Construction of the Value Function and Optimal Rules
in Optimal Stopping of One-dimensional Diffusions
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Abstract. A new approach to the solution of optimal stopping problems for one-dimensional
diffusions is developed. It arises by imbedding the stochastic problem in a linear programming
problem over a space of measures. Optimizing over a smaller class of stopping rules provides a
lower bound on the value of the original problem. Then using an auxiliary linear program, the
weak duality of a restricted form of the dual linear program provides an upper bound on the value.
An explicit formula for the reward earned using a two-point hitting time stopping rule allows one
to prove strong duality between these problems and therefore allows one to either optimize over
these simpler stopping rules or to solve the restricted dual program. Each optimization problem is
parameterized by the initial value of the diffusion and thus one is able to construct the value function
by solving the family of optimization problems. This methodology requires little regularity of the
terminal reward function. When the reward function is smooth, the optimal stopping locations
are shown to satisfy the smooth pasting principle. The procedure is illustrated on a number of
examples.

Keywords. optimal stopping, linear programming, duality, non-linear optimization, value func-
tion, one-dimensional diffusion

2000 MSC Classification. Primary: 60G40  Secondary: 60J60

1 Introduction

This paper develops a new approach to the solution of optimal stopping problems for
one-dimensional diffusions. By imbedding the optimal stopping problem in an infinite-
dimensional linear program (LP) and examining an auxiliary LP along with its dual, a
non-linear optimization problem and a semi-infinite linear program are derived from which
the value function is able to be constructed for a wide class of reward functions.

Let x; and x, be constants with —oco < z; < z,, < co. We consider the one-dimensional
diffusion X which satisfies the stochastic differential equation

AX(t) = p(X (1) dt + o(X (@) dW(t),  X(0) =z € [z, 2,], (1.1)

when X(t) € [z, 2,]. (In the case ; = —oo, the interval [z, z,] is to be understood to
be (—o0, x,], and similarly when x, = 00.) We assume that all processes are defined on a
probability space (2, F, P) and denote by {F;} the filtration generated by W. The generator
A of X, given by
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plays a central role in determining the solution.

We emphasize that throughout this paper, = is reserved to be the initial value of the
diffusion. It will never be used as a dummy variable in any expression.

The objective is to select an {F;}-stopping time 7 so as to maximize

J(r;x):=FE [/OT e r(X(s))ds+e *Tg(X(1))] . (1.2)

In this expression, @ > 0 denotes a discount rate, r is a running reward function and g
represents the reward obtained at the terminal time. The need for a discount factor arises
when the time frame for stopping is such that alternative investment possibilities affect the
value of the reward earned. This, for example, will be the case for many perpetual options
and for many applied problems such as the harvesting of renewable resources. For example,
in forest harvesting, » might represent the amenity value or carbon credit of the forest while
g would give the value derived from harvesting. We will impose further technical conditions
in Sections 3 and 4 that will guarantee finiteness of the discounted reward and existence of
optimal stopping rules.

Our definition of {F; }-stopping time follows that of Ethier and Kurtz [6, p. 51] and allows
stopping times to take value co. Peskir and Shiryaev [13] refer to these random variables as
Markov times and reserve the term stopping time to be those Markov times which are finite
almost surely. We allow the stopping times to be infinite on a set of positive probability, in
which case the decision is not to stop and receive any terminal reward. Clearly this decision
should not be, and is not, rewarded when there is no running reward and the terminal reward
is positive.

Each of the boundary points x; and x, can be classified as a natural, an entrance or an
exit boundary point depending on the characteristics of the drift coefficient p(-) and diffusion
coefficient o(+) ([2, I1.10, p. 14-19] or [9, p. 128-131]). When a point is both an exit and an
entrance boundary point, the point is called non-singular and the diffusion is not determined
uniquely. We therefore assume that the boundary points are singular. When z; is a natural
boundary point and x > z;, the process X will not hit x; in finite time (a.s.). The point z; is
thus not part of the state space for X. When z; is an entrance-not-exit boundary point and
x> x, X(t) € (x,x,] (as.) for all t > 0, so when « = x;, the process immediately enters
the interval (x;, x,) and never exits at ;. When z; is an exit-not-entrance boundary point,
there is a positive probability that X hits x; in finite time after which time X remains at
x;. We therefore interpret « € [z, z,| to be z € (z, z,] if 2; is a natural or an exit boundary
point and allow x = z; if z; is an entrance boundary point. Similar statements apply to z,.
When x; = —oo and/or x, = oo, we require these points to be natural boundaries of the
diffusion, which implies the diffusion is non-explosive.

For some diffusions, we impose a restriction on the set of stopping times 7 over which we
maximize (1.2). When z; is either a natural or an entrance-not-exit boundary point, each
stopping time 7 under consideration must satisfy either: (a) there exists some constant M7
with z; < M] < z, such that P(X(t) > M],t < 1) = 1; or (b) P(X(7) € (z;,2)) = 0.
Similarly, when =z, is either a natural or an entrance-not-exit boundary point, we require
each admissible stopping time 7 to satisfy either: (a) there exists some constant MJ] with
x < MJ < x, such that P(X(t) < MJ,t <71)=1;0r (b) P(X(7) € (z,2z,)) = 0. Examples
of stopping times satisfying these conditions would be the first hitting time of a level a < x



and the first hitting time of a level b > x. When both x; and z, are natural or entrance-
not-exit boundary points, both sets of conditions are imposed. These restrictions are not
imposed on the set of admissible stopping times when x; and/or z, are exit-not-entrance
boundary points. Denote the set of admissible stopping times by A.

Typically, one is interested in determining both an optimal stopping time 7* and the
value function

V(z) = 31613 J(T; ). (1.3)

It is helpful to observe that V is a function of the initial position of the diffusion X. This
will become important when the problem is imbedded in a family of linear programs param-
eterized by x.

Optimal stopping of stochastic processes has a long history which has resulted in several
solution approaches. Two excellent surveys of the general theory of optimal stopping are
[5] and [16]. The book by Shiryaev [15] approaches a non-discounted version of the above
problem in which » = 0 by seeking the minimal excessive function lying on or above the
reward function g. This minimal excessive function is the value function V' and an optimal
stopping rule is determined by stopping when the process X first hits a point a where
V(a) = g(a). The key to this solution technique is identifying the minimal excessive function
V along with the set {a : V(a) = g(a)}. The recent book by Peskir and Shiryaev [13] relates
the solution of optimal stopping problems to the solution of free boundary problems and
uses the terminology of superharmonic functions in place of excessive functions. The authors
consider more general problems that involve processes with jumps and include rewards based
on the supremum of the process X as well as running and terminal rewards. For continuous
processes, they employ the method of smooth pasting; that is, they seek to determine a
(not necessarily connected) open continuation region C, a (not necessarily connected) closed
stopping region & and a function V' for which

() CNS=0,CUS = [z, 2],

(ii) V € Cxy, z,], with Ve € C*(C),

(ili) AV(y) —aV(y) +r(y) =0 for all z € C, and
(iv) V(y) = g(y) forall z € S.

The moniker “smooth pasting” arises from the fact that one seeks to paste the solution to
the differential equation in the region C from (iii) to the function g on the set S with the
function so defined being continuously differentiable at the boundary points S N C. When
the process has jumps, the condition of smooth pasting is relaxed to continuous pasting.
Optimal stopping of diffusion processes using smooth pasting is also discussed in the text
[12] by Oksendal.

The recent paper by Dayanik and Karatzas [4] shows that the excessive functions are
characterized as concave functions in a generalized sense. The problem of determining the
minimum excessive function which majorizes the reward function is therefore recast as a
problem of finding the minimum generalized concave function which majorizes the reward
function. Their paper illustrates this approach on a number of optimal stopping problems.

As indicated in the first paragraph, this paper approaches the optimal stopping problem
quite differently. The stochastic problem is imbedded in an infinite-dimensional linear pro-
gram (Section 2). We then optimize over a smaller class of stopping times, specifically the

3



two-point hitting times, and relax the constraints to form an auxiliary linear problem. A
dual linear program is derived for which a weak duality relationship exists between the linear
programs (Section 3). Strong duality between the problems and sufficiency of a two-point
hitting rule is proven in Section 4. The result of strong duality is that the original stopping
problem is reformulated as an explicit non-linear optimization problem and as a semi-infinite
linear program, both of which can be used to determine the value. This solution technique
is then illustrated in Section 5 on a number of examples.

2 LP Problem and Stopping Rule Analysis

2.1 Derivation of the LP

We take the initial position x € [z;, z,] to be arbitrary but fixed in the following discussion.
Let f € C?%[z;, 7,] have compact support. Since X satisfies (1.1), an application of Itd’s
formula yields

e f(X(1)) =f(l’)+/0 e Af(X(5)) — af(X(s))] d8+/0 e (X (s)) dW (s).

Now let 7 be any stopping time in A. The optional sampling theorem [6, Theorem 3.6.6]
implies that

eI FX(EAT) = f(x) = / AT () — af (X(3) ds

- /0 ' e (X (s)) dW (s) (2.1)

and so the left-hand side is a martingale. Since f and its derivatives are bounded, taking
expectations in (2.1) and letting ¢ — oo yields

By - [T man) - as e a] - f@. 22)

Notice, in particular, that 7 is not assumed to be almost surely finite; on the set {7 = 0o},
the discounting drives the first term to 0 and also implies that the integral term is finite.
The identity (2.2) holds for all f € C?[x;, x,].

The LP associated with the optimal stopping problem is derived using a discounted
occupation measure and discounted stopping distribution. Define the measure ., as

1 (G) = E [e ™ Ia(X(7))], VG € Blzy, ;). (2.3)

Observe that this measure is well-defined when 7 = oo even though X (7) is not defined since
the discounting drives the mass to 0. Furthermore, ., has total mass that is less than or
equal to 1. The discounted occupation measure i is defined by

w(G) =FE [/OT e “la(X(s))ds|, VG € Blzy, x.]; (2.4)



the total mass of 1 is less than or equal to 1/a.
The identity (2.2) can be expressed in terms of ., and pg as

/fd:uT - /[Af—Oéf] d:ul) = f(l’), Vf € Ocz[xlaxr]' (25)

Notice the dependence of this identity on the initial position = of the diffusion X.
Turning to the objective function (1.2), observe that it can also be expressed in terms of
1 and g as

J(riz) = / r djto + / g dp.. (2.6)

We wish to eliminate the running reward from the objective by adjusting the terminal
reward function and to do so, we assume the following condition is satisfied.

Condition 2.1 The reward function r is such that there exists a solution f, of
Af —af =r. (2.7)

We demonstrate the reformulation for 7 € A having associated bounds M7 and M7 ; the
same reformulation for other 7 € A requires a slight adjustment to the argument. Let M
denote the pair (M7, M7J).

