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Abstract

We consider a class of optimal stopping problems where the ability to stop depends on
exogenous Poisson signal process — one can only stop at the Poisson jump times. Even though
the time variable in these problems has a discrete aspect, a variational inequality can be obtained
by considering an underlying continuous time structure. Depending on whether stopping is
allowed at ¢t = 0, the value function exhibits different properties across the optimal exercise
boundary. Indeed, the value function is only C° across the optimal boundary when stopping
is allowed at ¢t = 0 and C? otherwise, both contradicting the usual C!' smoothness that is
necessary and sufficient for the application of the principle of smooth fit. Also discussed is an
equivalent stochastic control formulation for these stopping problems. Finally, we derive the
asymptotic behavior of the value functions and optimal exercise boundaries as the intensity
of the Poisson process goes to infinity, or roughly speaking, as the problems converge to the
classical continuous-time optimal stopping problems.
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1 Introduction

Optimal stopping problems have many applications in engineering, economics and finance; see e.g.
[1]-[4], [6], [8]-[11]. The usual setting is either in continuous time where stopping times can take any
value in a certain time interval, or in discrete time where stopping times can only take values in a
pre-specified grid. Explicit solutions to these problems, which are valuable for subsequent analysis,
are rarely available except in some simple continuous time problems with infinite time horizon. To
fix ideas, let us consider a classical irreversible investment problem, which is also equivalent to an
perpetual American option pricing problem; see e.g. [6, 9].

*Research supported in part by the National Science Foundation (NSF-DMS-0072004) and the Army Research
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Suppose a firm is considering a certain investment opportunity. At any time ¢, the firm has an
option to pay a fixed cost K to install an investment project, whose market value S; is stochastic
and assumed to be a geometric Brownian motion:

ds,

L —bdt+odW,, So=ax; t>0.

St
Here W = (W,;, F}) is a standard Brownian motion, and ¢ > 0 and b are constants that stand for
volatility and drift, respectively. The payoff from this option at time ¢ is therefore (S; — K)™ =
max{S; — K, 0}, and the firm wants to maximize its expected present value by judiciously choosing
an investment time. This is equivalent to an optimal stopping problem

v(z) =supE”* [e_rT(ST - K)+] ,
TES

where r is the discount rate (r > b), S is the set of all admissible stopping times (investment times),
and E* denotes expected value given Sy = x.

Usually S is the set of all stopping times taking values in [0, co], which means that the firm
can pay the cost K and install the project at any time. A closed-form solution has been obtained
under these assumptions. A discrete time version of this optimal stopping problem would restrict,
for example, S to be the set of all stopping times taking values in the time grid {nh : n > 0}, where
h > 0 is a constant. However, to the best knowledge of the authors a closed form solution has not
been obtained for this problem.

Even though the continuous-time model is more likely to yield an explicit solution, the lack of
any restriction on the possible stopping times is sometimes unrealistic. In this paper we investi-
gate an optimal stopping problem that is intermediate between the continuous and discrete time
problems just discussed. Suppose that there exists an exogenous, uncontrolled Poisson process (say
N) serving as a signal process, and that the controller can stop only at the times when the Poisson
process N makes a jump. In other words, the investment can be only be made at the random
times Th < Ty < --- < T, < ---, where {T1,Ty — T1,T5 — Ty, - - - } are independent and identically
distributed (iid) exponential random variables. In this framework, the investor does not have total
freedom over the possible investment times — he has to rely on the Poisson process to give him a
certain signal (in this case, the jumps), in order to trigger the investment. For example, it may be
that an investment is possible only at those times when certain assets are made available, and not
otherwise.

This formulation can be easily extended to problems with more complicated payoff. Although
the set of times when one can stop is discrete, explicit solutions are possible for some simple models
with an infinite-time horizon. To the best of our knowledge, this type of constraint on the stopping
times has not been studied before. Its counterpart in stochastic control was first studied by [12],
where an exogenous Poisson process is used to model liquidity effects; see also [13] for an application
to problems in singular control.

The paper is organized as follows. In Section 2 we introduce two optimal stopping problems and
their associated discrete-time versions. In Section 3 we derive the associated variational inequality
by exploiting an underlying continuous time structure. The rest of Section 3 is devoted to solving
the variational inequality and proving a verification theorem. An equivalent stochastic control
formulation is discussed in Section 4. An asymptotic analysis is carried out in Section 5 as A (the
intensity of the exogenous Poisson process) goes to infinity, in order to relate this formulation to the



usual continuous-time model. For the sake of completeness, a very brief account of the analogous
continuous-time optimal stopping problem is also included.

