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Discounted optimal stopping for diffusions:

free-boundary versus martingale approach

Pavel V. Gapeev* Hans Rudolf Lerche**

The free-boundary and the martingale approach are competitive methods of solving
discounted optimal stopping problems for one-dimensional time-homogeneous regular dif-
fusion processes on infinite time intervals. We provide a missing link showing the equiva-
lence of these approaches for a problem, where the optimal stopping time is equal to the
first exit time of the underlying process from a region restricted by two constant bound-
aries. We also consider several illustrating examples including the rational valuation of

the perpetual American strangle option.

1 Introduction

Optimal stopping problems have as objective to search for random times at which the under-
lying stochastic processes should be stopped, with the aim to optimize the expected values of

given reward functionals. The majority of explicitly solvable stopping problems in the field are
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essentially those for one-dimensional diffusion processes with infinite time horizon. The opti-
mal stopping times are then the first times when the underlying processes exit certain regions
restricted by constant boundaries. There exist two basic and competitive methods of finding
explicit expressions for the value functions and boundaries in such optimal stopping problems.

In common use is the free-boundary approach. There, an equivalent ordinary differential
free-boundary problem is formulated for the unknown value function and stopping boundaries.
Since such a free-boundary problem usually has a non-unique solution, it is often assumed that
the appropriate solution should satisfy certain additional conditions (e.g. smooth fit, normal
boundary, normal reflection, etc.). Then, by means of standard verification arguments from
stochastic analysis (e.g. change-of-variable formula, optional sampling theorem), it is shown
that the resulting solution of the free-boundary problem provides the solution of the initial
optimal stopping problem (see, e.g. Peskir and Shiryaev [14]).

In the martingale approach, the initial discounted reward process is decomposed into a
product of a positive martingale and a gain function of the current state of the underlying
diffusion process. It is shown that the optimization of the gain function over all admissible
stopping boundaries gives the value of the initial optimal stopping problem whenever the optimal
stopping time is finite almost surely, with respect to the probability measure constructed by
means of the positive martingale (see, e.g. Beibel and Lerche [1] and [2] as well as Lerche and
Urusov [11]). It can easily be verified, using the strong Markov property, that the solution
of the optimal stopping problem obtained by means of the martingale approach satisfies the
associated free-boundary problem. It can also be shown directly that the optimization of the
resulting gain function yields the smooth-fit condition for the value function at the optimal
stopping boundaries.

In the present paper, we show how the gain function and the positive martingale from the
reward decomposition, related to the martingale approach, can be explicitly identified from the
solution of the associated free-boundary problem. We will assume that the optimal stopping
time has a structure of the first time at which the underlying one-dimensional regular diffusion
process exits a region restricted by two constant boundaries. We illustrate our results on several
examples related to the rational valuation of perpetual American options.

The paper is organized as follows. In Section 2, we introduce the setting of an optimal stop-



ping problem for a one-dimensional time-homogeneous regular diffusion process and formulate
an equivalent free-boundary problem. We derive a closed form solution of the latter problem
and decompose it into a form which is appropriate for the comparison of the two approaches.
In Section 3, we verify that the solution of the free-boundary problem provides the solution of
the initial optimal stopping problem with the reward function which coincides with that of the
martingale approach. In Section 4, we discuss several examples of optimal stopping problems for
one-dimensional diffusion processes arising from the rational valuation of perpetual American

options.

2 Preliminaries

In this section, we give a formulation of the optimal stopping problem for a one-dimensional
diffusion process and an equivalent ordinary differential free-boundary problem. We also provide

a decomposition of the reward function related to the martingale approach.

