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Abstract

In this article we propose a Weighted Stochastic Mesh (WSM) algo-
rithm for approximating the value of discrete and continuous time opti-
mal stopping problems. In this context we consider tractability of such
problems via a useful notion of semi-tractability and the introduction of
a tractability index for a particular numerical solution algorithm. It is
shown that in the discrete time case the WSM algorithm leads to semi-
tractability of the corresponding optimal stopping problem in the sense
that its complexity is bounded in order by e~*1log?*?(1/¢) with d being
the dimension of the underlying Markov chain. Furthermore we study
the WSM approach in the context of continuous time optimal stopping
problems and derive the corresponding complexity bounds. Although we
can not prove semi-tractability in this case, our bounds turn out to be the
tightest ones among the complexity bounds known in the literature. We
illustrate our theoretical findings by a numerical example.
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1 Introduction

The theory of optimal stopping is concerned with the problem of choosing a time
to take a particular action, in order to maximize an expected reward or mini-
mize an expected cost. Such problems can be found in many areas of statistics,
economics, and mathematical finance (e.g. the pricing problem of American
options). Primal and dual approaches have been developed in the literature
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giving rise to regression-type Monte Carlo algorithms for high-dimensional op-
timal stopping problems. So far modern literature on numerical analysis of
high-dimensional optimal stopping problems focused almost exclusively on con-
vergence analysis of various simulation-based stochastic algorithms. However,
comparing different algorithms based only on their convergence rates is not pos-
sible since these algorithms may have different costs. Therefore it is important
to carry out complexity analysis of stochastic algorithms for optimal stopping
problems. Such a complexity analysis will provide us with convergence rates of a
stochastic algorithm in terms of its cost and hence can be viewed as a universal
criteria for comparing different algorithms. Complexity analysis has played and
is still playing an important role in numerical analysis of algorithms, see [15]
and the references therein. The key numerical problem studied in this literature
is the computation of integrals by means of deterministic and stochastic (ran-
domised) algorithms. Optimal stopping problems can not be boiled down to the
computation of a single integral but rather require computation of several nested
integrals (dynamic programming principle). Hence the standard concepts and
results from the existing complexity theory can not be directly transferred to
complexity analysis of optimal stopping problems.

One of the most widely adopted regression algorithms by practitioners is
the Longstaff & Schwartz (LS) algorithm. It is based on approximating condi-
tional expectations using least-squares regression on a given basis of functions
in each backward induction step. Longstaff and Schwartz [14] demonstrated
the efficiency of their approach through a number of numerical examples, and
in [6] and [20] general convergence properties of the method were established.
In particular, it follows from Corollary 3.10 in [20] that for a fixed number L
of stopping opportunities and a popular choice of polynomial basis functions
of degree less or equal to m, the error of estimating the corresponding value
function at one point is bounded by
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where N is the number of paths used to perform regression, o > 1 is related
to smoothness of the corresponding conditional expectation operator, d is the
dimension of the underlying state space, and x is some constant independent of
N, d, and a. On the other hand, due to the computation of a (random) pseudo-
inverse at every stopping date, the computational cost of the least-squares MC
algorithm is approximately proportional to x; Nm2?L where &, is proportional
to the cost of an elementary operation (multiplication for example). This leads
to the following estimate for the complexity of the LS algorithm, that is, the
amount of “elementary” operations needed to construct an approximation for
the value function with accuracy e.

Proposition 1 For L stopping opportunities and underlying dimension d, the
computational work for achieving an accuracy € by the LS algorithm is bounded



by
L 5(K2 +L)(24+3d/«a)

Cr (e, d) =k 275d/a (2)

with k2 :=In(2k)/In 5.

If we next consider a continuous time optimal stopping problem, then we
need to approximate it by a discrete one with L stopping dates, and then let
L — oo. For instance, let us assume that the error due to the time discretization
is of order L=P for some 0 < B < 1, independent of d. Then, for achieving an
overall accuracy of order e, we may take L = k3e '/ for some k3 > 0, which
gives by (2) the complexity bound
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It follows that the complexity of the LS algorithm for continuous time optimal
stopping problems may even grow faster than exp(e~/#). Similar complexity
bounds can be derived for other simulation based regression algorithms, such
as the value iteration algorithm by Tsitsiklis & van Roy [19] (TV). See also for
example, [8] for more general regression algorithms or [10] for a novel nested
type MC approach with complexity which is independent of d but exponential
in ¢!, unfortunately.

An interesting question is whether the complexity bounds (2) and (3) for
the discrete and continuous time stopping problems, respectively, are attained
in worst cases. The appearance of 1/¢ in the exponential in (3) and the number
of exercise dates L in the exponential in (2), respectively, is of course due to the
appearance of L in the exponential of the convergence estimate (1). In fact, the
latter appearance is observed in all error bounds concerning regression-based
backward dynamic programs for optimal stopping in the literature (e.g. [§],
[20]). Tt also appears in a later result by [21], based on dependent samples, and
in the convergence analysis by [4] in the context of optimal stopping of McKean-
Vlasov processes. This factor seems to be unavoidable because at each backward
step the projection error of the estimated continuation function needs to be
bounded in relation to the projection error of the true continuation function.
For details, see for instance [20], Theorem 3.1 versus Theorem 3.3, and [21],
Theorem 5.1 versus Theorem 5.6. It should also be noted that if we discretize
a continuous time optimal stopping problem, then conditional variance of the
underlying process decreases from one exercise date to the next. However, this
decrease is typically of order 1/L with L being the number of exercise dates
and as such is not fast enough to remove exponential dependence on L in the
above convergence estimates. Thus, in view of the above considerations, the
complexity bounds (2) and (3) for the LS algorithm seem to be sharp in some
sense, but, a rigorous proof of this assertion seems highly nontrivial and therefore
beyond the scope of this article.

