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On randomized stopping
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A general result on the method of randomized stopping is proved. It is applied to optimal stopping of con-
trolled diffusion processes with unbounded coefficients to reduce it to an optimal control problem without
stopping. This is motivated by recent results of Krylov on numerical solutions to the Bellman equation.
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1. Introduction

It is known that optimal stopping problems for controlled diffusion processes can be transformed
into optimal control problems by using the method of randomized stopping (see [2] and [8]).
Since only a few optimal stopping problems can be solved analytically (see [13]), one has to
resort to numerical approximations of the solution. In such cases, one would like to know the rate
of convergence of these approximations. Embedding optimal stopping problems into the class
of stochastic control problems allows one to apply numerical methods developed for stochastic
control [4]. The price one pays for this is the unboundedness of the reward function, as a function
of the control parameter.

Recently, a major breakthrough has been made in estimating the rate of convergence of finite
difference approximations for the pay-off functions of stochastic control problems (in [9], fol-
lowed by [10] and [11]). Applying Krylov’s methods, new rate of convergence estimates can be
found in [1,5-7]. New estimates applicable to numerical approximations of normalized Bellman
equations appear in [12].

Our main result, Theorem 2.1, formulates the method of randomized stopping in a general
setting. Applying it to optimal stopping problems of controlled diffusion processes we easily
get (see Theorem 3.2) that under general conditions, the pay-off function of optimal stopping
problem of controlled diffusions equals the pay-off function of the control problem obtained by
randomized stopping. This result is known from [8] in the case where the coefficients of the
controlled diffusions are bounded in the control parameter (see Section 4 of Chapter 3 in [8]).
In Theorem 3.2, the coefficients of the diffusions and the functions defining the pay-off may
be unbounded functions of the control parameter. Also, they need not satisfy those conditions
on continuity which are needed in [8]. Theorem 2.1 can also be applied to optimal stopping
of stochastic processes from a larger classes than that of diffusion processes. For the theory of
controlled diffusion processes, we refer to [8].
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2. Main result
Let (2, F, P) be a probability space equipped with a filtration (F;);>0, such that Fq contains all

P-null sets. Let T denote the set of finite stopping times. Let § denote the set of all processes
F = (F;)>0 which are {F}};>0 adapted, right-continuous and increasing, such that

Yw € Q Fo(w) =0 and tlirgo Fi(w)=1.

Let 2R be a class of non-negative adapted locally integrable stochastic processes r = (r¢)¢=0 such

that
00
/ Iy dr = o0.
0

Let R, denote those stochastic processes from 9 which take values in [0,n]. SetR =, N R

Theorem 2.1. Let (h;);>0 be a progressively measurable process with sample paths continuous
at 0. Assume that for all t > 0, |h;| < & for some random variable & satisfying EE < co. Then,

(o)
sup Eh, = sup IE/ h; dF; < oo. 2.1
e Feg 0

Theorem 2.1 is will be proven at the end of this section.

Theorem 2.2. Let (h;);>0 be an adapted cadlag process such that

Esup |A;| < o0.

t>0
Then,
© 1 © 1
sup E/ herie” Jorudu gy — sup IE/ herie” Jorudu gy — supEh, < oo. (2.2)
reR 0 reRr 0 TeT

Proof. Letr e R. If g, = e~ Jo rudt then 1 — ¢ € §. Hence

o o
E/ hyree™ Jo T 4r < sup E/ h, dF, = sup Eh; < o0,
0 FeF 0 Te¥

by Theorem 2.1. On the other hand, for T € T, letr/' =0 fort < v and r}' =n for t > 7. Set

P 0, fort <,
rT 11— et forz > .