2.1. For a precise formulation of the problem, let us consider a probability space (2, F, P)
with a standard Brownian motion W = (W;):>o. Let X = (X;):>0 be a process solving the

stochastic differential equation

where the coefficients p(z) and o(x) are some Lipschitz continuous functions on (0, 00). The
latter assumption guarantees the existence of a pathwise unique solution of the equation in
(2.1), for a given starting point > 0 (see, e.g. [8; Chapter V, Theorem 2.5]). It follows that
X is a regular diffusion process, in the sense of [9; Chapter XV], on its state space which is
assumed to be the positive half line (0, 00). Let us consider an optimal stopping problem with
the value function

Vi(a) = sup B, [ H(X,)] (2.2)

where the supremum is taken over all stopping times 7, with respect to the natural filtration
(Fi)i>0 of the process X. Here, H(x) is a payoff function, and E, denotes the expectation

under the assumption that X, = x, for some x > 0. Such optimal stopping problems have been



considered in [13], [17] and [2] (see also [3; Theorem 3.19]) for regular diffusion processes with

general payoffs and infinite time horizon.

2.2. Tt follows from the general theory of optimal stopping for Markov processes (see, e.g.

[14; Chapter I, Section 2.2]) that the optimal stopping time in the problem (2.2) is given by

Throughout the paper, we assume that the payoff function H(z) is positive and convex, and we

search for an optimal stopping time 7, of the form
T = inf{t > 0| X; ¢ (a., bs)} (2.4)

for some numbers 0 < a, < b, < 0o to be determined.

2.3. By means of standard arguments (see, e.g. [8; Chapter V, Section 5.1]), it can be shown
that the infinitesimal operator IL of the process X acts on an arbitrary twice continuously

differentiable locally bounded function F'(z) according to the rule

(LF)(@) = ) ') + T (e (25)

for all z > 0. In order to find explicit expressions for the unknown value function V.(z) in
(2.2) and the unknown boundaries a, and b, in (2.4), we may use the results of general theory
of optimal stopping problems for continuous time Markov processes (see, e.g. [6] and [14;

Chapter IV, Section 8]). We formulate the associated free-boundary problem

LV —rV)(z) =0 for a<z<b (2.6)
V(a+)=H(a) and V(b—)= H(b) (instantaneous stopping) (2.7)
V(z)=H(z) for z<a and z>0 (2.8)
V(z) > H(z) for a<x<b (2.9)
V'(a+) = H'(a) and V'(b—)= H'(b) (smooth fit) (2.10)

for some 0 < a < b < oo fixed. Note that the superharmonic characterization of [4] implies
that the value function in (2.2) is the smallest function satisfying the system in (2.6)—(2.9).

Such assumptions as well as the smooth-fit conditions in (2.10) are naturally used for the

4



value functions at the optimal stopping boundaries for underlying regular diffusions (see [14;

Chapter IV, Section 9] for an extensive overview).

2.4. We will now look for functions which solve the stated free-boundary problem (2.6)—
(2.10). Let Uy (x) and U_(z) be two independent positive solutions of the second order ordinary
differential equation in (2.6). Without loss of generality, we may assume that U, () is increasing
and U_(z) is decreasing on (0, 00). Note that the functions U, (z) and U_(x) can be represented
as moment generating functions of the first passage times of the process X on constant bound-
aries (see, e.g. [7; Chapter IV, Section 4.6] or [16; Chapter V, Section 46]). The general solution

of the second order equation in (2.6) is thus given by
V(z) =CpUys(z)+ C_U_(2) (2.11)

where C'; and C_ are some arbitrary constants. Hence, applying the instantaneous-stopping

conditions from (2.7) to the function in (2.11), we get that the equalities

CyUi(a)+C_U_(a) = H(a) (2.12)
CLUL(b)+C_U_(b) = H(b) (2.13)

hold for some 0 < a < b < co. Solving the system of equations in (2.12)—(2.13), we obtain the

function

V(z;a,b) = Cy(a,b) Up(z) + C_(a,b) U_(x) (2.14)

which satisfies the system in (2.6)—(2.7) when we put

_ H(@U_(b) - HO)U_(a)

o0 = G T (0) = U, (0T _(@) (219)
_ HOU.(a) — H@)U ()