An important notion in complexity analysis is tractability of a numerical
problem. A d-dimensional numerical problem, for example, computation of an



integral f[o 14 f(x) dz is called tractable, if there is an algorithm to solve it with

complexity C(e, d) satisfying
logC (e,d
0y losCled) (4)
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Unfortunately in the case of optimal stopping problems this definition is not
very meaningful and rather restrictive. It turns out that for all regression-
type algorithms one has, already in the case of discrete time optimal stopping

problems,
logCle,d
lim sup L’l) =00 (5)
d+e~1 S0 d +e”

(based on the convergence rates known in the literature), that is, any discrete
time optimal stopping problem is intractable according to this definition. As an
example consider again the LS algorithm in the case of analytic (hence infinitely
smooth) continuation functions. Using results from [18], it can be shown that
the error (cf. (1)) of the estimated value function in this case has the form:

d
5L <\/%+e—9m), >0,

where m is again the maximal polynomial degree. Similar to Proposition 1, it
then follows that

52L 5L/0 3¢

is an upper bound for the LS complexity and so we get (5) (take e ! = d
and let d  o0). Thus even in the case of analytic continuation functions
tractability of discrete time optimal stopping problems in the sense of (4) can not
be established by the LS algorithm. However, the latter observation also applies
to any other simulation based algorithm addressed in this paper, including the
WSM algorithm that we are going to present below.

In fact, the problem with criterion (4) is that it puts too much weight on the
dimension d on the one hand, but on the other hand, is too relaxed regarding the
dependence of C(e, d) on e. For instance, it is not difficult to see that it renders a
problem with an algorithmic complexity of order d? exp(e~1/loglog...loge™1!)
to be (weakly) tractable while an algorithm with complexity 2¢/¢ is not. How-
ever, running an algorithm with a complexity growth of exp(e~!/loglog ... loge 1),
hence faster than any e %, k € N, when ¢ \, 0, is in practice impossible (even
when d = 1). In the setting of optimal stopping problems, the dimension d is
typically fixed, though can be large. Therefore in our paper we propose a more
meaningful definition of tractability based on the quantity called tractability
index.

Definition 2 (i) For an algorithm with complexity C (¢, d) the so-called tractabil-
ity index is defined as

e 1 ,d
Te 4 im sup lim sup 08 C (¢, d)

d e oo dlog(l/e)’ @)



(ii) We call a problem semi-tractable if there is an algorithm to solve it which
has zero-tractability indez, that is,

Te = 0. (8)

For example, it is easily seen from Proposition 1 that for continuation functions
with smoothness « the discrete time LS algorithm has tractability index I'c =
3/a, whereas in the case of analytic continuation functions (6) implies

logCr(e,d) < logLJrlog%erloglogé
dlog(1/e) ™~ dlog% ’

hence I'¢™>° = 0 and semi-tractability in our sense follows. However, we see
from (3) (for a < 00) and a similar expression obtained from (6) in the case of
analytic continuation functions, that the LS algorithm has tractability index oo
for continuous time optimal stopping problems.

In this paper we introduce Weighted Stochastic Mesh (WSM) algorithm and
show (under mild assumptions) that a discrete time optimal stopping prob-
lem may be computed by this algorithm with tractability index 0, and so is
semi-tractable in the sense of Definition 2-(ii). Furthermore, we show that the
continuous time stopping problems may be computed via this algorithm with
finite tractability index equal to 2. The construction of this algorithm in the
discrete time case follows closely the idea of the mesh method by Broadie and
Glasserman [5]. By enhancing the latter method with a suitable regularization,
we prove that the complexity of the resulting WSM algorithm satisfies (8) (un-
der mild conditions), provided the transition densities of the underlying Markov
chain are analytically known or can be well approximated. It turns out that
for solving a continuous time optimal stopping problem we do not need to as-
sume that the transition densities are known but can use Gaussian transition
densities of the corresponding Euler scheme. This results in an algorithm with
complexity of order ¢?e~(24+14) for some constant ¢ > 1. Although this does not
imply semi-tractability of continuous time optimal stopping problems, the pro-
posed algorithm is very simple and its complexity remains provably polynomial
in e~! as opposed to the LS approach. In particular, it follows that the WSM
algorithm for continuous time optimal stopping problems has tractability index
2, and as such has the smallest tractability index among the existing algorithms
for continuous-time optimal stopping problems.

Let us remark that a complete convergence analysis as well as complexity
analysis of the stochastic mesh method for optimal stopping in discrete and
continuous time is still missing in the literature, apart from some preliminary
results for the discrete case in Agarwal and Juneja [1]. But, [1] does not trace
the dependence of the errors on the underlying dimension and the number of
stopping times, and is moreover based on a rather restrictive assumption of
a compact state space. Further, the WSM algorithm presented in this paper
bears some similarities to the random grid algorithm of Rust [16]. However, the
Rust [16] algorithm was constructed and studied for Markov Decision Problems
in discrete time and is not directly applicable to optimal stopping problems.



As such the corresponding convergence analysis in [16] differs in several re-
spects. For example, it assumes a compact state space and Lipschitz continuity
of transition densities with Lipschitz constant basically not depending on the di-
mension. (The latter assumption is violated by a d-dimensional Gaussian kernel
with small enough variance, due to exponentially growing Lipschitz constants
in d, for instance.)

The paper is organized as follows. A description of the proposed algorithm
is given in Section 2. Section 2.2 is devoted to convergence and complexity
analysis of our algorithm. In Section 3 we turn to continuous time optimal
stopping problems. Section 4 concisely highlights the main achievements of the
paper. Some numerical experiments are presented in Section 5 and all proofs
are collected in Section 6.