Remark 1. In the standard continuous time formulation the so-called principle of smooth fit is
used to identify the boundary of the continuation region. The application of this principle usually
produces a solution that is continuously differentiable but not twice continuously differentiable
across this boundary. An interesting feature of the problem we study is that this qualitative
property is never observed. In fact, the value function of the optimal stopping problem turns out
to be either C° or C?, depending on whether stopping is allowed at ¢t = 0 or not.

2 The optimal stopping problem

Consider a probability space (2, F,P;F) with filtration F = (F3) satisfying the usual conditions:
right-continuity and completion by P-negligible sets. The state process S = (S, F;) is assumed to
be a geometric Brownian motion with
(2.1) 5 =bdt+odW;, So==.
St

Here W = (Wy, F) is a standard F-Brownian motion and b and o > 0 are constants. We also assume
the probability space is rich enough to carry a Poisson process (the signal process) N = (N, Fy)
with intensity A\. Throughout this paper we assume that the Brownian motion W and the Poisson
process N are independent. The n-th jump time of the Poisson process is denoted by T,,, with the
conventions Ty = 0, T, = 0.

We study the following optimal stopping problem. Let S be the set of admissible stopping
times. The objective is to maximize the discounted payoff

(2.2) v(x) = ilég E” [e77(S, — K)T].

Here r and K are both positive constants, and we will assume that » > b. Note that the case where
r < b is trivial — the process {e‘rt(St - K)t; t> 0} becomes a submartingale, the value function
is infinity, and an optimal strategy does not exist.

Suppose that the decision maker can only stop the process at the jump times of the Poisson
processes. In other words,

(2.3) S = {F-stopping time 7 : for every w € Q, 7(w) = T},(w) for some n=1,2,---, 00}
We have the following preliminary result, whose proof is elementary and thus omitted.

Lemma 1. For any random variable N : Q — {0,1,2,--- 00}, the following two statements are
equivalent.

1. The random variable N is a G-stopping time and N > 1; here G = (G,) = (Fr,).

2. The random variable T =Ty € S.



This lemma ensures the one-to-one correspondence between the admissible stopping time set S and
the set

(2.4) N ={N>1: N is a G-stopping time} .

Define the G-adapted process

(2.5) Zn = (Ty, ST,), n > 0.

It follows that

(2.6) v(z) = ;g)sz [6(ZNn)| Zo = (0,2)],  where ¢(Z,) = e """(ST, — K)*.

Note that in the preceding setup, the decision maker is not allowed to stop at ¢ = 0 (or, n = 0).
If we remove this restriction, we have the following optimal stopping problem. The set of admissible
stopping times becomes

(2.7)  Sp = {F-stopping time 7 : for every w € Q, 7(w) = T),(w) for some n =10,1,2,---, 00}
and the value function is defined as

(2.8) vo(z) = Sélé) E* [e7"7(S; — K)T].

It follows similarly that

(2.9) w(z) = SUJI\)/ El¢(ZN)| Zo = (0,2)],  where Ny ={N >0; N is a G-stopping time} .
eNo
There are several reasons for the simultaneous introduction of problems (2.2), (2.6), (2.8) and
(2.9). One is that the variational inequality is very easy to derive for the continuous-time problem
(2.2), from which the value function for problem (2.8) can be obtained. However, the verification
theorem for (2.2) is achieved through problem (2.8), and it depends heavily on the discrete-time
formulations (2.6), (2.9).

Remark 2. The optimal stopping problem (2.2) is time-homogeneous, in the sense that at any
time ¢, the next opportunity of stopping will appear after an exponential time of rate A (due to
the memoryless property). However, it is interesting to note that the discrete-time version (2.6)
is mot time-homogeneous since one can stop at any n except n = 0. An analogous observation
applies to the stopping problem (2.8). The discrete-time version (2.9) is time-homogeneous, while
the continuous-time version (2.8) is not, since at any t except t = 0 one has to wait an exponential
time for the stopping opportunity to come.