) = @ ()~ 0. 0@ (216)

for 0 < a < b < co. Therefore, applying the smooth-fit conditions from (2.10) to the function

n (2.14), we obtain the equalities

Ci(a,b) U (a) + C_(a,b) U’ (a) = H'(a) (2.17)
Cy(a,b) U, (b) + C_(a,b) U (b) = H'(b) (2.18)

with C, (a,b) and C_(a,b) given by (2.15) and (2.16), respectively.
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2.5. It also follows from (2.14) that the function V(x;a,b) admits the representation
V(z;a,b) = G(a,b) (p(a, DY U, () + (1 — pla,b)) U_(a:)) (2.19)
for any a < x < b fixed, where the gain function G(a,b) is defined by
G(a,b) = Cy(a,b) + C_(a,b). (2.20)

Then the function p(a, b) is given by

C—i—(av b)
P = G £ () (2:21)

for 0 < a < b < co. By means of straightforward computations, it is shown that the system of

equations in (2.17)—(2.18) is equivalent to the system

G oG
%(a, b) =0 and %(a,b) = 0. (2.22)

It means that solutions of the former system are critical points of the gain function G(a,b).

3 Main result

In this section, we formulate and prove the main result of the paper. It builds a missing link

between the free-boundary and the martingale approach of [1] and [2].

Theorem 3.1 Let the process X be a unique pathwise solution of the stochastic differential
equation in (2.1). Assume that the payoff function H(x) is positive and convez, and that the
optimal stopping time T, has the structure (2.4), where the couple a, and b, is a solution of the
system of equations in (2.17)-(2.18). Then, the value function of the optimal stopping problem
in (2.2) has the form

V(z;as,by), if ax <z <b,

Vi(z) = (3.1)
H(x), if x <a, or x>0b,

where V(z;a,b) is given by (2.19). Moreover, the function V(x; a., b.) admits the representation
V(z;a.,b.) = G(a., b.) E, [M} ] (3.2)
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for a, < x < by, where the process M* = (M} );>o defined by
M = €70 (plan,b) Us (Xepg) + (1= (s, 5.)) U (Xrp0) ) (33)

is a uniformly integrable martingale, and the functions G(a,b) and p(a,b) are given by (2.20)
and (2.21), respectively.

Proof: In order to verify the assertions stated above, it remains to show that the function
defined in (3.1) coincides with the value function in (2.2), and that the stopping time 7, from
(2.4) is optimal with the boundaries a, and b, specified above. For this, let us denote by V()
the right-hand side of the expression in (3.1). Since the functions U, (x) and U_(z) are twice
continuously differentiable as solutions of the second order differential equation in (2.6), taking
into account the smooth-fit conditions in (2.10), we may conclude that the derivative V’(x)
is of bounded variation on the closed interval [a,,b,]. It thus follows from the assumption of
convexity of H(x) that V(z) can be represented as a difference of two convex functions on
(0,00). Hence, applying a generalized It6’s formula (see, e.g. [8; Chapter III, Section 3.7] or
[15; Chapter IV, Theorem 70]), we get

e V(X)) = V(x) + M, (3.4)

+/t (LY — rV)(Xy) I(Xs # an, Xy # by, Xy # ¢5,0 € N) ds

+ Z / (V/(eit) = V'(eim)) 1(X, = ) de
for all t > 0, where the process M = (M;);>o defined by
t
M, = / e V(X)) 0(Xe) (X # t, Xy # bay Xy # ¢1,i € N)dW, (3.5)
0

is a local martingale with respect to P,. This is a probability measure under which the process

X starts at > 0. Here, the process ¢ = ({1);>¢ defined by

, 1 /!
l; = P, — lim —/ I(ci—e< X, <ci+e)o*(X,)ds (3.6)
€10 2¢ Jy

is the local time of the process X at the point ¢; > 0, ¢ € N, at which the derivative H'(x)

can have a discontinuity, and I(-) denotes the indicator function. We also observe that the
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assumption of convexity of H(z) implies the fact that H'(z) is increasing on (0, 00), so that,
the sum in the last line of (3.4) forms an increasing process.

