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Abstract

We consider the problem of optimally tracking a Brownian motion by a sequence of impulse
controls, in such a way to minimize the total expected cost that consists of a quadratic deviation
cost and a proportional control cost. The main feature of our model is that the control can only
be exerted at the arrival times of an exogenous uncontrolled Poisson process (signal). In other
words, the set of possible intervention times are discrete, random and determined by the signal
process (not by the decision maker). We discuss both the discounted problem and the ergodic
problem, where explicit solutions can be found. We also derive the asymptotic behavior of the
optimal control policies and the value functions as the intensity of the Poisson process goes
to infinity, or roughly speaking, as the set of admissible controls goes from the discrete-time
impulse control to the continuous-time bounded variation control.
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1 Introduction

In this paper we consider a control problem in which the state evolution is modeled as follows:
(1.1) Xe=x+4+ Wi+ &, Xo = m;

here z € R, W = {W};t > 0} is a standard Brownian motion defined on some probability space
(Q, F,{F},P) with filtration {F;} satisfying the usual conditions: right-continuity and completion
by P-negligible sets. The class of admissible controls, denoted by B, consists of those left-continuous
processes £ = {&;t > 0} that have the following representation:

(1.2) § = 0sdN;
[0.4)



here N = {N;;t > 0} is an {F;}-adapted Poisson process with intensity A, and 0 = {6;;¢t > 0} is
assumed to be {F;}-predictable. In other words, controls can only be exerted at the arrival times

of the Poisson process N. We adopt the following assumption throughout the paper.
Assumption:  The Brownian motion W and the Poisson process N are independent.

The objective is to minimize the expected total discounted cost (discount problem)
S ~
(1.3) E/ e (X2 dt + cdy),
0

or the average cost per unit time (ergodic problem)

N . :
(1.4) hmlnf?E/O (X7 dt +cdéy),

T—o0

over all the admissible control strategies & € B. Here «, ¢ are both positive numbers, and £ =

{&;t > 0} is the total variation process of £, that is

t
(1.5) été/ow IN, o d = |d&).

One main feature of this model is that the control policy is essentially discrete, in a sense
that the control can only be exerted at the times when the Poission process N has a jump. In
other words, controls can only be adjusted at the discrete random times 0 < T7 < Ty < T5 < ---
where {T1,Ty — T1,T5 — T5, - - -} are independent identically distributed (iid) exponential random
variables with rate A\. The other main feature is that the possible intervention times are completely
determined by the exogenous, uncontrolled Poisson process IN. In other words, the decision maker
cannot intervene the system freely — he has to rely on the Poisson process to gives him a certain
signal (in this case, the jumps), in order to impose controls.

Control problems of similar type, but with control policies that can be adjusted instantaneously
and continuously, have been extensively studied in the last three decades and have found appli-
cations in many areas like engineering, economics, finance and biology, etc. A very partial list of
references includes [1], [2], [3], [6], [8], [11], [12], [14], [21]. Omne major attractive aspect of this
formulation lies in the possibility of obtaining explicit solutions, especially when the time horizon
is infinite. However, the optimal strategies in such occasions are often singular with respect to the
Lebesgue measure, which makes them very hard to implement in practice. An alternative type of
control problems allow the control policies to be adjusted only at the times which are multiples of
some fixed positive number; e.g., [9], [13], [18]. While this discrete-time formulation seems to be

more realistic, it is usually very difficult (sometimes impossible) to obtain explicit solutions even



when the time horizon is infinite. This drawback makes the subsequent analysis much more in-
tractable. Another type of control is the so-called impulse control. The decision makers are allowed
to choose a sequence of stopping times (intervention times) {71, 72, - - - }, and a sequence of impulses
controls {(1, (2, - -} to be imposed upon the system at {71, 7o, - - - } respectively; e.g. [4], [10], [15],
[16]. Explicit solutions are possible for simple cases with infinite time horizon.

Our formulation will allow us to obtain explicit solutions for some simple models with infinite
time horizon, while the underlying control strategies are kept discrete. The difference from the
usual impulse control problems is that the intervention times are no longer a total freedom to
the decision maker — they are essentially determined by the exogenous signal process (the Poisson
process N). Such kind of constraints on the intervention times, to the best knowledge of the author,
were first used in [19] as a simplified model for liquidity effects.

This paper is orginised as follows. In section 2 we solve the discounted problem (1.3). We
show that there exist certain thresholds +z* depending on the parameters, such that it is optimal
to control when the state process exceeds x* or falls below —x* at Poisson jumps, and then exert
exactly the amount needed to push the state process back to the nearest threshold. Similar strategy
(with possibly different thresholds) is also optimal for the control problem (1.4) minimizing average
cost per unit time, as we shall see in Section 3. The connection between the discounted problem
and the ergodic problem is discussed in Section 4. Asymptotic analysis is carried out in Section 5
as A (the intensity of the underlying Poisson process N) goes to infinity, in order to compare with
the usual singular control model where the control policies can be adjusted continuously. We found
the value functions and the optimal threshholds converge with rates % and \/g respectively. For

completeness, a brief account for the singular control problems is also included in the section.