Remark 3. One would naturally expect that the following two equalities hold.
(2.10) vo(z) = max{(z—K)*, v(z)}

(2.11) v(z) = EI/ e "ug(Sy) - Ae M dt.
0

The intuition behind the two equalities is clear. The first equality says that at ¢ = 0, one can either
stop to get payoff (x — K)™ or continue to get payoff v(z). Hence the value vy is the maximum of
the two. As for the second equality, in the problem defining V' one has to wait an exponential time,
and is then allowed to stop at any of the following Poisson jump times (including the first one).
Since the Poisson process is independent of the driving Brownian motion, this gives the integral
representation for v in terms of vg. A detailed proof is given in Theorem 2.



3 Variational Inequality and Verification Theorem
Here we consider the optimization problem (2.2), that is,

v(z) = ilégE e 7(S; — K)T | So=41].

Let us proceed heuristically for a while. From now on, we will use £ to denote the infinitesimal
generator of the geometric Brownian motion S = (S, ;). Thus

(3.1) (Lu)(z) = %x2a2u”(a¢) +bau'(x), Va2 >0.

It is natural to guess that the optimal strategy should take the following form: try stopping whenever
the state process S exceeds some threshold z* > K, and continue otherwise. In other words, the
optimal strategy should be

™ =inf{T,: n>1, Sy, > 2*}.

If it is optimal to continue when the state process is below x*, then we would expect
(3.2) —rv+Lv=0, Vaze(0,z").

When = > z*, however, one cannot stop unless the Poisson process N makes a jump. Note that
in a small time interval of length dt, the Poisson process has probability A dt to make a jump, i.e.,
with probability A dt the process will be stopped with a payoff x — K, and the process will continue
with probability 1 — A dt. This formally suggests that for z > z*,

o(@) = Ndt-(z—K)+(1—\dt)E [e‘r'dtv(Sdt) 1So ==
= Mz —K)dt+ (1 —Xdt) [v(z) + (—rv + Lv) di]
v(z) 4+ (—rv+ L) dt+ X - [(z — K) — v] dt,

which yields
(3.3) —rv+ Lo+ N [(x—K)—v]=0, Vz>z"

Many optimal stopping problems in continuous time yield a value function which is C' across the
optimal exercise boundary (cf. Section 5). An interesting observation here is that v is likely to
be C? across x*. Indeed, we expect that v(z) > (z — K)* for all x < x* (otherwise, one should
try to stop instead of continuing), and similarly v(z) < (z — K)T for all > 2* (here the strict
inequality follows from the fact that the decision maker does not have total freedom and cannot
stop arbitrarily). If one believes that the smooth-fit principle still holds in this case (i.e. the value
function v is C! across the boundary = = z*), then v(2*) = * — K, which in turn implies that v is
C? across the optimal exercise boundary z* from equations (3.2) and (3.3) for v.
We obtain the following variational inequality from the preceding heuristic argument.



Variational Inequality. Find a non-negative, twice continuously differentiable function V' : RT™ —
R, and a constant z* > K, such that

(3.4) V(0+) = 0

(3.5) V(z*) - (z* - K)" = 0;

(3.6) —rV+LV = 0 O<z<az*
(3.7) -V + LV 4+ A[(z—-—K)-V] = 0; x>z
(3.8) V(z) = (x—K)T > 0; 0<z<a*
(3.9) V() —(z—-K)" < 0; x>z

This variational inequality admits a unique solution that can be calculated explicitly. It turns out
that the solution is indeed the value function and z* is indeed the optimal exercise boundary.
We have the following theorem.

Theorem 1. Let (V(z),z*) be the unique solution to the variation inequality (3.4)~(3.9), and let

v(z) = SEEE [e™7(S; — K)T | Sy =41].

Then V(x) = v(x) for all z € (0,00). Furthermore, the following stopping time is optimal:
™ =inf{T,: n>1, Sp, >z*}.

The rest of the section is devoted to solving the variational inequality (3.4)—(3.9) and to proving
Theorem 1. We have to show that the solution (V(x),x*) is unique, and that the conjectured
strategy is indeed optimal. The proof also implies the following result.

Theorem 2. The value function vy of the optimal stopping problem (2.8) equals

B et [ (z=-K)t, x>z
Vote) = max {(o — )%, v} = { O 02T
and the optimal stopping policy is
70 =inf{T},: n>0, Sp, > z"}.

