),0) + 1iror—sy 9(T, X (T — ), b)
0<r<T—s

~ Lgrer— (s 7. X(7).0) = Lisor) fV (T X(T = 5).0)}.
where 7 is a stopping time derived from 7 in the following way:
7=inf{t € {0,A,(s,T),....,nA(s,T)} : t > 7},

and w" is the value function of an auxiliary discrete optimal stopping problem

@"(s,T,z,b) =  sup Er{1T<T,Sf(T 45, X(1),b) + Lysr_of V g(T, X (T — s), b)}.
TETAn(s.T)

The difference between w and w™ can be bounded in the following way:

w(s, T,z,b) —w"(s,T,z,b)
< s E{lper o auemy (Fs+ 7 X(0).0) = fs+ 7. X(7).0)) }

0<7r<T —s

+ sup IE’I{1{T757A,L(S,T)<7'<Tfs} (f(s +T’X(T)’b) - f\/g(T’X(T_ 8)’b))}

0<7<T—s

+ sup Em{l{TZT,S} (g(T, X(T = 5),b) — £V g(T, X(T — 5),b)) }
0<7<T—s

Assume n > ng. Consider the first term. By the strong Markov property of X (¢) and the results
summarized at the beginning of the proof we have

E{1rer-s-a,omy (F(s + 7. X(7).0) = f(s + 7. X(7).0)) }
_ Ew{l{Tg_s—A"(s,T)} EXO{f(s+7X(0).0) — f(5+ 7 X (7 — 7). b)|]-'7}}

<20 £ P{{X(r) & L} or {X(r) € L, X(7) & BX(7),0)} } +& < 4| f] +e.

10



The second term is dominated by

sup B 1ir_ooa,amyerersy (05 +7,X(7),0) = [(TX(T - 5),)) }
0<r<T—s
since —(f V g) < —f and the estimation as above can be used. The third term is non-positive.
Consequently w(s, T, x,b) — w"™(s,T,x,b) < 2e(1 4 4] f]])-
The next step of the proof is to show the relation between w™ and w™. Obviously, w™ domi-
nates w”. The results summarized at the beginning of the proof imply for y € L and n > ng the
following inequalities:

EY{fVg(T. X(An(s,7)),0)} < fV (T — An(s,T).y.0) +e(1+ | f Vg
EY{g(T. X(An(s.7)),0) } = g(T — Ap(s.T),y.b) — (1 + |lg]))-

),

These inequalities drive the following estimates for the value functions ' and w' ony € L:
(T — Ay (s.T), T, y,b) < fVg(T — An(s,T),,b) +e(1+[|f Vgll),
w (T — Ay (s, 7). T,y,b) > fVg(T — An(s.T),y.b) —e(1+ [|g]).

Hence, the difference (@' —w') (T — A, (s, T),y,b) is bounded by 2 +¢|| f|| 4 2¢||g|| fory € L.
Now we reduce the task of bounding "™ — w™ to the estimation of the difference @' — w!:

" (s, T,x,b) —w"(s,T,x,b)
< sup ]E"E{17_<T_S_AH(S,T)f(T + 5, X(7),b)

TETA,, (s.T)
+ Losrs—an(sm)y® (T — An(s,T), T, X(T — s — Ay (s,T)),b)
—Lrcr—s—n, (s f(T + 8, X(7),b)
yoresea, sy (T = An(s,T), T, X(T — 5 — A(s,T)), b)}

< Ez{(wl — W) (T = A (s,T), T, X (T — 5 — A (s, T)),b)}.

1

Inserting the bound for W' — w! we obtain

w" (s, T,x,b) —w"™(s,T,x,b)
< [l —w'| P {X(T — 5 — An(s,T)) ¢ L}
+ (2 +ellf | +2ellg) P{X(T — s — An(s,T)) € L}
<eQ@fIH+llgll) + (22 + el £l + 2¢llgll) < 2 + 3e| fI| + 3zllg]l-
To complete the proof combine this estimate with the bound for the difference w — w™. [ ]

Lemma 3.3 implies that w is continuous on D. Since the approximation is uniformin (s, 7', z,b) €
DN0,T*] x [0,T*] x K x B for any compactset K C F, B C EB we have

lim w(s,T,x,b) = max (f(T, x,b),9(T, z, b))

s—T—
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uniformly inz € K,b € Band T € [0, T*], which completes the proof of Theorem 3.1(i).

The form of an e-optimal stopping time is obtained in Lemma 3.4. A general theory cannot
be applied because of the discontinuity of the functional. To the best of our knowledge the proof
of the optimality of the stopping time presented below is original even in the standard case of
continuous functionals.

LEMMA 3.4 Foreache > 0, s € [0, T)] the stopping time
me=inf{t>0:w(s+t,T,X(t),b) < F(s+1tX(t),b)+¢}
is e-optimal, i.e., J(s,T,x,75,b) > w(s, T, x,b) — e.
Proof. Fix b € EP and T € [0,T*]. Consider the discretization (11). Functions w™ satisfy the
following supermartingale property:
E®{w"(s+t,T,X(t'),0)|F} <w"(s+t,T,X(t),b), t,t' e H"(s,T), t <t.

Take arbitrary 0 < ¢t < ¢’ < T — s and two non-increasing sequences (¢, ), (t/,) converging to ¢,
t' such that t,, <t andt,,t,, € H"(s,T). The supermartingale property of w™ implies that

E*{w" (s + ), T, X (,),0)| Fo, } <w" (s + tn, T, X(tn), b).

Due to the right-continuity of ¢ — X (¢) and the convergence of w™ to w (see Lemma 3.3) we
have lim,, oo W™ (s+t,, T, X (tn),b) = w(s+t, T, X (t), b). The right-continuity of the filtration
(F3) and the dominated convergence theorem imply that

lim E*{w"(s +t,, T, X(,),b)|F, } =E“{w(s + ', T, X(t'),b)|F}.

n—oo

Hence t — w(s + ¢, T, X (t), ) is a right-continuous supermartingale.
By Proposition 2.1 and Lemma 3.3 for any k there exist a compact set L* C E and a positive
integer ny such that

P*(Vte[0,T] X(t)eLF)>1- 15)

1
e
w(s,T,y,b) gw”’“(s,T,y,b)—i—%, yeLF, sel0,T]. (16)
The optimal stopping time for w™* is given by
TH =inf {t € H™(s,T): w™(s+t,T,X(t),b) < F(s+t,X(t),b)},
where F'is defined in (9). Clearly

Eank(s + Tf,T,X(Tf)7b) = "k (S, T,J?, b)

12



Furthermore, we have
E®{w(s+75.T,X(75),b)}
=B {w" (s + 75T, X(75),0)}
+ Ew{1{T§ST§} (w(s 75T, X (75),b) — w (s + Tf,T,X(Tf),b))}
+ EI{I{T§>T§,} (w(s + 75, T, X(75),0) —w™ (s + Tf,T,X(Tf),b)) }

The first term is equal to w™* (s,T, x,b). The second term is non-negative since by the super-
martingale property of w and the domination of w™* by w we have

E”’{1{7_§§T§} w(s +75,T, X (79), b)} > B {1 ey w™ (s + 75, T, X (75),b) ).

The third term is bounded from below by —2||F||P*(7¢ > 7F). Inequalities (15) and (16) imply
P?(7¢ > 7F) < 1/k for k > 1/¢. Consequently,

2| F 2| F 1
Lk I Zw(s,T,x,b)fin ]|€|+ .

Letting k — oo we obtain E“{w(s + 75, T, X (7£),b)} > w(s, T, z,b). The converse inequality
follows directly from the supermartingale property of w. Therefore

E*{w(s+ 75, T, X (5),b)} > w™(s,T,z,b) —

E*{w(s+75,T,X(75),b)} = w(s,T,z,b). 17)

By the right-continuity of the process X (t), the continuity of (¢,z) — F(t, x,b) for (t,x) €
[0,T — s) x E and the fact that w(T, T, x,b) = F(T, z,b) we have that

w(s+ 75, T,X(15),b) < F(s+ 75, X(75),b) + & (18)

Taking the expectation of both sides of (18) and using (17) we finally obtain
w(s, T,z,0) <E“{F(s+7,X(15),b)} +e. (19)
|

Assume now that g > f. The value function w is continuous on its whole domain D accord-
ingly to the statement (i) of the present theorem. The stopping time 7, is well-defined. We prove
its optimality by showing that it can be approximated by 7 as € — 0. First notice that 75 < 7.
As the sequence (75 ).~ is non-decreasing as ¢ decreases to 0 there exists 70 = lim,_,o+ 75 with
the property 70 < 7,. By Theorem 3.13 of [9] the process X (t) is quasi-left continuous, i.e.,
X (1) — X (79) a.s. Continuity of w and upper semicontinuity of F' (F(u,x,b) may have an
upward jump as u tends to T) yields, almost surely,

1ir(r)1+w(s +75,T,X(15),b) = w(s + 72, T, X(72),b),

lim F(s + 75, X(r5),b) < Fs + 77, X(7]),0).
E—
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Therefore, by (18)
w(s+ 70, T, X(19),0) < F(s+ 72, X(79),b).

