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A verification theorem for optimal
stopping problems with expectation
constraints

Stefan Ankirchner *  Maike Klein T Thomas Kruse *

November 16, 2015

We consider the problem of optimally stopping a continuous-time process
with a stopping time satisfying a given expectation cost constraint. We show,
by introducing a new state variable, that one can transform the problem into
an unconstrained control problem and hence derive a dynamic programming
principle. We characterize the value function in terms of the dynamic pro-
gramming equation, which turns out to be an elliptic, fully non-linear partial
differential equation of second order. We prove a classical verification theo-
rem and illustrate its applicability with several examples.

Introduction

Let (X¢)tcr, be an n-dimensional stochastic state process that satisfies a
stochastic differential equation driven by a d-dimensional Brownian motion
W. Denote by (F;) the filtration that is generated by W and extended by null
sets so as to satisfy the usual conditions. Let f : R® — R be a payoff function
and H;, = f(f h(Xs)ds an increasing cost process, where h : R” — (0,00).
We denote by S(T') the set of (F;)-stopping times satisfying the constraint
E[H,] <T € R,. In this article we consider the optimal stopping problem

maximize E[f(X,)] subject to 7 € S(T). (0.1)
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By choosing h(t) = 1 for all t € R, we obtain as a special case the stopping
problem over all stopping times with the expectation constraint E[H.] =
E[r] <T.

The problem (0.1) captures situations where there is an average time/cost
limit for any stopping rule. Whenever a stopping rule is applied repeatedly,
an average constraint seems to be more appropriate than a sharp constraint
requiring that any stopping time 7 satisfies H, < T, a.s. Besides, an expec-
tation constraint on the stopping time is a suitable counterpart for a gain
functional that is itself an expectation.

What makes the stopping problem (0.1) difficult is that there is no simple
dependence of the constraint on time. The expectation constraint has to be
turned into a scenario-dependent constraint. A first attempt to eliminate the
constraint is to follow a Lagrange approach and to consider, for every A > 0,
the unconstrained stopping problem

w(A) = sup{E[f(X;) — A(t — T)] : 7 stopping time with E[r] < oco}. (0.2)

Notice that (0.2) is an infinite horizon stopping problem that does not in-
volve a discount factor. Therefore it is often impossible to characterize
w as the unique solution of a dynamic programming equation (cf. Section
6). Disregard this for a moment and assume that we can identify an opti-
mal stopping time 7*(A) for (0.2) and that w is absolutely continuous with

-~

9u(X) = —E[r*(\)]. If there exists A such that 2%(\) = —T, then the stop-
ping time 7*(\) is optimal for the original problem (0.1). It can happen,
however, that the function w is not absolutely continuous (see Section 6 for
an example). Even if w is differentiable, then it can be involved and error-

prone to invert the derivative g—x’ and to determine the appropriate Lagrange

-~

multiplier .

In this article we propose a new approach for solving stopping problems of
the type (0.1). Our basic idea is to extend the state space by the conditional
expectation process of H,. Assuming a Brownian set-up, the predictable
representation property allows to interpret the new state variable as a mar-
tingale with controlled diffusion coefficient. One can thus transform the
stopping problem (0.1) into a problem with a controlled state and time hori-
zon. The advantage of the transformed problem is that it allows to formulate
a dynamic programming principle (DPP). With a DPP at hand, we can char-
acterize the value function V (T, z) = sup{E[f(X;)] : 7 € S(T') and X, = '}
as a solution of the dynamic programming equation (DPE). In order to obtain
a classical verification theorem, we consider also the auxiliary stopping prob-
lem U(T,z) = sup{E[f(X;)] : Xo = z, T a stopping time with E[H,] = T'}.
One can show that V(T,z) = U(T A T(z),z), where T(x) = inf{T" > 0 :
g—g(T ,x) < 0}. Consequently, U fully determines V. The DPE for U turns



out to be the partial differential equation (PDE)

o7 (z) - V,Ur (T, z)|”
QUTT(T, 1’)

with initial condition U(0,z) = f(x); here £ is the generator of X and o its
diffusion matrix. We give sufficient conditions for the value function U to be
a solution of (0.3). Moreover, we provide a verification theorem that allows
to verify whether a solution of (0.3) coincides with U. Since V' is determined
by U, this allows further to identify an optimal stopping time for the original
problem (0.1).

If no closed-form solution is at hand, then one can try to solve the PDE
(0.3) numerically. Related is the question whether there is a comparison
principle for viscosity solutions. We do not discuss these issues in the present
article, but leave them for future research.

The idea to extend the state space by a conditional expectation process in
order to make a constraint more tangible can be found already in the control
literature. Bouchard, Elie and Touzi [2| consider the problem of attaining
a possibly stochastic target with a given probability. They extend the state
space by a conditional probability process in order to reduce the problem to
a standard stochastic target problem. Bokanowski, Picarelli and Zidani [1]
reformulate a stochastic control problem with a state constraint as a target
problem by introducing a conditional expectation process as a new controlled
variable.

There are only few articles in the literature that deal with stopping prob-
lems of the type (0.1). Kennedy [7] considers the problem of stopping a
discrete time process with the constraint that the expectation of any stop-
ping time is bounded by some given constant. He uses Lagrangian techniques
for determining optimal stopping rules. Horiguchi [5] considers optimal stop-
ping of a finite state process that, in addition, can be controlled with finitely
many actions. Optimal stopping rules satisfying an expectation constraint
are determined with mathematical programming techniques. Palczewski and
Stettner [8] consider an undiscounted optimal stopping problem with infinite
time horizon of the type (0.3) under the additional assumption that X is
an ergodic, time-homogeneous weak Feller process. They state sufficient
conditions guaranteeing that the set of stopping times can be restricted to
those with bounded expectation. This boundary is in general not global but
depends on the initial value of X.

h(2)Ur(T,z) — LU(T, z) +

=0, (0.3)

The paper is organized as follows. Section 1 states the precise assump-
tions. In Section 2 we establish a one-to-one correspondence between the set
S(T) and a class of controlled martingales. The correspondence allows us
to transform the constrained stopping problem so that one can formulate a
dynamic programming principle (see Section 3). Section 4 deals with the dy-
namic programming equation and Section 5 provides a classical verification



theorem. In Section 6 we briefly compare the new method with the Lagrange
approach. Finally, in Section 7 we discuss several examples illustrating the
scope of our results.

1 Optimal stopping with expectation
constraints

Let (Wi)i>o be a d-dimensional Brownian motion on a probability space
(Q, F, P) and denote by (F;)i>o its augmented natural filtration. Let pu :
R" — R" and o : R® — R™ 9 be Lipschitz-continuous functions and assume
that for every x € R™ the matrix (0o ')(z) € R™" is positive definite. Then
there exists a unique R"-valued strong solution (X;""),. . of the SDE

AXP" = (XYt + o(XPT) - dW,, X7 =z, (1.1)

for every r € R, and x € R™. Moreover, recall that X fulfills the strong
Markov property, cf. [6], Chapter 5.

Let h : R™ — (0,00) be Borel-measurable and define the process (H;™");>o
by

r+t
= [ b

for x € R" and r € R, fixed. Denote by 7(T') = T(T,z) and S(T') = S(T', x)
the set of all (F;)-stopping times 7 with E[H®°] = T resp. E[H*] < T. Note
that Assumption (A) guarantees that 7 (7)) is nonempty; e.g. the stopping
time 7 = inf{s > 0|H*" > T} satisfies H*" = T, and hence lies in 7(7T). In
the following we sometimes refer to 7 (7T") as the set of admissible stopping
times.

Standing Assumption. Throughout we assume that for all z € R™ and
re R+

H" < oo and tlim H" =00, P—a.s. (A)
—00

Note that if 4 is bounded and bounded away from zero, i.e. h : R™ — [6, C|
with 0 < § < C, then Condition (A) is satisfied.

In order to simplify notation, in the following we often write X} and H}
instead of X" resp. H"°. In addition, if the starting value z is clear from
the context, we omit it.