Suppose that at some =’ > 0, 2’ # ¢;, i € N, such that 2’ < a, or ' > b,, we have
(LH — rH)(2') > 0. Then, there exists some £ > 0 such that 2’ + ¢ < a, or 2’ —e > b, and
(LH—rH)(z) > € holds, for all z € (2’ —¢,2"+¢). Using the fact that the process in the last line
of (3.4) is increasing, we obtain that the first time when the process X exits the neighborhood
(2' —e,2’ 4 ¢€) is optimal in (2.2). However, this contradicts the assumption about the structure
of the optimal stopping time in (2.4). We may therefore conclude that (LH —rH)(z) < 0 holds
for any 0 < = < a, and = > b, such that x # ¢;, i € N. Suppose now that V(z") < H(2") at
some 2" € (a4, b,). It thus follows from (2.3) that the process X started at x” should be stopped
instantly. Hence, the resulting contradiction with the assumption of the structure of the optimal
stopping time in (2.4) shows that the inequality V (z) > H(z) should hold for a, < z < b,.

Getting these arguments together with the fact proved above that the function V' (z) and
the boundaries a, and b, satisfy the system (2.6)—(2.10), we conclude that (LV —rV)(z) <0
holds, for any = > 0 such that z # a., * # b,, * # ¢;, i € N, as well as V(z) > H(x) holds,
for all x > 0. It follows from the regularity of the diffusion process in (2.1) that the time spent
by X at the points a., b, and ¢;, ¢ € N, is of Lebesgue measure zero, and thus, the indicators
appearing in the integrals in the second line of (3.4) and in (3.5) can be ignored. Hence, the

expression in (3.4) and the structure of the stopping time in (2.4) yield that the inequalities
e " H(Xpr) < e T V(X ) S V(@) + Moy (3.7)

hold for any stopping time 7 of the process X started at x > 0.
Let (7, )nen be an arbitrary localizing sequence of stopping times for the process M. Taking
in (3.7) the expectation with respect to the measure P,, by means of the optional sampling

theorem (see, e.g. [8; Chapter I, Theorem 3.22]), we get that the inequalities

E, |:6—T(T*/\T/\Tn) H(XT

*

/\T/\Tn)j| S Em [e_T(T*/\T/\Tn) V(XT*/\T/\TTL)} (38)

< V(I) + E, [MT*/\T/\Tn] = V(:L’)
hold for all x > 0. Hence, letting n go to infinity and using Fatou’s lemma, we obtain

Ew [6—7'(7*/\7') H(XT

£

/\T):| S Ex [G_T(T*/\T) V<XT*/\T)] S V(ZE‘) (39)
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for any stopping time 7 and all x > 0. By virtue of the structure of the stopping time in (2.4),
it is readily seen that the equalities in (3.9) hold when 0 < z < a, or & > b..

[t remains to show that the equalities are attained in (3.9) when 7, replaces 7, for a, < x < b,.
By virtue of the fact that the function V' (z;a.,b,.) and the boundaries a, and b, satisfies the
conditions in (2.6) and (2.7), it follows from the expression in (3.4) and the structure of the

stopping time in (2.4) that the equalities

eir(T*ATn) V(XT*/\Tn; Qs b*) = G<a*> b*) M = V(l’) + MT*/\Tn (310)

T« N\Tn,

hold for all a, < z < b, and any localizing sequence (7,,)neny of M, where the process M* is
defined in (3.3). Observe that the assumption of convexity of H(z) also yields the property
E,|supe "M H(XT*M)] < 0 (3.11)
>0
for all a, < x < b,. Hence, letting n go to infinity and taking into account the fact that
the variable e™"™ H(X,,) is equal to zero on the set {7, = oo}, we can apply the Lebesgue

dominated convergence theorem for (3.10) to obtain the equalities
E,[e7™ H(X,.)] = B, [e7"™ V(X,.;a.,b.)] = Gla,,b.) E, [M:] = V() (3.12)

for all a, < = < b, which together with the expressions in (3.9) imply the fact that V(x)
coincides with the value function in (2.2). Note that these arguments also yield the expression

in (3.2) as well as the fact that M* from (3.3) is a uniformly integrable martingale. O