Remark 1. The optimal strategies in both problems invlove jumping to the nearest boundary of a

certain interval [—a, a] at the times of Poisson jumps. To ease exposition, we introduce the function

A a—x ; T>a
(1.6) L(z;a)=(x+a)” —(z—a)t = 0 ;i —a<z<a
—rx—a ; r<-—a

Here x* denote the positive and negative parts of x € R, respectively. It is easy to see that L(x;a) is
the exact amount of control needed to push the state process to the nearest boundary of the interval

[—a, a], provided the current state is x.



2 The discounted problem

For every control process £ € B, we associate with the expected total discounted cost
A o .
J(x;€) = E/ et (det + cdft) :
0

here «, ¢ are arbitrary positive constants. The objective is to minimize J(z; &) over all £ € B.
Let us proceed heuristically for a while. Let v(z) be the value function. It follows from the

Dynamic Programming Principle that the process
t
Y, £ / e™* (X2ds + cdés) + e “u(Xy)
0

is indeed a submartingale. However, assuming that the value function v(z) is twice continuously

differentiable, the generalized It6 formula yields
1
dY; = th + e_at |:Xt2 - CM’U(Xt) + §U//(Xt) + A (’U(Xt + Aft) +c |Aft| — ’U(Xt)) dt,

where M = {M;; ¢t > 0} is some local martingale (see any of [5], [17], [20] for more background
on stochastic calculus for processes with jumps). An intutive explaination for the last term is that
the Poisson process has probability A dt to have a jump in a small time interval of length dt, or the
process will jump from X; to Xy + A& with probability A dt. One would naturally expect the value

function v(x) to satisfy the equation

. 1
min 22— aw(z) + 51}"(;1?) + Mv(z +0) + ¢l —v(z)) | = 0.

However, it is very easy to see that the value function v(z) is even-symmetric and convex, therefore

éréi]%{l(v(x +6) + c|6])

is achieved at @ = 0 if z € [—z*,2*], and achieved at § = z* —z if z > 2* or at § = —z* — z if
x < —x*. Here x* is determined by the equation v'(z*) = ¢ (hence v'(—z*) = —c¢). Finally, observe
that
¥ at 2 Lo 1
0 <wv(x) < J(x;0) :E/ ez +Wy)*dt = —2° + —.
0 (0% (0%

We obtain the following variational inequality from the above heuristic arguments.

Variational Inequality: Find a nonnegative, twice continuously differentiable, even-symmetric con-

vex function v(z), and a constant z* > 0 such that v(z) = O(2?) as z — 400, and

(2.1) v'(0) = 0;

(2.2) V(Y = ¢

(2.3) %v”(x) av(z) + 22 = 0; 0<z<az*
(2.4) v (x) = (a+ No(z) + 2%+ X (v(2*) +c(z —2*)) = 0; x>zt



By even-symmetry, v(x) can be extended to x < 0.

This variational inequality admits a unique solution that can be calculated explicitly. It turns out

that the solution is indeed the value function, and the optimal strategy can be described as follows.

Optimal Strategy: Do not act as long as the state process stays in the region [—z*, z*]. However,
exert exact amount of control to push the state process back to the nearest boundary (+x*

respectively), if the state process is outside the region [—z*, z*] at the Poisson arrival times.
We have the following theorem.

Theorem 1. Let (v(x),x*) be the unique solution to the variational inequality (2.1) —(2.4). We

have -
v(x) = ggg J(x;6) = gnglfg E /0 e (XP dt + cdy).
Moreover, the optimal strategy {& = f[o n 0% dNg; t > 0} can be determined inductively by
(2.5) 0 =Lx+ Wi+ &5 %)= L+ Wy + 0% dNg; x*)
[0,t)

in the notation of (1.6).

The rest of the section is devoted to solving the variational inequality (2.1)—(2.4) and proving
Theorem 1. We have to show that the solution (v(z),x*) is unique, and the conjectured strategy

is indeed optimal.

2.1 Solution to the variational inequality
To solve the variational inequality (2.1)—(2.4), we first observe that equation (2.3) implies that
1 1
v(z) = Aje 2ar 4 pjemV2er 4 Z a2 4 —; 0<x< z*
a a
for some constant A;, As. However, it follows from equation (2.1) that A; = Ag, which in turn

implies that, with A 2 241,

1

—5 0<z<gzg*
o

(2.6) v(z) = Acosh(vV2ax) + éx2 +

For x > x*, it is not very difficult to verify that equation (2.4) implies

CYPEEN) 1 cA 1 A
- B —\/2(a+>\)z C vV 2(a+N)z 2 Y o).
v(z) ¢ e +a—|—)\x +a+)\x+(a+)\)2+a+)\(v(x) )

However, we must have C' = 0 since v(z) is non-negative and v(z) = O(2?) as x — oo. Therefore,