Furthermore,
v(z) = E’”/ e "t (Sy) - Ae M dt.
0

3.1 Solution to the variational inequality

To solve the variational inequality (3.4)—(3.9), we first observe that equation (3.6) implies
V(z)=Apa®t + A_a%, 0<z<a™

Here o and a_ are the two roots of the quadratic equation

1, (b 1 r 1 b 1 b\* 2r
f(e) 2 <02 2) ‘T b (2 02) \/(2 02) T
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Since a_ < 0, it follows from equation (3.4) that A_ = 0. Hence, with A = Ay, a = a, we have

1 1 22
(3.10) V(z)=Az*  where a= (—— i) +\/<——i> —|——2, VO<z<a™

2 o2 2 o2 o
For z > x*, it is not difficult to verify that equation (3.7) implies that

A AK
V(x):B+x’6+—|—B_xﬁ‘—|—)\+T_bx— e Vao>at.

Here 34 and (B_ are the two roots of quadratic equation

=+ (e 3)0- 25 -0 e (- ) (5 ) 2

Moreover, it is very easy to show that 34 > 1 since r > b. Therefore, we must have By = 0 from
equation (3.9) and the non-negativity of V', which in turn implies that, with B = B_ and 3 = _,
(3.11)

A K 1 b 1 b\2 20 +7)
V(xz) = Bz +)\—|—r—b$ gy with (2 02> \/<2 02> + P Vao>zx

There are three unknowns (A, B, x*). However, the continuity of V' (z) and V' (z) across the optimal
exercise boundary z*, as well as equation (3.5), gives that

Vieg"+) =V(@*-) = (" - K)T =2 - K, V'(z*+)=V'(z*-).
Here we have used the assumption #* > K. Therefore

A = 2* — K,

A AK
B *\ 3 * — * K
SR ey e
A
B *\[B—1 — A * a—l'
BB 4 s = ad(@)
One can directly calculate the unique solution
o — T
(3.12) a* = xer K,

>\—|—r bﬁ >\—|—r b

and that the pair of coefficients (A, B) are determined by

r—b * r
zt— K B Xt~ o IS

(3.13) A= = L

We have the following proposition.

Proposition 1. The pair (V(z),z*) determined by equations (3.10), (3.11), (3.12) and (3.13) is
the unique solution to the variational inequality (3.4)-(3.9).



Proof: We first show that the optimal exercise boundary satisfies x* > K, and A > 0, B > 0. It is
very easy to see that & > 1 and § < 0. Hence, the numerator and denominator in equation (3.12)
are both positive since r > b. In particular, z* is positive. We study the following two cases.

1. Case b < 0: It suffices to show that
5> K (hence, x5 > ﬁ%[() )

A bit of algebra shows that this is equivalent to the inequality G > ’\?;r. However, since

solves the quadratic equation g(3) = 0, with

g(A—l—r) _ A+r)(A+7r—0)

A+r
o2

>0, ¢(0)= <0,

b 262
the claim follows.

2. Case b > 0: It suffices to show that

iy T A+r =0
x e —
Ar r—>

K (hence, z* > K).

Elementary manipulations show that this is equivalent to the inequality o < 7. However, «
solves the quadratic equation f(«) = 0, with

f(3>:w>o, £(0)= -2 <0,

o 262 o

and the claim follows readily.

It remains to show that V' is non-negative and the inequalities (3.8), (3.9) hold. However, since
A >0,a>1and B > 0,8 <0, it is easy to see that V is convex on the intervals [0, z*) and
[x*, 00), respectively. Since V' is twice continuously differentiable, it must be convex on the whole
interval [0, 00), and thus non-negative. It is easy to check that

A A
lim V/(z) = li Baf™! = <1
Jm V() zf&@ v +)\—|—r—b> A+r—b

It follows that V'(z) < 1 for all « € [0, 00), which in turn implies inequalities (3.8) and (3.9) with
the aid of equality (3.5). O

Remark 4. We have shown that V satisfies the following dynamic programming equation

—rV + LV + X -max {(z — K)* = V,0} =0, x € (0,00).