Combining this result with the trivially satisfied opposite inequality we obtain
w(s+70,T, X(10),b) = F(s + 72, X(72),b).

Consequently 70 = 7, a.s. By the dominated convergence theorem applied to (19) we have
w(s,T,2z,b) <ETF(s+ s, X(7s),b), which proves optimality of 75. The proof of Theorem 3.1
is complete.

The proof of Lemma 3.4 offers a numerical approach for computation of e-optimal stopping
times. It shows that an e-optimal stopping time can be obtained from a solution to an appropriate
discrete-time stopping problem.

Under the assumptions of Theorem 3.1(iii) the optimal stopping problem with the discontin-
uous functional (6) can be transformed into a stopping problem with a continuous functional.
Define

r(s,T,2,b) =E*g(T, X (T — s),b), (5,T,2,b) € [0,T*] x [0,T*] x E x EB, s<T.

Function r is continuous by the Feller property (see Corollary 2.2).

THEOREM 3.5 Assuming that g > f, the value function w has the following representation:

w(s, T,x,b) = sup Em{f(S+T,X(T),b) VT(S+T,T,X(T),b)}.
7<T—s

The optimal stopping time for the above functional,
5 =inf{t € [0,T —s] :w(s +,T,X(t),b) = f(s+tX(t),b) Vr(s+t,T,X(t),b)},
defines an optimal stopping for the functional (6) by

o T, w(s—i—TS*,T,X(TS*),b) = f(S—I—T;,X(T:),b),
* T -5 w(s+75T,X(7),0) > fs+ 75 X(15),b).

Proof. Consider a discrete stopping problem

v"(s,T,z,b) = sup E{f(s+7,X(7),b)Vr(s+7,T,X(1),b)}. (20)

TETA, (s.T)

We shall prove by induction that v™ is identical to w™ introduced in the proof of Theorem 3.1.
Noting ¢(T', x,b) = r(T,T,x,b) > f(T,x,b) we have

vl(s,T, x,b) = max (f(s, x,b)Vr(s,T,z,b), Pr—s(f Vr(, T, )T,x, b))
= max (f(s, z,b),r(s,T,2,b), Pr_sg(T, x, b))

= max (f(s, x,b), Pr_sg(T, x, b)) =w'(s,T,z,b).
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Given the inductive assumption v = w” we have:
s (s,T,x,b) = max (f(s, z,b)Vr(s,T,z,b), Pa, s (V" (s + Anya(s,T), T, x, b))
= max (f(s, 2,0), Pa, . (s (5 + Dpy1(s,T), T, 2,b),
Pa o™ (5 + Apia (s,T), T, , b))
= max (f(s, z,b), PAnH(S?T)v”(s +Apyi1(s, 1), T, , b))

= max (f(s, 2,b), Pa,  (sTyW" (s + Ang1 (s, 1), T, x, b))
=" t! (s,T,x,b).

The third equality results from the observation v™(s, T, z,b) > r(s,T, x,b). Lemma 3.3 implies
that v™ converges to the value function of the problem

(s, T,2z,b) — sup ]Ez{f(s + T,X(T),b) \/7“(5 + T,T,X(T),b)}.
7<T—s
Due to v™ = w", this value function is equal to w.
The optimality of the stopping time 7. follows from Theorem 3.1. Its relation to the optimal
stopping time for the functional (6) is evident by the following identity:

B (s 72 X (7)) V(s + 70 T, X (70),0) } = B P (s 4 71, X(70),) },

where I is defined as in the statement of Theorem 3.1. |

The stopping time 7. constructed in Theorem 3.5 might not coincide with 7, defined in (10).
Indeed, take any weak Feller process X (t) and define f(s,z,b) = 2s A 1 and g(s,z,b) = 1 for
any s > 0. Fix a stopping horizon T = 1. Simple computations show that w(s, 1, z,b) = 1 and
r(s,1,2,b) = 1. Hence 7§ = 0 and 7} = 1 whereas 7o = 0.5.

Theorem 3.5 may appear at first sight as a shortcut to the proof of Theorem 3.1. The trans-
formation of a discontinuous stopping problem into a continuous one is valid only under the
assumption that g > f. If this assumption is not satisfied the relation between c-optimal stopping
times for these two problems is unclear. The transformed problem has an optimal solution while
the original one can only be approximated by c-optimal times. It can be however shown that the
value function of the transformed problem is identical on the set D to the value function of the
original one.

Theorem 3.1 implies the following standard result. The methods of proof are different from
usually used, especially in the case of e-optimal strategies.

COROLLARY 3.6 The value function of a standard optimal stopping problem

w(s, T,z) = T;ggsz{f(erT,X(T))}

is continuous and bounded for a continuous bounded f. Optimal stopping time is given by T =
inf{t >0:w(s+t,T,X(¢)) < f(s+t,X ()}
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The following example (which is a slight modification of an example from [27]) shows that
the assumption P; Cy C Cy can not be replaced by P, C C C.
Example. Let E = Ey U Ey, with By = {(0,1),(0,1),...,(0,1),...,(0,0)}, By =

{(1,0),(2,0),...(n,0),...} with the topology induced by R?. Define a Markov process in the
following fashion. The state (0,0) is absorbing. The process starting from (0, 1), after an in-
dependent exponentially distributed time with parameter 1, is shifted to the state (n,0) and then
after an independent exponentially distributed time with parameter n? is shifted to (0, %H) One
can check that such a process is Markov with a transition operator P; satisfying P,C C C. Let
f(s,z) =0forz € Eyand f(s,z) = 1 forz € Ey. Then w(s,T,(0,1)) =1— e ("~*) and
w(s, T, (0,0)) = 0, which means that the value function is discontinuous in (0, 0).

3.2. Constrained optimal stopping of a simple discontinuous functional

Consider the following optimal stopping problem: for 0 <77 <Th <T*

(T}, Ty.2.) = sup E${1{7<T2} F X(7),0) + Loy g(TQ,X(Tg),b)}. @1
T~211

The difference between this problem and the problem studied in Subsection 3.1 lies only in the
set of stopping times over which the optimization is performed. In (21) they are bounded from
below by T whereas in (7) they are unrestricted. One can expect some similarities in the optimal
control strategies and in the properties of the value functions of these stopping problems. This
issue is explored in the following proposition:

PROPOSITION 3.7
i) The value function w has the following representation
W(Ty, To, x,b) = E*w(Ty, T, X (T1),b),
where w is defined in (7).

ii) The function W is continuous and bounded on Dy = {(T1, T, z,b) € [0,T*] x [0,T*] x
Ex EB T <1y} and

lim w(Ty,Ts,x,b0) = fV g(Ts,x,b)
Ty —Ts—

uniformly in Ty € [0, T*] and (z,b) in compact subsets of E x EP.
iii) An e-optimal stopping time is given by
" =inf{t > Ty : w(t, T, X (t),b) < F(t, X(t),b) + ¢}, (22)

where F(u,x,b) = f(u,x,b) for u < Ty and F(Ts, x,b) = g(T5, x).
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iv) If g > f then the function W is continuous on its domain D1 and an optimal stopping time
is given by
T=1inf{t > T1 : w(t, Tz, X (t),b) < F(¢t,X(¢),b)} (23)
with
lim 7¢ = 7.
e—0+

Proof. Fix Ty <Tp <T*. LetA, = % Consider a discretized stopping problem:

(T, To,,b) = sup E¥{lren, (7, X(7),0) + 1r>m, f V 9(T2, X (12), )},

where ’ZN'An(Tl,T2) denotes the set of all stopping times with values in {71 +kA,, : k =0,1,...,n}.
The above supremum can be written as

’lI}n(Tl,TQ,l‘, b) = Em’wn (Tl,Tg,X(Tl),b),

where w"(s, T, x,b) is defined in (11). An argument analogous to the one in the proof of Lemma
3.3 extends this relation to the value functions w and w. Corollary 2.2 implies (ii) and the first
part of assertion (iv). The form of optimal stopping times and convergence of 7° to 7 can be
proved identically as in Theorem 3.1. [ ]

3.3. Optimal stopping of a functional with multiple discontinuities

The purpose of this subsection is to extend the results of previous sections to functionals with
multiple discontinuities. Consider the following parametrized optimal stopping problem

w(s, T,z,b) = sup E:”F(s +7,X(7),b), (s,T,z,b) € A x E x EB, (24)
7<T—s

where F : [0,7*] x E x E® — R is a bounded function and A = {(s,T) € [0,T%] x [0,T*] :
s < T'}. Notice that the role of T is different than in (6): it only limits the set of stopping times
over which the optimization is performed and does not affect the functional.