1 cA 1 A

2.7 — Be~V 2@tz
(2.7) v(z) = Be e T T e Ta

3 (v(z*) = cx®); x> a"

5



There are three unknowns (A, B, x*). However, the continuity of v(x) and v'(x), as well as equation
(2.2), gives
v(z*4) =v(z*=), V(2*+) = (z"-) =c

In other words, we have

Acosh(V2azx*) = a_HBe—\/mz* _ A

a a?(a+ A)
2 co
Asinh(V2az®) = ———— (¥ = =
sinh(v2azx™) T (;r 5 )
Be—\/2(a+>\)z* _ 2 (.1‘* _ ﬂ)
(a+ N)2(a+ N) 2

It is very easy to derive that x* should satisfy the following equation:

(2.8) (\/%LE*)) (x* — ﬂ) — ﬁ = g(x¥)

2 a4+ A

2 2
0—<m+mcoth

and the pair of constants (A, B) are conveniently determined by

(29) A=-—0 = (=) B= 22(a Y (a7 = 5 ) eV

sinh(v2ax*) av2a 2/’ (a+A) 2

We have the following proposition.

Proposition 1. Equation (2.8) uniquely determines xz* > 0, and the function v(x) determined by

equations (2.6), (2.7), (2.9) is the unique solution to the variational inequality (2.1) —(2.4).

Proof: We deduce that the function g(z) is strictly increasing for x > 0 since cothz is strictly
decreasing and x coth z is strictly increasing for x > 0. The existence and uniqueness of the positive
solution x* to equation (2.8) follow immediately from

lim g(z) = —o0, lim g(x) = +o0.

x—0 T—00

Indeed, we have z* > < since

() <
N9 )~ ala+ N) ’
The twice continuous differentiability of function v(z) follows readily from (2.3) and (2.4). It

remains to show that v(x) is convex and non-negative. However, since z* > <. it follows from
) 2

(2.9) that B > 0, A < 0. Therefore, function v(z) is convex for z > z*. As for 0 < z < z*, we have

V() = 2 <aAcosh(\/%x) + é) > 9 <aAcosh(mx*) +l>

(01

2<#<x*_@>+ L )ZO'
NCICES)) 2) " a+tA



It follows that v(z) is convex on z > 0. In particular,

1
0) = —2"(0)>0
0(0) = 5="(0) 2 0,
which implies the non-negativity of v(z), thanks to (2.1), (2.3). We complete the proof. O

Remark 2. The solution v(x) satisfies the equation

1 .
—av(x) + 51}”(;13) + 2?2 + )\grél]%{l(v(a? +0) 4 ¢|] —v(z)) = 0.

for all x € R.
2.2 Proof of Theorem 1

First we show that J(x;£) > v(x) for all the admissible control processes ¢ € B. It suffices to show
this inequality for all £ € B such that

o
(2.10) E/ e M X2 dt < oco.
0

In the following, we will repeatedly utilize the following inequalities, whose proof is straightforward

and thus omitted:
(2.11) v(z) < e12? +e9; V()] < eslx| 44

for all x € R and some positive constants g;,4 =1, -, 4.

Applying the Doléan-Dade-Meyer formula to the process {e~*v(X;);t > 0}, we obtain that

—aT o r —at[__ l,ull Te—at,ul
e “u(Xr)—v(z) = /0 e[ ow(Xt)—l—2 (X1)] dt—l—/o (X3) dWy

+ Y e (X + A&) — v(X0)]
0<t<T

almost surely for every T' > 0. However, since A& # 0 only if there is a Poisson jump at time ¢,
we have

V(X + A&) —v(x) + | A&| > g(Xy) dNy

where

9(x) = min(v(e +6) + clé] — v(x)).

A bit algebra shows, thanks to Remark 2, that

T
(2.12) e Tu(Xp) + / e” (XP dt + cd&y) > v(z) + My + Zr,
0



where M = {M;;t > 0} and Z = {Z;;t > 0} are local martingale terms defined as

a [T a [T -
MT = / e_at’U/(Xt) th; ZT = / e_atg(Xt)dNt.
0 0

Here N = {N; — At;t > 0} is the compensated Poisson process. However, it follows from (2.10)
and (2.11) that M is indeed a true martingale. In particular, EM7 = 0. As for the other local
martingale term Z, we claim that it is uniformly bounded from above by an integrable random

variable. Actually,

T 00 00
/ e %t g(X,)dN, < / e \u(X,) dt < / Ae™ (61X} +e9) dt
0 0 0
since 0 > g(x) > —v(x), dNy > 0 and (2.11). It follows that Z is in fact a submartingale. In
particular, EZp > 0. Therefore, taking expectation on both sides of (2.12), we have shown that
T ~
(2.13) e *TEv(X7)+E / e (XP dt + cd&y) > v(z)
0
for all T > 0. Letting T" — oo, we obtain

v(z) < liminfe *TEv(X7) + E / e (XF dt + cd) < lim inf e “TEv(X7) + J(x;€).
0 -0

T—o0

However, observe that lim infr_,., e *TEv(X7) = 0. Otherwise we have

e1lim inf e *TEX? = liminf e *TE(e1 X2 + &9) > lim inf e *TEv(X7) > 0,
—00 —00

T—o0
which violates assumption (2.10), thanks to inequality (2.11). It follows readily that J(x;&) > v(x)
for all £ € B.