3.2 Verification theorem

In this subsection, we will simultaneously prove Theorems 1 and 2. Let (V(x), x*) be the unique
solution to the variational inequality (3.4) - (3.9), and define

(z—K)*, z>a*

Vote) = max{ (e — ) vy = { Cp T E2
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We divide the proof into several steps.
Step 1: We first show the equality
(3.14) V(z)=E* /0 ” e "VH(Sy) - de M dt
holds. Indeed, it follows from Remark 4 that
—rV+LV+A- (Vo=V)==(r+ NV +LV+ AV =0.
Consider the process M = (M, F;) where

T
My = e T HNTY(5) + / e TS dt, T > 0.
0

It follows from It6’s rule that
T T
My = V(z)+ / eIV (1 4+ NV + LV 4+ AV (Sy) dt + / e~ THNYI(S)) - 0 Sy dW,
0 0

T
= V(z)+ / e TS, - 0 Sy dW.
0

Since V' < 1 (see the proof of Proposition 1), it is not difficult to verify that the stochastic integral
defines a martingale, and therefore

T
V(z) = E*My = E*Myp = E%e~ VTV (Sy) 4 E / e~ TV (S) dt, YT > 0.
0

However, since there exists a constant ¢ such that V(z) < x + ¢ for all z € [0,00) and r > b,

lim sup E*e~tNTV (Sr) < lim sup E* [e_(T“L’\)T(ST + c)} = limsupe "I (T 4 ¢) = 0.

T—o0 T—o0 T—o0

Letting T — oo, (3.14) follows from the monotone convergence theorem.

Step 2: Here we show that vg(z) = Vp(x) is the value function and 7§ defines an optimal stopping
strategy for the optimization problem (2.8). First, it follows from Step 1 that

Vo(z) > V() = / eV (S) - Ae=M dt = E%eU V()
0

where U is an independent exponential random variable with rate A. This implies that the process
(e‘TT"Vo(STn), Qn) is indeed a non-negative supermartingale. It follows from the optional sampling
theorem that

Vo(x) > E* [ Vo(Sry)] = E* [N (St — K) ]

for all G-stopping times N. Hence, we have Vy(z) > vo(x) after taking supremum over N on the
right-hand side. It remains to show that

Vo(w) = 7 |77 (S5 — K)*],

9



where by definition
70 =Tng, with Ny =inf{n >0: Sg, >2"}.

To this end, it suffices to show that the process

Q= (¢ Vo(Srys )i )

is a uniformly integrable martingale. Indeed, if this is true, then the optional sampling theorem
yields

Vo(w) = E°Qng = E7 [0y (S0)| = B2 [ (S, — K]

The martingale property is fairly easy to prove. For n > 1, we have

n—1
E[@Qn|Gn] = E |:e_rTnV0(STn) “L{Ng>n} |gn—1} + Z E [e_rTi%(STi) =i | gn_l}
i=0
n—1
= livgemE [T Vo(ST,) | Gna] + Z e ""Vo(Sr,) - Ling=i}
i=0
n—1
= Lpngeape T ETre UV (Sy) + ) e V(ST - Ting =iy
i=0
n—1
= 1{N52n}6_rTn_1V(STn_1) + Ze‘TTiVO(STi) Lng=i)
i=0
n—1
= Lngsampe V(ST ) Y e T VA(ST) - Ting—y
i=0

= Qn—l'

Here the third equality follows from the strong Markov property with U being an independent
exponential random variable of rate A. The fourth equality follows from Step 1 and the fifth
equality follows from the fact that on set {Nj > n} we have Sy, , < z*, which implies that
Vo(St,_,) = V(St,_,) on this set by the definition of V.

In order to show that @ is uniformly integrable, it suffices to show that sup,~,e ""Vy(S;) is
integrable. However, since Vy(x) < z+¢ for some constant ¢, we only need to show that SUp;> € "5y
is integrable. Note that -

—1

. 1
supe S, =Y, where Y = sup (aWt — %+ (b— r)t) )
>0 >0 2

The distribution of Y can be found in standard textbooks; e.g. [7]. We have

[ee] Y -
E [supe_rtSt] =1+/ e'P(Y > vy) dyzl—I—/ e (5 _5)dy:1—|—
>0 0 0

Step 3: Finally, we show that v(x) = V' (x) is the value function and 7* defines an optimal stopping
strategy for the optimization problem (2.2). Indeed, since (e_TT"Vo(STn), Qn) is a non-negative

10



supermartingale (see Step 2), we have that, for all G-stopping times N > 1,
E” [N (Sry — K)T] < E* [ Vy(Sry)]
S EI [e—TTl‘/O(STl)]

= E° / e "Vo(Sy) - Ae M dt
0
= V(x).

Taking the supremum over such N on the left-hand side, we have v(z) < V(z) for all . It remains
to show that
V(z) = E® [e—w (S — K)“L} .