THEOREM 3.8 Assume for a compact set B C EP the function F has the following decompo-

sition:
N*
F(t.2.b) =Y Lttt o)} fi(b2.0) + Lgopey fye 41 (T%, 2. D),
i=0
(t,x,b) € [0,T*] x E x B, (25)
where

o N* > 0 is a number depending on B,

17



o to,t1,...,tn+y1 : B — [0,T%] is a sequence of continuous functions such that to(b) <
s Z<dnep1(b), to =0and tn-1 =T,

e fo,f1.- s [t : [0, T*] X E x B — Ris a sequence of continuous bounded functions
such that

fz(tz—&-l(b)’x’ b) S fz+1(tz+1(b)’x’ b)a 1= 0’ .. 7N*'

The value function w has the following decomposition:

N
w(s, T, Z, b) = Z 1{T€[ti(b),ti+1(b))} wi(s, T, Z, b) + I{T:T*} ’LUN*_,_l(S, T*, Z, b),
i=0
(s,T,z,b) € A x Ex B, (26)
where wq, . .., wn++1 : A X E X B — R are continuous bounded functions. Moreover,

0 < w(s,ti(b),z,b) —w(s,t;(b)— z,b) < stelg (F(t;(b),y,b) — F(t;i(b)—,y.b)),

(z.b) e Ex B, s<t(b), i=1....N*+1. (27)

The assertion (27) can be rewritten in terms of the functions (f;);—o,. n~+ as follows:

0 < wig1(s,tit1(b), x,b) —w;(s, tiy1(b), z,b) < Sug (fi+1(ti+1(b), y,0) — fi(tit1(D), v, b)),
ye

(a:,b)EExB, S<ti+1(b), 1=0,...,N*.

Proof of Theorem 3.8. 1t is sufficient to prove the theorem for T' < T™ since the case T = T
can be easily reduced to the former one by a suitable extension of the time horizon 7™ and the
functions f;.

Fix a compactset B C EPB and the decomposition of F': an integer N*, functions ¢, . .., tn+41

and fo,..., fN+41. Let N € {0,...,N*}. Forb € Band T € [tn(b),tn+1(b)) the value func-
tion w is defined as

N-1
w(s, T,z,b) = sup EI{ Z Liti<stre<tiir(b)} fi(s +T,X(T),b)

T<T—s i—0

+ Ly <str<ty S (s + 7. X(7),b) }
Consider a sequence of value functions:

un(s, T,x,b) = il;p E‘T{fN(S—FT,X(T),b)},

ui(s, T, z,b) = sup) ]Ew{]-{7'<ti+1(b)—s} fl(s +T’X(T)’b)

T<tit1(b

+ Lty (b)—s} Wit (L1 (D), T, X (i1 (b) — S),b)}
1=0,...,N —1.
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Domains of functions w;, denoted by D;, are as follows:
Dy = {(S,T,x,b) cAxExB:Te¢ [tN(b),tN+1(b)], S € [tN(b),T]},
D, = {(S,T,x,b) EAXEXB:TeE[ty(),tn+1(0)], s € [ti(b),ti.ﬂrl(b)]},

For convenience the domains include T' = ¢ty 11 (b).

By Theorem 3.1 the function uy is continuous on Dy . Continuity of u;, 2 = N —1,...,0
is proved by a backward induction. Assume wu; 1 is continuous on D, 1. The definition of u; al-
ready has the form (6): the function f; is continuous and f;(¢;11(b), z,b) < w;y1(ti+1(b), T, z,b)
as fi(tir1(0),2,0) < fir1(tiv1(b),2,0) < wip1(tip1(b), T, x,b). Theorem 3.1 implies that w; is
continuous on D;. The functions u; and u;4; are identical on D; N D, 1, so the function

N
on(s,T,z,b) = Z Liselt:(v)dia (0))n(0.7]) Wi, T, 2, b) (28)
i=0
is continuous on D = {(s,T,2,b) e Ax Ex B:T € [tn(b),tn+1(b)]}. Due to the Bellman
principle (it can be proved by discretization as in Theorem 3.1) the function u;(s, T, x,b) is the
value function of the optimal stopping problem starting at s, i.e., for (s,T,z,b) € D;, T <

tn11(D)
ui(s,T,x,b) = sup EIF(S + T,X(T),b).
7<T—s

Therefore, vy coincides with w on the set D N {(s,T,z,b) : T < ty41(b)}. Since D is closed,
vy can be trivially extended as a continuous bounded function to the domain A x E x B. This
extension satisfies all the conditions of the function wy in the representation (26).

Letn = sup,cp (F (tN+1 ), y, b) - F(tNH(b)f, Y, b)) We have

w(s,tn+1(b), z,b)

N
= sup ]EI{ Z L, () <stretin )y Ji(s + 7, X(7),b)

T<tn4+1(b)—s i=0

+ Yagrotng )y Sarr (Eve1(0), X (En 1), b)}

N
<  sup : Ex{ Z Litaby<str<tina (o)} fi(s + 7. X(7),b)

T<tny41(b i=0

+ Usqr>inav)) [N (tN+1(b)aX(tN+1(b))’b)} +1
= w(s, tnt1(b)—, z, b) +n.

The last equality follows from the continuity of wy and its coincidence with w for T < ¢ 41(b).
This implies (27) for: = N + 1. |
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COROLLARY 3.9 An optimal stopping time for the problem (24) is given by the formula
Ts=inf{t>0: (s+¢tX(t) €I(T,b)},
where

I(T,b) = {(t,x) € [0,T| x E: w(t,T,x,b) < F(t,,b)}.

Proof. Recalling the argument at the beginning of the proof of Theorem 3.8, we can assume that
T < T*. Fix b, T and the decomposition (26) of w. By Theorem 3.1 an optimal stopping time is
givenby 7, =inf {t > 0: (s+1t X(t)) € I(T,b)} with the stopping region

I(T,b) = U {(t,z) € [t;(b), tiy1(b)) X B+ w;(t,T,3,b) < F(t,x,b)}.
:=0,...,N*

Functions (u;)i—.. - are defined in the proof of Theorem 3.8. Due to (28), the set I(T,b)
coincides with I(T,b). [ |

3.4. Constrained parametrized optimal stopping with an integral term

The setting of the preceding section is extended to functionals with an integral term. Let F' :
[0,7*] x E x EP — R be a bounded function and f : [0,7*] x E x E® — R be a continuous
bounded function. Consider the following optimal stopping problem:

w(Ty, Ty, z,b) = sup E*{ /OTf(s,X(s),b)ds +F(T,X(T),b)},

T1<7<T%
(T, Ty, 2,b) € A x E x EB, (29)

where A is the set of admissible time constraints, i.e A = {(T3,73) € [0,T*]? : Ty < Ty}

THEOREM 3.10 Assume for a compact set B C EP the function F has the decomposition
(25). The value function w can be written as

N
w(T17 T27 x, b) = Z 1{T2€[ti(b),ti+1(b))} wl(Tls TQ» x, b) + 1{T2:T*} wN*+1(T17 T*a z, b)’
i=0
(T1,T5,x,b) € AX Ex B, (30)
where wy, ..., wn+11 : A X E x B — R are continuous bounded functions. The discontinuities

of w are bounded as follows:

0 < w(T1,t;(b),x,b) —w(Th,t;(b)—, z,b) < sgg (F(ti(b),y,b) — F(t;(b)—,y,b)),
T1 < tz(b), (x, b) c B x B,

fori=1,...,N*+ 1. Moreover, there exists an optimal stopping time for every x, Ty, T5 and b.
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Proof. Notice that for a stopping time 7
]E{/ f(s,X(s),b)ds} = H(0,2,b) — E*{H(r, X (7),b)},
0
where
T —t
H(t,a:,b):]Ez{/ f(t—l—s,X(s),b)ds}, tel0,T*], ze€kFE, be EB.
0

Due to Corollary 2.2 the function H is continuous and bounded.
Above observation drives the following reformulation of the functional (29):

w(Ty, T, x,b) = H(0,z,b) + sup El{ — H(T,X(T),b) +F(T,X(T),b)}.