It remains to show that v(z) = J(x;£*). We only need to show that J(z;&*) < v(x). Actually,
it is very easy to see that inequality (2.12) is indeed an equality as £ = £*, which in turn implies
that the local martingale term M + Z is uniformly bounded from below by —wv(x). Therefore,
M + Z is a supermartingale. In particular, E[MT + ZT] < 0, which implies that

T T
E/ ™ (XP dt + cdgy) < e*TEv(X7) + E/ e (XPdt + cdgp) < ().
0 0

Letting T' — oo, we have J(x;&*) < v(x). This completes the proof. O
3 The ergodic problem

Let us consider the following ergodic cost criterion as defined in (1.4):

—0Q

AL L 1o (T, .
Q(z; &) = liminf —E (X7 dt + cd&) .
T T Jo

8



The objective is to minimize Q(x; &) (average cost per unit time) over all admissible controls £ € B.
Like before, let us proceed heuristically for a while, and denote the minimum average cost by

B (it is very easy to see that this minimum does not depend on the initial state Xy = ). Define

T
(T, x) 2 inf E/ (Xt2 dt + cdft) .
£enB 0

(see [7] for an excellent heuristic discussion on the ergodic control over general Markov diffusions).

At least formally, v(¢, z) will satisfy the equation

v 10% 9 .
—or F5pms Tt A Amin(u(t 4+ 0) + clf] - v(t, z)) = 0.

Let us use the heuristic v(t, z) ~ Gt + V(x) for some non-negative function V' (z). Then (V, 3) will

formally satisfy the equation
1
-6+ §V”(x) + 2% + )\géi]%{l(‘/(l‘ +6) + clf] — V(z)) = 0.
However, since v(t, z) is convex and even-symmetric with respect to x, so is V(x). It follows that
in(V 0 |-V
min(V(x +0) + clf| V()

is achieved at # = 0 if € [—b, b], and achieved at 0 =b—xz if x >borat = —b—z if v < —b.

Here b is determined by the equation V'(b) = ¢. We have the following variational inequality.

Variational Inequality: Find a nonnegative, twice continuously differentiable, even-symmetric con-

vex function V(x) and constants b, 3 > 0, such that V(z) = O(z?) as  — +o0, and

(3.1) V'(0) = 0;

(3.2) V() = ¢

(3.3) %V”(x)ﬂ? — 8 O0<az<b
(3.4) %V”(x)—)\V(;r)—l—x2—|—)\(V(b)—|—c(x—b)) — 8 a>b

By even-symmetry, V(z) can be extended to z < 0.

This variational inequality can be solved explicitly. One can show that the constants (b, 3) are
uniquely determined by the variational inequality. One can also show that 3 is indeed the minimum
average cost, while the optimal strategy is the same as the discounted problem but with possibly

different barriers.



Optimal Strategy: Do not act as long as the state process stays in the region [—b,b]. However,
exert exact amount of control to push the state process back to the nearest boundary (+b

respectively), if the state process is outside the region [—b, b] at the times of Poisson jumps.

Note that V' (z) is only uniquely determined by the variational inequality up to a constant (this is
also implicitly implied in our heuristic argument); see Proposition 2 for more details.

We have the following result.

Theorem 2. Let (V(x),b; 3) be a solution to the variational inequality (3.1) —(3.4). We have

: Ceno 1T :
ﬁzgueng(x;f) zgggthigf TE/0 (det—l—cdft).

Moreover, the optimal strategy {(&)t = f[o t)(ﬁ*)s dNg; t > 0} can be determined inductively by

(3.5) (0+)¢ = L(x + Wi + (&)¢; b) = Lz + Wy + /[Ot)(e*)s dNg; b)

in the notation of (1.6).
Below we should first solve the variational inequality (3.1)—(3.4), and then prove Theorem 2.

Remark 3. It follows from the proof of Theorem 2 that for the optimal control process &, the

Qiminf” in Theorem 2 is indeed a true limit, that is,

e .
5= Qig) = lim Ex [ (XP+cd(E),) = int Qaig).
0

T—o0 ¢eB
3.1 Solution to the variational inequality

Equations (3.3) and (3.1) imply that

1
(3.6) Vix) = —6;1?4 + B2’ + A; 0<z<b
for some constant A, while equation (3.4) and the condition V(x) = O(2?) imply that
X 1 1
(3.7) V(x) = Be Ve Xx2 +cz+ (V(b) — cb) + - % x>b
for some constant B. However, the continuity of V' (z) at = b yields that
1 1 B
3.8 Be VP4 p2y — 2.
(3.8) e + 3 + 2

Furthermore, equation (3.2) is equivalent to V' (b+) = V'(b—) = ¢, or,
2
(3.9) —gb?’ +26b = ¢,

2
(3.10) —\/2ABe—“2M’+Xb = 0.