However, by conditioning on the first jump time 77, it follows from the strong Markov property
that

E* |:e_r7—* (ST* — K)_q = /Oo E* |:e_r7—* (ST* — K)+ |T1 = t} . )\G_At dt
0
— E° /0 " TS [G_TTJ(STJ - K)ﬂ e dt

= E° / e "o (Sy) - de M dt
0
= V(x).

This completes the proof. O

4 An Equivalent Stochastic Control Formulation

The optimal stopping problem (2.2) exhibits several interesting properties: (i) it is easy to obtain
the dynamic programming equation formally from the continuous-time version even though the
underlying problems are essentially discrete; (ii) the value function is C?; (iii) the verification
theorem is proved by introducing the auxiliary optimal stopping problem (2.8).

Now let us consider the problem (2.2) from the point of view of stochastic control. At any time
t, the decision maker has indeed two control strategies: either continue or try stopping. Such an
strategy can be represented by a (control) process with binary values. Hence we can heuristically
translate the optimal stopping problem into a stochastic control problem: suppose that u = (u¢, F)
is a control process, with u; = 1 for trying to stop and u; = 0 for continuing. The objective is to
maximize the associated expected payoff by judiciously choosing a control process. The proposed
control problem should possess the following property: the value function should equal v, and the
optimal control process should take form u; = 1¢g,>,+}. (Note that for nondegenerate stochastic
optimal control problems it is often true that the value function is C2.)

Such a control problem exists and has a very clear interpretation. Define the set of admissible
controls

A ={u = (u, F;) : u is measurable and adapted, with u; = 0 or 1},

and the associate payoff

(4.1) J(z;u) = E® / Auge "M o ds (g, — OVt
0

11



The objective is to maximize the expected payoff

(4.2) v(z) = sup J(z;u).
ueA

Remark 5. The stochastic control formulation (4.1), (4.2) is equivalent to the optimal stopping
problem (2.2), thanks to the Theorem 3 below. Here is a heuristic explanation of why we define
the associated payoff J as in (4.1). Consider a control process u € A which is .7-'tW -adapted, where
FW is the filtration generated by the Brownian motion W (since W and N are independent, the
consideration of such control processes should be sufficient, at least intuitively). The control u
represents an investment strategy, and the investment (i.e., stopping) will take place the first time
that both v = 1 and the Poisson process makes a jump. Let P; stands for the conditional probability
conditioning on F}V, and let m denote Lebesgue measure. Under the proposed investment strategy,
we have formally

P, (the investment takes place on time interval [t,t + dt) )
= Py (ut =1 and a Poisson jump occurs at time interval [¢,t + dt))

x Py (no investment takes place on time interval [0, t))

However,
P (ut = 1 and a Poisson jump occurs at time interval [t, ¢ + dt))
= ly=1} - Pt (a Poisson jump occurs at time interval [¢,t + dt))
= Ut - Adt.
and

P, (no investment takes place on time interval [0, t))

= P¢(no Poisson jumps at time s, for all s € [0,t) such that u, = 1)
_ e—)vm({se[o,t): us=1})

_ e—>\ f(f Us ds'

Therefore, the total expected payoff from the investment policy associated with process u is

o
—rt +
/0 E* [e (S - K)T- 1{the investment takes place at time interval [t, ¢ + dt)}}

o
= E* / e (S, — K)* - P,(the investment takes place at time interval [t,¢ + dt))
0 t
= E° / e (S — K)T - Auge Mo s s g
0

which is exactly J as defined in (4.1); here the first equality follows by conditioning on F}V.

We have the following result. Let v and z* denote the value function and optimal exercise
boundary for problem (2.2).

Theorem 3. o(z) = v(z) for z € (0,00), and the optimal control process is given by u* = (uf, Fy),
with
uf = 1{5t2r*}'

12



Proof: We first show that v(z) > v(x). Consider any admissible control policy u € A, and the
process
t
Xt = e_rt_’\ fO Us dS’U(St), t> 0.

It follows from It6’s formula that for every T > 0

T t
X7 =ov(z) + / et Jo us ds(—)\utv — v+ Lv)(S) dt + M,
0

where

T t
My~ / et ot dsy/(S)) L6 S AW, T > 0.
0

Since [v'(z)] < 1 for x € (0,00), M = (M, F;) is a martingale, and hence E*Mp = 0. Also, since
—rv+ Lv <0 (see Remark 4) and u; € {0,1}, we have

T t
Xr <wv(x)+ / et A o us dsut(—)\v — v+ Lv)(S) dt + Mr, VT >0.
0

Again it follows from Remark 4 that
~M —rv+ Ly =-Amax{(z — K)",V} < -z - K)T,

which implies that
T
Xp <o(x)— / e M o usds \ (S, — KYFdt + My, YT > 0.
0
Taking expectation on both sides gives

T T
v(z) > E / e M o s 48\ (S, — K dt+ET X > BT / et M o ds y (S—K) P dt, Y T > 0.
0 0

Letting T — oo, the monotone convergence theorem implies v(x) > J(z;u). Since u is arbitrary,
v(z) > v(x).