For a measurable function f : R” — R we consider the following optimal
stopping problem with constraint function h

V(T z) = sup E[f(X7)], (1.2)

T7€S(T)



where T € R, and x € R™. Here we use the convention that E[f(X¥)] = —o0
if both the negative and the positive part of f(X?*) have infinite expectation.
Notice that by Assumption (A) every 7 € S(7T') is finite a.s. and hence X7
is well-defined.

It turns out to be useful to study also the stopping problem with the
equality constraint E[H,] = T. We therefore introduce

U(T,z) = sup E[f(X])]. (1.3)
TeT(T)

Observe that by the very definition the function 7' +— V(T x) is non-decreasing.
Let T'(z) be the infimum of all time points 7" at which 7'+ V(T z) is not
increasing (set T'(z) = oo if the mapping is strictly increasing everywhere).
Then, for all T < T(z) we have V(T,z) = U(T,z). Suppose for a moment
that 7' +— U(T,x) is concave. Then this implies that also T — V(T z)
is concave. Consequently, if T(z) < oo, then V(T,z) = V(T(z), ) for all
T > T(x). This means that V is completely determined by U, namely we
have

V(T,z) =U(T AT(x),2), (T,z)€Ry x R" (1.4)

In the next sections we transform problem (1.3) into a control problem with
an extended state space and derive a DPE for U. Moreover, we provide
a verification theorem that allows to check whether a solution of the DPE
coincides with the value function U. The link (1.4) allows us then to identify
the value function V' and to obtain an optimal stopping time for the original
problem (1.2).

In the above derivation of (1.4) we have assumed that T — U(T,x) is
concave. Conveniently, concavity turns out to be a consequence of the veri-
fication theorem. Notice, however, that one can heuristically show concavity
of T'— U(T,x) as follows: let 7y € T(11) and 7 € T (13). Flip a coin with
probability a € (0,1) for head, and choose 7 if head and 7, if tail appears.
With the randomized stopping time we can show V(aT; + (1 — a)Ty, z) >
aV(Ty,z)+ (1 —a)V(Ty,x).

2 Every admissible stopping time is a first
hitting time

In this section we establish a one-to-one correspondence between the set of
stopping times 7 (m) and a class of (F;)-martingales solving a specific type
of SDE with initial value m, where m € R, . This correspondence allows us
to transform the stopping problems (1.2) and (1.3).

For every 7 € T(m), the process (M;)o<i<oo defined by

M, = E[H, | F]



is a continuous (F;)-martingale with M., = H, and My = E[H,;] = m. Thus,
the martingale representation theorem implies

t
Mt:m+/ ag - dWs,
0

where (a;)is0 = (af,...,a)is0 € LE (W), ie. (ay)i>0 is measurable, (F;)-

adapted and there exists a sequence (0,),en of (F;)-stopping times with
o, /0 00 a.s. such that for all n € N

E [/ n |a5|2ds} < 0.
0

Then, the stopping time 7 can be characterized as the first time when the
process of conditional expectations falls below the process H;.

Lemma 2.1. For an (F;)-stopping time T such that H. is integrable and
M, := E[H,|F], t >0, we have

T =inf{t > 0| M; < H,}.
Proof. Notice that
Mt = E[HT | ./_‘;5] = ]l{rgt}Hr —+ ]I{T>t}E[HT ’ ft] (2.1)

Therefore, we have M; = H, < Hyon {7 < t}, which implies 7 > inf {t > 0| M, < H,}.
On the other hand it holds true that

Ty Hr 2 17 Hy
and, hence, on {7 > t} it follows from (2.1) that a.s.
M, = E[H, | F) > H..
From this we deduce that 7 <inf{t > 0| M, < H,}. O
Lemma 2.1 implies that for 7 € 7(m) the following holds true

My > H, for s <7 =inf{t > 0| M, < H;},
My =M, fors>7=inf{t >0|M, < H,}.

Therefore, the process M satisfies
dM; = ]]-{T>t}at AWy = ]l{vsgt: Ms>H 3O * dW.

On {M; > H;} we have t < 7 = inf{s > 0| M, < H,}, which implies
M, > H for all s <t. Therefore, it follows that

th = ]I{Mt>Ht}Ctt . th, MO =1m. (22)

We have thus shown that any stopping time 7 € T (m) coincides with the
first time a process solving (2.2) hits H,. Indeed, there is a one-to-one cor-
respondence between (JF;)-stopping times with E[H.] = m and processes
(M,) satisfying (2.2). To establish this correspondence we need the following
lemma.



Lemma 2.2. Let (ay)i>0 = (af,...,ad)s0 € L2 (W) and m € Ry. Then

loc
there exists a unique solution M of (2.2). This solution is a non-negative

martingale.

Proof. Let ()0 € L2, (W), m € Ry and Y; = m + [ a - dW,. Then,

loc

T=inf{t > 0]Y; < H;}
defines an (F;)-stopping time and the stopped process M; := Y}, satisfies

dM; = ﬂ{r>t}@t - dW;
= lyvs<tvosmay 0 - AWy

= 1 {vs<t: My=Y, and M,>H,} O - AW,
Notice that M; > H; implies M > H, for all s <t he definition of 7. Hence,
{Vs <t: My =Y, and My, > H,} = {M, > H;}

and (M) solves (2.2).

We next show that M is the unique solution of (2.2). To this end let
(N:) be another solution of (2.2). Let p = inf{t > 0|N; < H;}. Then
Nipp =m + fop/\t a - AWy, which implies p = 7 and hence Ny = M; on [0, 7].
After 7 we have N; = N, = M, = M,;. Therefore, N = M.

We now show that M is a martingale. First notice that by definition M is
a continuous, non-negative local martingale. Hence, it is a supermartingale

and the limit
Mo = lim M,
t—o0

exists almost surely with M., € L*(Q).

Note that Fatou’s lemma implies E[M] < m. In order to prove that M is
a true martingale, it suffices to show that F[M.] > m. To this end observe
that monotone convergence implies

n—o0

Define the stopping times 7, by
T, = inf{t > 0| M, < H; or M; > n}.

Then, 7, < 7 almost surely. The stopped processes (Mias, )i>0 are martin-
gales with

E[M'rn] = tli}/gE[MTn/\t] =m



by the dominated convergence theorem. Notice that 7,, = 7 on {M, < n}.
This, together with M., = M., gives
E[Moo]l{MooSn}] = E[MTn]l{MTén}]
= E[MTn] - E[MTnIL{MT>n}]
=m —nP[M,; > n|
>m — E[M 1, 5n]
=1m — E[Moo]l{Moo>n}]-

To sum up, we have
E[My] >m
and hence M is a true martingale. O]

Let M(m) be the set of all solutions M of (2.2) with (ay)>0 € L2 (W).

loc

The results obtained so far show that one can identify 7 (m) with M(m).

Proposition 2.3. There is a one-to-one correspondence between T (m) and
M(m) given by

Mt:E[H7—|.Ft], tZO, and T:lnf{t20|Mt§Ht},
where T € T(m) and M € M(m). Moreover, H, = M, = M.

Proof. The statements follow from Lemma 2.1 and 2.2, and the discussion
preceding Lemma 2.2. O

Remark 2.4. To emphasize the dependence on a and m, in the following
we often write M ™ instead of M.

Example 2.5. Let (W;);>o be a Brownian motion in RY. For x € R? let
XF=x+ W, t >0, and the constraint function h is given by h(y) =1,y €
R?, hence, we have H, = t. Denote by 75 the first exit time of the ball around
0 with radius R > |z|, i.e. 7 = inf{t > 0| |X}| > R}. Then, the expected
value of 7 is given by

R2 _ |{L‘|2

Blrel = —3—

see Chapter 4.2.E in [6]. Hence, on {rgp > ¢} the process of conditional
expectations M, is given by

Mt = E[TRLF%] = t+

R2_|$‘2 1 t
_ TR 2 oxeaw,.
- +d/0 W,

Thus, as = —2X7/d, s > 0, with localizing sequence 7,, = n and we conclude
2 2
that 7 = inf{t > 0| MR o t} from Proposition 2.3.