Then, for any w € 2 and any § > 0,

%) ‘o %) 0
/ h,rt"e_jor“dudtZ/ htdFth/ htdFthIn+Jn+Kn,
0 0 T
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where
T+6 T+6 00
I, ::/ he dF,”, Jn ::/ (hy — h,)dF,”, K, ::/ h; dF,”.
T T T+4

Notice that as n — o0,

Li=h;(1—¢") > h, and |K,| <supl|h/e " - 0.
>0

Furthermore,

|Jul < sup |hy —h|—0 as § — 0.
telr,t+4]

Hence, for any w € €, first taking the limit as n — oo and then the limit as § — 0,
(%) -
/ htrt"e_fo et qr 5 h,.
0

Clearly,

* n fft r"du
herfe” JoTu® dy
0

<sup|h;].
t>0

Hence, by Lebesgue’s theorem,

Sy t Sy t n
sup E / hrelordn g > lim E / horle™ Joridu g
0 0

reR =00

o]

=E lim [ hte oridq =En,. -
n—oo O

Proof of Theorem 2.1. Due to the assumptions on /4, in Theorem 2.1,
(o) (o)
supE/ h;dF; < supE/ EdF; = E¢ < 0.
Feg 0 Fe¥ 0
Let t € €. Define
G} =1=0)lyzr) + Liz=y (1 —e™).
Clearly, G} € §. Using the argument of the proof of Theorem 2.2, it is easy to see that
oo o
Eh; = lim IE/ hy dG? < sup E/ h;dF;.
n—o00  Jo Feg Jo
To complete the proof, one needs to show that

o
sup Eh, z]ET/ h; dF;
e 0



On randomized stopping 355

holds for any F € §. To this end, let us define the time-change S by
B(@r) :=inf{t > 0: F; > r}.
It is then easy to see that 8(r) is a stopping time for every r > 0 and that

oo 1 1
MZE/ htdFl:E/ ]’lﬁ(r)dI":/ Ehﬁ(}’) dr
0 0 0 (23)

1
< ]E/ supEh, dr = supEh,.
0 7% 7e¥

Remark 2.3. Notice that from (2.3), we have the existence of 7 € [0, 1) such that
1
M 2/ Ehgydr <Ehgi) =Eh;
0

for the stopping time T = B(r). If h is a piecewise constant process with finitely many jumps,
then the following lemma provides a way of constructing a stopping time t such that M <[Eh,
holds.

Lemma 2.4. Let (h;)!_,, (pi)]_, be sequences of random variables adapted to a filtration
(Gi)i_,» where G\ contains all P-null sets, such that for all i, p; > 0, E|h;| < oo and

n
Zpi =1 a.s.
i=1

There then exist disjoint sets (Ai);lzl’ A;€Gi, ATUAyU---UA, = Q such that almost surely
E(p1hy + p2ho + -+ puhnlG1) < E(hi1a, + hola, +- - + hyla,1G1).

Proof. For n = 1, the statement of the lemma is obvious. Assume n = 2 (this will illustrate the
general case better). Then, since pih; is G| measurable, p» = 1 — pj is also G| measurable and

I := pihy +E(p2h2|G1) = p1h1 + p2E(h2|Gy).
Let A ={h; > E(h3|G1)}. This is a G set and
I <hi1a, +1g\a, E(h2]|G1) =E(h114;, + holo\a,161).

Assume that the lemma holds for » — 1 > 1. Let us prove that it remains true for n. Let B =
{p1 <1}.

I :=FE(ip1+hypr+---+hypulG1)
= E(lg(hip1 +hapa+ -+ hapa)|G1) + EApehi|G) =: 11 + I,



356 1. Gyéngy and D. Siska
Then,

Iy =1g(hip1 + E(haps + -+ + hapalG1))

hopa+---+hypy
P2+t pn

gl)} "B,
0

where k] = hilpla\a,, P} = pz#fi{+pn on B and p; = (n — 1)~! on B¢, for 2 <i <n. Then,

p5+ -+ p, = 1. Apply the inductive hypothesis to (1})!"_,, (p))?_,, (Gi)!_,. There are then
disjoint A U AJU---UA), =Qsuchthat A} € G; fori =2,...,n and