Let &y ¢ [z, 2] — [0,1] be such that &y € C?[xy, x,] and &y (y) = 1 for all y € [MT, M.
Define the function f. 5 = f. - &y and note that f.y € C?[xy, x,]. Using f,r in (2.5), we
have

J(2) = frntla) = / Front dits — / (Aot — afonr] diig

=/frduT—/Tduo

and thus the expected reward using the stopping rule 7 is

J(;x) =/Tduo+/gdu7 =/[fr+g] dpir — fr(2). (2.8)

At this point, the question arises as to whether (2.8) depends on the particular choice of
solution f,. for (2.7). Consider the homogeneous equation

Af —af =0. (2.9)

It is well-known (see [2, I1.10, p. 18,19] or [9, p. 128-131]) that (2.9) has a positive, strictly
decreasing solution ¢ and a non-negative, strictly increasing solution 1 as its fundamental
solutions. (Both ¢ and 1 depend on «; since we assume « is fixed, we do not use notation
that indicates this dependence.) The functions ¢ and 1) are unique up to a multiplicative
factor. Furthermore, ¢(x;4) = oo and (z;+) > 0 when z; is either a natural or an entrance-
not-exit boundary of X and ¢(x;—) € (0, 00) when z; is an exit-not-entrance boundary point.
Similar comments apply to x, with the roles of ¢ and 1) reversed.



Now consider a stopping time 7 € A having an upper bound M]. Taking M{ = x; and
letting M denote the pair (z;, M7 ), define 1y, = 1 - {5y and observe that

wle) = vare) = [ardns = [ (s - aiu dug
:/wduT- (2.10)

By considering (f, +c) - &y, with ¢ constant, and noting that p has its support in [z, MJ],
we have

(s + c)(a) = / (f, + ) dyty — / A, + ) — alfy + )] dpo

=/(ﬁ~+c¢)dﬂr—/7‘dﬂo

which, using (2.10), simplifies to

/WO _ /frduT—fr($)~

Slight adjustments to the argument indicates that these results hold for ¢ and for all 7 € A.

Thus using the function f, allows the replacement of the running reward of the objective
function by suitably adjusting the terminal reward earned at time 7 and shifting by the
constant — f,.(z). Since the constant shift is the same for each stopping rule 7 € A, it may
be ignored for optimization purposes. To simplify notation, let g, = f, + ¢, and define

J(rix) = J(rix) + fo(x) = / gy and V(@) =V()+ fle).  (211)

The analysis in the sequel will examine J, and V.

For each stopping time 7 and process X satisfying (1.1), the corresponding measures f,
and pg satisfy (2.5) and the value J,.(7;x) is given by (2.11). Thus the optimal stopping
problem is imbedded in the linear program

;

Maximize / g, dji

Subject to [ fap. ~ [1Af ~ afldun = f(o). ¥f € Cllor,z),
/lduT <1, (2.12)
/1dM0 <1/a,

pr 2 0, o = 0.

\

Denote the value of this linear program by V,(x). It immediately follows that

Vi(z) < V(). (2.13)



2.2 Analysis of Stopping Rules

The constraints of LP (2.12) can be used to determine the values corresponding to some
simple stopping rules that will play a central role in the construction of the value function.
In particular, we examine the reward obtained by the first hitting time at levels to the right
of, to the left of, or on both sides of x.

Example 2.2 HITTING AT LEVEL b > x

Let b > x be fixed and consider the stopping rule 7, = inf{t > 0 : X(¢) = b} which
stops the first time the process X hits {b}. (The possibility that 7, = oo is allowed.) It
immediately follows from (2.3) and (2.4) that u, places all its mass on {b} and po has
support in [z;,b]. When z, is an exit-not-entrance boundary point ¢ (z,—) < oo and the
following argument can simply use ¢, but when =z, is either a natural or an entrance-not-exit
boundary point, (z,—) = oo and we must make an adjustment. Use the argument for
(2.10) with & € C?[z;, z,] such that &(y) = 1 for y € [z;,b]. The constraint involving 1, is

e / by dp, / (At — o) dio
b) pir, {0} (2.14)

and it immediately follows that uTb{b} = @D(a:) /¥(b). Using the fact that (2.8) only depends
on the measure fi,,, the reward associated with the stopping rule 7, is

¥()g:-(b) (2.15)

PR =)

Example 2.3 HITTING AT LEVEL a <z

Let a be a point in (2, 2] and consider the stopping rule 7, = inf{¢ > 0 : X(¢) = a}. Then
-, is a point mass at {a} and the associated puo has support in [a,z,]. We present the
adjustment necessary when x; is either a natural or an entrance-not-exit boundary point
and hence ¢(z;+) = oo. Let ¢, € C?*[x;, x,| be such that (,(y) = 0 for y € [z;,a — €] for some
0<e<aA(a—uax),and (,(y) =1 for y € [a,z,]. Using the decreasing solution ¢ to (2.9),
define ¢, = ¢ - (,. The identity (2.5) is satisfied by ¢,. (Note, we use ¢, to ensure that ¢,
satisfies the necessary integrability conditions.) Thus

(b /(ba d,u‘ra / A¢a - a(ba] d,UO
8(a) pnu{a} (2.16)
so i, {a} = ¢(x)/¢(a) and hence
@)
I (Ta; ) oa) (2.17)

Remark 2.4 In light of the definition (2.3) of i, the above two examples indicate that the
Laplace transform of the first hitting time of the process X at level {c} is

—ate] _ gb(:t)/gb(C) forc <z,
Ble™] = {w<x>/w<c> for ¢ > x:

see, e.q., [2, 11.10,p. 18].



Example 2.5 HITTING {a,b}

Fix a < z < b and consider the stopping rule 7,, = 7, A 7, = inf{t > 0 : X(¢) € {a,b}},
the first hitting time of either level a or level b. Definition (2.3) implies p., , has {a,b}
for its support and definition (2.4) indicates that the associated occupation measure f is
concentrated on [a, b]. Using the two functions ¢, and 1, in the identity (2.5) and recognizing
that, for ¢ = a,b, ¢(c) = ¢(c) and 1y(c) = 1(c) yields the system

{ ¢(a) pir, (@) + &(b) pir, , (b) = P(x)
¥(a) pr, (@) + P (0) i, , (b) = ().

Two cases must be considered. When a = = = b, the equation involving ¢ reduces to
() pr, () = ¢(x) and similarly for ¢» with solution ., (z) = 1. Now suppose a < b. The
solution of the system is then

Bx)b(b) = 60) U)o 0(a) ¥(z) — 6(z) b(a)
3(a) U(0) = o(b) v(a) 5(a) 0(8) = 6(0) ¥la)

These masses are non-negative since ¢ is decreasing and ) is increasing. It therefore follows
that the reward associated with the stopping rule 7, is

iy (0) = (2.18)

ILLTa,b (b) =

To(Tap; @) = { IR b SOV s o z (2.19)
9-(0) - s@rem=smv@ T 90 S@em—am @ ¢ <V

Examining the expression for J(7,; ) when a < b, we see that it simplifies to g,(z) when
eithera =2 <bora <z =0

Remark 2.6 We observe the following limiting results which agree with one’s intuition.

(a) When x, is either a natural boundary point or an entrance-not-exit boundary point,
W(x,—) = oo. As a result, if we hold the left boundary point a fized and let b — x,,
the expression for pi, ,(a) — ¢(x)/P(a) = pr,(a) and p.,,(b) — 0. Similarly, when
xy is either a natural or exit-not-entrance boundary point, ¢(x;+) = oo and holding b
fized and letting a — x; yields ., ,(a) — 0 and pr, ,(b) — ¥(x)/P(b) = 7, (b). Thus
Jo(Tap; ) = Jp(Tasx) as b — x, and as a — vy, J(Tap; ) — Jo (10 2).

A benefit of these observations is that our optimization of J,(7Tap; ) in Section 4 allows
for one-sided stopping rules to be seen to be optimal.

(b) When z, is an entrance-not-exit boundary point, ¥ (x,—) < oo and when x; is an
entrance-not-exit boundary point ¢(x;+) < oo. In either of these cases, letting b — .,
or a — xy, the masses (2.18) converge to the masses associated with stopping at z, or
x; respectively, and J(T,p;x) — J(Toz;2) as b — x, and a similar result holds when
a — Iy.

Remark 2.7 The expression (2.19) for J(7a.p;x) exhibits an interesting result when g, =
10 + e for any constants ¢; and co. This situation occurs when the running reward r = 0
and the terminal reward is g = c1¢ + catp. For each choice of stopping locations a and b,
by explicit computation J(Tap;x) = c1¢(x) + cotb(z) and thus every two-point stopping rule
has the same value. Of course, this observation is merely a special case of (2.10) (suitably
generalized to include ¢ ).



Finally observe that for any choice of a and b, with ; < a < 2 < b < z,, the reward
obtained using stopping rule 7, is no greater than the optimal reward:

I (Taps ) < V(). (2.20)

3 Auxiliary LP, Dual LP and Weak Duality

This section analyzes the LP (2.12) using an auxiliary linear program that involves a relax-
ation of the constraints, the dual linear program and a further restricted linear program. To
begin we place the following additional assumption on the problem to ensure existence of
finite values for the linear programs.

Condition 3.1 For each x € (x;,x,), sup 9:(y) < 00 and sup 9:(y)

s 0(y) S o)

For the remainder of this section, fix x € [z, z,| arbitrarily.
Consider 7 € A with corresponding bounds M7 and MJ. Applying the argument leading
to (2.8) yields

v = [vd a6 = [odn

These identities also hold for all 7 € A.
Define the auxiliary LP by replacing the infinite number of constraints corresponding to
each f € C?[x;,z,] by these two constraints involving ¢ and ¢ and eliminating the mass

constraint on f.
.

Maximize / gy dpr
Subject to /¢d,uT = ¢(x),
[ v due = vi@), (3.1

/1d,uT§ 1,

pr > 0.

\
Notice this auxiliary LP is expressed solely in terms of the measure .. We do not assume the
optimal value is attained for this auxiliary LP or for any other LP in this section. Sufficient
conditions to guarantee the existence of an optimizing measure p, are given in Section 4.
Denote the value of this auxiliary LP by Vg,(z), where again the LP is parameterized by
the initial position x.

Theorem 3.2 For the initial value x € [z, z,],
Vi) < Varp(). (3.2)

Proof. Clearly the feasible set of this auxiliary LP (3.1) includes the measure pu, for each
feasible point in the LP (2.12). O



We now develop a dual LP corresponding to (3.1). Since there are three constraints,
there will be three dual variables, which we denote by ¢;, ¢ and c3. The dual LP is

Minimize ao(x) + cop(z) + 3

Subject to  c16(y) + coa¥b(y) + e3s1(y) > g.(y), Yy € [21, 2],
c1, co unrestricted,
C3 > 0.

(3.3)

In this linear program, the function 1 represents the constant function taking value 1. Let
Vap(x) denote the value of this dual LP.

Theorem 3.3 For z € v, z,],
V() > Varp (). (3.4)

Proof. Observe that Condition 3.1 implies the existence of feasible points for the dual
LP (3.3) and taking p; = dg;) shows that the feasible set for the auxiliary LP (3.1) is
nonempty. A standard weak duality argument therefore establishes the result. O

Finally, we restrict the feasible set of the dual LP (3.3) by setting ¢3 = 0. This results in
a restricted dual LP

Minimize c1o(x) + cop(w)

Subject to  c10(y) + ¥ (y) > g9,(y), Yy € |21, x,], (3.5)
c1, ¢o unrestricted.