In dimension 1 we can extend the above example to exit times of intervals
(a,b), a < x < b, instead of intervals (—R, R) with R > |x|.

Example 2.6. For z € R let X7 =+ W;, t > 0, where (W;);>0 is a
one-dimensional Brownian motion. Again let h(y) = 1,y € R, and, thus,
H; = t. The first exit time 7 of an interval (a,b), a < x < b, has expectation
(b — z)(x — a). The associated process of conditional expectations M; on
{M; >t} is given by

M, = (b—a:)(x—a)+/0t(xdes

with ay = —2X% +b+a, s >0, and (ay) € L} (W).

loc

The stopping problem as an optimal control problem

The one-to-one correspondence of Proposition 2.3 allows to reformulate the
optimal stopping problems (1.2) and (1.3) as optimal control problems. To do
so, observe first that t — H,”" is continuous and strictly increasing almost
surely. Moreover, note that Condition (A) guarantees that the pathwise
inverse of H*",

G®"(t) =inf{s > 0| HS" > t},
is defined for t,r € R, and x € R™. In order to simplify notation, we write
G*(t) instead of G®O(t).

Notice that if 7 € T(m) and M € M(m) such that H, = M, then
T = G(M,). Therefore, by Proposition 2.3 we have

V(Tw) =sup {E[f (Xeupem)] [m e 0T ae L)} V)
and
U(T,2) = sup { B[ <Xgm<M&,T)>} (a e L3 (W)}, )
where
AME™ = gpgoms gy - dWs,  ME™ = m.

At a first glance, the reformulations (V) and (i) look more cumbersome
than the original formulations of the stopping problem. We show in the
next section, however, that the new formulations allow to obtain a dynamic
programming principle.



3 Derivation of a dynamic programming
principle

The aim of this section is to derive a dynamic programming principle (DPP)
for U under suitable measurablility assumptions. For the derivation we need
that the value function U is finite. We start, therefore, with a subsection
providing sufficient conditions for finiteness.

3.1 Finiteness of the value functions

Note that if the payoff function f is bounded, then the value functions are
also bounded. We next give a more general condition, in the one-dimensional
case n = d = 1, guaranteeing that the value functions V and U are finite.

Let d = n =1 and denote by Z C R the interior of the state space of X.
By assumption we have o%(z) > 0 for all + € Z. Furthermore, we assume
that (1 + |u(x)|)/c?(x) is locally integrable on Z (see conditions (ND)’ and
(LI)" in Section 5.5.C of [6]). Let X* be a solution of (1.1) with X = x and
define the scale function s by

so(y) = /: exp (— / il;gz))dw) dz.

Then the process Z; := s,(X}), t > 0, is a local martingale starting in 0 with

dZt = n(Zt) th,

where 1 = (s/.0) o s;'. Hence we can convert the optimal stopping problem
with reward function f for the process X into an optimal stopping problem
with reward function f o s~! for Z. Let

qx<y>—/0y/:%;§””dwdz.

In the following we show that if f o s, ! is bounded from above by ¢,, © € Z,
then V(T,z) < oo for all T' € R,. More precisely,

Proposition 3.1. Let x € T. If there exists C > 0 such that f(s;'(y)) <
C(1+4 q.(y)) for all y € Z, then U(T,x) < V(T,x) < oo. If, in addition
|E[f(XE)]| < oo forall z € R, then |U(T, z)| < oco.

Proof. First notice that the definition of V' implies V(T,z) > f(x) for all
x el

The function g, is convex, because ¢”(y) = 2h(s;'(y))/n*(y) > 0 and hence
we can apply It6’s formula for convex functions to show that ¢.(Z;) — HF,
t > 0, is a local martingale. Moreover, we have E|q.(Z,;)] < T for all

10



7 € S(T): Let (7,)nen be a localizing sequence for Z. Then Fatou’s lemma
and the monotone convergence theorem imply that

Elq,(Z7)] = Elliminf ¢,(Z7},, )] < liminf Flq,(Z7,, )] = liminf E[H}, | = E[H?] <T.
n—00 n—00 n—r00
Therefore, we have for T' € R,
U(T,z) <V(T,x) = sup E[f(X7)]
T7eS(T)
= sup B[f(s;'(Z:))]
T€S(T)
< (1+ sw Bla.(2))
T7eS(T)
<C(1+1T).
If, in addition, E[f(X))] < oo, then |U(T,z)| < occ. O

The following example shows that the condition from Proposition 3.1 is
sharp if X is a Brownian motion.

Example 3.2. For a one-dimensional Brownian motion W we have ¢y(y) =
y?. Consider the optimal stopping problem (1.2) for f(y) = |y|**¢, € > 0,
constraint function h(z) = 1, i.e. H; = t, and the Brownian motion W. For
every T' > 0 the first time H(a, —T/a), a > 0, when W hits a or —T'/a has
expectation 7". Hence,

. T CL2 T2+5
V(T,0) > U(T,0) > sup E[f (Wi(a—1/a)] = g = 0.
(T,0) = U(T, )_iglg [f (Wh(a,~1/a))] Saglg{a a2+T+ag+€a2+T} 00

3.2 Dynamic programming principle for U

In this subsection we prove a DPP for U under the following assumptions.

Assumption.

(U0) |U(T,z)| < oo for all z e R", T € R,..

(U1) U is measurable.

(U2) For all T > 0, any family (6%)acr2 w) of (F¢)-stopping times, for any
e>0and w € Q with M (w) > Hj.(w) there exists 3 = 7 €
L2 (W) with

loc

Xga 0%
B (250 )

faa] > U (M () — (). X)) — .
(3.1)

11



e —_ o, T gz
where M o, = M‘Z’ow _ Mi»Mga (w)—HEo (w)

by
() = {as(w) if s € [0,0%w)] or (s > 0*(w) and MGQO;T(W) < HE.(w)),
’ Bs—ga (w) if s > 0*(w) and MgZT(w) > Hg.(w),

, such that the process & defined

(3.2)
satisfies & € L2 (W).

loc

Proposition 3.3 (DPP for U). Let the Assumptions (U0) — (U2) be sat-
isfied. For any family of (F)-stopping times (0%)acr2 (w) we have

. T o, T T T
U(T,z) = QEEBQW)E Lo <agnf (ch(MggT)) + Lo gy U <M9a - HeavXea)] -

loc

(3.3)

Remark 3.4. Using the upper- and lower-semicontinuous envelopes of U
one can formulate a weak DPP, in the fashion of [3], that does not require
Assumption (U1) and the measurable selection assumption (U2).

Proof. Fix (T,z) € (0,00) x R and let (6%)4ez2 (w) be a family of (F)-
stopping times. Then for every a € L7 (W) we have

loc

B (X quzm) ] = B [Lasgremand (K5 uam)) + Lsgrsmnd (X6 e
- [B{M&’TSH?&}f <Xé””(M§ZT)> + Lgrs gy (ng(MSQT)H ’

where we use that M%7 and M%" coincide on {M" < HE}. By con-
ditioning the second summand on Fya, the strong Markov property of X*
implies

K []l{Mg*a%H;a}f (Xéz(M:o’T)ﬂ = b [E [H{Mﬁfﬂga}f (Xéz(Mo%T)> ‘f 9“

Xz, 0%
=2 [t |1 (V) |

The expectation constraint conditioned on Fya results in

Fou| = E / h(xsea’ )ds

fga]

Xz, 0%
" {HG%M&TM

(213

Ge(Ms™)
_E / h (X2 ds| Fpe
%

@

=F HgI(M&’T)

ey

— B [MT |Fe] — Hy

_ a, T x
= Mga — Hea,

12



because (M") is a martingale (Lemma 2.2). Thus, the conditional expec-
tation of the remaining constraint equals M;‘Q’T — Hy.. Hence,

x a,T x x
UTa) < s B Lo, (Xe () + Longsromg U (Ms" = Hi X5 ) |

loc

where we use that U is measurable (Assumption (U1)).