Th<7<T>

Assertions of the present theorem follow from Theorem 3.8.

|
COROLLARY 3.11 An optimal stopping time is given by
r=inf{t > Ty : (T, X(t),b) < F(t,X(t),b)},
where ~
w(s, T,x,b) = ril;gs E*F(s+7,X(7),b)
with F(t,x,b) = F(t,z,b) — H(t,2,b).
Proof. Analogous to the proof of Corollary 3.9. |

4. Optimal stopping of left-continuous functionals

This section explores properties of value functions of optimal stopping problems with left-conti-

nuous reward functions. The main difficulty arising here stems from the fact that the functional is

itself left-continuous whereas the process X (t) is right-continuous. It prevents the application of

the most natural discretization technique as in the previous section. The problem, however, can

be reformulated in a way that permits the use of the results for right-continuous functionals.
Consider a parametrized optimal stopping problem

w(s, T,z,b) = sup Er{l{‘rgtl(b)*s} f1 (s + T,X(T),b)

7<T-—s

+ 1oty )—sy V(02 (B) V 5, T, X ((£2(b) — 5) V 0), ) }
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where t; : E® — Ris continuous, f; : [0,7*] x Ex EBP — Randv: Ax Ex EB - R
are continuous and bounded. Notice the peculiarity of the functional. The function v is evaluated
at a fixed time (¢1(b) — s) V 0 in contrast to the standard policy of the evaluation at 7. This
construction is motivated by the presumption that v is the value function of a stopping problem
and the evaluation at (¢1(b) — s) V 0 is optimal.

LEMMA 4.1 Assume f1(t1(b),xz,b) > v(t1(b),t1(b),x,b). The value function has the decom-
position
w(s, T,2,b) = 1is<y, b)) W1 (s, T, x, b) + st 6)) v (s, T, x, b) 3D

for a continuous bounded function wi : A x E x EB — R satisfying

0 < wi(t1(b), T, 2,b) — v(t1(b), T, 2,b) < (fi(ta(b),z,b) — v(t1(b), T, z,b)) VO.  (32)
An optimal stopping time is 75 = 0 for s > t1(b) and

7o =inf {t € [0,t1(b) — s] : w(s + ¢, T, X(t),b) < fi(s + £, X(t),b)} A(T —s),  (33)

Sor s < t1(b) with the convention inf () = oc.

Proof. For s < t1(b) define the following auxiliary value function

w(s, T,x,b) = 2171}) E${1{7<t1(b)} fi(s+7,X(7),b)

sy f1 (B (0), X (12(6) = ),6) Vot (6). T, X (t2(8) = 5),) |-
This value function dominates w. Theorem 3.8 implies the value function w has the form
w(s, T, x,0) = Lyp ey, vy W18, T, 2, b) + 1>, 5y W2(s, T, 2,b),
for continuous bounded w1, w5 and there exists an optimal stopping time 7, given by
Fo=1inf {t € (0,7 — s] : (s + £, T, X(t),b) < F(s + ¢, T, X(t),b)}

for F(t, T, x, b) = 1{t<t1(b)} f (t, xz, b) + l{tztl(b)} h (tl (b), x, b) vV ’U(tl (b), T, x, b) (to be abso-
lutely precise in the application of Theorem 3.8 the variable 7" has to be doubled: as a terminal
time for stopping and as an additional parameter due to its appearance in v). By (27) we have

0 < wo(s,t1(b), x,b) — w1 (s, t1(b),z,b)
< sup { (v(t1(b), t1(b), 4, b) — f1(t1(b),x,b))} VO =0,

yelE

where the last equality results from the assumption v(¢1(b),t1(b),y,b) < f1(t1(b),z,b). This
implies w is continuous.
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For fixed T, z,b and s < t1(b) define a stopping time
7’:87 7~.S < tl(b) - S,
t1(b) —s, 7s>t1(b)—s and
Ts = fl (tl(b), X(tl (b) — S), b) > U(tl(b), T, X(tl(b) — S), b),

T — s, Ts > t1(b) —s and
f1 (tl(b),X(tl(b) - s),b) < v(tl(b),T,X(tl(b) — s),b).

This stopping time is identical to the one defined in (33). It is also optimal for w as it is shown
below. First notice

w(s, T, z,b) > Ew{1{,sgtl<b)} Fi (5470 X (72),0) +1(r 5000} v(tl(b),T,X(tl(b)fs),b)}.

For t1(b) # T the right-hand side equals to w(s,T,x,b). The assumption f;(¢1(b),z,b) >
v(t1(b),t1(b), x,b) extends this result to T = t1(b). Therefore, w(s,T,x,b) coincides with
w(s, T, z,b) for s < t1(b) and we put wy, = .

Above arguments do not hold for s > t;(b) as there might be a strict inequality between
w and w. However, the stopping problem becomes trivial since w(s, T, z,b) = v(s,T,x,b) on
s > t1(b). An optimal stopping time is 75 = 0.

Inequalities (32) follow from the following indentity:

wy (tl(b),T, z, b) = W (tl(b),T, z, b) =h (tl(b),x, b) V v(tl(b),T, z, b).

Notice that the optimal stopping time for w cannot be written in the standard form
inf{t € [0,T — s] : w(s +t, T,X(t),b) < F(s + t,T,X(t),b) },
where
F(t, T, x, b) = 1{t§t1(b)} f1 (t, x, b) =+ 1{t>t1 (b)} v (t, T, x, b),
because the process t — F'(s +t,T, X (t),b) might not be right-continuous.

Now we turn our attention towards a parametrized optimal stopping problem with multiple
discontinuities

w(s,T,z,b) = sup ]ExF(s +7,X(71),b), (s,T,xz,b) e Ax E x B, (34)
7<T—s5s

where F': [0,7%] x E x EB — R s a bounded function.

THEOREM 4.2 Assume that for a compact set B C EP the function F has the following de-

composition:
N*+1
P(t,z,0) = 1i—oy fo(0,2.0)+ Y Lgee, sy filtbab),  (ta,b) € [0,T*]xExB,
i=1
(35
where
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e N* > 0 is a number depending on B,

o to,t1,...,tn+41 : B — [0,T%] is a sequence of continuous functions such that to(b) <
te S tN*+1(b), to = OandtNUrl = T*,

e fo,f1.- s [t 1 [0,T*] X E x B — Ris a sequence of continuous bounded functions
such that
fi(ti(b), 2,0) > fiza(ti(b),2,b),  i=0,...,N". (36)

The value function w has the following decomposition:

N*+1

w(s, T,z,b) = 1{s=0} wo (0, T, x,b) + Z Lise(timy (b).ts(0)]} w;(s, T,x,b),
i=1
(s,T,2,b) € A x E x B,
where wo, ..., wn++1 : A X E X B — R are continuous bounded functions. Moreover,

T2>t;(b), (z,b)eExDB, i=0,...,N*. (37)
An optimal stopping time is given by the formula
To=inf{t € [0,T —s]: w(s+tT,X(t),b) < F(s+t,X(t),b)}. (38)

The last assertion of the theorem provides a relation between jumps of the functions w and F'. It
can be rewritten as

0 < w(t;(b),T,x,b) —w(t;(b)+,T,x,b) < F(t;(b),y,b) — F(t;(b)+,y,b),
i=0,...,N*, (x.b)€ ExB.

This implies that the stopping time 75 defined in the theorem is well-defined and the infimum is
attained.
Proof. Fix a compact set B C E and a decomposition (35). Define the value function

vN*“(s,T,o:,b) = sup EI{fN*H(s +7,X(7),b)},
T<T-s

and, for: = N*,...,0,

’Ui(S, T, Z, b) = zljlﬂp Ez{1{3+7—§ti(b)} fl(S + 7, X(T), b)
Lm0 (1) V s T X ((:(6) = )V 0),0) }.