Denote the value of (3.5) by V,a,(x). The above discussion implies that the feasible set of
the dual LP (3.3) contains the feasible set of restricted dual LP (3.5) so

Vaip(2) < Vearp(). (3.6)

Now look carefully at this restricted dual LP. The function ¢;¢ + co1) satisfies the differ-
ential equation Af —af = 0 and, to be feasible, is required to lie above the reward function.
The goal of the LP is to pick the values ¢; and ¢y so as to minimize the objective function.

Combining the set of inequalities in (2.13), (2.20), (3.2), (3.4) and (3.6) yields for every
n<a<zr<b<luz,

Sr(Tap; w) < Vi) < Vip(x) < V() < Vap(2) < Viap(). (3.7)

At this point, it will be helpful for our further discussion to state clearly the weak duality
result that will be exploited. Let JX(x) = Sup, .., <a<s<p<z, Jr(Tap; ¥) denote the optimal
value associated by restricting the stopping rules to the set {7, : v, < a <2 < b < z,}.
Also define J,(c;, C2;w) = c19(x) + c2¢(w) for those ¢y and ¢, that are feasible for (3.5). Then
Viap(z) = inf,, o, Jp(c1, c25 7).

Theorem 3.4 Weak Duality Let a and b satisfy ) < a < x < b < x, and let ¢; and ¢y be
feasible for (3.5). Then

Jo(Tap: ) < J5 () < Vegip(x) < Jo(c1, ). (3.8)
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4 Optimization of J,(7,;;z) and Strong Duality

We return to the examination of the reward J,.(7,,; z) associated with stopping at the first
hitting time of {a,b} and, in particular, we consider the optimization of this value over all
possible choices of a and b with z; < a <z and = < b < z,. Again, let = € [z}, z,]| be fixed
for this discussion.

We begin by considering the situation in which g, < 0 with x € (z;, x,) and with z; and
x, being either natural boundaries or entrance-not-exit boundaries for the diffusion. This
assumption means that 7., ,, = oo almost surely and moreover, ¢(z;+) = ¢(z,—) = co. In
this setting, an optimal stopping rule is 7, ,, since J,.(7,, ;) = 0 and stopping at any finite
locations a and b will result in a non-positive expected reward.

For the rest of the optimization discussion, we assume there is some y € [z, x,.] for which
g-(y) > 0. We assume y > z; if x; is either a natural boundary point or an entrance-not-exit
boundary point and similarly y < z, if x, is either a natural or entrance-not-exit boundary
point.

We now impose conditions which imply that J*(z) is achieved by some points a* € [z, z]
and b* € [z, z,].

Condition 4.1 Assume g, satisfies the following:

(a) g, is upper semicontinuous;

(b) if z; is either a natural or an entrance-not-exit boundary point, then lim,_,,, Z;((;/)) =0;
and
(c) if z, is either a natural or an entrance-not-exit boundary point, then lim,_ ., z; ((3)) =0.

Since f, is continuous, Condition 4.1(a) requires g to be upper semicontinuous.

Theorem 4.2 Under Conditions 3.1 and 4.1, for each x € [z, z,|, there exist values a* =
a*(z) € [z, x] and b* = b*(x) € [z, x,] such that J. (T pe;x) = J) ().

Proof. When J’(z) = g,(x), the choice of a* = x = b* satisfies the claim. So assume that
J*(x) > g.(x). Let {(an,b,) : n € N} be a sequence with a,, < z and b, > x for all n € N
such that J, (74, p,;2) — J}(x) as n — oo.

Compactify the interval [z;, z,| when x; and/or z, are either natural or entrance-not-exit
boundary points. It then follows that there exists a subsequence {n;} and values a* and b*
such that a,, — a* and b,, — 0*. To simplify notation, assume the original sequence has
the properties of this subsequence. The following set of relations then holds.

Ji(z) = Hm J. (74, 5, %)

n—oo

i (o 6 Bl — 6(5,) Y)  plan) ¥(x) — H(x) $(an)

= <g’"( ) a0 0n) — o) Blan) T I By ibn) — o(bn) ¢<an>)
o @O — ) U)o p(a) () — o) v(a)

<9 Sy — o o@) T Gl vl — o) via)

= Jr<7—a*,b*; 33)

< J(),
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the first inequality follows since the continuity of ¢ and 1 imply the convergence of the
fractions and g, is upper semicontinuous. Thus equality holds throughout these relations
and 7, 3+ is an optimal stopping time.

To be precise, should a* = x; with z; being a natural or an entrance-not-exit boundary
point and b* be an interior point of the interval [z;, z,], the limiting expression is % g-(b*) =
Jy(1y; ) and - is optimal. A similar comment applies to the case of b* = x, with a* €
(21, x,) yielding 7, as an optimal stopping time.

The case in which a* = x; and b* = x, with both boundary points being either natural
or entrance-not-exit does not arise. For if it would, Conditions 4.1(b,c) imply that the
coefficients of g,(a*) and g, (b*) would be 0, corresponding to 7, = 0o almost surely, and
hence J, (7, p+;x) = 0. But there exists some y € (x;,z,) with g.(y) > 0. The stopping
time 7, which stops the process when it first hits {y} will have a strictly positive value for

Jr(1y; ), contradicting 0 = limy,_,oo (T, b, ) = J5 (7). O

Remark 4.3 The above proof only uses upper semicontinuity of g, at the optimizing points
a* and b*. One would therefore be able to relax the upper semicontinuity assumption on g,
so that it only 1s required to hold at the optimizers.

At this point an observation is very helpful in preparation for the proof of the strong
duality theorem. To this point we have been considering a single initial point x and the
linear programs related to it. The value function V, is a function of the initial position
and we will prove that the values of the family of LPs parameterized by x give V,. It
is thus beneficial to consider more than a single initial value at at time. For instance,
should = be an initial value such that a* < x < b*, then the optimization of J(7,4; %) for
every other initial value Z € (a*, b*) implies that a* and b* are also optimal for . The non-
degenerate interval (a*, b*) is thus seen to be part of the continuation region C described in the
introduction in which it is optimal to allow the process X to continue without stopping. Let
C=U{z € [z,x,]:a"(x) <z <b(x)} be the continuation region. The set S = [z, z,] N C°
is the stopping region. Let C denote the closure of C and S° denote the interior of S.

The following proposition identifies a condition under which z is an element of C.

Proposition 4.4 Iflimsup,_, g,(y) < g,(x), then z € C.

Proof. Suppose x is a point at which limsup, ., g.(y) < g-(7). Choose ¢ such that 0 < ¢ <
gr(x) — limsup, ., g-(y). Let y1 < x be fixed and consider the stopping rule 7, , when the
initial value is y with y; < y < x. The value associated with this rule is

o(y)v(x) — p(x)(y) P(y)Y(y) — o(y)¥(y1)
Suvta) — oo T G0 — o) T

Observe that the coefficient of g,.(y;) converges to 0 as y converges to x and similarly, the
coefficient of g, (x) converges to 1. Select yo < x such that for all ys < y < z, ¢,(y) < g-(z

P(y)Y(x) — (@)Y (y) P(y1)¥(y) — o(y)¥(y1)
(y1)(x) — o(x)(y (y1)(x) — o) (1)

Then for all y» <y <z, J(Ty,2;y) > g-(y) and y € C.

JT’ (Tyl,.l'; y) =

gr(z) > g.(x) —

5,
)gr(yl) <g and g

12



O

Having established the existence of optimizers a* = a*(x) and b* = b*(x) for the optimal
stopping problem restricted to two-point stopping rules, the goal is to prove the optimality
of 74+« for the general stopping problem. Our approach will be to obtain coefficients ¢}

~

and c; that are feasible for the restricted dual LP with J(c}, c5;2) = J(Tup+; ) and thus
equality will hold throughout (3.7) and (3.8). To achieve this result, we must further restrict
the class of reward functions.

Condition 4.5 For each x € (21, x,) for which limsup, ., g.(y) = g-(7),

g9r(2)—gr(x)

r(y)—gr(x)

(a) —oo < liminf, -, 2 < 00 and —oo < limsup, , < 005 and

(b) if x is a point where liminf, -, % # limsup, , %, then there ewists a
r(y)—gr(z)

sequence {y, < x :n € N}, with y, — x and gr(yn)—=gr(x)

- — liminf, -, #=%— as
Yn—x y—x
n — 00, such that for each n,
i g 8 =9 Wn) 0 9Z) = 90 () (4.9)
Y,/ Yn Y — UYn 2\Wn Z = Yn

or there exists a sequence {z, > x : n € N} withlim,, .., z, = x and lim,,_, gr(zn)=gr(@) _

Zn—T

lim sup, , w such that (4.9) is satisfied for each n when z, replaces y,,.

Observe that Condition 4.5(b) is satisfied, for example, when g, is C' in either a left-
neighborhood or a right-neighborhood of x with the left-hand derivative or right-hand deriva-
tive of g,, respectively, existing at x.

Theorem 4.6 Strong Duality Under Conditions 3.1, 4.1 and 4.5 on g,, for x € [z, x,],
there exist stopping locations a* € [x;, x] and b* € [z, x,] and coefficients ¢ and ¢ such that

To(Tae e ) = T () = Vi(@) = Via(@) = To(ci, 3 ).

Proof. The existence of a* and b* such that J(7,+ p+;2) = J(x) follows from Theorem 4.2.
Notice in (2.19) that when a = x or b =, J, (T ;) = gr(x) s0

Ji(z) = sup I (Tap; ) > gr(x). (4.10)

a,b:x;<a<x<b<lz,

It is necessary to consider different cases for the initial value x. Before doing so, however,
we examine the value associated with a two-point hitting rule and establish some notation.
Observe that the expression for J(7,;2) in (2.19) with a < x < b can be rewritten as

i) — SV~ 0 (0)(a) 9:(1)6(a) — g.(a)o(0)
T ) 90) — o(0) v(a) H(a) ¥ (b) — o) ¥(a)

Define the coefficients ¢; and ¢y by

gr(a)P(b) — g,(b)¢(a)
¢(a) P (b) — o(b) P(a)

~p(x) + (). (4.11)

ci(a,b) = and  co(a,b) = 9:(0)

(4.12)

13



Now, let J,4(y) = c1(a, b)p(y) + ca(a, b)i(y) for y € [z, x,]; that is, we define the function
Jap o0 [z, ] to have the form of J.(7,p;x) in (4.11) but do not require the independent
variable to lie in the interval (a,b).

Case (a): Suppose x € C. Then there are points a* and b* such that a* = a*(2) < z <
b*(x) = b*.

We claim that J,« p > g,. To verify this claim, consider first @ = y < z and b = b*. Then
Jo(Type; @) < Jp(Tae b+ @) implies

iy, ) (@) + ca(y, b)Y (x) < ci(a”, b)o(x) + ca(a”, b)Y (2).

Using the definitions of ¢; and ¢y in (4.12) and rewriting the expressions as in (2.19), we
have

o) $(5) — H(b) () o) (@) — o) vly)
o) o) — oo Y s — e e+
o) o) — o) 0lo) o) ) ) vla)
< S@) o) o) (@) )T @ o) — o) i)+
Isolating ¢g.(y) on the left-hand-side results in
B)B0) = )0y o () B) — B() Uiy)
9W) < Sy o) — o) (e T (¢<x>w<b*> ~ () ¢<x>)
B(a) ¥(x) — 6(@) (@) oly) ¥lz) — ol w<y>}g -
o) D) — o) (@)~ oly) w(br) — o) ()| "
_ o) u) = 90 0) | sl o) vla)
o) 0 — o) o@) T S o) e o(@) "
= c1(a”, b7)d(y) + ca(a”, 0" ) (y) = Jor - (y)

Using a similar computation with a = a* and b = y > x establishes the claim. We
therefore see that this choice of ¢f = ¢y (a*, b*) and ¢ = co(a*, b*) is feasible for the restricted
dual linear program (3.5) and (a*,b*) is optimal for the problem of maximizing J,(7,; )
over a and b, and moreover, by the definition of ¢} and ¢}, J,(7g p; ) = Jo(ct, e ).