2 Discrete time optimal stopping problems

We begin with the description of the WSM algorithm for discrete time optimal
stopping problems. Let us assume a finite set of stopping dates {0, ..., L}, for
some natural L > 0, and let (Z;,1 =0, ..., L) be a Markov chain in R¢, adapted

to a filtration (F;, Il = 0,..., L) . For a given set of nonnegative reward functions
g1, 1=0,...,L, on R% we then consider the discrete Snell envelope process:
def
U, =U,(Z;) = esssupE, [g-(Z,)], (9)
T€TI,L

where 77, 1, stands for the set of F-stopping times with values in the set {i,..., L},
and E; := Ex, stands for the Fj-conditional expectation, and the measurable
functions U;(-) exist due to Markovianity of the process (Z;);>o.

For simplicity and without loss of generality we assume that the Markov
chain (Z;);>0 is time homogeneous with [-steps transition density denoted by
pi(y|x) and one-step density denoted by p(y|x) = p1(y|x), so that

P[Zys1 € dy| Zy, = ] = p(ylx)dy,  p(ylr) >0,

for all x,y € R, Fix some 2y € R? and assume that Zy = z. It is well known
that the Snell envelope (9) satisfies the dynamic program principle,

Ur(Zr) = gL(ZL), (10)
Ul(Zl) = max {gl(Zl)a E [Ul+1(Zl+1)| Zl]} , = 0, ceey L—1.

Next we fix some R > 0 and define a truncated version of the above dynamic
program via

UL(Z1) = 90(Z1) - 1z,eBx, (11)
ﬁl(Zl) = max {91(21)7 E {[71+1(Zl+1)’ Zl:| } . ]]-ZI,GBRv = 07 N 7L - ].7



where Bp & {2 : |z — 20| < R}. Thus, by construction, U; vanishes outside the
ball Br. Also by construction it holds that

o <GpY¥ 12
1Tl < Gr J27, S ai(2), (12)

which is easily seen by backward induction. In view of (11) we may write

E [ﬁz+1(Zz+1)‘Zl :x} = /ﬁm(y)p(mx))pm(y%)dy-

P (ylwo
Now assume that we have a set of trajectories Zl(n)7 l=0,...,L,with Zén) = xg,
n = 1,..., N, simulated according to the one-step transition density p, and

consider the approximation:

1+1(4i41 1= I} ~ l+1 l+1 e
N z+1(Z +1\$0)

where in view of the Chapman-Kolmogorov equation

N
n 1 n m
pa 2 o0) = [ o2 elan) dz = - w2120,
m:l

Hence we have approximately

E [(71+1(Zl+1 ’Zz = x} Z U1(Z (”) = p( l+1|x) (13)

l+1 n m)y
Zm:l p(Zl(+1|Zl( ))
We thus propose the following algorithm. We start with

= gL(ZJ(Ln))]lZ(L")EBR

forn=1,...,N. Once U4 is constructed on the grid for 0 < I +1 < L, we set

Ul(Z(T)) L max { gi( Z(r i n) p( l+1|Z ) o
2 VD g | e
- (14)
for r = 1,..., N. By construction, each function U; vanishes outside the ball

Bpg. Working all the way down to [ = 0 results in the approximation:

p(Z{" |x0)
N
SN p(Z{"|x0)

for Uy. As such the presented algorithm is closely related to the mesh method
of Broadie and Glasserman [5] apart from truncation at level R and a special
choice of weights.

N
Ug = max lgo(ﬂfo), Z Uﬁn)(zfn))
n=1




2.1 Cost estimation

Let us estimate the cost of carrying out the backward dynamic program (14).
One needs to compute p(Z(”)1|Z ) foralll=1,...,L, n,m=1,...,N. This

can be done at a cost of order N 2chcd)7 where c;d) is the cost of evaluating a

typical) function of 2d arguments. In the typical situation D g proportional
f

to d. The evaluation of
(n (m)
N E Z |Z,

fori=1,..,.L,n=1,.... N, has a cost of order N2Lc, with c, being the cost
of an elementary numerical operation, which is negligible if ¢, < cgcd). So the
overall cost of carrying out the backward dynamic program (14) is of order

(d)
N2ch .
2.2 Error and complexity analysis

In this section we analyze convergence of the WSM estimate (14) to the solution
of the discrete optimal stopping problem (9) for I = 0 and a fixed zg € R as
N — 0. Let us first bound a distance between U; and Uy, [ =0,..., L.

Proposition 3 With
de

ELR :f/ Ui(z)pi(z|zo) dz
|z—zo|>R

1=0,...,L, it holds that

L
/|Ul(3c) — ﬁl(x)’pl(ﬂxo) dx < ZEJVR' (15)
j=l

Proposition 4 Suppose that

< d
a/nd that
’ = < —|— .

Suppose further that for some »x, a«>0,andl=1,..., L,

” _le—y|?

0 < pi(ylz) < W 2al (18)

for all z,y € R?. One then has

/‘Ul(m) - ﬁl(x)|pl(3§|x0) dx

2
< Legse (1 +cz +cz|zo| + cZ\/daL> 2d/4¢sar | (19)



Next we control the discrepancy between U, and [70.