For the reverse inequality let @ € L2 (W). For every ¢ > 0 and every
w € Q with M&:" (w) > Hj.(w), choose § = g7 € L2 (W) such that (3.1)
holds and such that the control & defined in (3.2) is in L2 (W), which exists
by Assumption (U2). Thus,

U(T,z) > E :f (X?;%Mfo’j’))}

=k ]I{Mgc;TSHé”a}f (Xéw(M;ET)) + ]1{M§f>Hg&}E [f <X2I(M&T)) Fea”
i T Xz, ,0%
=E ]l{Mé’ZTSHga}f <XG9”(M§;;T)> + ]l{Mng>Hga}E {f (XGj(MggT)_ea) }—Oa]}
by the strong Markov property and the fact that M*7(w) = M>T(w) for all
—_ a,T_ x
s € [0,60%(w)]. Notice that G* (M%) —6~ and GXé0" (Moo> — XG0 <M0507Maa Hea)
both conditioned on {Mg:" > HZ.} have the same distribution. Therefore,

T Xz, ,0%
U(T, .'L‘) Z E |:]].{M604&T§Hga}f (XGI(M;OLT)> + :[L{Mg&T>Hg-Q}E |:f (XG)B((:?CO"GQ(MOO))

x o, T x x
2k []l{M;‘&TgHga}f (XG’I(M;;T)> e mga (U (Mea - H9a7X9a> - 5)] )
which implies a DPP for U by the arbitrariness of o € L} (W) and & > 0.

]

4 The dynamic programming equation for U

The DPP from Proposition 3.3 allows to derive a dynamic programming
equation for U. In order to do so, we denote by L the generator of the
Markov process X, i.e.

n d
53X ) Y ulrlote) + Y o)
v =1

=1 5=
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for suitable functions u € C*(R™,R). For a function u € C*((0,00) x R",R)
we use the following notation:

uT(T? x) = a_T(Ta l‘),
82
wrr(T, ) = 8—7};@, z),
0%u

UTg,; (T, .CC) = m(T, [L'),

Vot - (ghre)

i=1

n

Vour(T, z) = (uTmi (T, ar:))z.:1
and for a matrix A € R¥*! k[ € N, its transpose is denoted by AT.

Proposition 4.1. Assume that h is continuous. If U € C*((0,00) x R") and
U satisfies the DPP (3.3), then

1. U 1is a supersolution to

07 (z) - V,Up(T, z)|”
QUTT(T, .CI?)

h(x)Urp(T,x) — LU(T, z) + =0 (4.1)
on (0,00) x R™ with initial condition U(0,z) = f(x). Moreover, U is
concave in T and

{(T,2)|Urp(T,2) =0} C {(T, )| V,Ur(T,x) =0 € R"}.

Here we set |0 (z) - V,Ur (T, :13){2 JUrr (T, x) = 0 if both the numerator
and the denominator equal 0.

2. If, in addition, }UT . VIUT‘Q/UTT is continuous on (0,00) X R™, then
U is a solution to (4.1) on AU (0,00) x {x € R*"|3IT > 0: (T,z) €
A}, where A denotes the closure of A := {(T,z)|Upr(T,z) <0} in
(0,00) x R™.

Proof. 1. The initial condition is satisfied, because T' = 0 is equivalent to
stopping directly. In order to prove that U is a supersolution of (4.1) let
(T,z) € (0,00) x R" write X instead of X* in the following and consider
the constant control a = a, with a € R, Then, o € L2 (W). Let

0 = inf {5 > 0] X, — 4] > Lor M2T — 1, ¢ [T/2,27]}

14



The DPP for U and It6’s formula imply that for ¢ > 0

0>E [U(M“’T ~ Hipge, Xonge) — U(T, x)]

tAge
Jal?

tAOY
Z E |:/ (—h (Xf) UT + LU + TUTT + (VIUT)T . O'(Xs) . CL) (Mg’T — HS,XS)d8:|
0

tAge
+ E U (UT(Mg’T — Ho X)a+ (V.UM - H, X)) - J(XS)) : dWS] .
0
(4.2)
The stochastic integral has expectation 0, because the integrand is bounded
on the stochastic interval [0,t A 6%].
By the pathwise continuity of X, and M®T and the boundedness of the

integrand in the Lebesgue integral we obtain, after first dividing by ¢ and
then taking the limit ¢ | 0, that

—h(z)Ur(T,z) + LU(T, x) + gUTT(T, x) + (VzUT(T, x))T co(z)-a<0

for all @ € R%. Thus,

—h(x)Up(T,x) + LU (T, x) + sup {@UTT(T, z) + (V,Ur(T, x))T co(z) - a} <0.

acRd 2

(4.3)

In particular, the supremum is finite which shows the concavity of U in T
and

(T, 0)Urr(T,2) = 0} € {(7,2) | (VaUr(T,2)) o) =0 € BT}
= {(T,2)|V.Ur(T,2) =0 e R"},

The last conclusion follows from the fact that (oo ")(z) is positive definite.
Inequality (4.3) simplifies to
07 (2) - V. Ur(T, )|’

QUTT(T, I) -

—h(z)Urp(T,z) + LU(T, x) —

if Upp(T',z) < 0 resp. —h(x)Ur(T,x) + LU(T, ) if Upp(T,x) = 0. To con-
clude, U is a supersolution to (4.1), if we set [0 (z) - V,Up(T, z) ‘2 JUpp(T,x) =
0 in the case that both expressions are 0.

2. In order to prove that U is a subsolution to (4.1) on A if ’O’T . V;,;UT|2 JUrpr

is continuous, we first assume that there exists (7o, zo) € (0,00) x R™ with
UTT(T(), l’o) < 0 and

o (o) - VoUr(To, z0) ‘2

h(xo)Ur(Ty, o) — LU (Thy, xo) +
(0) T( 0 0) (0 0) QUTT(TOwTO)

>0, (4.4)

15



Define for (7', z) € (0,00) x R™
o(T, ) =U(T,z) + |T — To|* + |x — zo|*.

Then ¢ € C?((0,00) x R") and (4.4) holds also if U is replaced with .

Moreover, the continuity of the derivatives implies that

07 (2) - Voo (T, 2)|”
Z@TT(T, SL’)

h(x)or(T,z) — Lo(T,x) + >0 (4.5)

and
QOTT(T, CL’) < 0. (46)

Now let a € L2 (W) and (7,)nen be a localizing sequence for . In the

following we write M“ and X instead of M0 resp. X?°. Define the stopping
times

0* =inf {t > 0| (M — H;, X;) ¢ N},
0y =0“N1,An, neN.
Applying It6’s formula to ¢ leads to

U(Toaxo) = SO(TO,!EU)
= E [o(Mgy — Hog, Xog)]

oo a,l?
+ F / (h (Xs)or — Lo — | 2‘ o — (Vgcng)T co(Xs) - a3> (M — Hy, Xs)ds}
0

> FE [p(Mg, — Hoa, Xpq)]
|af?

w8 [ [ (nxer = o s {1 prs = (Tuen T o0 00} ) (v s

acRd

Here we use that the stochastic integral is a martingale. By (4.6) the previous
supremum is given by

JoT(X) - Vapr(M2 = H,, X,)|
20rr(Me — Hy, X)

Therefore, we conclude from (4.5) that
U(To, z0) > Elp(Mga — Hpa, Xpa)]
for all n € N. Since ¢ is bounded on N, taking the limit n — oo results in

U(Tﬂ’xo) > E[SO(M;@ — Hya, XW)]
>n+ E[U(Mg. — Hypo, Xga)],
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where 7 1= min(r zyean, (¢ — U)(T, ) > 0. Since a was arbitrary and n >
0 is independent of «, this contradicts the DPP for U. Hence, we have
shown that U(T,x) is a subsolution to (4.1) on A := {(T,z) € (0,00) x
R" | Upr(T,2) < 0}. The continuity of h, Up, LU and |07 - V,Ur|* /Urs
implies that U satisfies

0T (z) - Vo Up(T, z)|”

W) Up(T, z) — LU (T, z) + (T 2) <

for (T,z) € A.