Remark 3.2 The assertion of Theorem 3.1 implies the fact that the function G(a, b) defined in
(2.20) attains a local maximum at the couple a, and b,. In order to prove this claim, we observe
that, for every z, € (a.,b.) fixed, we may put Uy (z.) = U_(z,) = 1, without loss of generality,
since the functions U, (z) and U_(z) were chosen as arbitrary independent solutions of the
second order differential equation in (2.6). Suppose now that there exist a’ € (a, —¢,a,+¢) and
b € (b —e,b.+¢) such that G(a',0') > G(as, b.) holds, for some € > 0 with a,+¢e < x, < b, —e.
In this case, it follows from the expression in (2.19) that V(x,;a’,0") > V(z; a., by) holds. This
contradicts the assertion of Theorem 3.1 stating that 7, of the type (2.4) is optimal. Therefore,
we have that V(z.;a,b) < V(x,;as,bs) holds for all a € (a. —e,a. +¢) and b € (b, —€,b, +¢€),



thus proving the claim. Note again that, since a, and b, is a couple solving the smooth-fit

equations in (2.17)—(2.18), it is then automatically a critical point of the function G(a,b).

Remark 3.3 It follows from [19; Chapter VIII, Proposition 1.13] that there exists a probability
measure () being locally equivalent to P on the filtration (F3);>0 and such that its density process

is given by
dQ My
T = 3.13
dP |7 E[M] (3:13)

for all ¢ > 0, so that, the restrictions @ | F,, and P |F,, are equivalent on the set {7, < oco}.

By virtue of the fact that e™"™ H(X,,) is equal to zero on the set {7, = 0o}, we see from (3.10)

that M7 is also zero on {7, = co}. We may therefore conclude from (3.2) that the expressions

V(2;a.,b.) = Glay, b.) By [M? I(7. < 00) + M} I(1. = 00)] (3.14)
= G (a4, by) Qu(T < 00)

hold, for a, < x < b,, where (), denotes the appropriate probability measure under which the

process X starts at z > 0.

Remark 3.4 Note that the assertion of Theorem 3.1 remains valid also for the case, where the
optimal stopping time is the first hitting time of only one constant boundary. In other words,
for an appropriate function H (z), we should assume from the beginning that either a, = 0 or
b, = oo in (2.4), so that, for the expressions in (2.19)—(2.21), we have G(0,b) = C,(0,b) and
p(0,b) =1, or G(a,0) = C_(a,00) and p(a,o0) = 0, respectively.

Remark 3.5 Assuming the uniqueness of the stopping boundaries a, and b, as solutions of
the system in (2.17)—(2.18), also for the one-sided cases where either a, = 0 or b, = oo, we
can compare and identify the outcomes of both approaches. In that case, the value of G(a., b.)
from (3.3) is equal to C* in [1; Theorem 4] and [2; Theorem 3], while the process M* from (3.3)
coincides with the martingale M from [1; Subsection 2.3] and [2; Section 3] under z = 1. Hence,
the value of p(a.,b,) from (2.21) coincides with p* from [1; Subsection 2.3] or [2; Section 3|. It

therefore follows that the result of [1; Lemma 1] naturally yields

G(as,by) = sup Gp«(a) = sup G+ (b) (3.15)

a<1 b>1

where G (z) = H(z)/[pUs(z) + (1 = p)U_(2)], 2 > 0.
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4 Some examples

In this section, we consider several examples of optimal stopping problems related to the rational
valuation of perpetual American options. For the most of the examples below, we assume that

u(x) = (r— )z and o(x) = 0z, x > 0, for some 0 < 6 < r and 0 > 0.