Proposition 5 With

P24 // p(ylz)
max r|xo) dady, 20
1<i<L ly—zo|<R Pl+1 y|$0) pi(wlwo) Y (20)

and N such that (1 + Fr) /v'N < 1, it holds that

([T - Tof] < (3+v2) LGR1;§R

Corollary 6 Under the assumptions of Proposition 4, we have for (20) the
estimate

»R? N
(2a)4/2T (1 +d/2) —

F% < Vol(Bg) = s (e/a)? RI~2,

»
(2ra)d/?
where the last inequality follows from T' (1 + a) > a*e™® for any a > 1/2. Then
by combining (19) with Proposition 5 we obtain the error estimate,
J— 2
E HUO — U()H < Legax (1 +cz +cgl|xol + szdaL) 2d/4678}§ﬁ

1+ 51/2 (e/a)d/4 RA/24—d/4
VN '

Proposition 7 Under the assumptions of Proposition 4 the complexity of the
WSM algorithm is bounded from above by

+ (3+x/§) Leg(1+ R) (21)

Cle,d) = cra’cys cgcd) ArdtTe—4

ey Vol
d+2 | L(1+cz +cg|wo|) eTFezFeaor28/4 (cye v 1)
€

X log » (22)

where ¢; > 0 and co > 1 are natural constants and D stands for the cost of
computing the transition density p;(y|z) at one point (x,y).

Corollary 8 For a fized L > 0 the discrete time optimal stopping problem (9)
with g and (Z;)1>0 satisfying (16), (17) and (18) is semi-tractable, provided that
the complezity of computing the transition density pi(y|z) at one point (x,y) is
at most polynomial in d. Different approximation algorithms for discrete time
optimal stopping problems can be compared using the tractability index (7). For
example, it follows from (2) that the tractability index of the LS approach is equal
to 3/a. If the continuation functions are analytic, then the tractability index for
the LS approach becomes zero. Moreover from inspection of Theorem 2.4 in [3],
we see that the Quantization Tree Method (QTM) has tractability index 2.



LS [ WSM | QTM
3/ 0 2

Table 1: Tractability index I' of different algorithms for discrete time optimal
stopping problems

2.3 Approximation of the transition density

A crucial condition for semi-tractability in the discrete exercise case is the avail-
ability of the transition density p(y|z) of the chain (Z;);>¢ in a closed (or cheaply
computable) form. However, we can show that, if a sequence of approximating
densities p™(y|z), n € N, converging to p(y|z) can be constructed in such a way
that

P"(ylz) —pyle) | o L+ ]y — xo|™ + ]2 — xo|™)"

pn(y|z) ~ n! ) Y,z € BRn (23)

for some m € N and a sequence R,, /* co, n ' 0o, then under proper assump-
tions on the growth of R,, and the cost of computing p™ (in fact it should be at
most polynomial in d), one can derive a complexity bound C(e, d) satisfying

lim logC(e, d)

T is finite and does not depend on d .
eN\o0 log =

The proof involves a (rather straightforward) extension of the present one based
on exact transition densities. But, on the one hand, one of the main results in
this paper, tractability index 2 of the continuous time stopping problem, does
not rely on transition density approximation, and on the other hand, such a
proof would entail a notational blow up and might detract the reader from the
main lines, therefore the details are omitted.

To construct a sequence of approximations p"(y|z) satisfying the assump-
tion (23), one can use various small-time expansions for transition densities of
stochastic processes, see, for example, [2] and [13]. Let us exemplify this type
of approximation in the case of one-dimensional diffusion processes of the form:

dXt = b(Xt)dt+U(Xt) dI/Vvt7 XO = Xy,

where b is a bounded function, twice continuously differentiable, with bounded
derivatives and o is a function with three continuous and bounded derivatives
such that there exist two positive constants o,,0° with o, < o(z) < ¢°. Con-
sider a Markov chain (Z;);>o defined as a time discretization of (X;);>0, that

is, Z; def XA, 1 =0,1,2,... for some A > 0. Under the above conditions the
following representation for the (one-step) transition density p of the chain Z is
proved in [9] (see also [7] for more general setting):

B N S G 1)) A W
pol0) = e (- 0 (s, e

10



with Ua(z,y) = Ra(z,y) exp [ [ b(z) dz — [} b(z) dz] ,
1
Rao) = [ow (<4 [ oo+ sty - o)+ VAR )] (2a)
0
where B, is a standard Brownian bridge, s(z) = [ %, g=s"!and

p=b*+0b)/2 with b= (b/o)og—o'0g/2.

Note that the expectation in (24) is taken with respect to the known distribution
of the Brownian bridge B,. By expanding the exponent in (24) into Taylor series,
we get for A small enough

L1 (@)
p(zly) = oA o) p( A )

X exp UO b(z)dz — /Oy b(z) dz] i Ak—fck(x,y)
k=0

with
ce(z,y) = (—1)*E [(/01 plz+2(y — x) + VAB,) dzﬂ .

If p is uniformly bounded by a constant D > 0, then the above series converges
uniformly in z and y for all A small enough. Set

ol — L L ()~ s()?
7o) = e ()

X exp [/Orb(z)dz—/oyb(z)dz} { . A];ck(x,y)}.

k=0
It obviously holds p™(y|z) > 0 for A < Ag(D) and

p"(yl2) — p(yl2) (AD)"
p(ylz) ~ (1-ADexp(AD))

uniformly for all z,y € R. Hence the assumption (23) is satisfied with m = 0,
provided that A < A for some Ag depending only on D. Similarly if p < 0,
then (23) holds. To sample from p™ we can use the well-known acceptance
rejection method which does not require the exact knowledge of a scaling factor

[ 0" (ylx) dy.