Case (b): Suppose x € 9C, the boundary of C. There are two cases to consider.

(i): Suppose x is a point at which limsup, ., g.(y) < g-(x). Since x ¢ C, the proof of
Proposition 4.4 shows that for y sufficiently close to x, with y < x, y € C and b*(y) = =.
Since a*(y) < b*(y) = x, the result of Case (a) applies so that fixing y < z sufficiently close
to x and defining ¢ = ¢;(a*(y), z) and ¢ = c2(a*(y), x), the function ¢j¢ + 51 majorizes g,
with equality holding at x.

(ii): Now suppose = € 9C with limsup, ., g.(y) = g,(2). Then there exists a sequence {x,, €

C : n € N} such that lim,, ., x,, — x. Without loss of generality, assume z,, \, z. By consid-

ering a subsequence, if necessary, we may assume that M — limsup,, .., % =:
m. Since each z,, € C, af := a*(z,) < b*(x,) =: bS. Observe that x < a} < x,, so as n — oo,
a’ \, x. Should b} converge to some value b* € (z,x,], the proof of Case (a) applies. So

assume bF \, x as n — oo. Define ¢ = ¢i(a’,b’) and ¢ = co(a’, ). It then follows that

n’»-’n n»-’n
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cl o+ chyp majorizes g, with equality holding at x,,. We investigate the limit of ¢} as n — oo.
Observe

o 1 = L) — 0 )0
O A T CA R UA T oY
9 (0,) — e () 0(03) + () b(a5) — g, (b))

¢(ay)(by) — ¢lay)v(ay) + ¢(ay)d(ar) — (b)) (ar)
¥

oy PO —(a) gL —gr(al) ./
- gr(an) ( bg_;ﬂé ) gn( bg_zz( ) ¢(an)
- * n) a:], b;kz - a:b * ’
¢(an) P( b*)_;ﬁé ) #( b;z_j?% ) ¢<an)
Letting n — oo, we see that ¢} — ;Z;()Z)ffx()x) Tgﬁﬁ) =: ¢{. A similar analysis shows that as
n — 0o, ¢y — ?Z%mgm_)gréf()x) (3&) =: c¢g and thus ¢}¢ + c§1p converges to ¢ ¢ + c3 4. Therefore

cf & + c3 1 majorizes g, and moreover, [c] ¢ + ¢ ](x) = g.(x).

Case (c): Suppose x € §°. Then a*(z) = x = b*(z). In this case, ¢f = ¢ (z,2z) and
c5 = ca(x, ) are not defined and we need a different argument.

(i): To begin, consider the situation in which liminf, -, % = liminf,\ , % =

m. We seek constants ¢; and ¢y such that the function ¢;¢ + c21) majorizes g, and equality
holds at the initial value . Consider the system of equations

ap(z) + exp(x) = gr ()
a1 (x) + eV’ () =m (4.13)

which arises by requiring the first derivative of ¢;¢ + c21) to equal m as well as ¢1¢ + 1) to
equal g, at x. The solution to this system is

_ e@W @) —mi) o mé(e) —gi(@)d/ (1)

We claim the function c¢;¢ + c2) majorizes g,..

To see this, let € > 0 be chosen arbitrarily and let y < = be arbitrary and z > x be chosen
as will be specified later. The optimality of 7, implies that J.(7,.;x) < J,(7.;2) = g,(x).
Writing J,(7,,.; ) as in (2.19) and isolating g,.(y) leads to the inequality

D)) — S(2)(y) o
W < S — o) P Ao

6 (@)0(2) = 9 (2)()
= ) = S

Now as in Case (b,ii) examine the coefficient of ¢(y).

gr(@)¥(2) — g (2)0(x) _ gr(@)(2) — gr(
P(@)(2) — d()¥(x)  d(x)d(2) — (x
)

“Y(y). (4.15)

(#) + gr(2)p(x) — g, (2) ()
)

B b )<w<z; fm))
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and thus letting {z, > z : n € N} be a sequence with z, — = such that w — m, it

follows that
o ) — 0 ()E) g (a) — my(a)
oo G(a)(zn) — Pza)ib(x)  la)!(x) — ¢'(z)h(x)
Arguing similarly with the coefficient of ¥ (y) yields

o 90)0(@) = 0, (@)0(20) _ mo(@) — g, ()6/ ()
P @) — 6(z)0(@) GV (E) — @)

Recalling that y is fixed, let N € N be such that for all n > N

9N () ~ e (2)0(x) gm0 (x) — mu(a) : )

O(2)P(20) — d(za)0(x) D)y (x) — F(2)y(x)| ~ d(y) + ¥(y) '
and

9r(zn)0(x) — gr(@)P(2n)  mo(x) — g, (7)¢' (2) _ € (4.17)

P(2)(2n) — d(zn)(x)  d(x)' () — ¢/ (2)Y(x)|  @(y) +(y) '
Using the estimates in (4.16) and (4.17) in (4.15) yields

gr (@)Y’ (x) —my(z) mé(x) — g-(x)d'(x) )
9:(w) < 3~ T W)+ Sy - s YT

=c19(y) + e2¥(y) +

Since € > 0 is arbitrary, the claim holds for all y < z.

A similar argument with z > x chosen arbitrarily and vy, < z chosen in a similar ap-
proximating sequence close enough to x establishes the relation for z > x. Thus when
liminfy/x% = liminfz\x% = m at x and a* = x = b*, we see that
defining ¢; and ¢y as in (4.14) produces the function ¢;¢ + c210 which majorizes g, with
[c1¢ + c2¥)(z) = g,(x) and hence 7, = 0 is optimal.

(ii): Suppose g, satisfies Condition 4.5(b) at x with a “>” inequality and for simplic-
ity assume that there is a left-approximating sequence {y, < = : n € N} and let m,, =
liminf, -~ %. A similar argument will apply when a right approximating sequence
{zn > 2 : n € N} exists.

Let m = liminf, -, %ﬁr(@

and define the coefficients ¢; and c; to be the solutions

of the system (4.13). We claim that the function ¢; ¢ + ¢; ¢ majorizes g, and satisfies
[c; ¢ + 3 ¥)(z) = g,(x). The latter condition follows immediately from the first equation in
the system so we only need to show that c; ¢ + c; 1) majorizes g,.

Since x € §°, there is some ¢ such that for all # € (x — ¢, x), a*(z) = T = b*(z). For
Yn € (x — 0,), define ¢} and ¢ as in (4.14) with m,, replacing m. Case (b,i) then implies
that ¢}¢ + 5y majorizes g, and [¢f'¢ + 5](yn) = 9r(yn). Since % — m as n — 0o,
it follows that g.(y,) — ¢,(x). Letting n — oo, the continuity of the derivatives of ¢ and

and the existence of the finite limit m of M

o+ iy — ¢ ¢ + c5 9. Therefore ¢ ¢ + c5 1) majorizes g,.
Observe that when g, satisfies has both approximating sequences in Conditions 4.5(b),
one is able to make this argument on both sides to obtain pairs of coefficients (¢, ¢, ) and

(¢, cF) such that both ¢ ¢ + ¢3¢ and ¢f ¢ + ¢ 1 majorize g, and agree with g, at z. Using

implies ¢ — ¢ and ¢} — ¢, and hence
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convex combinations shows that the whole family of coefficients (Acj + (1 —X)cf, Ay + (1 —
Ny ), where 0 < A < 1, also provide majorizing functions.

(iii): Suppose g, satisfies Condition 4.5(b) at x with a “<” inequality. The same proof as
in Case (b,ii) applies to establish that ¢; ¢ + ¢; 1) majorizes g,, with equality at . However,
c1 ¢ + ¢y 1) is smooth at x so [¢; ¢ + ¢, ¥)'(x) < liminf, -, grl=or@) Iy SUP__, gr(z)—gn(z)

y—x z—T
Thus [c] ¢ + c; ¥](2) < g-(z) for some z > zx sufficiently close to z, a contradiction. Hence
x € §° implies that Condition 4.5(b) can only be satisfied with a “>" inequality. O

The proof of Case (b,iii) indicates a condition which implies z € C. We formalize this
result in the following proposition.

Proposition 4.7 Suppose g, satisfies Conditions 3.1, 4.1 and 4.5. If x is a point at which
gr(2) — gr(7)

lim inf M < limsup ————,
y/ y—x 2\ 2=

then = € C.

An implication of Theorem 4.6 is that the optimal stopping problem has been reformu-
lated as two different optimization problems. One may solve the non-linear maximization
problem J(7,; ) over the values of @ < x and b > z. One may also solve the restricted
dual linear program (3.5) over coefficients ¢; and ¢o. Only Conditions 3.1, 4.1 and 4.5 are
imposed on g, so little regularity is required.

We emphasize the constructive nature of this approach. For each initial position z, the
optimizing values a* and b* determine an interval [a*, b*] which may be degenerate. Consider
an z for which a* < z < b* so that the interval [a*,b*] is not degenerate. Then for each
x € [a*, b*], the corresponding optimizing values are also given by ¢* and b*. So for each z
in the interval, the coefficients ¢} and ¢ given by (4.12) are constant. Moreover, on [a*, b*],
ci¢ + ¢ is the minimal harmonic function which majorizes g,. Thus a single optimization
determines the value function over the interval;

Vi(z) = cio(z) + cyp(x),  x € [a,b7].

For the degenerate interval [a*, b*| = {z}, the proof of Theorem 4.6 shows how to find coeffi-
cients ¢} and ¢4 such that ¢f¢+c51) majorizes g, with ¢;é(z)+c3(x) = g-(x). Thus the value
function can be constructed by solving the family of non-linear optimization problems or by
solving the family of restricted dual LPs (3.5) or by some combination of these approaches.

4.1 Smooth Pasting

Suppose now that g, has some additional smoothness. Specifically, suppose g, is C! in a
neighborhood of the optimizing values a* and b*. For each a and b with a < x < band a < b,
define functions ¢; and ¢y by (4.12). Since we are interested in optimizing with respect to a
and b, we simplify notation by letting h(a,b) = J(7.p;2) = c1(a, b)p(x) + c2(a, b)p(x). Using
the smoothness of g,, taking partial derivatives with respect to @ and b and simplifying the

17



expressions yields

oh

a0 = st~ (S o * O+ s ¥ @)] 419
e =tsts
oa)0lb) = ol (a)

TP e e

and

@CL _ / B gr<a>¢<b)_gr(b)¢(a) / g /
o5 :?) [”“) (wwwm—¢wwm>¢“”‘wwww—¢wwmaw“0](4”>
[wmw@—¢@wmq
o(@)0 () — o (B)ula)
e [6la)) — diéa)
— ) <mmM+2uww@ﬂ[M@Mw_mew] (1.21)

Consider the expression on the right-hand side of (4.18). When = = b, the second factor
is 0 indicating that there is no change in h as one moves the stopping location a. This is
intuitively clear since x = b implies the process is stopped immediately. For a < z < b,
the second factor is strictly positive and less than or equal to 1. A similar analysis of the
right-hand side expression in (4.20) shows that the second factor is 0 when z = a and is
strictly positive and bounded by 1 for a < x <b.