Finally, let (Tp,20) € (A4)°N (0,00) x {x € R*|3T > 0: (T,z) € A}.
Then there exists a neighborhood A of (Tp, 79) with A/ C (0, 00) x R" such
that Ury = 0 on NV and (0,00) x {70} NN N A # 0. In particular, we have
V.Ur = 0 on N by the first part of the proof. Hence, the value function U
is linear or constant in 7" and there exist ¢ € R and g € C?(R™) such that

U(T,z) =T + g(x), (T,r) € N.
Therefore,
h(xo)Ur(To, x0) — LU(Th, w9) = ch(zo) — Lg(0). (4.7)

On the other hand there exists 7 > 0 such that (T,z9) € N N A with
U(T,xo) = cT + g(xo) by the continuity of U and

Wzo)Ur(T, xg) — LU(T, z) = ch(zg) — Lg(z9) <0 (4.8)
by the previous part. Combining (4.7) and (4.8) results in
h(on)UT(T(), Io) — ,CU(T(), l‘o) S 0.

To sum up, this together with the first part of the Proposition implies that
U is a solution to (4.1) on AU (0,00) x {z € R"|3T >0: (T,z) € A}. O

Remark 4.2.

(a) In general U € C*((0,00) x R™) is not a solution to (4.1) on the set
(A)°N(0,00) x {x € R"|(T,z) ¢ Afor all T > 0}, see Subsection 7.2
for a counterexample. One can show, however, if there exists an optimal
stopping time for any (7, x), then U is a solution to (4.1) on the whole
set Ry x R".

(b) Let h be continuous. Then the continuity condition in the second part
of Proposition 4.1 is necessary: Let u € C?(0,00) x R™ be a solution of
(4.1) and let (T, z) € (0,00) x R™. If upp(T, x) # 0, then the quotient is
continuous in (7', z). Now assume that upr(7, ) = 0 and observe that

17



o7 W) - Vaour(ty)|”  [2(Cut,y) — h(y)ur(ty), i urr(ty) #0,
urr(t,y) 0, if upr(t,y) =0

for all (t,y) € (0,00) x R™. Thus, for every sequence (7}, Z,)nen <
(0,00) x R™ with (T}, z,,) — (T, x) we have

|0T(37n) - Vur(T,, an)‘2

upp (T, )

<2|Lw(T, xy) — W) ur (T, )|

— 2|Lu(T, z) — h(z)up(T,z)| =0,

n—oo

because u solves (4.1) and upp (T, ) = 0. Hence,

’ o " (zn) - Vour(T,, xn)|2 0 o™ () - Vyur(T, :1:)|2
im =0 = :
T—00 urrt (Tn, xn) urr (T7 $>

which implies the continuity of |07 (z) - Vur(T, 1:)|2 Jurr(T, ).
In Example 7.1 the continuity condition is not satisfied and the value
function is only a supersolution to (4.1).

Remark 4.3. The convention that |0 () - V,Up(T, x)|2 JUrr(T,xz) = 0 if
Urp(T,z) = 0 is justified by the proof of the first part of Proposition 4.1.
There it is shown that

|07 (2)- V. Ur(T.a)|”

2 :
sup {ﬂUmT, 2) + (VaUr(T,2)) " - o(a) - a} ) mms o Um(Te) <0,
acRd 2 O’ if UTT(T, l’) =
Remark 4.4. If one replaces Equation (4.1) with
2
Wa)Ur(T, z) — LU(T, x) — sup {MQ—lUTT(T, 2)+ (Vo Ur(T,z)) " - o(x) - a} =0,
a€Rd

then all the statements of Proposition 4.1 remain true.

Remark 4.5. If we can show that for X¥ = z + W, and h(y) = 1,y € R%,
then the optimal control o* for U(T,z) is given by af = —2X7 i.e. the
optimal stopping time is the first exit time of the ball around 0 with radius
R, for some R, > |z| (cf. with Example 2.5). In this case the PDE (4.1)
simplifies to

1
W@)Ur(T, ) = 5A:U(T, x) + " - V,Ur(T,z) = 0.
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5 Verification

In this section we state a classical verification theorem for U and V. Recall
Remark 4.2 (a): if for all (T, x) there exists an optimal stopping time for
problem (1.3), then U is a solution of (4.1) on the whole domain R, x R™.
Therefore, for a verification it is natural to look for a solution of the PDE
(4.1) on the whole set R, x R".

We first show that if u € C?((0,00) x R™) N C(([0,00) x R") is a solution
of the PDE (4.1), and some additional mild conditions are satisfied, then u
coincides with the value function of the optimal control problem (¢/). The
relation (1.4) allows us then to identify the value function V.

Theorem 5.1.

1. Letu € C?((0,00)xR™)NC([0, 00) xR™) be a supersolution of (4.1) which
is concave in T, satisfies {(T, x)|urr(T,z) = 0} C {(T,z)| Vour(T, z) =
0 € R"}, w(0,z) = f(x) and has linear growth in T and polynomial
growth in x. More precisely, there exists C' > 0 and p > 1 such that

(T, z)| < C(L+T + |z?). (5.1)

If X2 € LP(Q) for all T € T(T), then u(T,x) > U(T,x).

2. Let u € C*((0,00) x R")NC([0,00) X R™) be a solution of (4.1) which is
concave in T and satisfies {(T, z)|urr(T,z)}} C {(T,z)| Vour(T, z) =
0€R"}, u(0,2) = f(z) and (5.1). Furthermore, assume that

R ((quT)T o

Qg 1= _]l{uTT<O}

) (M — H,, X7) € L2, (W),

urr
where
(quT) T. g

dM; = —1inssm.) (ﬂ{uTT<0} o

) (M — Hg, X7)-dW,, M;=T.

If X2 € LP(Q) for all 7 € T(T), then u(T,z) = U(T,x) and (o) is an
optimal control.

The corresponding optimal stopping time 7 in (1.2) is given by
™ ={t>0| M < H}.
3. If the assumptions in 2. are satisfied for all s <'T', then

V(T,z) = sup u(s,z) = u(T AT(x), ),
s€[0,T

where T(x) = inf{t > 0| ur(t,z) < 0}; and an optimal control (a%, m*)
for V(T z) is given by

* vﬂ?u T "0 * x * 7
O{S — —]l{uTT<O} (%) (MS — H87X5)7 m = T/\T(:If),
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where

(VxUT)T el

urr

AMg = =Npesn,y (]l{uw«)} ) (M — Hy, X7) - dW,, Mg =m".

The corresponding optimal stopping time 7 in (1.2) is given by
™ =inf{t > 0| M; < H,;}.

Proof. 1. We first show that every concave supersolution u of (4.1) with the
same initial condition u(0,7") = f(z) satisfying the assumptions given in the
proposition dominates U. Let (T, x) € (0,00) x R™. For (ay) € L2, (W) let
(M>T) be the unique strong solution of (2.2) and let (7,,),en be a localizing
sequence for a. For every n € N define the stopping times

1
= inf{t > ole"T —H, < —},
n

O :inf{t > O‘Mf"T—Ht >nor | X[7| > n}
and 0,, = p, A\ 0, A 17, An. For n sufficiently large, 1t6’s formula implies
w(Mg" — Hy,, X5.) — u(T, z)
= /en (ur(M" — Hg, XD ag + (Vou(MOT — Hy, XI) T - o(XT)) - dW
0

|a5|2

en
—l—/ (—h (X ur + Lu+ 5 uprr + (quT)T co(XY) ~as> (MS’T — Hg, X7)ds.
0

Hence,

977.
w(T,z) > Elu(My" — Hy,, X5 )] — E U (uras + (Vou) T - o(X2)) (M — H, Xj)dWs]
0

O 2
+FE [/ (h (XHur — Lu — |a5| urr — (Vour)' o a3> (M>T — H,, Xf)ds}
0

On
> E[u(MQO‘n’T —Hy,, X)) - E {/ (uras + (V)" - o(XD)) (MET — HS,Xg)dWS]
0
g P
+E [/ (h (X3)ur — Lu — sup {TUTT — (Vaur)' -0 - a}) (M>T — H,, X;”)ds}
0 acR?