By Theorem 3.1 the function v™" 1 is continuous, bounded and coincides with w for s > ¢ - (D).

Consider the following inductive hypotheses for v¢, 0 € {1,..., N*}:
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i) v coincides with w on the set D' = {(s,T,z,b) € A x E x B : s > t;_1(b)}, where
t*l = —0Q,

ii) v has a decomposition
vi(s, T,z,b) = Lis<t,(b)} vi (s,T,z,b) + s>t 00} Pl (s,T,x,b) (39)
for a continuous bounded function v} : A x E x B — R.

First, we show that these hypotheses are satisfied for "' . By the definition of vV *! and
inequalities (36) we have

UN*+1(tN*(b)’tN*(b)az’ b) = fneg1(tn-(b),2,b) < fae (tn=(b),2,b).
The assumptions of Lemma 4.1 are satisfied and v~ has the following representation:
N (8,T,2,0) = 1{s<tyu (b)) v{v* (8, T,2,b) + Lisst e (b)) UN*H(S, T,z,b)

for a continuous bounded function v1" " A x E x B — R. Due to the Bellman principle vV
coincides with w on the set {(s,T,z,b) € A X E x B: s> tn-_1(D)}.
Assume the inductive hypotheses for v**!. Define an auxiliary stopping problem

ﬁi(s,T,a:,b): sup EI{I{HTSti(b)}f,’(S—FT,X(T),b)

7<T—s
Loty 05 (6() V s T X (1) = )V 0).0) ],
where vi“ is the function from decomposition (39). We infer from the definition of v**! and the
inequalities (36) that

o7 ((b), (), 2,b) = figa (ti(b),2,b) < fi(ti(b), z,b).
Lemma 4.1 implies ¢ can be written as:
f)i(s, T,2,b) = lis<t,0)} vi (5, T,2,0) + Ligst, ()} vi“ (s,T,x,b)

for a continuous bounded function v} : A x E x B — R. The value function 9° coincides
with v® for s < t;41(b). By the Bellman principle the function v’ agrees with w on the set
{(s,T,2,b) € AX Ex B:s>t;_1(b)}. This completes the proof of the hypotheses (i)-(ii) for
v*.
Put WN*41 =V
(i)-(ii), for © < N* and by the construction of v
Inequalities (37) follow from (32) in Lemma 4.1:

N"+1and w; = v} fori = 0,..., N*. This definition is justified by conditions

N*+1

w; (ti(b),T, z, b) — w2'+1(ti(b),T,x, b) = vi (ti(b),T, z, b) — vi“(ti(b),T, z, b)
< (fi(ti(b), 2, b) — it (£:(b), T, 2, b)) VO < f; (t:(b), 2, b) — fir1 (ti(b), ,b).
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An optimal stopping time can be extracted from optimal stopping times 7¢ for the partial
value functions v°, ..., vV +1. Fix s,T,z,b and let 7 be such that s € (t;_1(b),t;(b)], with the
convention t_; = —oo. The procedure is as follows. If 7i < t;(b) it is optimal to stop at 7¢.
Otherwise, the control is handed over to the level ¢ + 1. Since f; dominates f; 1 att = t;(b) the
inequality 7 > ¢;(b) implies TZ:(_;) > t;(b). Again, itis optimal to stop at TZI;) if TZ:'(_;) < t;11(b),
and to continue to the level ¢ + 2 if Tt”(;) > t;11(b). This routine is repeated until the terminal
time 7' is reached.

Thanks to the representation (33) of the stopping times 7%, k = i,..., N*, the stopping time
offered by the above procedure can be written as

inf{t € [s,t;()) AT]: w(t,T,X(t—s),b) < fi(t. X(t—s),b)}
ANinf{t € (t;(b) AT, tis1 (D) AT] . w(t, T, X(t—s),b) < fiyr (6, X(t —s),b)}

Ainf{t € (tn+=(b) AT, tn+41(b) AT) . w(t, T, X(t —5),b) < fa=y1(t, X(t —s),b) }

with the convention inf () = co. Above expression simplifies to the formula (38) in the statement
of the theorem. ]

An analogous argument as in the proof of the Theorem 3.10 extends the above result to func-
tionals with an integral term and a restricted stopping region:

COROLLARY 4.3 Assume F : [0,T*] x E x EB — R is a bounded function and f : [0, T*] x
E x EB — R is a continuous bounded function. Consider an optimal stopping problem:

w(Ty, Ty, x,b) = sup Em{/OTf(s,X(s),b)ds—i—F(T,X(T),b)},

T <7<T>

(Ty, Ty, z,b) € A x E x EP. (40)

If F has the decomposition (35) for a compact set B C EB, the value function w can be decom-
posed as follows:

N*+1

w(Ty, Ty, x,b) = 1yp, —oy wo(0, T2, 2,b) + Z Liryetio s (0.0 0y Wi(T1, T2, 2, b)),
i=1
(T1,To,x,b) e AX Ex B, (41)
where wq, . .., wn++1 : A X E X B — R are continuous bounded functions. The discontinuities

of w are bounded as follows:

0 S w(ti(b),Tg,LE, b) — w(ti(b)—h TQ,I‘, b) S F(ti(b),l‘, b) — F(ti(b)—hl‘, b),
T2 > ti(b), (JJ, b) € F x B,

fori=0,...,N*+ 1. Moreover, there exists an optimal stopping time for every x, Ty, Ty and b.
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5. Impulse control with decision lag and execution delay

The theory of optimal stopping of left-continuous functionals is nicely illustrated by its applica-
tion to impulse control problems. As in the previous sections a Markov process (X (t)) is defined
on a locally compact separable metric space (F, £) and satisfies the weak Feller property. Now it
is controlled using impulses. Impulse strategy is a sequence of pairs (74, &;), where (7;) are stop-
ping times with respect to the history (F;) and variables §; are F,-measurable. The pair (7;, ;)
is interpreted in the following way: at the moment 7; + A the process X, is shifted to the state
given by I'(X_ (7; + A), &), where X_(7; + A) represents the state of the process strictly before
the exercise of the impulse (the process does not have to be left-continuous so this value may
not coincide with the left-hand limit of the controlled process). A deterministic A > 0 imposes
a delay in the execution of the impulse. We write IT = ((7'1, &1),(72,&2),. .. ) and denote such
controlled process by (X' (t)). Notice that the filtration (F;) depends on the control and on the
initial state of the process (X' (¢)).

There are two time points related to an impulse (73, &;). At 7;, called the ordering time, a
decision is made upon the action &;. It is then executed at time 7; + A. This naming convention
will be used throughout this section.

Let h > 0 and © be a compact set of actions. The set of admissible controls .4(z) consists of
impulse strategies I = ((71,&1), (72.&2), ... ) such that 7,41 > 7; + hand §; € ©. Value h > 0
has the meaning of a decision lag, i.e., it is the minimal time gap separating ordering times. If a
new impulse (74, ;) is ordered at the moment when a pending impulse (7%, {x) is scheduled to be
executed, i.e., when 7; = 73, + A, the decision about &; is made after the shift of X T determined
by &

A mathematically precise construction of the probability space on which the controlled pro-
cess is defined can be found in a seminal paper by Robin [23] and his thesis [24]. Let (X,?(t))
be a sequence of processes defined inductively in the following way:

Xty =X(t), t>0,
XH(t), t < T+ A,
Xt = {

XF(XF(T”HFA)’&“) (t—Tis1 —A), t>701+A,

where (X “(t)) denotes a process starting from an initial distribution y. Intuitive meaning of
X[1(t) is that of a process controlled by first i impulses, i.e. by Il; = ((71,m1), ..., (7:,&;)). The
controlled process X'I(¢) can be composed of the segments X[(#) in the following way:

XT(t) = Taery X0' () + D Vricrzrn} X0 (D). (42)

i=1
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Consider an optimal control problem with a finite horizon T" > 0 and a functional given by
T
J(x, 1, T) = IE'”{ / e f(t, X" (t))dt + e T g(X(T))
0

[ee]
+ Z Lir4a<ry efa(T#A)C(Xin—l(Ti + A)’fi) } 43)

i=1

where o > 0 is a discount factor, f measures a running reward (cost), g is a terminal reward
(cost) and c is the cost for impulses. Although the probability measure with respect to which
the expectation in (43) is computed depends on the control II we omit this dependence in the
notation.