It remains to show that v(x) < J(x;u*), which implies that v < . If this is true then v = v,
and u* is the optimal control. Observe that (3.6) and (3.7) imply

(=Aujv —rv+ L) (S) = up (= v — rv + L) (Sy) = =M (S; — K)*.
We have similarly
X5 =o(x) — /OT eTA i ds Nt (S, — K Y dt+ Mp, YT >0,
where X™* and the martingale M™ are defined as before with u* replacing u. We have shown
E* X1 + /OT et o D i (S, — K)Tdt > v(x).

Now let T' — oo and observe that for some constant c,

lim sup E* X5 < limsup E®e™"Tv(S7) < limsup E%e™"1 (Sr + ¢) = 0.

T—o0 T—o0 T—o0

The last equality follows since » > b. An application of the monotone convergence theorem gives
v(z) < J(x;u*). O

13



Remark 6. It is easy to see from its proof that Theorem 3 still holds if the set of admissible
controls is defined as

A = {u = (u, Ft) : u is measurable and adapted, with u; € [0,1]}.

Remark 7. This equivalent stochastic control formulation has the following advantage: suppose a
cost is charged during the times when assets are made available, i.e., there is a charge at all times
when the controller is actively “trying” to stop. Although this problem cannot be formulated as an
optimal stopping problem, it can be formulated as an extension of the stochastic control problem
considered in this section.

5 Asymptotics as A — oo

A relevant question for this formulation is the following: what is the cost of having such constraints
on the stopping times? In other words, how does this problem differ from the classical continuous-
time optimal stopping, which can be regarded as the limiting model when A — oo. For the
convenience of the reader, we include a brief account of the corresponding continuous-time optimal
stopping problem, whose applications include the irreversible investment and perpetual American
option pricing; see, e.g., [6, 9] for more details.

5.1 Review of the irreversible investment problem

Let S denote all F-stopping times taking values in [0, o0]. The optimal stopping problem under
consideration is

(5.1) w(z) = sug Ele" (S, — K)t|So=2].

It can be shown that the optimal stopping time is
c*=inf{t >0: S;>uzi},

for some zf; > K. It can further be shown that on the “continuation” region (0, zf)), w satisfies the
equation
—rw + Lw = 0.

This implies w(x) = Agx® for some constant Ag, with « defined as in (3.10). On the “stopping”
region [z{), o), we have
wx)=(r—-—K)"=z—- K.

The unknown pair of constants (A, ) can be determined through the so-called smooth-fit prin-
ciple, which asserts that the value function is C! across the optimal exercise boundary =z = xg. It
follows that

*
o — K

(5.2) w(x):{ Aoz, 0<zx < W'

o
; where zf = ——K, Ay =
r—K, z5<x ’ T

It is easy to see that w is only C' across the optimal exercise boundary = = xp-
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5.2 Asymptotics

Here we study the asymptotics as A, the intensity of the signaling Poisson process, goes to infinity
(or the mean interjump time h = A~! goes to zero). It is natural to expect that the value functions
and the optimal exercise boundary for problem (2.2) approach those of the corresponding optimal
stopping problem (5.1). In this section, we will denote by v(()h) (resp., v(") the value function of
problem (2.8) (resp., (2.2)), and the optimal exercise boundaryby x}.

The following result says that the value functions v® and v(()h) converges to w with rate A1, In
other words, the cost of the constraint on the stopping times is approximately A~! times a constant

when ) is large enough. The optimal exercise boundaries z}, however, converge with rate VA1

Theorem 4. Let h = A~! be the mean interjump time. The optimal exercise boundaries xy satisfy
2
xp =xh— gax(’ﬁ -Vh 4 o(Vh).

The value functions v(()h) and v satisfy

1
v(()h)(x) = oM (z) = w(z) - Za(a — Dow(x) - h+ o(h), VO<z<zx)
and
o@) = w) Vo>l
v (z) = w(x)+ [Kr— (r—b)z]h +o(h),
as well as

z5) = w(zp)
o) = w(ad) + (1 —e )[Kr — (r —b)ag]h+ o(h).