With the same arguments as in the proof of Proposition 4.1 it follows that
the stochastic integral is a true martingale and its expectation vanishes.
Since u is a concave supersolution of (4.1) with {(7,z)|urr(T,z) = 0} C
{(T,2)| Vour(T,z) = 0 € R"}, we have

w(T, x) > E[u(Mg:T — Hy,, X3 ).
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For n — oo, 6, converges to 7 := inf{t > 0|M" < H,}. The pathwise
continuity of X% and M®T — H, imply that
Mgt —Hyy —— M*T —H. =0 and X; — X'= Xg(MQ,T) :X&MQ,T), a.s.

n—oo n—oo

We deduce that
a, T T T _ T
u(Mg" = Hop X5,) —— u (0.X50m)) = £ (X5(00zmy)

from the continuity of v on [0, c0) x R™ and the initial condition. (5.1) implies
that

u(Mp" = Ho, X5)| < C (14 Mp" = Ho, +1XG, 1) < (14 Mg" + X5, 17) € LY),

because |X§ | < |X7| € LP(€2). Then it follows from the dominated conver-
gence theorem that for all (a,) € L2 (W)

w(T,x) > FE [f (X&T;(M&’T)ﬂ

and hence, u(T,x) > U(T, z).
2. Now assume that for (T, z) € (0,00) x R"

* vdfu "o * x
a, 1= — (]l{uTT<O}¢) (M HS7X ) € Lloc(W)
urr
where
. Veour)' oo . - .
dMs = _]l{M§‘>Hs} (]]'{UTT<O}%) (Ms - H57Xs) ’ dWS? MO =T
TT

Let (7,)nen be a localizing sequence for o* and define the stopping times
Pn,0n and 6, as in the first part of the proof and apply Itd’s formula to
u(Mg, — Hy,, X ). Notice that the definition of o* implies that

uw(T,z) = Elu(Mg, — Hy,, Xg)].
Finally, we have
lu(My — Hp,, Xj )| < C(1+ My, — Hg, + |X§ |P) < C(1+ My, +|XEP) € LN(Q)
Therefore, taking the limit n — oo results in
w(T,z)=E|f (X&M;o))} < U(T,x),

which implies the second claim.

3. For the last part notice that ug is non-increasing in T for fixed z by the
concavity of u in 7. Thus, m* = T'(x) AT and the corresponding optimal o*
given in 2. are optimal for V(T z). O
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Remark 5.2. Observe that Brownian motion X* starting in « € R? satisfies
X* e L?(Q) for all 7 € T(T), because E [|X*|?| = |z|? + dE[r] = |x|* + dT.

Corollary 5.3. If the assumptions of Theorem 5.1 are satisfied, then V is a
solution to

min {VT(T7 x), ha)\Vp(T, 2) — LV (T, x) + ‘O'T(-T) -V Vi (T, x)‘ } 0

QVTT(T, ZL‘)

(5.2)
on (0,00) x RMN\{(T, z) € (0,00) x R™ | Vp(T, x) = 0} with initial condition
V(0,z) = f(x), where 0D denotes the boundary of an arbitrary set D C
(0,00) x R™.

We next apply Theorem 5.1 in order to determine the optimal stopping
time for various examples.

Example 5.4 (Maximizing the Euclidean norm of a Brownian motion). Let
fly) =y, h(y) =1, y € RY and XF =z + W, t > 0, be a d-dimensional
Brownian motion starting in # € R? Then the value function V of the
optimal control problem (V) is given by

V(T, z) .= /dT + |z|*.

An optimal control for V(7T z) is (af, m*) = (—2XZ,T') and the correspond-
ing optimal stopping time is the first exit time of the ball around 0 with

radius /dT + |z|?.

To see this, we first show that u(T,x) := \/dT + |z|? is the value function
of the optimal control problem (/) using Theorem 5.1.

It is obvious that u € C2((0, 00) x RY)NC([0, 00) x RY), u(0, z) = |x| = f(x)
and that T+ +/dT + |x|2 is concave for fixed x € R? Moreover, upy < 0
on (0,00) x RY,

|u(T, )] < VAT + || < d(14+T + |z|)
and u satisfies the PDE (4.1):

‘VI,UT(T, x){2

hz)ur(T, z) — %Amu(T, z)+ 2urr (T, )

d

d
1 T 1 d?z?
(w+m% QE(WHﬂﬁ mwmm) Mgkw+m)

V. 2X7 ‘
cf:_( W)Mﬁ—&xﬁz— S,Aﬁ:T+/aﬂw»mM%
urT d 0
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Then, (a})s>o € L2 (W) and

loc

Mt* =T+ ",L"Q - ‘th/\a‘Q +IA g,

where o = inf{t > 0| M; <t} =inf {t > 0| X7 ¢ (—\/dT + |22, \/dT + |z[?) }.
Since X* € L*(Q) for all 7 € T(T) by Remark 5.2, the verification theo-
rem shows that u(7, x) is the value function of the optimal control problem
(U). Moreover, ur > 0 implies that V(7T,z) = U(T, z) with optimal control
(a*,T). Using the one-to-one correspondence established in Proposition 2.3,
the optimal stopping time in (1.2) is given by o.

We remark that in this example one can perform a verification without
using Theorem 5.1: Observe that

E[|X?[]) < E[|X2[?]2 = \/dT + [«]?

by the Cauchy-Schwarz inequality and the fact that E [|X§f|2] = 224 dT for
all stopping times 7 € T(T). Hence, V(T,z) < /dT + |z|?. Notice that
the first exit time 7(7,z) of a ball around 0 with radius /dT + |z|* has
expectation 7', see Chapter 4.2.E in [6] and, thus,

V(T7 LC) > EHX;U(T,:E)H =V dI’ + |I|2,
which shows equality.

Example 5.5 (A value function which is strictly decreasing in time). Here
we present an example, where the value function U is a classical solution to
(4.1), but V is not in C? ((0,00) x R).

Consider f(y) = —y*+ 42 h(y) =1,y € R, and let XF =2+ W, t >0,
be a one-dimensional Brownian motion starting in x € R. We will show that

w(T,x) = —a* + 2 + T — T? — 22°T

is the value function of (/) with optimal control o} = —2X7, s > 0, whereas
the value function V' of the optimal control problem (V) is given by

: sl T2 loR
V(T,z) =< —a* + 22+ T —T?% — 22°T, if2? <1, T<1i-2? (53)
—at 4 22, if 2% > 1.

The optimal control is given by (a*, T*), where T* = ((1/2 — 2*) AT)™.
The function u is in C?((0,00) x R) N C([0,00) x R), u(0,z) = —x* +

z? = f(z), u is concave in T with urr = —2 < 0 on (0,00) X R and u

satisfies the PDE (4.1). Notice that u does not satisfy the growth condition

(5.1), but nevertheless we can show that £ [u(M(;’n’T — 0, X§ )] converges to
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E[ f (XLQ,T)] for all square integrable stopping times 7 € T(7T') and that
E[f(XF)] = —oo if T is not square integrable. Thus, we conclude that

u(T,z) = sup E[f(X7)] = U(T, ).

TET(T) with E[12]<oo

Furthermore, we have u(7,x) = E[f(XZ%)], where 7" denotes the first exit
time of (—vT + 22, VT + 22). Note that E[(7*)?] = 5/3(T + 2%)* by [4],
Theorem 8.5.9. Therefore, u is the value function of the optimal control
problem (U). By Theorem 5.1 the value function V' is given by (5.3) and
thus is not in C? ((0, 00) x R).

Example 5.6 (The optimal stopping time is not a first hitting time of two
points). In the previous two examples the optimal stopping times are first
exit times of balls, i.e. the optimal control is of the form of = —2X;/d. We
now present an example where this is not the case.

For f(y) = y*1gy>13, h(y) = 1,y € R, and a one-dimensional Brownian
motion X =z 4+ W,, t > 0, which starts in x € R, the value function U is
given by

T
W(T ) = TTA—a? T < |a|(1 — [z]),
T + 22, T > |z|(1 - |z]).