Our goal is to find the value function

v(z) = sup J(z,ILT)
e A(x)

and an admissible strategy IT* € A(x) for which the supremum is attained. Such IT* is called an
optimal strategy.
We make the following standing assumptions:

(A1) Functionsc: Ex© — R, f: [0,T]x E — Rand g : E — R are continuous and bounded.
(A2) The functionI" : £ x © — FE is continuous.

The main result of this section is summarized in the theorem below.

THEOREM 5.1 Assume (Al)-(A2) and h > 0. Then the value function v is continuous and
bounded and for every x € E there exists an optimal strategy.

Theorem 5.1 generalizes and complements several existing results on optimal control with and
without delay [1, 2, 8, 20, 21]. Its formulation, suggesting a standard approach in solving optimal
control problems, is misleading. The controlled process (X}!) is no longer Markovian due to the
accumulation of pending impulses. An approach, suggested in [8], leads via a system of optimal
stopping problems of Markovian type. Our solution is influenced by this idea, but differs from
[8] in many points. Our setting is much more general as we only assume the underlying process
to be defined on a locally compact separable state space and to satisfy the weak Feller property.
Our proofs benefit from the discretization techniques which do not rely on a convenient form of
the infinitesimal generator of the underlying Markov process. In contrast, existing results em-
ploy formulations via partial differential equations and are often limited by technical assumptions
arising from the theory of PDEs.

In Subsection 5.1 we develop a system of optimal stopping problems possessing certain
Markovian properties. The stopping problems comprising the system have time-discontinuous
functionals. These discontinuities come naturally as a result of the decision lag h and delay A
limiting admissible strategies and their execution. Stopping techniques developed in previous
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sections enable us to solve these discontinuous stopping problems and prove the existence and
form of optimal strategies in full detail. This part of the development is pursued in Subsection
5.2. The proof of Theorem 5.1 is located in Subsection 5.3. It is followed by a discussion of the
relation of our findings to the existing results.

5.1. Reduction to optimal stopping problems

As it has been pointed out before, the controlled process (X ') is no longer Markovian due to
the accumulation of pending impulses. Our solution is based on a decomposition of the optimal
control problem into an infinite-dimensional system of optimal stopping problems (we will show
later that it is sufficient to consider only a finite system of stopping problems). For n > 0 denote
by
v (x, 8,d,m) : E x [0,T*] x [0,h] x ([0,A] x ©)" = R, 1=0,...,n,

the value function for the maximization of the functional (43) under the conditions described by
the parameters:

e 1 is the maximum number of impulses that can be ordered, n > 0,
e the first new impulse can be ordered after at least d units of time, d € [0, k],

e 1z is a starting point for the process (X (t)), z € F,

s denotes the time until maturity 7', so the optimization horizon is s, s € [0, T,

1 is the number of pending impulses (stored in 7), ¢ > 0,

e 7 consists of ¢ pairs ((41,&1),. .., (0, &;)), where & € © is the action, dj, is the time until
the execution of the action & and §; < --- < §; < s.

The role of s in the parameters of (v") is different than in previous sections: it denotes the time
until maturity 7. This choice is motivated by two observations. Firstly, it allows us to skip the
maturity 7" in the parameters of v;* and reduces the dimension of the problem. Secondly, all
the points of discontinuities of the above value functions are naturally expressed relative to the
distance to the maturity 7" (see Theorem 5.3).

To simplify the notation, define an operator

MU? (1’,8, ((51,51), ey (57;,1,52',1)) = Slég ’U;(L (SU, S, h, (51,51), ey (51',1,51',1), (A,f))

The following standard result holds:

LEMMA 5.2 The operator M maps a continuous bounded function into a continuous bounded
function.
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i

We first provide formulas for functions v

V) (@, 5,d, (01, €1), - (61, 6))

01
_ JE””{ / e (T — s +u, X (u))du+ e~ e(X (1), €1)
0

, 1.e., when no new impulses are allowed:

+e ) | (D(X(61),&1), 8 — 01, (d — 61) V 0, (82 — 61, 62), ..., (6; — 01.&;)) }
(44)
and

v)(x,8,d) = IE“’{ /05 e f(T — s+ u, X(u))du+ e”‘sg(X(s))}. (45)

If n > 0 and ¢ > 0, the value function v} is separately defined on three subsets of the parameter
space:

i) s — A < d: no impulse can be ordered because the time between possible decision about
an impulse and the maturity is shorter than the delay of the execution A. This is based on
the assumption that all pending impulses are executed before or at the maturity. Impulses
ordered after the moment s — A do not affect the value of the functional.

il) s—A > dand d; < d: itis possible to order a new impulse, but a pending impulse (1, 1)
is executed before a new one can be ordered,

iii) s — A > d and §; > d: it is possible to order a new impulse before the execution of a
pending impulse (61, &7).

In (i) and (ii) no impulses can be ordered before d;. The value functions can be written as

41
U? (ZC, S,d, ((51,61), ey (61,51)) = ]Em{ /0 Biauf(T*5+U, X(u))duﬁ’eiaél C(X(él),gl)

+ e_a‘slvf_l (F(X((Sl),fl),s — 61, (d — (51) \Y 0, ((52 — 51,52), ey (51 — (51,&)) } (46)

We divide (iii) into three subcases:
a) 01 < s — A (by the conditions in (iii) we have d < 47)

o (z,8,d,(61,&), ..., (6;,&)) = sup E‘{ /T e (T — s+ u, X(u)du
d<r<6&, 0
+ 1{T<51} e_aTM’U?_Cll (X(T),S - T, ((51 — T,fl), ey ((52 — T,gi))
Flrmay 0 (X0, 60)
+ vy (F(X(51)’§1)s s —01,0,(02 —01,62), ..., (6; — 51,&))) }
47)
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b) 41 > s — A > 0 (by the conditions in (iii) we have d < s — A)

v?(m, 8,d, (01,&1), - -, ((5¢,§i)) = sup IET{ / e"(T — s+ u, X (u))du
d<rt<s—A 0
+ 1rcs—ny e_va;ﬂr_ll (X(T), s—7,(01 —7,&1)s. .., (0; — T, &))
+ 1{7:57A} efa(S*A)U;l ((X(S — A), A, 0, ((51 — s+ A, fl), ceey (5z — S+ A,fﬂ)) },
(48)
¢) 61 > s — A = 0 (by the conditions in (iii) we have d = 0)

vy (as,A,O, (01,&1)s--s (51’51))

= max (Mv;ﬂ:ll (a:, A, (81,61), ..., (04, fl)),
o1
E{ | e = s b X ) du + el X601, 60)
0

+ efaélv?q(r(X((sl)’fl)’A — 01,0, (62 — 61,&2), ..., (6; — 61,&;)) })
(49)

Formula (49) has the following meaning. When time until maturity equals A there are only two
choices: either to order an impulse immediately (it will be executed at 7'; no more impulses can
be ordered afterwards) or to execute only the pending impulses.

If n > 0 and ¢ = 0, there are two possibilities:

i) d > s — A: no more impulses can be ordered

vy (a:, s, d) = 118 (a:, s, d), (50)

ii) d < s — A: anew impulse can be ordered
v (z,s,d) = sup IE’”{ / e f(T — s +u, X(u))du
d<rt<s—A 0
+ e~ %" max (Mv?_l (X(T), s — T), v8 (X(T), s—T, O)) } 51
The relations developed above are heuristic. In what follows we shall show that there is a unique
solution (v]") to the system of equations (44) - (51) and v} (z, s, d, 7) is the optimal value of the

cost functional J with initial condition (x,T — s), a new impulse order allowed after d units of
time, ¢ impulses in the memory 7 and at most n new impulse orders.
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5.2.  Solution to the system of optimal stopping problems

It is an inherent property of our model that functions v;* may not be continuous. They are however
piecewise continuous, which is one of the findings of the theorem below. Using results from
previous sections we are able to prove that the stopping problems (47), (48) and (51) have optimal
solutions. These solutions are the building blocks of the optimal control for the problem (43).