Example 4.1 (Perpetual American put and call.) Let us first consider the function H(x)
= (L —2x)*, x > 0, where L > 0 is a given constant (see [12] and [1; Subsection 2.1]). In this

case, the assertion of Theorem 3.1 holds with p(a, 00) =0, M; = e™"(™") X7~ where

1 r—9§ 1 r—6\> 2r
Ll (L = 11
T T \/(2 iz ) Mz (41)

and the gain function G(a,o0) = C_(a,00) = (L — a)™ /a"~ which attains its unique maximum

value at
~ v_L

a= .
vo—1
This is the unique (left) optimal stopping boundary for the process X.

(4.2)

We also consider the function H(z) = (x — K)*, x > 0, where K > 0 is a given constant.

In this case, the assertion of Theorem 3.1 holds with p(0,0) =1, M} = e (TN X, where

1 r—9¢ 1 r—06\> 2
Ty g +\/(§— ) (43)

and the gain function G(0,b) = C(0,b) = (b— K)* /b which attains its unique maximum

value at

b= 7+—K1 (4.4)
T+ —

This is the unique (right) optimal stopping boundary for the process X.

Example 4.2 (Perpetual American strangle option.) Let us now consider the function
H(z) = (L—x)"V(x—K)*, x > 0, where 0 < L < K are given constants (see [1; Subsection 2.4]).
In this case, the assertion of Theorem 3.1 holds with U_(z) = 27~ and U, (z) = 27+, where
v— and 7, are given by (4.1) and (4.3), respectively, and the gain function G(a,b) admits the

representation
(b— K)(a —a™) = (L —a)(b™" —b")

av+br- — br+a-

G(a,b) =

(4.5)
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It attains its maximum value at the couple a, and b, being the unique solution of the system in
(2.17)—(2.18) with
(L—a)b’~ — (b— K)a7’-

Cla,b) = a+br- — brear- (4.6)
(b= K)a"* — (L —a)b+
C-(a,0) = ay+br- — br+ar- (4.7)
so that, the function p(a, b) takes the form
L—a)’- —(b— K)a'-
plab) = e =T 20 K (1.8

(b— K)(a* —a™=) = (L —a)(b7+ — b7-)
for some 0 < a < L < K < b < co. We also note that the value of G(a, b,) coincides with the
value of C* in [1; Subsection 2.4] when 0 < L < 1 < K, under z = 1.

In order to prove that the system of equations in (2.17)-(2.18) with (4.6)-(4.7) admits a

unique solution a, and b,, we see that the former admits the representation

(L —a)+a)(2) " = bl =) +a)(2) = (e =)~ K) (4.9)
- K) =(3) e e-K)=(3) = (- =T -a) (4.10)

which is equivalent to
O -Er m () - (1)

or in another form

(v-—Da—y-L (1-9)b+7-K

s = - (4.12)
(I —vp)a+4L _ (4 —Db— 1 K (4.13)
ar- b-

for some 0 < a < L < K <b < oc.

In order to show the existence and uniqueness of a solution of the system of equations
in (4.12)-(4.13), we use the idea of proof of the existence and uniqueness of solutions of the
systems of equations in (4.73)—(4.74) from [20; Chapter IV, Section 2| and (3.16)—(3.17) from
[5; Section 3]. Let us introduce the functions

(v-—1)a—1-L (I —74)a+4L

I (a)= o and [ _(a)= o (4.14)
T = L= 7‘2i+ L () P lb)vb_ LI (4.15)
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hold for all 0 < a < L < K < b < co. Observe that, for the derivatives of the functions in
(4.14)-(4.15), the expressions

(v = D(v-—Da—vy-L _ (4 =D —1)(a— L)

I'(a) = — — = — <0 (4.16)
I (a) = (v = D= fz)a 1L _ (=D ;11)(60 -1 _, (417)
() = (74 — 1)(72::31)6 K (e - 1)(?;;1)(6 -5 _, (4.18)
J () = — (v+ — 1)(7—m—+11)b —e-K (o 1)(2;:11)(17 —K) 4 (4.19)

hold forall 0 < a < L < K < b < oo with

and K =

7_ Y+7-L _rL Y+7-K riK
= =

v+ =Dl--1) (v =Dl-—-1)