Note that u is only in C'((0,00) x R). Therefore we slightly modify the
arguments used in the proof of Theorem 5.1 to show that u is indeed the
value function U of the optimal control problem.

Let R = {(t,z) € (0,00) x R|t < |z|(1 — |z|)}. In order to verify that
U=uonR,let (T,z) € R, a € L}, (W) and define the stopping times

loc
o =inf{t > 0| (M>" —t,X7) ¢ R}
1
Qn:inf{t20|Mta’T—t§—}/\Tn,
n

where (7,,)nen is a localizing sequence for . Observe that u € C*(R) and
that the stochastic integral is a martingale on [0, 6,, A o]. Hence,

uw(T,z)=FE [u (Ma’T — 0, No, Xgn/\oﬂ

OnNo
OnNo |Oé |2
+ F {/ (uT — Lu — 28 Ury — asuTx> (M>T — S,Xf)ds}
0
- OnNo 1 U2
>FE {u <M90"M — 0, No, Xy AU) +/ (uT — Lu+ —ﬂ) (MT — S,Xf)ds]
n " 0 2UTT

= |u(M;F, = 0u N0 X500 )|
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In the last step we use that u is a solution to (4.1) on R. The stopping times
6,, converges to 7 for n — oco. Therefore,

TNO

=FK []I{TSU}/U/(M37T - T, X‘f) + ]1{0'<T}u(M?’T — 0, Xg)]
= E 1<y [(XT) + Ljoery (M3 — 0 + (X3)?)] -

u(T,x) > E [u(MZh — 7 Ao, X2,,)]

Conditioning on F, and applying It6’s formula once more, we obtain
u(T,z) > E[f(X7)]

and hence we conclude that w(7',z) > U(T,x). The stopping time 7(7, x) =
inf{t >0| X7 ¢ (z—T/(1 —x),1)}if > 0resp. 7(T,x) =inf{t > 0| X} ¢
(-1, z+T/(1+x)}if x <0 gives

Hence, u = U on R. For (T, z) € R¢, note that f(y) < y? and, thus,

UT,z) < sup E[(XP)?] =2 +T =u(T,x).
T€T(T)

For the reverse inequality let ¥ = inf{t > 0| (T — ¢, X}) € R} and define
ap = (—2X7 +sign(Xy)) Lisa-

Then o* € L}, (W). Using the arguments given in the proof of the second
part of Theorem 5.1, we obtain u(T, z) = E[f(X§.. )] < U(T,x).

Notice that, for 7' > |z|(1 — |z|), the optimal strategy can be described
by the words: “Do nothing until ¥ A T'; after ¢, provided ¢ < T, control
the process M in such a way that the space-time process (X7, M — s) stays
on the graph of z(1 — z) if X§ > 0 resp. —z(1 4+ ) if Xj < 0.” Figure 1
illustrates possible paths the pair (X}, M — t) can take.

Example 5.7 (Constraint on the time where a Brownian motion stays in
(0,00)). In this example we allow for stopping times such that the expected
time, which a Brownian motion spends above 0 until 7, equals T". Moreover,
the payoff is only greater than 0 if the argument is positive, otherwise it
equals 0.

Consider a one-dimensional Brownian motion X}, ¢ > 0, which starts in
z € R. Let h(z) = L;>0y be the constraint function and f(z) = 2*1i>0
be the payoff function. Note that Assumption (A) is satisfied. The value
function U is given by

U(T,2) =T + 2" Lzzoy = T + f(2)
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Figure 1: The figure depicts three realizations of the pair (X7, M;' —t) in Example 5.6.
The y-axis is the conditional expected remaining time.

First, notice that f is not in C*(R) and hence we cannot directly use the
verification theorem. Nevertheless, since the first derivative of f is absolutely
continuous, we apply an Ito-formula for such functions, see [6], Chapter 3.7,
Problem 7.3, and then continue as in the proof of Theorem 5.1. Let « € L7,

and (7,)nen be a localizing sequence for a. For every n € N define the
stopping times

1
pn:inf{tEO‘Mf’T—HtS—},

n
an:inf{tzole’T—Hthor\Xf\zn}

and 0,, = p, A\ o, A7, An. Then we have

U(Mg" — Ho,, Xj,)] = E[Mg:" — Hy, + f(Xj)]

v s+ B[ [ g -] v [ [ o]
=T+ f(z)
=U(T, z),

because the stochastic integral is a martingale and f”(z) = 2h(x), A-almost
everywhere. For n — oo, 6, converges to 7 := inf{t > 0|M" < H,}. Since
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U is continuous, the pathwise continuity of X? and M7 — H, imply that
a, T T T _ T
UM = Hop X5,) —= U (0.X5 0 ) = £ (Xopuiem))

and therefore

= m (0|

loc

For z > 0 every stopping time 7 with mean 7" and such that X* € [0, o0)
is optimal. For x < 0 an optimal stopping time is given by

T =inf{t > 0| X = VT}.

To see this, notice that

E[H*] = E UO h(Xj)ds} —E UO ]1{X§€[O,oo)}ds] — B [/OOO 2Lf(y)dy]

by the occupation time formula, where (L*(y))s>o denotes the local time of
X7 in y. Using Tanaka’s formula gives

- VT
Bz =2 [ B[y~ =9 )dy=2 [ VT-yiy=T
And we obtain
ELf(X2)] = T.

Since U is strictly increasing in 7' the value functions U and V' coincide.

6 The Lagrangian Dual Problem

In this section we briefly compare our solution method with a Lagrange
approach for solving the stopping problem (1.2).

We first show the concave conjugate of V(T z), considered as a function in
T, is the value function of an unconstrained stopping problem with infinite
time horizon. To this end we define T = Uy, T(T).

Proposition 6.1 (cf. [7]). Letw: R, x R4 — RU{+o0} denote the function

w(A, z) = sup £ [f(XT) — AH] (6.1)

and let V*: Ry x R4 — RU{—o00} be the conjugate function of V with respect
to the first argument

V*(\,x) = inf (TA = V(T,x)).

inf
T>0

Then it holds that V* = —w.
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Proof. We have for all (\,z) € R, x R?

—V*(\x) =sup(V(T,z) = TX) <sup sup E[f(XT)—AH;] =w(\ ).

T>0 T>0 reS(T)

Moreover, for all z € R? and stopping times 7 € T it holds that E[f(X?)] <
V (E[H,], ). This implies for all (\,z) € R, x R? that

’LU()\,ZL’) < SupE [V (E [HT] 7$) - AH’T]

TET
< sup(V(T,z) — \T) = =V*(\, z).
T>0
This completes the proof of the proposition. [

For every A € R, the function R? 5 z +— w(\,z) € RU {+o00} is the
value function of a stopping problem. One way to tackle this problem is
the classical PDE approach. The associated dynamic programming equation
takes for every A € R, the variational form (cf. eg. [9, Chapter IV Section

8])
min[—Ld(A, x) + Ah(z), (A, x) — f(z)] =0 for all z € R (6.2)

Note, however, that in general the solution of this equation is not unique.
This can be seen as follows. Suppose that (X7);>o is a Brownian motion
starting in z € R? and let h(x) = 1 for all z € R% Furthermore, assume
that f: RY — R is bounded from above by some constant ¢ € R. Then
the functions @w": Ry x RY — R, @"(\,z) = 3[|z|® +r, r > c all satisfy
Equation (6.2). Observe that if V satisfies the duality relation V' = V** then
the initial condition V'(0,-) = f translates to the identity f(z) = V(0,z) =
infysg —V*(\,x) = —supyso V*(\, z) for all z € R This suggests to impose
the further condition infyso@w(\,z) = f(x) on the solutions of the PDE
(6.2). This might lead to uniqueness, but renders the computation of w
more difficult.