THEOREM 5.3 Assume (Al)-(A2) and h > 0. There is a unique solution (v') to the system of
equations (44)-(51). The functions v} are the value functions for the functional J with i impulses
in the memory and at most n new impulse orders allowed. Furthermore:

i) Functions v are bounded and continuous with respect to all arguments.
ii) Forn > 0 the functions v}’ have the following decomposition:

VP (x50 dy (61,€1)s - (0, 64))

= Lssaratnn) Uiy (2. 8.d, (61,61), ..., (65, &)
N

(52)
+ Z Liseld+At(m—1)hdt+-Atmh)} Uim (m,s,d, (61,61),- -, (5i,§i))
m=1
+ Liscatay Ui (m, 5,d,(01,&1), -5 (51',51')),
where N = max{m : T — A—mh > 0}, the functions uy, uj,, .. Uy EX [0, T] x

[0,h] x ([0,A] x E®)" — R are continuous, bounded and

u,’{fm(:c,s,s—A—mh, (51’51)’”-’(5%&))
< Ui (28,5 — A —mh, (61, &), ..., (0:.&)),
m=0,...,N. (53)

iii) All optimal stopping problems used in the construction of (v') have solutions, i.e., there
exists stopping times for which the suprema are attained.

Proof. The functions v?, i > 0, are uniquely determined by equations (44)-(45). They are the
value functions for the functional J with no future orders allowed. Lemma 2.3 implies v] is
continuous and bounded. Further, an inductive argument shows vio, 1 > 1, are continuous and
bounded. The inductive step follows from Lemma 2.3 or, directly, from Corollary 4.3 with 7} =
Ty = 6;.

The rest of the proof relies on the induction with respect to the ordering < on the set of indices
(n,i) €{0,1,...,N} x {0,1,..., N} defined as follows:

(n',i") < (n,1) if n'<n, or (n"=n and i <i). (54)
First we prove that the system of equations (44)-(51) defines functions v’ in an explicit way.

It is clearly true for vj,. Assume v?? is defined for all (n’,i') < (n,i) such that (n’,4') # (n,i).
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If n > 0 the equation (49) defines v]'(x, A, d, (61,&1), - - -, (8:,&;)) for d = 0. This is extended to

arbitrary d € [0, h] via (46)-(48). For n = 0 equations (50)-(51) provide explicit formulas for v}.
The proof of the continuity of v* follows by induction with respect to the ordering <. Asser-

tion (i) implies conditions (52)-(53) are satisfied for n = 0. Assume, as an inductive hypothesis,

they are satisfied for all (n/, ") < (n, ¢) such that (n', i) # (n, ).

Preliminary step (n > 0, i = 0): If d > s — A the function v{} coincides with vJ, which is

continuous by assertion (i). Otherwise, v} is given by (51). It can be written equivalently as

vg(x,s,d) :d<7s_1<1;s)A]E”{/0 ea“f(T—s+u,X(u))du—i—Fg(T,X(T),s)},

where
Eg (t, z, s) = e “ max (Mv?il(m, s—1), vg (x s—1t, O))
By the inductive hypothesis (52) the function F§ has the following decomposition:
Fg (t,x,s) = Lig<s—a—nn} fons (t 2, 8)
N
+ Z Lite(s—Amh,s—A—(m—1)h]} fom (£ 25 8)
m=2

+ 1{t>s—A—h} f&1 (t7 z, 5) >

where

fgfm(t,x, s) = e * max (Mu?,:nl_l(a:,s — t),vg(x,s — t,())), m=1,...,N + 1.

Lemma 5.2 with the set of parameters £ = [0, 7], b = (s) implies that (fJ',,,) are continuous.
We infer from the inductive assumption (53) that

fgfm(szfmh,x,s) < f&m_H(szfmh,x,s), m=1,...,N.

By virtue of Corollary 4.3, with the same set of parameters EB = [0, T, the value function

wy (Ty, Ty, x,8) = sup ]Ex{/Te_a“f(T—s—i—u,X(u))du—i—FéL(T,X(T),s))}
0

T <7<T>

has the decomposition
wi (11, To, 2, 8) = 1y <s—a—nny W n 1 (11, To. 2, )
N
+ Z LTy €(s— A—mhs—A—(m—1)h]} W (T1, T2, 2, )
m=2

+ 1{T1 >S*A*h} w(T)lJ (T17 TQ’ x, S) )
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with continuous functions Wh 1, Wiy« - s w& N4l such that
Wo (8 = A —=mh, T, x,5) < wg,,y1(s — A —mh, T, z,5), m=1,...,N.
Comparing with (51), we obtain v (z, s,d) = w(d,s — A, z,s) ford < s — A.

We summarize the results on vg':

9 99y d s d > - A,
o (@5, d) = vy (2, s,d) s
wi(d,s — A, x,8), d<s—A.
Decomposition (52) of v{ is thus given by
ugo(z,8,d) = v)(z, s, d),
ug (2, 8,d) = Wi, (d,s — A, 2, 8), m=1,...,N+1.

Inequalities (53) for m = 1,..., N result from those for wg,,. The relation for m = 0,
ugo(z, 5,5 — A) < ugy(z,s,5 — A), follows directly from

vg(x,s,s—A) < w{}(s—A,s—A,x,s).

Having proved the assertions of theorem for ¢ = 0, i.e. when there are no pending impulses,
we turn our attention to the case n > 0, ¢ > 0. Value functions v}’ were defined on three disjoint
subsets of parameters. We will first consider them separately and merge the results at the end of
the proof.

Case (i) and (ii): We infer from the representation (46) and inductive assumption (52) that in
case (i), i.e., for s — A < d,

’U;(L ((E, S, d, ((51,51), P (51,51)) = gzo(iﬁ, S, d, (51,51), ey (51,51)),

where
o1
Jio (x, 8,d, (01,61)5 -+ - s (51,52)) = EI{ / efa“f(T—eru,X(u))dque*aélc(X(él),fl)
0

+ €7a51u?_1’0 (F(X(51),£1),s — 51, (d — 51) \Y 0, (52 — 51,52), ey ((5, — (51,&)) },
and in the case (ii), i.e. for s — A > d > 61,

’U;'n (x, S, d’ (61’ 51)’ cees (67,?51)) = 1{82d+A+Nh} QZN.H (xa S, d, (61551)? D) (617 51))
N

+ Z Liseldtat(m—hdtAtmh)} Gim (@, 8. d, (01,&1), - -+, (65,&))s

m=1

where, form=1,...,N +1,
o1
g;zm (LL', S, d, (51,51), ey ((51,51)) = ET{ / e_auf(T—S'i"LL, X(u))du—i—e_a‘sl C(X((Sl),gl)
0

+ e’“‘”UZil,m (D(X(61),&1),s — 01, d — 61, (62 — 61, &2), ..., (6; — 51,51))}-
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Lemma 2.3 implies the continuity of g{fm, m = 0,..., N + 1 (the set of parameters is EB =
[0,T] x [0,h] x ([0,A] x ©)%, b = (s,d, (61,&1), .-, (5:,&;))). The semigroup of the process
X (t) is monotonous, i.e., maps non-negative functions into non-negative ones. This, together
with the assumption (53), proves that, for 4; < s — A,

me(xa SvsiAimhv (61751)’ ey (52751)) S g:ZmJ,-l ('Iv S,S*A*mh, (61’61)3 ey (6’“51))7
m=20,...N. (55)

Above results can also be obtained via Corollary 4.3.

Case (iii): We will use a shorthand notation D = (s — A) A ;. Formulas (47)-(49) can be
equivalently written as

v?(x,s,d, (51,51),...,(57;,&)) = sup ]Ew{/Tea"f(TSnLu,X(u))du (56)
0

d<r<D

+ FP (1, X (7)., (01,61), -+ (63,&0)) }
where

El (t2,5,(61.&), - (6. &)
= lu<py e_atM’U;Zr_ll (l‘, s—t, (01 —t,&1),...,(0; — 1, fz))

+ 1{t:D} e*OLD max <M’U;'1_11 (1‘,5 — D, ((51 — D,gl), ey (51 — D,gz)),
h;l(x,S—D, ((51 —D,fl),...,((si —D,fi))),

and

hy (s, (01, 6), -5 (0, &)
= l{si<s-ny (C(x,fl) + ol (D@, 1), 5 = 61,0, (82 — 01, €2), -+, (8 — 61@»)

+ 15 ss-nye “E” {C(X(51), &)

+ 01 (T(X(01),€1), 8 — 61,0, (02 — 61, &), -+, (6 — 61,&4)) }

Inductive hypotheses, monotonicity of the operator M/ and Lemma 5.2 imply that M v?_{f has

a decomposition of the type (52)-(53) with the functions M u?;ll’m, m = 0,...,N + 1. The
functional F' is therefore left-continuous for ¢ < D (in the notation of Section 4). Left-continuity
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clearly fails at ¢ = D. Due to the decomposition of v}* ; we have

R (2,8, (61,61, -, (00, E1))

= Igs,<s—a-nn} hingr (2.8, (61.61). ... (6:.&))
N-1

+ Z Lis, e(s—Amhos—A—(m—1)h]} Po (228, (81,&1)5 -, (63, &)

m=1
+ 1{61>S—A} hZO (SE, S, (61,51), ey (57,&)),
with
h?o (CC,S, ((51,51), ey (51,57)) = 670[51 EI{C<X(51),§1)
+uf_ 1 o(T(X(61),61),5 — 61,0, (2 — 61,&2), ..., (6; — 51,52‘))}’

h:fm (‘II"7 S, (61’ 51)’ RN} (6Z’£z)) = c(a:, 51)
+ u?_l,m (F($, 51),8 — 01,0, (52 — 51,52), ey (61 — 61,&))), m=1,...,N +1.