10



Using (3.8) and (3.10) to cancel B, we have

1 2
V4~ =B+ ——b=0,
A & V2
which, combined with (3.9), gives the equation for b
2 1 c 2
3.11 0=2b++ — — +—=b:=g(b).
(3.11) S S0

We will show below that this equation uniquely determines b > 0, which in turn uniquely determines
that

1 c
12 — Zp2
(3.12) B 3b + 2%’

thanks to equation (3.9). Finally, it follows from (3.10) that

2 V2Xb
3.13 B =——"be .
( ) AV 2

We have the following result.

Proposition 2. The pair of positive constants (b, 3) are uniquely determined by equations (3.11)
and (3.12). Moreover, for any A >0, V() given by equations (3.6), (3.7) and (3.13) is a solution
to the variational inequality (3.1) —(3.4).

Proof: The function g(x) defined in (3.11) is strictly increasing with

lim g(x) = —o0, lim g(x) = oco.
r—0 T—00

It follows that b > 0 is uniquely determined by equation (3.11). In particular, we have

2 c 4
3.14 202 0 = 4y
(3.14) 3V T3 S €3

For any non-negative constant A, it is not difficult to verify that V' (z) given by (3.6)—(3.7) is twice
continuously differentiable, and convex for z > b (note B > 0). It remains to show that V' (z) is

convex on [0, b]. However, for 0 < x <,

1 c 2 c
V" (z) 22 +208 > —2b> + 20 23+ o 520

thanks to (3.12), (3.14). Furthermore, V(z) > 0 for all x € R since V(0) = A > 0 and V'(0) = 0.
O

Remark 4. The solution (V(x), b; ﬁ) satisfies the equation
1 ) .
§V”(x) + 2% + )‘gélﬁ(v(x +0) +clf] — V(2)) = B.

for all x € R.

11



3.2 Proof of Theorem 2

Part of the proof of Theorem 2 is very similar to that of Theorem 1. Fix any A > 0, which gives a
solution to the variational inequality (3.1)—(3.4). First observe that inequalities similar to (2.11)

still hold here, that is,
(3.15) V(z)<eax®+e; |V(z)<elz|+e

for all x € R and some positive constants €;,¢ =1,---,4.
For any admissible control process £ € B, we apply the Doléan-Dade-Meyer formula to the
process {V(X;);t > 0} to obtain

T 1 T
V(X7) — V(z) = /0 SV(Xe)dt + /0 VI(X)dWe+ S V(X + A&) - V(X))
0<t<T

Define the function

glz) 2 min(V(z +0) + clé] = V(2)).

Similar to the proof of (2.12), we have
T ~
(3.16) V(X7) + / (X7 dt+cdé) > BT+ V(x) + My + Zr
0

almost surely, thanks to Remark 4. Here M and Z are two local martingale terms defined as

A g / A T ~
MT = / V (Xt) th, ZT = / g(Xt)dNt,
0 0

with N standing for the compensated Poisson process. We want to show that
T
(3.17) EV(XT) + E/ (XZdt + cd&y) > BT + V().
0

To this end, it suffices to show (3.17) for all £ € B with E fOT X2 dt being finite. The proof is exactly
the same as that of (2.13) — for all such &, it follows from (3.15) that M is actually a martingale
and that Z is a local martingale uniformly bounded from above by an integrable random variable
— hence a submartingale. In particular, E[Mr + Z7] > 0. Inequality (3.17) follows readily by
taking expectation on both sides of (3.16). Now dividing both sides of (3.17) by T, and then letting

T — oo, we have

. 1 1 T .
hTIIi)gf [EfV(XT)—I—?E/O (det—i—cdft)] > .

It is easy to deduce from (3.15) that

T—o0

1 T 3
(3.18) lim inf [E%X%—I— TE/ (det—I—cdft)] > [
0

12



must hold. We claim that (3.18) implies that

1_ (T .
(3.19) Q(x;6) = liminf—E/ (X7 dt+cdé) >
T 0

T—o0

for all £ € B. The proof of this claim is elementary but a bit technical, hence we will leave it to the
end of this subsection and proceed undistracted.

Suppose that (3.19) holds. It remains to show that Q(x;&) = 5. We only need to show
that Q(z;&) < (. Indeed, inequality (3.16) will become equality if £ = .. It follows that the
local martingale term M + Z now is uniformly bounded from below by —V(z) — 8T, hence a

supermartingale. In particular, E [Mr + Z7] < 0. Therefore

E/T (XZdt+cd(&),) < BT+ V(x) — EV(Xy) < BT + V(x).
0

Dividing both sides by 7', and then letting T" — co, we have
1, .
Q(x; &) < limsup fE/ (X7dt+cd(&),) < B.
T—o0 0

This gives the desired equality Q(x; &) = (3, thanks to (3.19), and &, is clearly an optimal admissible

control. Indeed, we have actually obtained that

(&) = li 1ETX2cz d(E),) =
Qaie) = Jim 7€ [ (xFat+cd(€),) =

T—o0

Finally we should give the proof of (3.19). We need the following lemma.