(25)

3 Continuous time optimal stopping for diffu-
sions

In this section we consider diffusion processes of the form

dX!=bi(X)ds+ Y 0ij(X)dW], Xj=uaxf, i=1,....,d,  (26)
j=1

11



where b : R - R? and o : R? — R¥*™  are Lipschitz continuous and W =
(W1L,...,WW™) is a m-dimensional standard Wiener process on a probability
space (€2, F,P). As usual, the (augmented) filtration generated by (W;)s>o0 is
denoted by (Fs)s>0. We are interested in solving optimal stopping problems of
the form:

Uz = esssup E[e™" ("0 f(X,)| 7, (27)

T€Te, T

where f is a given real valued function on R?, r > 0, and T, r stands for the
set of stopping times 7 taking values in [t,T]. The problem (27) is related to
the so-called free boundary problem for the corresponding partial differential
equation. Let us introduce the differential operator L; :

Laulten) = £ S a2 )+ () 1,
tUAn, & —5”21%] Oridxi p N g T
where .,
aij(x) = Zoik(x)ajk(x)
k=1

We denote by X5* (or X»*(s)), s > T, the solution of (26) starting at moment
t from x : Xf’z = x. Denote by u(t, ) a regular solution of the following system
of partial differential inequalities:

ou

5 thu—ru<0,u>f (t2)€[0.T) xR, (28)
ou d
E—i—Ltu—Tu (f_u)zoa (tﬂx)e[()’T)XR’

u(T,z) = f(z), ze€R’,
then under some mild conditions (see, e.g. [11])

u(t,x) = sup E[efr(fft)f(Xi’m)] , (t,z) €0,T] x R, (29)
TETe, T

that is, u(t, ) = Uy (x).

With this notation established, it is worth discussing the main issue that we
are going to address in this section. Our goal is to estimate u(t,x) at a given
point (tg, zo) with accuracy less than e by an algorithm with complexity C*(e, d)
which is polynomial in 1/e. As already mentioned in the introduction some well
known algorithms such as the regression ones fail to achieve this goal (at least
according to the existing complexity bounds in the literature).

Let us introduce the Snell envelope process:

+ def
Uy © esssup, e, ,Ex, lo(r, X)), (30)

where (somewhat more general than in (27)) g is a given nonnegative function
on R>g x R% In the first step we perform a time discretization by introducing

12



a finite set of stopping dates t; = lh, I = 1,...,L, with h = T/L and L some
natural number, and next consider the discretized Snell envelope process:

o def
Ug (Xy,) = esssupEr, [9(r, X,)],
T€TI,L

where T 1, stands for the set of stopping times with values in the set {¢;,...,tL}.
Note that the measurable functions Uy (-) exist due to Markovianity of the pro-
cess X. The error due to the time discretization is well studied in the literature.
We will rely on the following result which is implied by Thm. 2.1 in [3] for
instance.

Proposition 9 Let g : [0,T] x R — R be Lipschitz continuous and p > 1.
Then one has that

. coe” (1 + |zol)
1=0,...,.L p = L ’

where the constants c,,Cs > 0 depend on the Lipschitz constants for b, o, and
g, respectively.

In order to achieve an acceptable discretization error we choose a sufficiently
large L, and then concentrate on the computation of U°.

In the next step we approximate the underlying process X using some strong
discretization scheme on the time grid ¢, = ¢T/L, i = 0,..., L, yielding an
approximation X. It is assumed that the one step transition densities of this
scheme are explicitly known. The simplest and the most popular scheme is the
Euler scheme,

X, =X 05X h+ > 05(X) (Wg+1—Wg), Xo=ai, (31)

Jj=1

ti41

i =1,...,d, which in general has strong convergence order 1 /2, and the one-step
transition density of the chain (X, )i>0 is given by
_ def 1 L4 Ty-1
Prlylz) = ——===cexp | —gh™ (y —2 = b(x)h) X7 (y — v — b(z)h)
(2nh)? |5
(32)

with ¥ = 00" € R4 and h = T/L. Now we will turn to the discrete time
optimal stopping problem with possible stopping times {t;, = lh, Il =0,...,L}.
To this end we introduce the discrete time Markov chain Z; def Ytl adapted

to the filtration (F;) Lef (Fy,), and gi(z) Lef g(t;,x) (while abusing notation
slightly) and consider the discretized Snell envelope process

) £ esssupE, [g(r, X ;)] = esssupEx, [0.(Z)] E Ui(Z),  (33)

T€TI,L €Ty

Utl (Ytl

13



where 7, 1, stands for the set of stopping indices with valuesin {l,..., L}, and the
measurable functions Uy, (-) (or Uj(-)) exist due to Markovianity of the process

X (or Z). The distance between U and U® is controlled by the next proposition.

Proposition 10 There exists a constant CF¥e" > 0 depending on the Lipschitz
constants of b, o, and g, such that

(max E[|UF(Xy,) = Uy, (X3,)[] < CPrVh,

Thus, combining Proposition 9 and Proposition 10 yields:

Corollary 11 If X is constructed by the Euler scheme with time step size h =
T/L, where L is the number of discretization steps, then under the conditions
of Proposition 9 and Proposition 10 we have that

E[|U§ (z0) — Uo(0)[] S CP"Vh  for h — 0, (34)
where < stands for inequality up to constant depending on c,,Co and CFuer,

Since the transition densities of the Euler scheme are explicitly known (see
(32)), the WSM algorithm can be directly used for constructing an approx-
imation Ug(zo) based on the paths of the Markov chain (Z;). To derive the
complexity bounds of the resulting estimate, we shall make the following as-
sumptions.

(AG) Suppose that ¢, > 0 is such that
g(t,x) <cyg(1+]z|) forall0<t<T, recRL (35)
(AX) Assume that there exists a constant cg > 0 such that for all 0 <[ < L,

E su Yl’h
F p
<<t

‘Y;hzx} <cg(1+]z), =R (36)

uniformly in L (hence h). This assumption is satisfied under Lipschitz
conditions on the coefficients of the SDE (26), and can be proved using
the Burkholder-Davis-Gundy inequality and the Gronwall lemma.

