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Optimal stopping problem for processes with
independent increments
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(Presented by S. Ya. Makhno)

Abstract. We consider the optimal stopping problem for processes
with independent increments with the exponential g(z) = (1 —e*)" or
logarithmic g(x) = (Inz)" payoff function. For the exponential payoff
function, it is shown that the optimal stopping time is the first time of
hitting a certain level. For the logarithmic payoff function, it is proved
that a moment of the first hitting of a level cannot be optimal.
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1. Introduction

Consider a model of financial market with the single risky asset. The
price process of this asset can be modeled by a process with independent
increments {Xy, t € T}, Xg = 2 € R = (—00,00). This process is defined
on the probability space (€2, F, P) with natural filtration F; = o{X;, s <
t}, Fo = {2,92}. A market model can be discrete (in this case, the
parametric set T C Z* = {0,1,2,...}) or continuous (T C R* = [0, 00)).
The risk-free interest rate is assumed to be constant and equal to ¢ > 0.

The problem of the optimal exercise of a perpetual contingent claim
of the American type with payoff function g can be formulated as follows:
to maximize the expected discounted payoff

E(g(X7)e™"I{1 < o0})

in the class M of all (F;)-Markov moments 7 taking values in [0, oo]. In
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other words, the problem is to find a “value” function

V(z) = f&\% E(g(X;)e  "I{T < o0}). (1.1)

We call 7* the optimal stopping moment, if
V(z) = E(g(Xm)e 7 I{7* < 0}), z€R. (1.2)

The optimal stopping problem for the payoff function g(x) = (z 1)V =
(max{z,0})" with v = 1,2,... in discrete time was solved in [1,4], and
these results were extended for arbitrary v > 0 in [3]. In [4], the prob-
lem with the payoff function g(x) = (1 — e™®)* for random walks was
solved. In our work, we extend the results obtained in [4] to processes
with independent increments and consider the optimal stopping prob-
lem for processes with independent increments and the payoff function
g(x) = (Ina)*.

Similarly to [3], we will look for an optimal stopping moment in the
form

" =71, =1inf{t > 0: X; > a}, (1.3)

where the optimal value of the parameter a depends on the function g(x).

2. Appell functions

To solve the optimal stopping problem, we need the concept of Appell
functions. Appell functions are some generalization of Appell polynomials
(see, e.g., [9]).

Appell polynomials generated by a random variable 1 such that
E|n|" < oo for all n > 1 are the polynomials

Qr(y;n) = (_1)kj_;< e‘:‘y )

Ee—wn

 k=1,2,.....n. (2.1)
u=0

Assume now that 7 is a nonnegative random variable, and
P(n<e)>0foralle>0. (2.2)

Define the Appell function of order v for v < 0 by the equation

o1 €Y du
2.
/u ey VO v<0 (23
0

where T'(z) is the Euler gamma function. According to this definition,
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the function @, (y;7n) is continuous in v and y. Note that
lim Qu(y;n) =1 (2.4)
vT0

and extend @, (y;n) to v = 0 continuously, by setting

Qo(y;m) =1 for all y > 0. (2.5)

Now we define Q. (y;n) for real v > 0 using the equation

Qulysm) = Qu(0:) + v / Quor(zim)dz, y>0,v>0,  (26)
0

and put
n
Qv((); 77) = —vE ( / Qv—l(z§ 77) dz) . (27)
0

It is not difficult to show that, for Appell functions defined in this such
way, the following properties hold (see [3]):

d
d_va(y§ n) = vQu-1(y; 1), (2.8)

EQ.(y +m:n) =y". (2.9)

We have also the following lemma.

Lemma 2.1. Let (2.2) and E(n™) < oo hold for alln > 1. Then, for all
v > 0, there exists such a, that

o Qu(y;n) <0 for 0 <y < ay, Qulay;n) =0,
e Qu(y;n) increases for y > ay.