Lemma 1. Suppose that ¢(t), p(t) are non-negative measurable functions defined on interval

[0,00). If p(t) is increasing and

Jim inf [aiTgb(T) + % (/OT B(t) dt + ¢(T)>] > k

T—o0

for some a, k > 0, then

liminf% (/OT (1) dt + <p(T)> > k.

T—o0

Proof of lemma: Let u(T) 2 fOT o(t) dt. Without loss of generality, we can assume that
u(T) < oo for all ' > 0. It follows that the function u(t) is differentiable with derivative

13



for almost every ¢t > 0. By the assumption, for every € > 0, there exist Ty so that
~6(0) + u(t) + (1) = (k )1
for all t > Ty. Multiplying both sides by ae®, we have
% (e™u(t)) + ae™p(t) = e™¢(t) + ae™u(t) + ae™p(t) > ae™(k — &)t

for almost every ¢t > Ty. For any T > Ty, integrating on both sides from Tj to 7', and

observing that ¢ is increasing by the assumption, we have
1
eTu(T) — e Tou(Tp) + (e — e*T0)o(T) > (k — ) (TeaT — Tpe®To — — (e — eaT°)>
a
for every T > T,. Dividing both sides by Te*’ and then letting 7' — 0o, we have

liminf% (/OT (1) dt + <p(T)> S

T—o00
But ¢ is an arbitrary positive number. We complete the proof. f
Now let ¢(t) = EX?, ¢(t) = cE{; and a = i, we obtain (3.19) from (3.18). O

4 Connection between discount problem and ergodic problem

The discount problem is closely connected to the ergodic problem. In this section and this section
only, we are going to denote by v, (z) the value function of discount problem (1.3). The main result

in the section is the following theorem.

Theorem 3. The values for the discounted problem and the ergodic problem are connected in the
following Abelian sense:

lim aw,(x) = 3

a—

for all x € R.

Proof: The method we use is very similar to the one adopted in [12], theorem 4. Let &, be the
optimal control policy, as defined in Theorem 2, for the ergodic problem (1.4). Write

T
F(T) = E/0 XZdt + cd(&)s, where X 204 Wi + (&)t

for every T > 0. It follows from Remark 3 that

lim w =f.

t—oo ¢

14



However, for any « > 0, &, is suboptimal for the discounted problem (1.3), i.e.
o0
Vo) < J(2:6) = / e 4 (1)
0
It follows from the Abelian theorem (see [22]) that

(4.1) lim sup av, (z) < (.

a—0

It remains to establish the opposite inequality. Let £* be the optimal control policy for the
discount problem (1.3), as defined in Theorem 1. Abusing notation a bit, we still denote by
X = {Xy;t > 0} the state process, that is X; =  + W; + &. Applying the Doléan-Dade-Meyer
formula to the process {e*V (X;);t > 0}, we have

T T T
Ee TV(Xr) +E / e (XP dt + cd€)) > / Be tdt — E / eV (X,) dt,
0 0 0

using a similar argument in obtaining (3.16). By taking limit as 7' — oo, it follows that

o
liminf e *TEV (X7) + va(z) > 5_ E/ e~V (Xy) dt.
T—o0 (01 0
This implies, thanks to (3.15), that
o
liminf e e “TEXZ 4 v (2) > s_ E/ e~ (61Xt2 +€2) di
T—o0o (01 0
> = —qavg(x) — €.
o

However, it is easy to see that
lim inf Ee 72T X2 = 0,
T—o00
otherwise v, (z) = J(x; ") = 00, a contradiction. Therefore, we have
(1+eaa)ve(z) > g — €.
Multiplying both sides by «, and observing lim,_,g o?v4(x) = 0 by (4.1), we have

lim inf av, (z) > 5.
a—0

This complete the proof. O

5 Asymptotic Analysis as A\ — oo

A relevant question for this formulation is the following: what is the cost of having such constraints
on the intervention times? Or, what is the magnititude of the difference it makes from the scenerio
where the control can be adjusted continuously and instantaneously? For the convenience of readers,
a brief account of such control problems (where control policy £ is only required to have bounded
variation) is given below; see [12] for more details. It is well known that the optimal control

processes are usually singular with respect to the Lebesgue measure for this type of problems.
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5.1 Review of some singular control problems

Let A denote the set of all {F;}-adapted, left-continuous processes £ = {&;t > 0} such that for
almost every w € (, the sample path ¢t — &(w) has bounded total variation on any compact
interval on [0, 00), and &(w) = 0. The total variation process of &, still denoted by &, is given by
& = fg |d&s], for every t > 0.