From these observations, we see that setting h, = 0 and h, = 0 requires either a = x or
from (4.19)

gr(a) = (c1(a, b)¢ + c2(a, b)y) (a) (4.22)
and b = x or from (4.21)

9:(b) = (c1(a, b)d + ca(a, b)) (b). (4.23)
Thus when a* # x and b* # x, the optimization over a and b imposes equality of the first

derivatives of the functions g, and ¢;(a,b)¢ + ca(a, b)) at the optimizers. At the beginning
of Section 4, it is shown that

gr(a) = (c1(a,b)p + c2(a,b)P)(a)  and  go(b) = (c1(a,b)¢ + c2(a, b)¥)(b)  (4.24)

for every choice of a and b. This means that at an optimal pair (a*, b*) of stopping locations,
either a* = x and the process stops immediately or a* satisfies the smooth pasting condition
and similarly either b* = z or the smooth pasting condition is satisfied at b*.

In the case of natural or entrance-not-exit boundary points, we point out that a* could
be z; in which case J,(7,,; ) has expression (2.15) and the smooth pasting condition is
only required at b* and similarly should b* = z,, the expression for J,.(7,4,;x) is (2.17) and
smooth pasting is only required at a*.

The above argument assumes that the partial derivatives % and % actually equal 0 for
some a and b with ; < a < z and x < b < x,. The optimal value could also occur with
a = x; or b = x, without either the smooth pasting condition holding or a* or b* being x.

The endpoints must also be considered when determining the optimizing values of a and b.
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5 Examples

This section illustrates how to construct the value function V' using the non-linear optimiza-
tion method, the restricted dual LP and a combination of these approaches. We consider
a geometric Brownian motion process for the first five examples. This choice of diffusion
implies that z; = 0 and x,, = oo and that both boundaries are natural. We conclude this
section with examples of optimal stopping problems for other types of diffusions. Additional
examples involving other types of processes may be found in [8], though for those examples
the initial position is assumed to be small. For later reference, we begin by determining the
important results concerning geometric Brownian motion.

Let a > 0 denote the discount rate and let © < a and o > 0 be constants. We assume
the process X satisfies the stochastic differential equation

AX(t) = pX (t)dt + o X () dW(t),  X(0) =z > 0. (5.1)

The generator A of the process X is Af(y) = § v2 f"(y) + py f'(y) so the solutions of the
differential equation (2.9) are ¢(y) = y”* and ¥ (y) = y*?, in which

1 pu 1 u > 20 1 pu 1 pu > 2a
= _ 2 _ - £ <0< -—-—= - — — — =!7a. 5.2
NmY T2 \/(2 02) i o? 2 o? i 2 o? * oz (5:2)

Consider a general solution f = ¢1¢ + ¢t in which ¢;, ¢y > 0. Evaluating the derivative
we have

F'(y) = mewy™ Y 4 yacay Y.
Setting f/ = 0 and solving for y yields

( —em ) 1/(v2—m)
Ye = .
Ca272

Observe f”(y) > 0 for y > 0 since a > p implies 75 > 1. Thus f’ is strictly decreasing for
y < y. and strictly increasing for y > y. and hence y. is a minimizer of f.
We utilize this structure of f in some of the following examples.

Example 5.1 PERPETUAL PuT OPTION

For this example, X represents the price of a risky asset in a Black-Scholes market. Let
K > 0 denote the option’s strike price. The goal is to select a stopping time 7 so as to
maximize

Ele (K- X(1)*]. (5.3)

For this optimization problem to give the risk-neutral price of the option, « is the interest
rate on the non-risky asset and the expectation is taken with respect to the risk-neutral
measure with the result that the mean rate of return of the risky asset is u = a. As a result,
Y = —i—‘; and v, = 1.

This optimal stopping problem has no running reward r; a reward ¢ is only earned when
the option is exercised at the stopping time. The reward function is g(y) = (K — y)*.
Our goal is, for each z € (0,00), to maximize (2.19) over stopping locations a and b with
a <z <D
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We note that since » = 0, J. = J so we drop the subscript for both J and J in the
discussion of this example and for the other examples that lack a running reward.
Solution 1: Mazimizing J(Tap; )

Initial Analysis of Stopping Location a to the Left of x. Consider the case when x > K.
For any stopping location a with @ > K and hence any b with b > K as well, J(7,4;2) =0
by simple evaluation of (2.19) since g(a) = 0 = g(b). But for each a € (0, K), J(7ap;2) > 0
so the optimal choice a* must be less than K.

Analysis of Stopping Location b to the Right of x. Now consider the case x > 0 and let
a <z A K. First consider the case when z < b < K. The function J,; having expression
(4.11) but which takes the independent variable in [x;,z,] is strictly convex and satisfies
Jap(a) = K —a and J,,(b) = K — b and hence it follows that J,,(z) < K — 2 = g,(x).

Now consider any b > K V x and the stopping time 7,5. The second summand in (2.19)
is 0 and the first summand only depends on b in its mass. In fact, this mass is an increasing
function of b and hence the maximal value occurs when b = oo. This means that an optimal
stopping rule has the form 7, which exercises the option when the stock price first hits
some value a. The goal now reduces to maximizing J(7,;2) given by (2.17) over values of
a€0,K].

Fix z > 0 and let h(a) = 29 . ¢(z) = (Ka™™ —a>)a" for 0 < a < K. Setting

b(a)
h'(a) = 0 results in a* = I_L;’ll A simple analysis shows that a* is a maximizer. This means

that for any x > a*, an optimal stopping rule is given by 7,+. The relationship between the

functions ¢ and ggzg ¢ is displayed in Figure 1(a).

Figure 1: Relation between g and (g(a*)/¢(a*))¢ and the value function V

Analysis when © < a*. Now consider 0 < z < a*. Suppose there were an optimal
stopping location a; < x < a*. Since for 0 < y < K, g is continuously differentiable,
a1 would satisfy the smooth pasting principle. However, a* is the unique value at which
%qﬁ’(a) = —1=¢(a). Thus for no a; < x < a* is a; an optimal stopping location. It then
folfows that the optimal stopping rule is to stop immediately.

20



The value function V' and optimal stopping time 7* are given by
K —x, for 0 <z < a*,

V(z) = - and T =
(K —a") (;) , foraz>a*

The value function V' is displayed in Figure 1(b).

~

Solution 2: Minimizing J(c1, c2; gr).

We demonstrate how to use the restricted dual LP (3.5) to obtain the value function.
Let x > 0 be fixed. First observe that the majorizing condition of ¢;¢ + co¥ over g along
with ¢(0+) = co and the strict positivity of g near 0 implies that ¢; must be positive. Also
since ¥ (00) = oo and ¢(00) = 0, co must also be non-negative. Since ¥ (z) > 0, the objective
function would be minimized if ¢ = 0. In this case, the majorizing condition reduces to
c1¢ 2 g yielding ¢ = supg_,<, %. Observe that a* = (ﬁ) K is the optimizer. Thus for
any initial value > a*, the pair (¢}, 0) provides the optimal solution for the restricted dual
LP.

For x < a*, ¢ must be positive. In trying to minimize [c1¢ + c2)|(z) subject to the
majorizing condition, we must have [c1¢ + c29)](z) > g(x). The question then arises as to
whether it is possible to have [c1¢ + cotb](x) = g(z). Since g is C* on (0, a*), the majorizing
requirement implies [c1¢ + co10)'(z) = ¢'(z) when [c1¢ + co)|(z) = g(x). This then sets up
the system (4.13) of linear equations that determine the optimal choice of ¢} and ¢ given by
(4.14). Since [¢j¢ + c3v]" > 0, [cjp + 5] is strictly increasing and it follows that ¢j¢ + ¢t
majorizes g.

Example 5.2 PERPETUAL “UpP-AND-OUT” BARRIER PUT OPTION

Our second example is a modification of the perpetual put option in Example 5.1 in which we
consider an “up-and-out” barrier for which the option becomes worthless at the time when
the stock price first hits a barrier level. This example is solved by Dayanik and Karatzas [4]
using a characterization of the excessive functions as generalized concave functions combined
with a change in variable argument. We determine the solution using the approaches of this
paper.

Again, let the stock price process satisfy (5.1) with 4 = «a, where a denotes the risk-
neutral interest rate. Let by > K denote the barrier such that the option expires at time
Ty, = inf{t > 0: X (¢) > by}. We observe that 7,, = 0 for initial values X (0) = x > by. The
option price is determined by optimizing

J(TANTpg;2) =E [e_"‘(TATbO)(K — X (7 A Tby)) 7] (5.4)

over all stopping times 7 € A. We note that the dynamics (5.1) of the stock price process
X are determined under the risk-neutral measure and that for initial positions x > by the
definition of 7, implies J(7 A 7,; ) = 0 for every 7 € A.

As in Example 5.1, v, = —3—‘;‘ and v, = 1 so the decreasing solution of Af —af = 0 is
¢(y) = y"* and the increasing solution is ¢(y) = y. Let 7,;, denote the two-point stopping
rule with a < o < b and a < b. We observe that when b < by, 7,5 A T, = T4 and that

Tab N Thy = Tap, When b > by. We therefore optimize the value

bzt — b
T (K- b)

bam — ab™

Y1 o__ Y1
4 a ar
bam — ab™

J(Tap;x) = (K —a)*t (5.5)
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over the possible values of ¢ and b with a < z < b.

Consider the case of a < x < b < K in which both terms of (5.5) are positive and
define the function J,; on [z, z,] by (5.5) with the independent variable replacing x. We
have already established that J,,(a) = (K — a)™ and J,,(b) = (K — b)*. Observe J, is
strictly convex, whereas the function (K —y)* is linear over [0, K]. It therefore follows that
J(Tap; ) = Jap(x) < (K — )" so 7, is not optimal. Thus either the optimal b = x and it
is optimal to stop immediately or the optimal choice of b is greater than K. In the latter
case, the second term of (5.5) is 0 and the first term is strictly increasing in b. Since the
option becomes worthless at the time the process first hits the barrier, the optimal choice
of bis b* = by. The same analysis as in Example 5.1 indicates that a* < K. Since the
second term in (5.5) is 0, the optimization problem reduces to maximizing the first term of
J(Tapy; x) over the values of a. A brief examination shows that J(7p.;2) = 0 = J(Tk by
with J(7,p,:2) > 0 for all a € (0, K). Setting the derivative with respect to a equal to 0
results in the transcendental equation

—bo’}/lKCL’Ylil + bo (’71 — 1) a™ + Kbgl =0 (56)

whose solution is the optimal value a*, provided a* < z. Figure 2(a) displays the rela-
tion between g and Jgsp,, the function having form J(7,+4,; z) without restriction on the
independent variable.