=13 (h1p1 +(p2+ ~~+pn)IE<

).

since py + -+ - + pp > 0 is G| measurable. Let

Alz{hle< 2p2+ -+ hypn
p2+---+pn

Since A; is a G set,

hapa+ -+ hypy
p2+---+ pn

Iy < hily, + 1BE<19\A1

=hila, + E(Wps+---+ k), p,,|G1),

E(hypy + -+ hypylG1) <E(hylyy + -+ hy1ay 1G).
Hence,
Iy <1, +1E(loua, (halyy + -+ halay)IG1).
We see that (2 \ A1) N (A, U---UAL) =Q\ Aj. For | <i <n,define A; = BNA,N(Q\A)).
Such A; are disjoint, G; measurable and

B‘UAIUAYU---UA, =9Q.

Thus,
It <E(hi1a, +hola, + -+ hpla,1G1).
Finally,
I=1+ D <E(hi(1a, + 1) + holyg, + - + hy14,1G1). =

Let h(?) = ZlNz 1 ;.51 (@®)&; for an increasing sequence of finite random variables 0 = 79 <
71 <--- < 1ty and random variables &; such that E|§;| <oco foralli =1,2,..., N. Let (F;);>0
be the filtration generated by the process & and the processes 1(o, ;) fori =1, 2, ..., N. Then, by
the above lemma applied to h; :=§;, p; := Fy, — Fy,_, and G; := F7,,

00 N N
]E/ h(t)dF,:IEZh,-pi§E2hi1Ai=Eh(r),
0 i=1 i=1
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for any F € §, where T = ZlNzl 7;14,, with A; given by the lemma, is a finite stopping time.
Hence, we note that the inequality

o0
IE/ hydF; <supEh,
0 1e¥

follows for the general case of progressively measurable processes 4 satisfying the condition of
Theorem 2.1, by a simple application of the following lemma from [3].

Lemma 2.5. Let (hy);>0 be a B([0, 00)) x F-measurable process and let F € § such that

o
0

Then, for each integer n > 1, there exists a finite sequence of stopping times Il.(") such that
O:r(gm <tl(") <... 511(\,"(),1) <00
and for
N(n)
B =3 bl o )0, 24)
i=1
one has

[e¢)
IE/ ’h,—h,gn)|dFt—>0 asn — oo.
0

3. Application to controlled diffusion processes

We first introduce some notions and notations from the theory of controlled diffusion processes
from [8]. Fix T € [0, 00). Let (w;, F;) be a d’-dimensional Wiener martingale, that is, w =
(wy)r=0 1s @ Wiener process and w; — w; is independent of F; forall 0 <s <. Let A be a sep-
arable metric space. Forevery t € [0, T], x € RY and o € A, we are given a d x d’-dimensional
matrix o (¢, x), a d-dimensional vector 8% (t, x) and real numbers c* (¢, x), f“(¢, x) and g(z, x).

Assumption 3.1. o, B, c, f are Borel functions of («, t, x). The function g is continuous in (t, x).
There exist an increasing sequence of subsets A, of A and positive real constants K, K,, and m,
my, such that |,y An = A and for eachn e N, a € A,

lo®(t, x) — o (t, Y|+ 1B%(t,x) = B*(t, Y)| < Knlx — yl,
lo® (2, )] +18%(1,x)| < Ky (1 + |x]), 3.1
@, )+ £, )] < Kn(1+[x])™, lg(t, )| < K(1+[x])™

forallx e R and t € [0, T).
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We say that o € 2, if @ = (a;),>0 is a progressively measurable process with values in A,.
Let A = UneN 2A,,. Then, under Assumption 3.1, it is well known that for each s € [0, T'], x € R4
and o € 2, there is a unique solution {x;:¢ € [0, T — s]} of

t t
xtzx—i—/ a““(s—i—u,xu)dwu—i—/ B (s +u, x,) du, (3.2)
0 0

o,s,X

denoted by x,”"". For s € [0, T], we use the notation T(T — s) for the set of stopping times
T <T —s. Define

w(s,x)=sup sup v*"(s,x),
aeA 1eT(T—s)

where

T
v (s, x) = Ef [/ fo(s4t,x)e?dt + g(s + 7, xf)e“”},
0

t
@ :/ ¢ (s +r,x.)dr
0

and EY | means expectation of the expression following it, with x;7%* in place of x; everywhere.