Suppose now A is the set of all admissible control processes, with corresponding state process
Xt:.l‘+Wt+ft, tZO

for all £ € A. The total expected discounted cost (with discount factor o > 0) or the average cost

per unit time are similarly defined as

(5.1) J(x;6) = E/Ooe_o‘t (X7 dt +cdéy);

0
5.2 &) 2 liminf—E TXth dé
(5.2) Qx;€) = li“rigf/o(t +Cft)-

The objective is to minimize J(z; &) or Q(x; €) over all admissible controls £ € A. The solutions to
these two problems are described as follows (see [12] for more details).

Let vg(z) denote the value function of the discounted problem (5.1). It can be shown that vg(z)
is the unique twice-continuously differentiable, even-symmetric function that satisfies the following

variational inequality.

(5. 5oy = o

(5.4) by = o

(5.5) %v(’)’(x)—avo(x)—l—xQ 0 O<z<al
(5.6) 00(@) —wo(z) —clz—z3) = 0 @ >z}

where z{) is the unique positive number that satisfies the transcendental equation

1
coth(vV2axy) (;1?8 - %) -

2
V2«

The value function vy(z) is given by

(5.7) 0=

(5.8) vo(x) = Agcosh(V2az) + g2 + 55 5 if 0< o < af
' ’ vo(zg) + c(z — x7) o if x> ) ’
where
1 2 co
5.9 A = — (.T* _ _> .
) ‘ sinh(v2ax) av/ 20 0 9
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The optimal control strategy, as reader may have already guessed, is the following: do not act when
the state process is in the interval [—xy, x(], while on the (reflecting) boundaries txfy exert exact
amount of control in order not to exit the interval. If we happen to start from outside the interval,
then push the state process immediately to the nearest boundary (+xjj respectively). This optimal
strategy, with the possible discontinuity at ¢ = 0, is singular with respect to the Lebesgue measure.

The optimal control policy to the ergodic problem (5.2) is very similar, but with different

reflecting boundaries +by. It can be shown that the by satisfies the equation
4
(5.10) g%:c,

and the value of this ergodic control problem, denoted by (g, is

C

1
11 P2 = 1p2 .
(5.11) Bo = by 350 + 20

5.2 Asymptotics

Here we study the asymptotics as A, the intensity of the auxiliary Poisson process, goes to infinity
(or the mean interarival time h = A~! goes to zero). It is natural to expect that the value
functions and the optimal exercise boundaries for problems (1.3) and (1.4) will approach those
of the corresponding singular control problems that we have discussed in the previous subsection.
In this section, we will denote by vp(z) the value function of the discounted problem (1.3) (with
discounted factor « fixed), and by 7 its optimal threshholds. (3, and b, serve similar purpose
for the ergodic problem (1.4).

The following result says that the value functions converge with rate A™'. In other words,
the cost of the constraint on the intervention times is of magnitude A\~ provided that A is big
enough. The optimal exercise boundaries, however, converge with rate VA~T and rate coefficient

— ‘/75, always.

Theorem 4. Let h = \~! be the mean interarrival time. The value function for the discounted

problem (1.3) with discount factor o > 0 satisfies

1 cosh(v2ax) ) < .
s12) Url®) = wl@) g, eV PUse<an UL omva),
(5.12) =+ (x—ap)(z+ay—ac) ; x>}

200 0 0 0

h
Ty = xH— \/;—I—O(h).

The value for the ergodic problem (1.4) satisfies
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G = fo+ 3h+ OV,

h
by = by— \EJFO(}L).

Here (vo(x), ) and (Bo, bo) are the solutions to the singular discount and ergodic problems respec-

(5.13)

tively, as discussed in the preceding subsection.

Proof: The proof is straightforward computation using the Implicit Function Theorem. From
A
now on, let ¢ = vh.
We first prove (5.13). It follows from (3.11) that by, is the unique positive solution to the
equation
2 c
0=2b>4 .2 — — +V2b:= g(b;
SV — o Vb= g(bi1)

for all A > 0 (note the equation reduces to (5.10) as h=0). It is not difficult to see that the functions
g(+,¢) and g(b, -) are both increasing for b > 0,¢ > 0. Therefore, b, T by as h | 0 (or ¢ | 0). However,
forallb > 0,0 >0,

4 c
= bt o5 V2 £
gp = b+ 535 + V2 £0

It follows from the Implicit Function Theorem that by is continuously differentiable (actually,

smooth) with respective ¢. In particular, thanks to (5.10), we have

V2bg V2by V2

_9

=0 9o

! c 4 2y :
1=0,b=bg 3bo + 2wz 3bo + 500 2

du

By (5.11) and (3.12), we have 3, | By as h | 0. Furthermore,

2 c dby, 2 c V2
=\zbh—535 ) =\|\zbo—z5 ) [——% ] =0
=0 3 2by de |,— 3 2b; 2

(o) (3
=0 3 bi du _

The proof for (5.12) is similar. The optimal exercise boundary z7 is the unique positive solution

B
di

and

d? By,
di?