Ja*,bo
%4
t f g(x) t —+
a®* K bo at* K bo
(a) g and J(Tzx py; ) (b) The Value Function V/

Figure 2: Relation between ¢ and J(7,+p,; x) and the value function V/

For z < a*, the same arguments in Example 5.1 yields the optimal stopping location
a = x so that stopping occurs immediately. Thus the optimal stopping rule is

. Ta* by, for a* <z < by,
T = ’ .
0, otherwise,

and the value function is
( K —x, for 0 <z < a*,

Viz) = ( (K —a) ) " — ( (K — a5 )) z, fora* <z <b,

a (@) =iy a ()T iy

0, for x > by.
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The value function V' is displayed in Figure 2(b). Equation (5.6) agrees with equation (6.7)
of [4] for determining the optimal stopping location a*, and the formulas for V' are the
same. Our expression for V' exhibits the function as a linear combination of the fundamental
solutions ¢ and ¥ to Af —rf =0 on [a*, by] and equal to g otherwise.

Example 5.3 CAPPED CALL OPTION ON A DIVIDEND-PAYING ASSET

Consider now a process X satisfying (5.1) with 4 = a-— ¢ in which @ > 0 denotes the interest
rate on the risk-free asset and & > 0 gives the dividend rate for the risky asset. Let K > 0
denote the strike price of the call option and let L > K denote the cap. The option pays
g(y) = (y AL — K)* when exercised at a time that the stock price value is y. The goal is to
determine an optimal exercise time 7 € A so as to maximize

EleTg(X(7))].

The generator of the dividend-paying asset is Af(y) = (a — &)y f'(y) + (a2/2)y*f" (y).
Define

1 -« 1 d—a\’ 2a 1 -« 1 §—a\’ 200
”yl.—§+ 2 — (54‘ 0_2>+—<O<2+ + (54— 02)4—;—.’)/2.
It then follows that the decreasing and increasing solutions to the equation Af —af = 0 are
o(y) =y and (y) = y??, respectively. Note that 75 > 1 with equality only when 6 = 0.

Using arguments similar to those used for the stopping location b to the right of x in
Exercise 5.1 but for the stopping location a to the left of x, it follows that the optimal choice

for the left stopping boundary is a* = 0 and the value associated with the exercise rule which
says to stop when first hitting level b is

g(b)
J(mp;2) = === - ().
¥ (b)
We wish to maximize the function
— K)t
u7 for K S Yy S L7
h(y) = yr +
L—-K
g, for y > L.
y’Y2

Clearly, the maximum of the second expression occurs when y = L. The maximum of the
first expression occurs at the point xq = 2% provided ro < L. When z > xq A L, one can
determine coefficients ¢; and ¢, as in Case (c,u) of the proof of Theorem 4.6 and hence it is
optimal to stop immediately when = > xy A L. The value function is therefore given by

ANL—K
%-x”, for0<z<xgAL,
V=4
rANL—K, for @ > xg N\ L.
The relation between the w and g is dlsplayed in Figure 3. Notice in Figure 3(a) that

xo is the location where the functlons -1 and g are tangent. Thus z is the stopping

w
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location for the optimal exercise rule. In Figure 3(b), however, the function % < is

strictly greater than ¢ so it is not possible to realize the larger function by any stopping
location b. Observe the smaller function % -1 majorizes g as required and gives the value
corresponding to the stopping rule 7. The optimal exercise time is

7_* — TxoAL> fOI' T S Zo N L,
0, for > xg A L.

The value function V' and the optimal exercise rule agree with the results of Example 6.3 of
[4]. This problem was first studied by Broadie and Detemple [3].

] ]
1 T T

K xzy L K L )
(a) zo < L (b) &y > L

Figure 3: Maximizer o of (y — K)/¢(y)

Example 5.4 FOREST HARVEST WITH CARBON CREDITS

Let X satisfy (5.1) with pu,0 > 0. The process X now represents the quantity of lumber in a
stand of forest. When the stand is harvested, it earns a net profit of g(y) = kiy® —k», in which
ky,ky > 0 and 3 > 0. Until harvest, the owner is paid a carbon credit that is proportional
to the same power of the size of the forest, so r(y) = Ry”. The owner’s objective is to select
a stopping time 7 so as to maximize

E { / "ot gy (t)dt + e (b XP(1) — ko) | . (5.7)

We make the following assumptions about the relation between the parameters. In order to
have a finite maximum in (5.7), we impose the condition that § < ~,, where 75 is defined
in (5.2); otherwise, the owner can receive arbitrarily large discounted rewards by choosing
to stop when X hits sufficiently large values. The assumption 0 < [ < 7, also implies that
(02/2)3(8 — 1) + uB — a < 0. In addition, we assume ki[a — Bu — (6%/2)3(8 — 1)] > R,
which will imply the existence of a finite optimal stopping time.

Applying the differential operator Af — a.f to the function f,(y) = I

results in Af, — af, = Ry®. Let ks = k; +

R &}
B—1)+uf—a Y
Thus the function g¢,(y) =

R
(02/2)B(B—1)+pp—a’
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fr(y) + g(y) = ksy” — ko. We note that the assumptions on the parameters imply k3 > 0 so
that the owner has an incentive to harvest the lumber at some point. It then follows that

1/p
g, s strictly increasing, ¢,(0) = —ky and ¢,(yo) = 0 for yg = (2—2) . For = < vy, choosing

any value a such that 0 < a < x has value J(7,4;a) = g,(a) < 0. Selecting a = 0 and b > y,
and hence ¢;(a,b) = 0, however, yields

9-(b)
S (Tap; ) = J(M50) = -
(Tap: ) (Tp; ) o) x
with the result that its value is non-negative for all z > 0. Thus for z sufficiently small, the

optimal stopping time will be 7, for some b > x V yy. We now seek the optimal value of b.
Define h(b) = g,(b)/1(b) = k3?72 — kyb™72. Setting the derivative of h equal to 0 yields

0= ks(B8 —72)b" 27 + kyyob 27" = [ks(8 — 72)b” + kayalb 2!

1/8
and hence a unique maximum occurs at b* = < T écjgf ﬁ)> :

Now consider the situation for z € (b*, 00). Since for x > b*, g, € C'(b*, 00). If there were
two distinct points a* and b* for which the stopping time 7,+ 5 would be optimal, the points
would need to satisfy the smooth pasting conditions (4.22) and (4.23). These conditions
would imply that ¢.(y) = c1¢/(y) + c2¢'(y) for at least two values of y. Differentiating
hl (y) _ a¢ (ZZ):(‘;;W () — %y%—ﬁ + %y'Y?_:@ y1€1dS

/ . Cl’yl(,yl - 6) vy1—06—-1 CQ’YQ(’YQ - ﬁ) Yyo—p—1

The ratio W is therefore strictly increasing and b* is the only value which satisfies the
smooth pasting principle. Thus, for x > b*, there cannot be two distinct optimal points a*
and b*. The only optimal stopping rule is 7* = 0.

The value function is therefore
<%) 2, for x < b,
V()= N
ksx — ko, for x > b*.

The value function for the original stopping problem is

9-(b) _ R ) 72 f b*
Vix) = ((b*)’Yz (02/2)B(F — 1)+ puf — a 2, for x < b,
k2P — ks, for x > b*.

Example 5.5 DISCONTINUOUS REWARD
In order that the algebra be tractable, we consider the specific model in which y =
a = 202. With this choice of parameters, ¢(y) = y=2 and ¥ (y) = 3°.

Let X denote the quantity of some product. Let g; and g, be positive constants with
g1 < go. Consider the reward function g(y) = 911j0,2,)(y) + 921[z,,00)(y). The discontinuity

o2

5 and
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of the reward function represents the possibility that the reward changes dramatically once
the quantity achieves a certain threshold. The goal of the decision maker is to determine a
stopping time 7 € A so as to maximize E [e”“"g(X(7))].

Consider any initial point x > x;. In this case, it is simpler to solve the restricted
dual linear program. Observe that g satisfies Condition 4.5(b). Define ¢; = £ 2? and

co = 2272 which are the solutions of (4.13). Since ¢'(y) = 0 for y > z;, the function
2

2
ag(y) +eb(y) =% (9;—2 + Z—i) has minimum value gy at x and hence majorizes g. Therefore
the optimal stopping time is 7 = 0 corresponding to selecting a* = x = b*.

Consider = € (0,z1). Selecting a = z = b results in 7,;, = 0 and a value J(7,p;x) =
g(x) = g1. Now consider other stopping locations. Clearly a < x < x1 so g(a) = g;. When b
is chosen so that < b < x1, defining the strictly convex function J,; on [z, z,], along with
Jap(a) = g1 = Jap(b), indicates that J(7,p;2) = Jop(x) < g(x) which implies that 7, is
suboptimal. When b > x1, the possibility exists for the value to exceed g;. We now examine
this case more carefully.

Since g(y) = go for all y > x; and choosing b > z; requires a longer time for the process
to hit b than for it to hit x; and hence more discounting to occur, it is clear that the optimal
choice for stopping to the right of = is b* = z;.

Consider now h(a) := J(744,; %) given by (2.19). For the particular geometric Brownian
motion under consideration, the expression simplifies to

_ grr} + g (1 /2)? — 2] a® — go(1/x)%a’
h(a) = pr— )
1

Setting h/(a) = 0 results in the equation

2 (2}/2? — 2*
—( 1/ ) -a [glx‘f — 2go73a’ + glaﬂ =0

having solutions a = 0 and

2
a= |2 - <g—2) 1.2 (5.8)
(51 g1

Observe that for z sufficiently close to 0, J(7op; ) = <%> r? < g, and thus a = 0 is not an
1

optimal choice. Let a, be given by (5.8). Then for a, < x < xy, 7, 4, is an optimal stopping
rule. Define the function
2 2 2 4
goxy — gi1a;. o g1a; — gaa, 2
l]a €T = _|_ ——— & 9
*,1( ) m%_ai Y 1'411—&4 ( 1/y)

*

y € [0, 00).

Thus J,, », is the same function as J(7,, ,,; *) but without the restriction on the independent
variable that a, < x < x;. Figure 4 displays the relationship between g and J,, 4, .

For = < a., any choice of a < x results in J(7,.,; ) < g(z) so the optimal stopping rule
is to stop immediately.

From the above analysis, we have determined the value function V' to be

g1, for 0 <z < a,,
Vi(z) =< ci(as, )72 + colas, x1)x?,  for a, <z < x4,
92, for x Z xIq.
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Figure 4: Relation between g and J,, ,,

This example is similar to an example of Salminen [14] in which he considers a drifted
Brownian motion on (—o00,00) having piecewise constant reward function. A significant
distinction is that in our example, the reward function is upper semicontinuous, contrasting
with the lower semicontinuous reward function of [14], and resulting in the existence of an
optimal stopping time.

We now investigate several examples in which the diffusion is not a geometric Brownian
motion process. We begin by revisiting the “up-and-out” barrier put option of Example 5.2.