It is worth noticing that for

wp(s,x):= sup sup v*7(s,x),
aeA, 1eX(T—s)

we have

wy (s, x) 1 w(s, x).

By Theorem 3.1.8 in [8], wy(s, x) is bounded from above and below. Hence, w(s, x) is
bounded from below. However, it can be equal to 4-00.

Let 2R, contain all progressively measurable, locally integrable processes r = (r7) >0y taking
values in [0, n] such that [;° r; dr = co. Let R = |, ey R

Next, we prove a theorem which is known from [8] in the special case when A = A,, K = K,,,
m = m, for n > 1 (see Exercise 3.4.12, via Lemma 3.4.3(b) and Lemma 3.4.5(c)). Our proof
is a straightforward application of Theorem 2.2. Since Theorem 2.2 is removed from the theory
of controlled diffusion processes developed in [8], we do not require that o, b, ¢, f and g be
continuous in (o, x) and continuous in x, uniformly in « for each ¢ (conditions which are needed
in [8]).

Theorem 3.2. Let Assumption 3.1 hold. Then, for all (s, x) € [0, T] x R4, either both w(s, x)
and

T—s
sup sup E¢ . {/ [F% (s +1,x)e % +rig(s + 1, x)e# Je~ Jornd gy
acAreR 0

T—s
et
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are finite and equal, or they are both infinite.

Proof. Without loss of generality, we may assume that s = 0. Let r € R. For ¢ > T, let
e, x) =0, c*(,x) =0. For fixed () € 2, set

fo= 1t x)e™ ™, fort >0,

{g(t,xt)e_‘/’f, fort<T,
=

g(T,x)e %1, fort>T.

Recall that if r € R, then fooo rydt = o00. Clearly, f; =0fort > T, and
*© ! rpd T yud
/ g,r,e_fo Tullt df = gTe_fO Tudit,
T
Thus,
r t T
/ (fi + gir)eJorud dr + gre™Jo rude
0

o0 1
=f (fs + gerpe” Jorudt r
0

00/ pt .
:/ (/ fs ds—}—g[)r,efor“d” dr,
0 0

where the last equality comes from integrating by parts. We check that for

t
hy 12/ Sfsds + g,
0

for each o € 2, Esup,zo |ht| < oo holds. Indeed, if « € 2A,,, then

t
Esup|h;| <E sup (/ | % (s, xs5)[e™ % dS+Ig(t,xt)|e“"’>
t>0 t€[0,T] 0

<TK,E sup (1+ |x])"™ +TKE sup (1+ |x/)" < o0,
t€[0,T] t€l0,T]

due to estimates of moments of solutions to SDEs (Theorem 2.5.9 in [8]). Since g = g(¢, x) is
continuous, /4, is continuous. Hence, by Theorem 2.2,

o t T
sup E/ (/ fsds + g,)r,ef(; rudi qp — supE/ fods + g¢
0 0 0

reR Te¥

T
= sup E/ fsds + g¢
rex(T) Jo
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because f; =0 and g, = gr fort > T, so nothing can be gained or lost by stopping later. Hence,

for any o € 2,

T

sup E{/ fo (@, xp)e™” dt+g(t,x,)e_‘p’}
Te%(T) 0
T ot
= sup IE{/ [f% @, x)e ™ + g, xp)rele Jorudu gy
reR 0

+g(T.xp)e ¥l d}
which proves the theorem. ]
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