Proof of this Lemma is given in [3]. O

3. Some facts about the distribution of maximum

Consider an exponential distributed random variable 6, which is in-
dependent of X, with parameter ¢, i.e.

PO >t)=ec1 (3.1)
Denote

My = sup (X; —z), (3.2)
0<t<0
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and, for ¢ = 0,

My = sup (X; —x). (3.3)
0<t<oo

In this case, E(X]") < co and E(X; — ) < 0.
Lemma 3.1. If ¢ > 0, then, for alle > 0,
P(My <e)>0. (3.4)

Lemma 3.2. Let v > 0, and let the following conditions hold:

1. if ¢ =0, then E(X1) < 0, E((X{")"*!) < oo;

2. if ¢ > 0, then E((X{")?) < .
Then E(Mp) < oco.
Proofs of Lemmas 3.1 and 3.2 are given in [3]. O

Lemma 3.3. 1. Let 7, = inf{t > 0: Xy > a}, a > x. Then, for all
u <0,

E(I{My + z > a}e"Mo+2))

X‘ra - a J—
E(I{r, < co}e"*mae 1) = E(cuilh)

(3.5)

2. Under the assumptions of Lemma 3.2 for all a > x and all v, the
following equality holds:

E(I{r, < 00} X} e 1) = E(I{Mp + = > a}Q,(My + x; Mpy)).

(3.6)

3. Let conditions of 3.2 and the initial condition x > 1 hold. Then,
for all a > x, the equality

E(I{r, < oo} ln X, e 1)

—E(I{M9+x za}76

—u(My+zx)

(
u

(1- Ee_luM€> du) (3.7)

holds.

Proof. The proof of items 1 and 2 is given in [3]. We will prove item 3.
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We compute the left derivative g—;QU(y;n)\Uzo. By definition, we
have

_ _ 0 o1 €Y du
3 Qu(y,n)‘ = av/u o= T(—0)
0 v=0
T “Wo du
-1 - —v—1 € o
Jim / N ety QW)
0
1 T [ 1
&
vi%l—v/u I'(—v) \Ee~un Y B
0
1 T e 1
= lim - [wu V! ( - )d
ul»%l—v/u ['(—v) \Ee~un “
0
: 1 i —v—1 e " v
+vli%15/“ Ty LY )du
0
— —1,—uy (1 _
/u e (1 Ee un)du—FO
0
:/u_le_“y(l ! )du. (3.8)
Ee—un
0

For both terms, it is possible to pass to the limit under the integral sign
due to the Lebesgue monotone convergence theorem. We also used the
fact that Qo(y;n) =1 = [(Cu v 1y~ If(jz) du by the definition of the
gamma function and Qo(y;n).

Setting y = My + z, n = My, we obtain

8 o¢]

B L wMta 1
a_UQU(MG + x,MB)‘U:O = /U 16 (Mo+ )(]. — W)du
0

Let us take the left derivative with respect to the parameter v at

v=20:
U:0>

The left-hand side is differentiable due to the monotone convergence

E(I{r, < oo}ln X, e 1) = E<I{M9 +x> a}g—;QU(Mg + x, Mp)
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theorem. On the right-hand side, the expression under the mathematical
expectation can be divided into two parts as it was done above, and the
monotone convergence holds for each of them. This concludes the proof
of the theorem. O

Lemma 3.4. Let t € Z*, q¢ > 0, and let f(z) g(z) be nonnegative
functions such that, for all x, f(x) > g(x), and

flx) > e IEf(Xq). (3.9)
Then, for all x,
f(z) > Sél]\[/)[ E(g(X;)e  "I{T < o0}). (3.10)

Proof of Lemma 3.4 see in [3].

4. The main results

The following theorem was proved in [3].

Theorem 4.1. Let g(x) = (z7)Y, v > 0, the conditions of Lemma 3.2
hold, and let a, be a positive root of the equation

Qu(av; Mp) = 0. (4.1)
Then the stopping time
Ta, =Inf{t >0: Xy > ay} (4.2)
s optimal and
V(z) = E(Qu(Mg + z; M) I{ My + x > ay}). (4.3)

With the use of the same methods, we now prove a similar statement
for the exponential payoff function.