Example 5.6 CONSTANT-ELASTICITY-OF-VARIANCE MODEL

This example is analyzed in Example 6.2 of [4] using the generalized concavity approach.
Let 5 € (0,1) be given. The stock price process is given by the constant-elasticity-of-

variance model:

dX(t) = aX(t)dt + o X P (t)dW(t), X(0)=a,

in which a > 0 denotes the interest rate on the non-risky asset, by denotes the “up-and-out”
barrier and the dynamics of X are given relative to the risk-neutral measure. The objective
is to maximize over all admissible 7

Ele (K - X(1))"]

in which K < by denotes the strike price of the option.
Again for x > by, the barrier is immediately reached or exceeded so the option is worthless.
Thus for every admissible stopping time 7, J(7;z) = 0 and hence V() = 0 for = > by.
Now consider z with 0 < z < by. The process X lives on [0,00) and has generator
Af(y) = %Zyz(l_ﬁ)f”(y) + ay f'(y) defined for f € C?[0,00). The decreasing and increasing
solutions, respectively, of Af — af =0 are

bl | __a_ 28
o) =y [ e Ta wd w) =y
Y

Straightforward calculations show that ¢(0+) = 1 and ¢”(x) > 0 for each > 0. Note in
this example, 0 is an exit-not-entrance boundary point and so is part of the state space for
X.
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Let 0 <a <z < b < by be given and consider the two-sided stopping rule 7, ;. The value
(2.19) associated with 7, is

¢(x)P(b) — $(b)¢(x) ¢(a)y(x) — d(x)i(a)
¢(a)i(b) — p(b)y(a) ¢(a)p(b) — p(b)y(a)

The same arguments as in Example 5.2 establish (i) that the optimal b is b* = by for every
a and (ii) that the optimal choice for a is in [0, K'). Notice that K < by = b* implies that
the second term in (5.9) is 0 and hence we only need to optimize the first summand in a.
Observe also that the restriction a € [0, K') implies (K —a)* = K —a and this is continuously
differentiable on [0, K). There are two possibilities for the optimal a: either a € (0, K) or
a = 0. The former case holds when the derivative (with respect to a) of J(7,,; ) equals 0.
This requirement is satisfied when the following condition holds:

h(a) := ¢(bo)a — bod(a) — (K — a)[bo¢’(a) — ¢(bo)] = 0. (5.10)

Observe that h(K) < 0. The fact that ¢” > 0 implies that lim,\ o ¢'(a) exists. Denote this
limit by ¢'(0+) and observe that ¢'(04) may equal —oo. The condition (5.10) is satisfied by
some (unique) a € [0, K') when

J(Tap; ) = (K —a)" + (K —b)". (5.9)

P(bo) 1
'(0+) < - —. 5.11
o040 < 52 - & (511)
We remark that when § < %, one can show that ¢’(0+) = —oo which guarantees the existence

of an optimizing a € (0, K); the value of ¢/(0+) is unknown for < 8 < 1. Should (5.11)
fail, then the optimizer is a* = 0. Letting a* denote the optimizer for (5.9), the optimal
stopping rule is
o {Ta*,bo, for a* <z < b,
0, otherwise

and the value function is

K —x, for 0 <z < a*,
V(z) = Mg% b - d(x) — d(bo)x], for a* < x < by,
0, for x > by.

Example 5.7 OPTIMAL STOPPING PROBLEM FOR A MEAN REVERTING PROCESS
This example comes from Example 6.10 of [4]. The diffusion process X satisfies the stochastic
differential equation

dX(t) = uX(t)(R— X(t))dt + o X (t) dW (t), X(0) =z >0, (5.12)
in which p, R and o are positive constants. Notice that x; = 0 and x, = oo and both
boundaries are natural. The generator of X is Af(y) = %Qny”(y) + py(R — y)f'(y) for
f € C?0,0).

Let a > 0 denote the discount rate and set K > 0. The goal is to maximize

Ele*(X(r) — K)*] (5.13)
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over all 7 € A. We remark that this problem differs from pricing a perpetual call option
having strike K since the expectation is taken with respect to the ‘real-world’” probability
measure, not the ‘risk-neutral” measure.

We begin by considering the restricted dual LP. Let ¢ and v denote the decreasing and
increasing solutions of Af —af = 0, respectively. Since 0 is a natural boundary, ¢(0+) = co.
As a result of g(y) = (y — K)™ being non-negative, ¢; must also be non-negative. The goal
of the restricted dual LP is to minimize ¢;¢(z) + cot0(z) so taking ¢; = 0, if possible, would
be best. We therefore optimize

(b—K)"

J(Tb;x) = iﬂ(b)

()

over b > 0.
Let M denote the Kummer M-function

az  (a)y 2* (a) 2"
M(a.b.2) =1+ — 4 222 4 . 24
(@b2) =1+ g bt oL T
where for ¢ = a,b, (¢), :=clc+1)(c+2)-...-(c+n—1), (¢)o := 1 (see [1] for details).

M (a,b, z) is the increasing solution of the ordinary differential equation

2f"(2) + (b= 2)f(2) —af(z) = 0.

2 2 .
Lot 9y = (5 &) — /(5 4)" + 2 and 5 = (3 42) +/(3 — 88)° + 2. noting
that 71 < 0 < 9, and let ¢ = (27—“ The increasing solution 1 of Af —af =0 is

U(y) = (cy)” M (79,272 + cR,cy),  y>0.

Using the integral representation of the confluent hypergeometric function M, v can also be
expressed as

o F(QIVQ + CR) 2 ! cbtyyva—171 _ 1\—m
Y(y) = T 1 BT () (cb)” /0 e (1 — )T dt, g > 0.

Thus we need to maximize the ratio

iy — — =K (b K)*
- 072 M (72, 272 + ¢, b) B b2 fol ecvitr—1(1 —¢)=n dt

(5.14)

over b > 0. A brief examination of (5.14) indicates that h(b) = 0 for b < K and the
denominator dominates the numerator for large b so limy ., A(b) = 0. Furthermore h(b) > 0
for b > K. Using the integral representation and seeking the critical point(s) of h by setting
the derivative equal to zero results (after some algebra) in the equation (for b > K)

[ et (1 — )~ dt
L - - =0. (5.15)
Jo ettt (1 —t)"n dt

oK — | (72 — 1)b + cb(b — K)

Examining the lefthand-side of (5.15) we see that the expression is initially positive, but is
strictly decreasing in b (for b > K). Hence there is a unique value b* for which equality holds
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in (5.15) and it follows that b* is a maximizer. We have therefore identified the optimal value
for each z < b*.

When z > b*, the fact that ¢/(b) = 1 for b > z > b* > K allows the same smooth pasting
argument as in solution 1 of Example 5.1 to be applied to conclude that it is optimal to stop
immediately. Hence the value function is

(b* — K)*
(cb*)YM (7,27 + cR, cb¥)

(cx)"M(v,2v + cR, cx), for 0 < x < b*,
V(z) =

(x — K)T, for = > b*,

and the optimal stopping rule is

« | T, for 0 <z < b*,
{ 0, for x > b*.

Example 5.8 BROWNIAN MOTION WITH PIECEWISE LINEAR REWARD

Let u = 0 and o(x) = 1 so that X is a Brownian motion process whose generator is Af = %f”

for f € C*(—o00,00). The boundary points 0o are both natural boundaries. Let xy > 0

and ¢ > 0 be constants such that 1 — c¢zg > 0. Define the terminal reward function

1, for x <0,
g(x) =< 1—cuz, for 0 <z <,
1 — cxo, for x > x.

The objective is to maximize F [e~*"g(X (7))] over admissible stopping times 7. This example
has been considered by Qksendal and Reikvam [11] and also appears as Example 6.11 of [4].

The decreasing and increasing solutions to Af — af = 0 are ¢(y) = e~ V2% and ¢ (y) =
emy, respectively. Let x be fixed and consider a and b such that a < = < b with a < b.
The value (2.19) corresponding to the stopping rule 7, is

e\/@(b—x) _ e—\/ﬁ(b—:v) e\/@(m—a) _ e—\/ﬁ(x—a)
J(Ta’b’ ZIZ') - e\/ﬁ(b—a) _ e—\/ﬁ(b—a) g((l) + e\/ﬂ(b—a) — e—V2a(b—a) g(b) (516)

Consider first the case in which x < 0. Taking ¢; = %e 20z and ¢y = %e* 2ar the
function [c1¢ + c2v](y) = cosh(y — ) has minimum value 1 at z and therefore majorizes g.
Thus, it is optimal to stop the process immediately.

We now consider x > 0. Since g is piecewise linear, there are two cases to analyze. The
optimal left endpoint a¢* must satisfy the smooth pasting conditions when 0 < a* < xg or
should a* = 0, the only conditions would be that ¢;¢(0) 4+ c210(0) = 1 and ¢1¢'(0) + 27’ (0) >
g'(0+).

We begin by examining the second case; that is, we seek a linear combination ¢;¢+ cot) of
¢ and v for which (c1¢ + c21)(0) = 1 and (c1¢ + c29)'(0) > —c = ¢'(0+). More specifically,
we are considering the case in which the left stopping location is @ = 0 and we wish to
optimize over the right stopping location b. The smooth pasting condition must be satisfied
at the optimal choice b*. This situation is illustrated in Figure 5(a).
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: (0, %) + c2(0,b%)0) c1(0,0")¢ + 2(0,6%)¢
g \ 9 \

Figure 5: Possibilities for ¢1(0,5*)¢ + (0, b*)1) when ¢1(0, b*)p(0) + c2(0,5*)1p(0) = 1.

The smooth pasting conditions require

1 — cxg = c1(0,b)e™ V2% 4 ¢y(0, b)eV20b
0= —v2ac;(0,b)e V2 4+ /2ac,5(0, b)eV2eb.

The second equation implies ¢;(0,b) = (0, b)eme which, when used in the first equation,
yields
1 — cxg = 2¢5(0, b)eY>*.

Using (4.12), one can determine that the value of b satisfying this equation is

b*:\/12_aln< ! (HW)) (5.17)

1—cxg

and the corresponding coefficients ¢; and ¢, are

1 1 1 1
c1(0,b") = 3 + 3 1 —(1—cxp)? and c2(0,0%) = 373 1 —(1—cxp)?.

The condition (¢;1¢ + c21)'(0) > —c is satisfied when the parameters satisfy the condition

4o

Y <« 5.18
1+ 202 — “ (5.18)

which is the condition assumed in [11].

For x > b*, the function [c1¢ + c2|(y) = (1 — czp) cosh(y — x) majorizes g and equals g
at x. Therefore 7, is an optimal stopping time.

Thus when the parameters satisfy (5.18), the value function is

1, for z <0,
Viz) =< 34+ 11— (1 —cxo)?)e V2 4 (3 = 1 /T — (1 —cg)?)ev?®, for 0 <a < b,
1 — cxo, for x > b*.

Now consider the case in which the parameters «, ¢ and z do not satisfy (5.18). Fig-
ure 5(b) displays the function ¢1(0,b)p(x) + ¢2(0, b)1p(x) when b satisfies the smooth pasting
conditions. Clearly this function does not majorize g so a = 0 is not optimal. Thus a* > 0
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and the smooth pasting conditions must be satisfied at both a* and b*. These conditions
are:
1 —ca=c(a,b)e V2 4 ¢y(a, b)eV2oe
1 — cxg = c1(a,b)e V2% 4+ ¢y(a, b)eV2P
—c = —V2aci(a,b)e V2 + \2acy(a, b)eV2
0= —v2ac(a, b)e V2 4 \2acy(a, b)eV??.