2 c d?by,
= (=27 ) —o
=0 3 2by di

We complete the proof of (5.13).

to the equation

1

2t 2 co
0= ( e + T coth(@w)) (x — 7) T el D)

= G(x;0)
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for all © > 0 (note the equation reduces to (5.7) when ¢ = 0). Indeed, z; > 5 for all « > 0. Since
G(-;¢) and G(x;-) are both increasing functions for > < and ¢ > 0, we have x; T x5 as h | 0. It
is not difficult to verify that

G ’ coth(vV2axg) —

2 2 . cx
“li=0a=ef ~ V2a sinh?(v2ax}) (;1?0 - 7>
2 . 2 1 sinh(v2ax()
 V2a COth(me) a sinh2(\/ﬁw(’§) \/ﬁ cosh(\/ﬁx(’;)
2 cosh?(v2axf) — 1 co
V2a (smh(\/ﬂxo) cosi(@x&) V2a tanh(v20af) = 2 ( ) 7 0.

Here the second and the last equalities follow from (5.7). Therefore,

¢, V%) VE

dzxj,
di

=0 Gr

1=0,0=a}
This proves the second part of (5.12). As for the first part, we first show that v,(z) — wvo(z)
as h — 0 for all z > 0 (even symmetry yields the convergence for z < 0). We will denote by
(Ap, By) the constants (A, B) in (2.9) for the obvious reason. Since z} T zf as h — 0, it follows
that A, — Ag (see (5.9)), vy (z}) — vo(z) as h — 0 and vy (z) — vo(z) for all 0 < z < xf. Noting
xy < xf for all h > 0, we have, for all x > zj, that

(5.14) 0 < Bye V2etrdr - - (xh - —) V2N (37, ~2)
(a+N)y/2(a+ ) 2
2,3
/ (45— F)=00") — o
(a? +1)y/2(cu? + 1) 2

as t — 0 (or A — 00). Hence, vp(x) — vo(x) readily for z > zj.

We will compute dv’;lfm) and & vh(m) for 0 <z < zj and x > x() seperately. For 0 < z < x;, we

have

dop(z)  dAp dPop(z)  d*Ay
= " cosh(v2 = h .
L 7, o (V2azx), 0.2 53 o8 (V2ax)

However, straightforward calculation shows that

vV 2 dxzy
(5.15) Ll 1 2_ | cosl 20“0)—(;1:*—@) Eh— 0 (by (5.7))
de |,— sinh(v2az) av2a  sinh?(v2azf) o 2 du
and
d*Ap, | 4 cosh(v2axp) N 2v/2a (x* B ﬂ) sinh?(v2az}) — 2 cosh?(v2aux}) (@)2
d? |y | asinh?(v2ax3) o 0 2 sinh®(v2ax}) du
4 cosh(v2ax] 2 sinh?(v2axy) — 2 cosh?(v2ax}, 1
(5.16) _ : 2( o*) 2 sinh”(v 0)* 2 cos (v : I Ly 57
Oésmh( 2zf) @ cosh(v2axj) sinh®(v2ax}) 2
B 1
o« cosh(\/2a;1:0)
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Therefore, for 0 < x < xg,

dop(z) 0 d?up(z) 1 cosh(v2ax)
du ’ di? o cosh(v2ax)

For x > x{, it follows from (2.7) and (5.14) that

M _ d(vh(JTZ) — ca:}';)
de = a de »

d? » o
1:1}22(37) B = 222 — 2cax — 20‘(”0(378) — ng) + (’Uh(l('ih; ca:h) )

However, it follows from (2.6) that

1

1
vp(zy) = Ap, cosh(\/%x;;) + a(xz)z I s

Therefore, we have

d(vn(a}) — cap)
di

dA,

=0
di

=0

2 dx¥
cosh(V2axg) + <A0v2a sinh(v2ax() + ag;(’; — C) ) ;Lh

=0

=0

by (5.15), (5.9). Similarly,

d2 *) * 2A 9 dx* 2
(on(2}) — exf) - cosh(v2ax() + | 2aAg cosh(v2axf) + — | - il
di? » di? | a de |,
1
= —. (by (5.16), (5.7) and (5.9))
o
It follows then
d? 1
%(;r) . = 22° — 2caz — 2a(vo(2f) — cxf) + o
1 2 (1‘8)2 *
= — 422" —2cax —2a- T CT (by (5.7), (5.9) and (5.8))
o
1
= 3 +2(x — xg) (x + x5 — ca).
This completes the proof. O

6 Summary

In this paper, we consider a class of control problems sharing the common feature that the decision
maker cannot freely choose the intervention times. Indeed, it is only allowed to exert control

at the arrival times of an independent, uncontrolled exogenous Poisson signal process. Explicit

20



solutions are obtained for both the discounted problem and the ergodic problem. Also studied is

the asymptotics of such control problems as the intensity of the Poisson process goes to infinity.

We find that the cost of such constraints is of magnitude % for big .
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