Hence, the function I, (a) decreases on the interval (0,L) with I,(0+) = oo and I, (L) =

(4.20)

Y-L/[(v+ — 1)T++1] < 0, so that, the range of its values is given by the interval (I, (L), o0).
The function J, (b) decreases on the interval (K, oco) with J, (K) = —v_K/[(74 — 1)F++1] >0

and J(co0) = 0, so that, the range of its values is given by the interval (0, J;.(K)). The function
| >0,

I_(a) increases on the interval (0, L) with I_(0+) =0 and I_(L) = —v, L/[(7- — 1)EV_Jrl

so that, the range of its values is given by the interval (0,7_(L)). The function J_(b) increases
on the interval (K, o), so that, the range of its values is given by the interval (J_(K), o).
It thus follows from (4.12) that, for each b € (K, c0), there exists a unique number a € (a, @)

with @ given by (4.2) and such that @ is uniquely determined by the equation I, (a) = J,(K).
It also follows from (4.13) that, for each a € (0,L), there exists a unique number b € (E,A)
with b given by (4.4) and such that b is uniquely determined by the equation I_(L) = J_(b).
We may therefore conclude that the equations in (4.12) and (4.13) uniquely define the function
b, (a) on (@,a) with the range (K, 00), and the function b_(a) on (0, L) with the range (g,/b\),
respectively. This fact directly implies that, for each point a € (@, a), there exist unique values
b, (a) and b_(a) belonging to (b, A), that together with the inequalities K < b_(0) = b < b_(L) <
oo = by (a) guarantees the existence of exactly one intersection point with coordinates a, and

b, of the curves associated with the functions b, (a) and b_(a) on the interval (@, a) such that

b<by(a)=b_(a,)=b, < b. This completes the proof of the claim.
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Example 4.3 (Perpetual American bear and bull spreads.) Let us consider the func-
tion H(z) = (L —z)" AN(L — K), x > 0, where 0 < K < L are given constants. In this
case, the assertion of Theorem 3.1 holds with p(a,o0) = 0, M} = e " (=) X7~ "and the gain
function G(a,0) = C_(a,00) = [(L —a)™ A (L — K)]/a"~ which attains its unique maximum
value at a, = a V K. This is the unique (left) optimal stopping boundary for the process X,
with @ given by (4.2).

We also consider the function H(z) = (z— K)*A(L—K), x > 0, where 0 < K < L are given
constants. In this case, the assertion of Theorem 3.1 holds with p(0,b) = 1, M; = 77" X7
and the gain function G(0,b) = C(0,b) = [(b — K)™ A (L — K)]/b"+ which attains its unique
maximum value at b, = b A L. This is the unique (right) optimal stopping boundary for the
process X, with b given by (4.4).

Example 4.4 (Perpetual American barrier down-and-out put and up-and-out call.)
Let us consider the function H(z) = (L — z)"I(x > K), x > 0, where 0 < K < L are given
constants. In this case, in (2.19) we have p(a,00) = 0, U_(z) = 27~, and the gain function
G(a,00) = C_(a,0) = [(L —a)TI(a > K)]/a"~ which attains its unique maximum at a, = a
whenever @ > K, being the unique (left) optimal stopping boundary for the process X. There
exists no optimal stopping time otherwise.

We also consider the function H(z) = (x — K)*I(x < L), z > 0, where 0 < K < L are
given constants. In this case, in (2.19) we have p(0,b) = 1, U, (z) = 27+, and the gain function
G(0,0) = C.(0,b) = [(b— K)TI(b < L)]/b* which attains its unique maximum at b, = b
whenever b < L, being the unique (right) optimal stopping boundary for the process X. There

exists no optimal stopping time otherwise.