Remark 8. The expansion above is not uniform in z € (0, 00). An analogous uniform asymptotic
expansion can also be obtained, and in fact follows from the same detailed calculations as those
given below.

Proof of Theorem 4: The proof is straightforward computation. To ease the notation, let ¢ = v/h.
We first establish the asymptotics of the optimal exercise boundaries ;. Let 3;, denote the constant
£ in equation (3.11), and let (A, By) denote the constants in (3.13) (note that o does not depend
on h). It follows from (3.12) that

o I—C;LQ (Lﬁh)

h= -
o = T (18h) — T

Although 3, — —oco as h — 0, we have

By = Vhp, — —g as h—0 (or¢—0).
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It follows that the denominator and numerator in the expression for z; converge to o — 1 and «

respectively, as h — 0; in particular, z; — x;. Keeping in mind h = 12, it is easy to check that
dx} B 2 aV2(r —b) - V2(ab — 1)K V2ala(a —1) V2
de |, \of B

a—1)  ola—1)2 7%

o(la—1)2 2 o(la—1)2 2

The third equality follows from f(«) = 0, with f defined as in Subsection 3.1, and the last equality
follows from (5.2).

It remains to calculate the asymptotics of v(()h) and v, First observe that xy <afforallh >0

since w(x) > v(()h) (z) > (x — K)* for all < z}. We consider the following three cases separately.

The case 0 < x < x{. Since xj — x{, we can consider h small enough such that x < x}. It follows
that

*
.Th_

(},)®

U(gh) (z) = v (2) = Apa; where Ay = from (3.13).

It then follows from (5.2) that

D —aeae et (- 2x) GE <o
and
T = -a (51 - =55 )- i B
+ata - (i) (o - 1K) (dﬁ)Q .
— 0+afa- D)2 (o - 2. (—@mz)Q
= —%a%xé)‘aaK = —% 23?8/5)[{@}( = —la(a —1)o?- Ag

The case x > x{j. In this case, we have v(()h) () =w(z)=(r— K)" =2 — K, and

1 . K
1+ (r—>b)h 1+rh

v (z) = B +
thanks to (3.11). It suffices to observe that the term

Bn Bn
€T r—=b r €T
0< Bpa™r = | = x K< (= x
= OhT (xh) <A+r—b‘”h At )-(:g;) o

V2

converges to zero exponentially fast since \/Eﬁh — —=.
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(h)

The case z = z{. In this case, we have vy’ (2f) = w(z}) = (2§ — K)* =z} — K, and

« . 1 . K
v (@f) = Bu(xg)™ + 1+ (r— b)hx0 14k

It remains to show that
By (xp)Ph = e L [(r — b)xp — Kr]h 4 o(h).

However, it follows from the asymptotics of z; that

*\ —Bn _
By(ap)™ = (x—h> ( r—bh___rh K)
x 1+ (r—bh 1+7rh

—Bn
= [1 — ga\/ﬁ—l— o(Vh)

. [((r —b)xy — Kr)h + o(h)]

= ¢ M(r —b)xy— Kr)h+ o(h);

here the last equality follows from
2 2 2
]llin% ga\/ﬁ-ﬁh = ga' <—£> =—1.

This completes the proof. O

6 Summary

In this paper, we have considered a class of optimal stopping problems in which the decision maker
does not have total freedom in choosing the stopping times. Instead, an uncontrolled exogenous
Poisson process is introduced so that the stopping occurs only if the Poisson process gives a jump.

Different value functions are obtained, depending on whether stopping is allowed at time ¢ = 0.
These two problems are very closely related. One problem (where no stopping is allowed at ¢ = 0)
makes it possible to obtain explicit solutions for both problems, while the other problem (where
one can stop at ¢t = 0) helps in the proof of the verification theorem. It is also interesting to notice
that the two value functions are C2 and C? across the optimal exercise boundary, contradicting the
usual C! fit for optimal stopping problems (smooth-fit-principle). An equivalent stochastic control
formulation for the first problem is discussed.

Also studied are the asymptotics of the constrained optimal stopping problem as the intensity
of the Poisson process goes to infinity. We find that the optimal exercise boundary converges with
rate VA~1, and the cost of the constraint is of magnitude A~! for large .
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