If it is still possible to determine w and if V' = V** then it follows from
Proposition 6.1 that one can recover V' from w via the identity V' = (—w)*.
Moreover if 7y , is optimal in the stopping problem (6.1) for (A, z) € R, x R?
and satisfies the constraint E [H,, .| = T for some T" > 0, then 7, is
also optimal in the problem V(T z) = sup, g E[f(X7)]. Indeed, for every
7 € §(T) it holds that

E[£(X2)] = wh2) + XT > B[f(X2) = \H,] + \T > E[f(X7)].
In general, for a fixed (\,z) € R, x R? an optimal stopping time in (6.1) is
the first hitting time of the stopping region, i.e. 7, = inf{s > 0jw(\, X7) <

f(X?Z)}. However, it may happen that there exist multiple optimal stopping
times for the dual problem (6.1). In this case one has to identify the one

28



matching the expectation constraint E[H,, | = T among all these optimal
stopping times. In particular, it is not sufficient to determine only 7, ,. To
illustrate this fact we revisit Example 5.6, where optimal stopping times for
(6.1) also include stopping times that are not first hitting times of two points.

Example 6.2 (cf. Example 5.6). Let d = 1, f: R — R, f(y) = y*Lyy>1},
h: R — R, h(y) = 1 and let X be a one-dimensional Brownian motion which
starts in 0. Then for the dual problem it is straightforward to show that

w(X,0) = sup E[(Lyw, =1y — NW7] =

Er]<oc0

00, it A <1,
0, ifA>1.

This implies that (—w)*(7,0) = T for all 7" > 0. Therefore it follows from
Section 5.6 that V(T,0) = (—w)*(T,0) for all T > 0. For A < 1 there exist
no optimal stopping times and for A > 1 stopping immediately 7 = 0 is
optimal. But for A = 1 all stopping times 7, that embed the distribution
501+ (1 —a)dy + 561, a € [0,1] into W are also optimal. It holds that
E[r,] = a. It follows that 77 is optimal in the primal problem V(7,0) =
sup,cs(r) ELf(W-)] for all T > 0.

7 Examples with no optimal stopping time

7.1 An optimal stopping time does not exist for U(T',0)

We now present an example where no optimal stopping time exists for U(7, 0),
but for U(T,z) if  # 0. Moreover, the value function does not solve the
PDE (4.1) in (7,0). In addition, V' coincides with U and it is a classical
solution to (5.2).

Let f(y) = e M h(y) =1,y € R, and let XZ = o+ W,;, t >0, be a
Brownian motion starting in € R. Then,

T 1, if v =0,
U(T,z) = 1 <T+ $2€_|x‘_%> , if x #0, (7.1)

T+x2

U € C?((0,00) x R), but there exists no optimal stopping time for U(T, 0),
T > 0. In addition, U is a solution to (4.1) on (0,00) x R\{0} but only a
strict supersolution on (0,00) x {0}:

1 1U2,(T,x) 0 if z#0
y T 2)— U (T e/ K ANk RV ’
(x)Up(T, ) ZUM( ,x) + 2 Urr(T, 2) {%7 ifr=0.

We first show that U(7,0) = 1 and that there does not exist an optimal
stopping time for U(T,0). To see this, let 7" > 0 and notice that the first
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exit time o (T, ¢) of (—¢,T/e), € > 0, has expectation T". Thus,

ge ¢

Te ¢ 5
U(T,0) > sup B [f (X0..))] = SEE{ e, } :1

e>0 T‘|‘€2 T‘|‘52

Since f is bounded above by 1, we conclude that U(T,0) = 1. Now assume
that there exists an optimal stopping time 7* for U(T,0) with 7" > 0, i.e.
E[f(X%)] = 1 and E[r*] = T. This implies X% = 0 a.s., but this is not
possible if 7* is integrable with E[7*] > 0. Hence, an optimal stopping time
for U(T,0), T > 0, does not exist.

Now let x # 0. For T > 0 the reward of the first exit time 0,(0,2 + T /x)
of (0, +T/x), x >0, resp. (x+T/x,0), z <0, is given by

1 gl T
B [f(Xe0errm)] = 7z (D% ¥70) = u(@ia). (72)

It holds true that v € C*((0,00) x R) and u is a solution to (4.1) on (0, 00) x
R\{0}. But for 7" > 0 we have

1 142, (T,0) 1/ 2\ 1. 1
T,0) — =ty (T ST g (— 2 ) 420 = —.
Mw)ur(T,0) = uea(T, 0) + 2 upr (T, 0) 0=3 ( T) 50=7

Hence, u is a supersolution to (4.1). Moreover, it is concave with upr (T, z) <
0 for x # 0 and ur,(T,z) = 0 on {(T,z) € (0,00) X R|upr(T,x) = 0} =
(0,00) x {0}. Since |u| is bounded above 1, u satisfies the growth condition
(5.1) with p = 1. Theorem 5.1 implies that u dominates the value function
and, therefore, U = u.

Remember that the quotient UZ2_/Urr is set to 0 if the nominator and the
denominator equal 0. Here we have

Uz.(T, x)

2
— 5 A0

Hence, (T, x) — Uz (T, x)/Urr(T, x) is not continuous on (0, 00) x {0} and,
therefore, U cannot be a solution to (4.1) by Remark 4.2(b).

It is worth mentioning that 7% = 0 is an optimal stopping time for V(T',0).
Moreover, V(T,x) = U(T, z), because Urp(T,x) > 0 for  # 0. In particular,
V' is a solution to (5.2) on the whole domain (0, c0) x R.

7.2 Maximizing a concave payoff function

We now that show if X is a martingale and f a concave payoff function, then
the value function U is only a strict supersolution to (4.1). Moreover, U is
independent of T" and coincides with f.

Let n =d =1, h(y) = 1,y € R, p = 0 and o(x) > § > 0. Then,
for all x € R the process (XJ) is a martingale with (X% X%), = oo,
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a.s. For every concave and continuous f with subquadratic growth, i.e.
lim, 400 | f(y)|/y* = 0, the value functions U and V are given by

UT,z)=V(T,z) = f(z)

for all (T',x) € [0,00) x R. On the one hand the function f(x) dominates
U(T,z) and V (T, z) by Jensen’s inequality. To prove the reverse inequality,
we define for every (7', z) € (0,00) x R and £ > 0 the stopping times

T
az(a,T):inf{tZO‘ng’é (:C—&‘,Jj’—i—g)}.

Notice that E(o,(e,T)) =T, and hence we have

U(T,z) > SI>1E>E L (X5 em)]

T g2 T
—sp s (o4 2) pom e
2
£

) T T
22&%{]‘"(“;) T+52+f<x—€>m}
~ f(a).

If, in addition, f is twice continuously differentiable and there exists y € R
with f”(y) < 0, then U is not a solution to (4.1) on (0,00) x {y € R|f"(y) <
0}. Notice, however, V' is a solution to (5.2) on (0,00) x R™.

7.3 The value function is linear in T

In the previous two examples the value function U does not solve the PDE
(4.1), but V is a solution to (5.2). We now present an example where both
U and V do not solve the corresponding dynamic programming equation.

Let f(y) =y — /1+42 h(y) = 1,y € R, and let X7, ¢t > 0, be a one-
dimensional Brownian motion with X§ = x € R. For every stopping time

Te€S8(T), T >0, we have
E[f(X®)] =2?+ E[7]+ E {_ 1+ (X;F)Q] <P+ T-V1i+22=T+ f(x)

by Jensen’s inequality. Hence, U(T,z) < V(T,z) <T + f(x).
As in Example 7.2 we define for every (7, z) € (0,00) x R and € > 0 the
stopping times

T
ax(a,T):inf{tZO‘ngé (x—e,x—i—g)}.
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Then it follows that
U(T7 Z‘) Z SeliIO)E [f (X;BI(E,T))}

T\? T\?*\ &2 T
= —| —4/1 - — ( —e)’— /1 — 2)—
s€1>110) (m+€) \/ +<x—|—€) T+52+ (x —¢) + (z—¢) T2

=T+ f(z).
Therefore, V(T,z) = U(T,z) =T + f(x).

U is not a solution to (4.1), because
Uz (T, x) 1
Wrr(Trx) 20+ [P
Moreover, V' does not solve the PDE (5.2). Indeed,

hMz)Ur(T,x) — LU(T, z) + 0.

min {VT(T, x), h(z)Vp(T,2) — LV (T, x) + %} = min {1’ m} > 0.
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