(AP) Assume furthermore that (Ylh, [=0,..., L) is time homogeneous with
transition densities Py, (y|x) that satisfy the Aronson type inequality: there
exist positive constants 3z and @ such that for any z,y € R? and any [ > 0,

it holds that o
7 _lz—y)?

7(271_&”1)[1/2 e 2alh |

This assumption holds if the coefficients in (26) are bounded and o is
uniformly elliptic.

0 <Py (ylz) <

The next proposition provides complexity bounds for the WSM algorithm
in the case of continuous time optimal stopping problems.

14



Proposition 12 Assume that the assumptions (AG), (AX) and (AP) hold,
then

e the cost of computing Uy(zo) in (33) for a fized L > 0 with precision e > 0
via the WSM algorithm is bounded from above by

—2 4. 2 (d) de+7

C(e,d) = cra”cyrcy ¢y 1 aT

T e LI 3/4

+(1+cx +cx |zgl) ettextexlzol cox V1
><5_410gd+2 h( X X‘ O|) - (g ) ) (37)

o the cost of computing Ug(xg) with an accuracy € > 0 via the WSM algo-
rithm is bounded from above by

d+7
_ & q T
C*(e,d) = clonc;l%zcgc )cgm
cx VAT
% log®+? T (1+cx +cx |zg|) eTFex TexTol 23/4 (cgeV 1) (38)
€

The first statement follows directly from Proposition 7 by taking in (22),
a =ah, cz = cg, and L = T/h. Then by setting h =< &2 we obtain (38) (with
possibly modified natural constants ¢y, cg).

Discussion As can be seen from (38),

1 *

Fucss = i i ) = )
and this shows the efficiency of the proposed algorithm as compared to the
existing algorithms for continuous time optimal stopping problems at least as
far as the tractability index is concerned. Indeed, the only algorithm available
in the literature with a provably finite limit of type (39) is the quantization
tree method (QTM) of Bally, Pages, and Printems [3]. Indeed, by tending the
number of stopping times and the quantization number to infinity such that the
corresponding errors in Thm. 2.4-b in [3] are balanced, we derive the following
complexity upper bound

Clyrns ) = O 55 (40)

Hence I'qrm = 6.
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LS [ WSM | QTM

Table 2: Tractability index I' of different algorithms for continuous time optimal
stopping problems.

4 Summary

For discrete time optimal stopping problems we have established semi-tractability
for the proposed WSM algorithm with respect to rather general Markov chains
governed by certain transition kernels. In particular, apart from assumption
(17) on the spatial decay of such kernels and some growth condition on the
pay-off, no further smoothness assumptions are imposed. As a rule, if both
the transition kernels and the rewards are non-smooth, the continuation func-
tions may be smooth only up to some finite degree. (Examples may be easily
constructed.)

In the most common case of infinitely smooth continuation functions, many
regression algorithms including the LS and TV algorithms are also semi-tractable
for discrete time optimal stopping problems. But when passing on to continuous
stopping problems, the tractability index of the WSM method remains bounded
(equal to two) while the tractability index of the regression methods tends to
infinity.

5 Numerical experiments

In the following experiments! we illustrate the WSM algorithm in the case of
continuous time optimal stopping problems. A lower bound for the value func-
tion u(tp, o) at a given point (g, zp) via the WSM algorithm can be obtained
using a suboptimal policy computed on an independent set of trajectories. This
policy can be constructed either directly via (13) or by using an interpolation
of the likelihood weights

p(Z1)
ZZ:I p(Zl(—]b—)l‘Zl(m))

The fastest and simplest way to do this is to use the nearest neighbor interpola-
tion based on training set of trajectories, in all experiments below the number
of neighbors was set to 500.

5.1 American put option on a single asset

In order to illustrate the performance of the WSM algorithm in continuous time,
we consider a financial problem of pricing American put option on a single log-

IThe data that support the findings of this study are available from the corresponding
author upon reasonable request.
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Brownian asset
X = Xoexp(cW; + (r — 0/2)t), (41)

with r denoting the riskless rate of interest, assumed to be constant, and o
denoting the constant volatility. The payoff function is given by g(z) = (K —x)*
and a fair price of the option is given by

U= sup E[e""g(X:)].
TET[0,T]

No closed-form solution for the price of this option is known, but there are
various numerical methods which give accurate approximations to Uy. The pa-
rameter values used are r = 0.08, 0 = 0.20, § = 0, K = 100, T = 3. An accurate
estimate for the true price obtained via a binomial tree type algorithm is 6.9320
(see [12]). In Figure 1 we show lower bounds due to WSM, the least squares
approach of Longstaff and Schwartz [14] (LS) and the value function regression
algorithm of Tsitsiklis and Van Roy [19] (VF) as functions of the number of
stopping times L forming a uniform grid on [0, T]. These lower bounds are con-
structed using a suboptimal stopping rule due to estimated continuation values
evaluated on a new independent set of trajectories. The maximal degree of
polynomials used as basis functions in LS and VF are indicated by the numbers
(2 and 4) in the legend. As can be seen WSM lower bounds are more stable
when L increases. The VF lower bounds seem to diverge as L — oco. A similar
behavior of regression algorithms for increasing L was observed in [17].

5.2 American max-call on five assets

Here a model with d = 5 identically distributed assets is considered, where each
underlying has dividend yield §. The risk-neutral dynamic of assets is given by
dXf
Xt

=(r—08)dt+odWF, k=1,...,d,

where W[, k = 1,...,d, are independent one-dimensional Brownian motions
and r = 0.05,0 = 0.1,0 = 0.2. At any time ¢t € [0,7] with 7" = 3 the holder of
the option may exercise it and receive the payoff

g9(Xy) = (max(X}, ..., X)) - K)*.