Functions h}fm, m=0,...,M + 1, are continuous and bounded by Lemma 2.3.

Thanks to the decomposition of A} the function F* can be written as

FP (ta, (s, (01,&1), - (01, 6)))
= Lp<o-a-vny finaa (62 (5, (01,60, (65.6)))
N
+ > Lte(s—ammhs—a—(m-n} Fim (62, (5. (01,60, (8. €)))
m=1

+ lussoay flo(ta, (5, (61,60), -+, (80, 6)))s
with

'ﬂm (ts x, (89 (51’ 51), sy (51951))>
= Lp<ains—ay € MuP, (s =, (01 = £,&1), ..., (6 — 1,&))

+ 1{15261/\(sz)} €_at max <Muf+_11m (.Z‘, S — t, ((51 — t, 61), ey (51 — t, gl)),

h2m<$, (8 — t, (61 — t,gl), ey (62 — t,fﬂ)))

Functions ], are not continuous; they can have an upward jump at¢ = (s—A)Ad;. Combination
of Corollary 4.3 with Theorem 3.10 (the set of parameters is EZ = [0,T] x ([0,A] x ©)F,
b=(s,(01,&1),-..,(0;&;))) implies that for To > &; A (s — A) the function w]* defined as

wl”(Tl,Tg,x,s,(él,fl),...,(61',@»)): sup Em{/Te_o‘“f(T—s—i—u,X(u))du
0

T <7<T>

+ F (1, X(7), 8, (61, &) - -, (6, &) },
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has the following decomposition
w? (T19 T23 z, S, (61’ 51)’ ey (5’“ El))

= lir<s—a—nny Winet (T To 2,8, (61.61), - .., (05.6))
N

+ Z LTy e(s—Amhos—A—(m-1)h]} Wi (11, T2, 2,8, (61,&1), -, (63, &)

m=1
+ 1{T1>57A} w;LO (Tls T29"I:9 S, (61951)3 ceey ((S’u 67,))

with continuous bounded functions w",, : [0,7]> x E x [0,T] x [([0,A] x ©)" — R satisfying
the following set of inequalities form = 0, ..., N:

wfm(s —A - mh,Tg,l‘, S, ((51,51), ey (51"51’))
< Wi (s —A—mh,To,2,8,(61,&1),- - -» (5i,§i)).
(57)

Notice that v} (z, s, d, (61,&1), ..., (6:,&)) = w(d, 61 A (s — A),z,8,(61,&),-..,(6;,&)) on
d<d N(s—A).

Final step: The results derived above are used to obtain (52)-(53) for . Findings in case (i),
s — A <d,imply uf, = g;%y. Functions u}, , for m > 0, are defined through cases (ii) and (iii).
Indeed, on s — A > d we have

ul (2,8,d,(61,61), .., (6, &) = Lisy<ay Ofm (20 8,4, (61,61), .., (63, &)
+ s, sy W (d. 01 A (s — A), 2,5, (61,61), ..., (6:,&)).
Continuity of !, can only be violated at d = d;. It is however not the case because

g:’lm (z, S, 51, (51,51), ey ((Sz,fz)) = wzm (51,51,1’, S, (51,51), ey (51',6,'))

on s — A > d. The function uzm can be extended in a continuous way to its whole domain, i.e.
s > 0.
Inequalities (55) and (57) imply (53) form = 1,..., N. Since

’LU,ZLO(S — A,S — A, xX,Ss, (51,51),. ey ((51,51)) Z Q,ZO(.’L', S, 8 — A, ((51,51),. ey (51,52»

inequalities (55) and (57) justify (53) for m = 0 as well. Bellman principle and the existence
of solutions to all considered optimal stopping problems imply v;* is the value function for the
functional J with ¢ impulses in the memory and at most n future impulse orders. [ ]

REMARK 5.4 [t might be tempting to use the technique pioneered in Theorem 3.5 to remove the
discontinuity of F}" in equation (56) at t = D in the following fashion. Define for t € [0, D]
’I"ln (t, X, S, ((51,51), ey (51,51))
— Em{e_“(D_t) max (MU?HI (X(D—t),s— D, (61 — D,&1).....(6; — D, &)),

h?(X(D —t),s—D,(61 — D,&),...,(0; _D’fi))>},
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and

Fi” (t, 2,8, (01,&1)s - s (51',51))
= e “ max (Mv?fll (X(t),s —t (0 —t.&) . (6 — 8 gi))’

(X (0,5, (016, (6,60))).

The value function in (56) can be equivalently written with Fi" inplace of F*. The intuition stand-
ing behind this result comes from Theorem 3.5. Formal justification goes via time-discretization
and an analogous but more laborious proof than that of Theorem 3.5.

However promising it looks, the approach proposed above does not benefit our problem. The
decomposition of ]’ depends on D and the points of discontinuity do not coincide with those in
(52). This leads to multiplication of the number of discontinuities and requires further steps to
prove the properties of v.'.

5.3. Main theorem and remarks

Proof of Theorem 5.1. Due to a non-zero decision-lag h, the maximum number of impulses
on the interval [0,7] is bounded by N = [T/h]. Therefore, v(x) = v{¥(z,0,0), which by
Theorem 5.3 is continuous. An optimal strategy can be constructed from the solutions to the
stopping problems considered in the proof of Theorem 5.3. These optimal stopping times exist
by Corollary 4.3. Actions are determined by maximizers of appropriate suprema. Due to the
compactness of © and continuity of v}, with respect to § there maximizers can be chosen to be
measurable. [ ]

The discontinuities of the value functions solving the system of optimal stopping problems
(44)-(51) are due to the delay A > 0 and the decision lag h > 0. If both quantities coincide,
A = h, the optimal control problem can be reformulated as a sequence of no-delay optimal
stopping problems. @ksendal and Sulem [21] studied such a problem with a jump-diffusion as
the underlying process (X (¢)) and a random time horizon defined as the first exit time from a
given open set. The very idea of their approach can be accommodated in our general setting with
a finite horizon and yields analogous results.

Bruder and Pham [8] consider controls where the execution delay is a multiplicity of the
decision lag, i.e. A = mh. This assumption is crucial for their method of solution because it
allows to divide the time between the ordering and execution of the impulse into m intervals of
the length h on which only one impulse can be ordered. We relax this condition in the present
paper. It forces the introduction of parameter d in the functions v}* as well as the construction of
a new system of optimal stopping problems (see Subsection 5.1).

Our paper can be naturally extended in two directions. The first one is the removal of the de-
cision lag h. It should, intuitively, smooth out the resulting system of optimal stopping problems
leaving only one discontinuity at s = A. On the other hand, when A = 0 it is possible to have
strategies leading to an infinite number of pending impulses, which has two consequences: the
system of optimal stopping problems is truly infinite and its solution might not result in a valid
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control policy (the resulting sequence of stopping times can have an accumulation point smaller
than the ordering horizon T — A).

The second extension of the paper is into infinite horizon functionals. It requires the introduc-

tion of discounting and the removal of the final payoff g. A simple example of such problem is
studied by Bar-Ilan and Sulem [4] in the realm of inventory models. Our intuition suggests that
such infinite horizon models can be solved via an infinite system of optimal stopping problems
with continuous functionals.

Acknowledgments. We would like to thank the referees and associate editor for insightful

comments and suggestions.
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