Theorem 4.2. Let g(z) = (1 — e~ )", the assumptions of Lemma 3.2
hold, and
a* = —InEe M. (4.4)

Then the stopping time
To+ = inf{t > 0: Xy > a*} (4.5)
s optimal and

V(z) =E(l — e Momo(Ee Moy~ T (4.6)
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Proof. Consider the function

V(z) = sup E(g(X,,)e T I{r < oo}), (4.7)
TaeM
where M is the class of stopping times 7, = inf{t >0: X; > a},a > =x.

Obviously, V(z) < V(x), as the supremum is taken over a narrower class
of stopping times. Note item 1 of Lemma 3.3 with u = —1 yields

E(I{My + z > a}e~ (Mot2))
E(e—Mo) ’

E(I{r, < co}e *Tae"0T) = (4.8)

and so

e~ (Mg+z)
E(I{r, < 00}g(Xy,)e ™) = BI{My +z > a} (1~ W> (4.9)

Since the function 1 — %7\49) is monotone in a and has a single root

e
E(e
a* = —InEe ¢ the left-hand side of (4.9) achieves its maximum at the
point a = a*, and

e~ (Mp+x) e—(Mp+z)
)=E(1

.
B _7E(6_M9)> . (4.10)

V(z) = EI{Mp+a > a*}(l -

Thus, we have shown that V() achieves its maximum at a*. Now we
have to prove the inequality V' (z) > V(x). To this end, we consider the

function f(z) = E(1 — 6];(:\3;:)) )*. By the Jensen inequality,
Ee_(MG"FI) +
>l ) =1 - =gla) .
f@ 2 (1= Fommy) =0-e =) (4.11)

Let £ = X1 — z. Consider a random variable + such that
Py=1)=1-P(y=0)=e % (4.12)
Then My = (yMy + &) in law, and the following inequalities hold:

L . e~ (Mo+X1) \ +
e~ (Mo+z+8) | + e~ le—(Mo+z+8) | +

— -9 _ — -9 _

— ¢ E(l E(e—Mo) ) E(e E(e—Mo) )

(1 B 6—(7M9+w+§))+ B ( e—(Ma+x))+

=20 e B

= f(z). (4.13)



128 OPTIMAL STOPPING PROBLEM...

It follows from (4.11), (4.13), and Lemma 3.4 that f(z) = V(z) > V(z),
and this concludes the proof of the theorem. O

Now let g(z) = (Inz)*, ¢ > 2, let Xg = x > 1, and let the assump-
tions of Lemma 3.2 be true. We will try to find the optimal stopping
time 7, for this case in the form

To = inf{t > 0: X; > a}, (4.14)

where a > z. Consider the function

V(z) = sup E(g(X,,)e 7 I{r, < 0}), (4.15)
TaEM

where M is the class of stopping times 7, = inf{t >0: Xy >a},a > x.
Following the lines of the previous theorem, we consider V(z) < V(x).
Note that, by item 3 of Lemma 3.3, the equality

E(I{r, < oo}In X, e 1)

= E(I{Mg +x> a}/u_le_u(Meﬂ) (1 — #>du> (4.16)
0

Ee—uMg

holds. Since the function e 4%

is nonnegative and decreasing, and the
function 1 — W for u > 0 is negative and increasing, the integral on
the right-hand side of (4.16) is negative and increasing, and the left-hand
side achieves its maximum at infinity. So, in this case, there exists no

optimal stopping time in form (1.3).

5. Conclusions

We have considered the optimal stopping problem for processes with
independent increments and shown that, for the exponential payoff func-
tion, an optimal stopping moment is the first moment of crossing the level
which is found in the explicit form. In the case of a logarithmic payoff
function, we have proved that the optimal stopping time doesn’t exist in
the class of first moments of crossing the level.
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