We consider the approximations of this continuous time American option by dis-
crete time American options with stopping possibilities ¢; = ¢T/L, i =0, ..., L,
and apply the WSM approach to construct a lower bound. The results for
different L are presented in Figure 2 where also the related results for the LS
algorithm with a polynomial basis of order 2 are reported.
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Prices of the option, N=1000 Prices of the option, N=2000

6.8

6.6

6.4

6.2

6.0 6.0
5.8 5.8
5.6 5.6
547 — wsMiow 541 — wsMiow
VFaLow VF2Low
- - =2
- - VFdlow - - VFdlow
52120 s 521 - s
20 40 60 80 100 20 40 60 80 100
L L

(a) (b)

Figure 1: Lower bounds for the price of a one-dimensional American put op-
tion approximated using different methods and a uniform grid ¢, = kT/L, k =
0,...,L, of exercise dates. The numbers of training paths are Niaim = 1000 (a)
and Nipain = 2000 (b), and the number of new trajectories used to construct
lower bounds is Niest = 20000 in both cases. In LS and VF regression methods
a polynomial basis of degree 2 and 4 is used.

6 Proofs

6.1 Proof of Proposition 1

For achieving a target accuracy of order ¢ it is reasonable to divide the error
equally over the variance and the bias part of (1). One thus chooses m such
that k5% /m® =~ ¢/2, that is, m ~ (2xk5%/¢)'/*, and then takes N such that
kHEMA/2 N2 ~ e/2, ie. N = (2k)25%Pm/e?, yielding a computational work
load Cy, (¢,d) = ki Nm??L as stated.
6.2 Proof of Proposition 3

For | = L the statement reads
/ ‘UL(CU) — ﬁL(x) pr(x|xo)dr = /1|x7x0|>12 g(@)pr(w|zo)dr = €L,R;

so then it is true. Suppose (15) is true for 0 < I + 1 < L. Then, by using
|max(a,b) — max(a, c)| < |b— ¢| and the fact that U;(z) vanishes for |z — zo| >

18



Prices of the option, N=5000

— WsMLow
26.2 L2

26.0

25.4

Figure 2: Lower bounds for the price of a five-dimensional American put op-
tion approximated using different methods and a uniform grid ¢, = kT/L, k =
0,...,L, of exercise dates. The numbers of training paths is Nt = 2000. In
the LS method a polynomial basis of degree 2 is used.

R,
U() = Uu(@)| < 1jo—agjcr [max [9(2), E [Usa (Xi41)| Xi = @]
—max {g(x)» E {ﬁl+1(Xl+1)‘ X = $” ‘ + Ljz—ao|>rUI()
< lig—a|<rE HU1+1(X1+1) - ﬁl+1(Xz+1)HXl = I} + Ljz—ao|>rRUL(T).
Hence we have by induction,
/ ‘Ul(x) - ﬁl(x)‘pl(xmo)dm
< /1|m7x0|>RE HUl+1(Xl+1) - [71+1(Xl+1)H X = fﬂ} pi(x|zo)dr + €1, r

< [ 001 ) = Oea(w)| s olea)dy + 1.

L L
= § 5j,R+5l,R:§ €j,R-
j=l

j=i+1
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6.3 Proof of Proposition 4
Combining the assumptions (16) and (17) yields

Ui() = esssupE [g,(Z,)| Zi = 2]
T€T,L

< ¢4E [1 + max |Zy]
ISU<L

Zl = :L’:|
<cg(14cz)+cqez x|

By the estimate

z—aq|2 2
/ e~ 2t dp < e Fal (4/3)05/2 (2mal)??,
lz—x0|>R

and (using Cauchy-Schwarz) the estimate

lz— _lz—zg|2 _lz—=ql?
|$ — x0| e Sat— dm < el dT |x — x0| Zal
|lt—xz0|>R |r—xo|>R

2
< e Fal 2%/4(2mal) 2V da,

we get (note that (4/3)/2 < 21/4)

lo—=g|?

(cg (M +cz)+cgez|z])e” 2ot da

4
P
(27Tal)d/2 lz—x0|>R

ey (1+cz + ez |xo) / e—%ﬁdx
= (2mal)d/? |z "co|>R

»xCyCz
+ —L= / lo — wole™ et - “ e
(27Tal)d/2 lz—x0|>R

< ey (1 +cz + ez |wo| + cZ\/@\@ 9i/4eHa
= (A + B\ﬁ) cg%e*é%7
for i > 1 (g9,r = 0 for R > 0). Now by (15), i.e. Proposition 3, we get
[10@) ~ Giltalro)de < 1 (44 BVL) e,
whence the estimate (19).

6.4 Proof of Proposition 5

Let us write the sample based backward dynamic program (14) for step | < L
in the form
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N
Ui (Zl(z)> - IL|Z§"'>—a[:o!<pzma" a(z") Z 20w (42)

by defining the weights

Z(
S 1) )
S p(Zi 2™
where [ is fixed and suppressed. Let us further abbreviate
EUf)(e) =E[f(Z2)| 2= o] = [ Fw)ptule)dy
for a generic Borel function f > 0. Using
U (Z“)) ~ 1 . max[ (z9), €[ ](Z”)}
l 1 |Zl(l)*wo’§R g1 I+1 ,
(42) and |max(a,b) — max(a,c)| < |b — ¢|, we thus get
i L\ Dy _ (7@
70, = 5 0 - Gzt <
1 XN N . N '
N 2 Yo | |22 Ura (2w = 0] (Z)
i=1 j=1
Ui ‘N FRi (44)

with
1 & N ' _ 4
Rivt = 5 2 10 e | 22 Dt (2w = E0l(Z7)
i=1 Jj=

where we have used the fact that the weights in (43) sum up to one. One thus

gets by iterating (44)
L—1

‘Uk - ﬁk’N < ; Rit, (45)

since Uy, — Uy, = 0. Let us now introduce

L (29 2O
w; = Nip( ’+1(|j)l ) (46)
pl+1(Zl+1|x0)
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and consider the generic term
N N ' B _
Riv1 =+ z; ]l|Z§“—wo]§R z; Uiia (2 wi; = E[0)(2")
1= J=