Example 4.5 (Perpetual American integral call option with floating strike.)
Suppose now that p(z) =1 — px and o(z) =z, > 0, and H(z) = (x — K)*, where K > 0
and 0 < r < p are some given constants (see [10]). In this case, the assertion of Theorem 3.1

holds with p(0,0) = 1 and the function

o 2
Ui(x) = / exp (—e—j) 27 B=FD(1 4 22)P dz (4.21)
0
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where

Bo—ti Py f(Lyr L (4.22)
PRNE 2 92) " p '
and the gain function G(0,b) = C;(0,b) = (b— K)* /U, (b), which attains its unique maximum

value at some b, on the interval (K, o00), with U, (b) given by (4.21).

Example 4.6 (Perpetual American lookback call option with floating strike.)

Let us consider the process X solving the stochastic differential equation

where N = (NV;);> is an increasing process changing its value only when X started at x > 1
arrives at the point 1 being the instantaneously reflecting boundary, and 0 < r < p are some
given constants (see [18], [21; Chapter VIII, Section 2d] or [2; Section 4.3]). Let us consider
H(z) = (x—K)*, x > 1, with some K > 0. In this case, in (2.19) we have p(0,b) = ~v_/(y-—74),
U_(x) = 27~ and Uy (x) = 27, where v_ and 7, are given by (4.1) and (4.3), and the gain
function G(0,b) = (b — K)™/[p(0,b)b™ 4+ (1 — p(0,))b7~] attains its maximum at some point
b, on the interval (K, c0). Note that, in this setting, the maximization of the gain function is

equivalent to the condition
V'(14) =0 (normal reflection) (4.24)

for the value function of the appropriate optimal stopping problem, instead of the smooth-fit

condition in (2.10).

Example 4.7 (Perpetual spread option stopping game.) Let us finally consider a stop-

ping game with the value function

V.(z) =infsup E, [e—“mﬂ (Hl(Xn) I(n < 7)+ Ho( X)) I(7 < n))} (4.25)

L

zsgp ilyl)f E, [6_r("/\7) (Hl(Xn) I(n <7)+ Hy(X:) I(7 < 77))}

where H;(z) = (v — L) I(L; <z < K;) + (K; — L) I(z > K;), x > 0, i = 1,2, are payoff

functions with some constants L; and K; such that 0 < L; < K;, as well as L1 < Ly, K1 < Ky
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and Ky — Ly = Ky — Ly. It is shown in [5] that the value function in (4.25) takes the form

(

Hi(x), if 0<z<a,
Vi(z) = V(z;as,by), if a. <x <b, (4.26)
Hj(x), if > b,

\

and the optimal stopping times 7, and 7, in (4.25) have the form

ne =inf{t > 0| X; < a.} (4.27)
7. = inf{t > 0| X; > b,} (4.28)
for some numbers 0 < L; < a, < b, < Ky < 00 to be determined.

Adopting the schema of arguments applied above to the stopping game in (4.25), we obtain
that in (2.19) the gain function G(a,b) admits the representation

(b— Lo)(a" —a"’) — (a— Ly)(b"F — bV—).

av+br- — br+a-

G(a,b) = (4.29)

It attains its saddle value at the couple a, =@V L; and b, = b A Ky with @ € [Ly, L1(r/d)) and
b € (Ly(r/6), Ky, being a unique solution of the system of equations in (2.17)-(2.18), whenever

it exists (see [5; Section 3]). Then, we have

a — Ll)b’y_ — (b — LQ)CL’Y_
ay+br- — br+ar-

b— L T+ — — L)b"+

O (ap) = W lpar = la= L) (4.31)

av+br- — br+qgr-

Coab) = (4.30)

so that, the function p(a, b) takes the form

(CL — Ll)bv_ — (b — LQ)CL'V_
(b— Ly)(ar+ —ar-) — (a— Ly)(b7+ — b7-)

pla,b) = (4.32)

forsome 0 < L1 <a<b< Ky < o0.
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