Observe that the second and fourth equations are the same as in the previous case, so we
immediately have

1-— 1-
ci(a,b) = % eV and  cy(a,b) = % emV2ab,

Using these values in the third equation establishes

1 2
b—a= sinh_1<c a).
1 —cxg

The first equation can be written as

5

1—ca

= cosh(v2a(b — a))

1 —cxg

which solving for a results in

[1 — (1 — cxp) cosh <s.inh1 < c2a >>]
1 —cxg
and hence

.1 - 2« 1
b* = E [1 - (1 — Cl'o) cosh (smh ! (1_—%>) m

Thus for a* < x < b*, the value function V is determined. For x > b*, the argument of the
previous case indicates that optimal stopping must occur immediately and hence

at =

Q=

+

sinh™? ( cv2a ) .

1—cxq

1, for z <0,
Vi) = 1—cx, for 0 <z < a*,
(1 — cxo) cosh (V2a(b* —z)), for a* <z < b7,

1 — cxy, for x > b*,

and the optimal stopping rule is

o T for a* < x < b*,
0, otherwise.

Example 5.9 DRIFTED BROWNIAN MOTION WITH RUNNING COST
A version of this optimal stopping problem arose in the study of an optimal stochastic control
problem by Karatzas and Ocone [10] and was examined in Example 6.9 of [4].
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Let 6 be a positive constant. The process X satisfies the stochastic differential equation
dX(t) = —0dt + dW (t), X(0) =z,

in which W is a standard Brownian motion and = € (—o0, 00). The objective is to select an
admissible stopping time 7 so as to minimize

E { /0 ' e X2(t) dt + de T X3(T) (5.19)

in which o > 0 denotes the discount rate and ¢ is a positive constant. The generator of X
is Af(y) = =0f'(y) + 5 f"(y), defined for all f € C*(—o0,00).

Our formulation of this optimal stopping problem differs from that in Example 6.9 of [4]
in that we allow initial positions # < 0 and do not have 0 as an absorbing barrier. The more
restricted problem can be solved by considering 7 A7y, where 7y denotes the first hitting time
of {0} and only taking z > 0.

The first task is to rephrase the minimization problem as the negative of the maximization
of the negative of the running and terminal cost functions. Secondly, by considering f,(y) =
Ly2— 2y at20? A f(y) — af (y) = —y* and the objective function (5.19) becomes

E [e—m <1 T P s 292)} :

o o?

we have omitted from this objective function both the constant correction —f,(z) and the
negative of the entire expression. These must be taken into account when determining the
value function for the original minimization problem. The adjusted terminal reward function
is g,(y) = 1520y — By + 13

Let vy = 0 —+/0? 4+ 2 and v, = 0 +/60? + 2a and note that ;3 < 0 < 5. The decreasing
and increasing solutions to Af — af = 0 are ¢(y) = e"¥ and ¥(y) = 7Y, respectively.

There are several cases to analyze depending on the value of 1 — ad.
Case i: 1—ad < 0. In this case, g, is a quadratic function with a negative leading coefficient.
This case is illustrated in Figure 6. The maximum value of g, occurs at ﬁ < 0 and
g-(0) > 0. Observe that y*/e"¥ — 0 as y — —oo and similarly y*/e”?¥ — 0 as y — oo,
which implies that ¢; and ¢; must be non-negative in order for c;¢ + co) to majorize g,.
Since the restricted dual LP seeks to minimize [¢1¢ + c29](x), it would be best to set either
c1 = 0 or co =0, if possible.

. o . _ _ _ 2
Consider the second case. Maximizing the ratio o) 1=y 20y 20 o=y 4 ad20” o —my
o(y) a a? a?
gr(y)

/
determines the optimal coefficient ¢}. Straightforward calculations show that < o) ) is pos-

itive when y = % and negative when y = 0 and monotone decreasing on (ﬁ, O) SO

1—ad
there is a unique value a* where the derivative is 0. The value a* is the solution of

—a?y1 (1 — ad) y* +2(a?(1 — ad) + ayf) y — (200 + v (o +26%)) =0 (5.20)
that is greater than a(lfaé)' Let ¢} = % Then for x > a*, the optimal stopping rule is

T+ and V,(z) = ¢io(x).
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b ] b
/ a(l—ad) a \T / b a(l—ad) \g’r

Figure 6: g,, ¢j¢ and 3 when 1 —ad <0

A similar analysis applies to find 0* and ¢§ = 3/:((5:)) such that for z < b* the optimal
stopping time is 7,» and the value function is V,.(z) = ¢ (z). In fact, b* is the root of
equation (5.20), in which 7, is replaced by 72, with the root being less than a(lfa 5

Figure 6 illustrates the relation between g, and the optimal multiples of ¢ and .

For b* < x < a*, using the stopping rule 7,; with a < < b, the concavity of g, along
with the convexity of ¢1(a,b)¢ + c2(a, b)) and the equality of g, and ¢;(a,b)d + ca(a, b)) at
y = a and y = b results in J,(7,5;2) < ¢,(x). Hence the optimal stopping time is 7% = 0
with resulting value function V,(z) = g,(z).

Summarizing, the optimal stopping rule 7* and corresponding value function V,. are

Ty, for x < b*, cs(x),  for x < b,
7= 0, forb* <z<a* and Vi(x) =< g.(x), forb* <z<a*,
Tae, for x > a*, co(x), for x> a*.

The value function V for the original optimal stopping problem which seeks to minimize
(5.19) is
st = o o —gerr, forx < b
V(z) = §z2, for b* < x < a”,
pat = Bat e e, fora >,

Case ii: 1 —ad = 0. In this case, g, is a linear function with negative slope and the
. . . . 2
analysis of the previous case with z large applies to find the root a* = 220- + o%m of (5.20),

2020
recognizing that the quadratic term has coefficient 0. The optimal stopping rule is to stop

immediately when x < a* and to use the hitting time 7, when x > a*. The resulting value
function V' for the original optimal stopping problem is

da?, for r < a*,

V(z) = { >
1 ,..2 20 a+20 * x *
St — Zr+ S — el for x > a*,

Case iii: 1 — ad > 0. In this case, g, is a quadratic function with positive leading coef-
ficient. Since g, is continuously differentiable, we seek two points a* and b* which satisfy
the smooth pasting conditions. Using coefficients ¢;(a,b) and cy(a, b) given by (4.12) implies
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that ¢ (a,b)¢(a) + c2(a,b)p(a) = g-(a) and similarly for b, for every choice of @ and b. Thus
the smooth pasting conditions are imposed on the derivatives and require

Y1c1(a, b)eM? + yaca(a, b)e® = g;(a)
Yici(a, b)e"? + yaco(a, b)e?® = g1.(b),
or
(et — 3204 8) g (a) + (1 — 7y2) €T, ()
2(1;a6)a . i_g) (e'ylaJr’ygb _ e’hbJr’Yza)
< (5.21)

(71 — 72) €1H920bg, () 4 (ypen et — gyt mb) g (b)
| = <—2(1;a6)b — Z_Z> (e’Yla+’Y2b _ e’Ylb+’Yza) )

Let a* < b* denote the solutions of (5.21) and let ¢f = ¢;(a*,b*) and ¢ = co(a*, b*). Figure 7
illustrates the relation between g, and cj¢ + c31.

1o + oy

9r

Figure 7: Relation between g, and c¢j¢ + c5

The optimal stopping time and value function V,. are

o Tarpe, fora® <o < b ~ Jcio(x) +ep(x), for af < a < b,
T { 0, otherwise, and Vrlz) = { gr(), otherwise.

The value function V' for the original optimal stopping problem is

2
éaﬂ — i—g:v + O”;—%f’ — cheNn® — cien®, for a* < x < b*,

Vi(z) =
5z, otherwise.

Example 5.10 CANTOR SET INDICATOR AS TERMINAL REWARD
Again consider a Brownian motion process X having generator Af = % f” and solutions

o(y) = eV and U(y) = eV2y of Af —af = 0. Let C; denote the Cantor set in 0, 1]
obtained by removing successive middle thirds and define the set C to be the union of all
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integer translations of C;. Let g = I¢ be the terminal reward function. Since C is perfect,
g is upper semicontinuous. The objective is to optimize F [e~*"g(X (7))] over all admissible
stopping times 7.

To determine the value function V' and optimal stopping rules for this problem, two cases
must be analyzed.
Case i: Suppose the initial value z is an element of C. Define ¢} and ¢ to be the solution
of the system (4.13) with ¢,(z) = 1 and replacing g..(z) by 0. It then follows that ¢j¢ + c5
has minimum value 1 at = and majorizes g,. The stopping rule corresponding to this choice

of ¢; and ¢} is 7* = 7, = 0 and it is optimal to stop the process immediately.

9y —g(x)
y—x

—00, ¢ satisfies Condition 4.5(a) with the two values being equal.

9(2)—g(z)

We observe that when x € C, even though limsup,, -, = oo and liminf \ ,

Case ii: Suppose x ¢ C. Then z is an element of some open interval which does not intersect
C. Let
a, =max{c € C:c < x} and b, =min{c € C: ¢ > x}. (5.22)

We claim that 7,,;, is an optimal stopping rule. Observe that the expression (4.11) for
J(Tay p,; &) is strictly positive for all & € (a,,b,) whereas picking a, < a <z < b < b, with
either a # a, or b # b, results in J(7,4;2) < J(Tu,p,;%). So a*(x) < a, and b*(x) > b,.
Clearly the optimal stopping boundaries must be elements of C. Should one choose a € C
with a < a,, then 7,5, > 7,5 resulting in more discounting. Hence a, is an optimal left
hitting boundary. A similar argument applies for b,.

The value function and optimal stopping times for this problem are

1, for x € C,
V(I) — ex/ﬁ(bzfx) _ efx/ﬁ(bzfx) e\/ﬂ(:vfaz) _ efm(xfaz)

6\/%(%—(13;) _ G—M(bz—az) + em@z—az) _ e—\/ﬂ(bg;—am)7

for x ¢ C,

and
« for x € C,

T = T$7
Taw bas for x ¢ C.

6 Concluding Remarks

This paper establishes two alternative optimization approaches to the solution of optimal
stopping problems for one-dimensional diffusions. One method recasts the problem as a
non-linear maximization over two-point stopping locations while the other determines a semi-
infinite linear program over the coefficients of the harmonic functions. The combination of an
explicit formula for the expected reward obtained using a two-point hitting rule and duality
analysis proves that the class of such two-point hitting times contains an optimal stopping
rule.

The method is local in nature in that the optimization problems are parameterized by
the initial position x of the diffusion. Therefore, in principle, it is necessary to solve the
entire family of optimization problems in order to determine the value function. In practice,
however, the structure of the two-point stopping rules determines the value function over
intervals of initial values. Strong duality between the optimization problems allows one to
choose whichever problem is easier to analyze for a given initial value. As demonstrated by
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some of these examples, one is also able to use knowledge of the stochastic process and its
hitting times to determine the optimal stopping rules.

The restricted dual linear program (3.5) is quite similar to the approach of Shiryaev [15]

in that it seeks a minimal harmonic function which majorizes the terminal reward function.
Shiryaev’s approach seeks a minimal super-harmonic function for all values of x since this
function is the value function V. Our approach only determines the value function piecewise
so is able to utilize the fundamental solutions of the differential equation Af — af = 0
to characterize all harmonic functions. When the pieces are connected, the resulting value
function is, of course, super-harmonic.
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