1 Y N , .
= N Z; ]l’Zl(i)—m’SR;Ul-i_l(zl(i)l) ’wij - wij‘
1= J]=

N N
1 o = ; 1~ ;
A DI PEENIN)D (mezH(Zfi’l) - €012 >>)
=1

j=1
=: Term; + Terms.
We have
E[Ri41] < E[Termy] + E [Terms] .

While the first term Term; is small as (w;;) are close to (wf;), the second one
Termy tends to 0 as N — oo by the law of large numbers. Indeed, due to (12)
one has

GR N N
Term; < =23 ) 1260 —ao|<r |29, —ao| < [wig =l
i=1 j=1

and due to (43) and (46) we may write

iy — 2| = ‘ rZhz™) 1 oz
ij ij| = N - - -
> om=1 p(Zl(J]r)1|Zl( )) Npl+1(Zl(i)1|5'30)
j % N j m
. p(Zl(-Ji-)1|Zl( )) _ ﬁ D m—1 p(Zz(i)ﬂZz( ))
- N j m j
Yoo P21 2™ P (2] o)
to obtain
N N j
T < Gr 1 1 % Dm=1 p(Zl(-]i-)l Zl(m))
oL = T ) |20, —wo| <R |" T %) :
j=1 + pl+1(Zl+1|x0)

Obviously, the expectation of the random variable inside of the above sum is
independent of j. So by taking j = 1 and splitting off the with Z(!) correlating

term due to m = 1, one gets
N (1) (m)
Gr p(Z5127)

(1) -
ZHI.1—$0’SR — pl+1(Zl(j_)1|$0)

N 1 m
< Gnp s Cre 30y | pZA™)
SN RN |2, | < M

2 pi+1(Z; 1 1%0)
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with

1 1
Dn —E |1 B p(Zl(+)1 Zz( ))
R, -— ’Zl(l)l—xo‘SR 1)
+ pi+1(Z;1170)

Now consider the i.i.d. random variables,

(1) | 7 (m)
p(Z54147)
o |<R<1l+1(1)l , m=2,...,N. (47
- pi+1(Zp4 1 |0)

It is easy to check by conditioning on Zl(}r)l that they have zero mean. Then by
applying Jensen’s inequality to the square-root, using the independence of the
random variables (47), and that the latter variables are identically distributed
with zero mean, we derive

N N 2
EID V] <y|E (Z nﬁ#”) = EriVN
m=2 m=2
with )
1 2
R P _ ZalAY)
Rl = 1
’ ‘Zl+1*10|§R pl+1(Zl(Jlr)1|370)
Finally we get for Termy,
GrDr; . GrERy
E[T < d =
[Term;| < N + N
Concerning Terms, let us write
_ , _ Zi))
E0 (2 = / Ton () P2 w0)d
Ui 41])( I ) l+1(y)pl+1(y‘x0)pl+l(y| 0)dy
0,20 | r7(%)
~ w0y P 120)
=E U (Z2)) — | »
Pl+1(Zz+1 |z0)

where Z%%0 is an independent dummy trajectory. We thus have

E[Termy] <E []l|

(wilﬁl—kl(zl(j—)l) - ziig[ﬁlﬂ](zl(l))) H

N
ce ||
j=2

2" —wo| <R

where for j = 2, ..., N, the random variables

I+1 o 7 j 1.~
CJ(' W= ]l‘zl(”—xo‘gR (wlle+1(Zl(i)1) - Ng[UlJrl](Zz(l)))
1 j 1 1
| -wlsr [ p(2212Y) - _ o PZYZY)
- Ui i(Z035") — 525
pl+1(Zl+1 |z0)

= Uia(Z1) — E

)

(28 o)
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are i.i.d. with zero mean. We so have by the Jensen’s inequality again,

N
SO < vvar (V) < FruGr/ VN,
=2

2 1
p(22 ")

where

Fa,=E|1

2
X
= // mpz(ﬂdwo) dxdy.
ly—z0|<R Pl+1(y|5170)

(2) - oy, -
|20l <2 | (22 )

Secondly, by (46) one has

o 7 1 1.~ 1
E {H‘Zm_x |<r <w11U1+1(Zl(+)1) - —E[UH](Z[( )))H
P2 =
< Lg O L U (Z)1))
N l |Z O pl+1( l+1‘$0)
zo | r7(1)
1 0,z (Zlo—i-lolzl )
+ <E ) E|Ui41(2); “)—
N [ |2(V ~ao )z 950 14)
1)
_Grg [ p(z512)
- N |Zl+175130)< pl+1( l+1|fL'())
x 1)
LI P PENAN | Gry
xQ —x T 20 — AT bl
|25 0|<RP1+1(ZZ+1 £ N

where the latter inequality follows from (12) and the fact that [71+1 vanishes
outside the ball Br. Combining the above estimates, we get for Termy

Fr,G G

RITR + 7RHR7Z.

VN N

Thus we have expressed our bounds for E [Term;]| and E [Terms] in terms of the
quantities Dg;, Er,, Fr,, Hr,, and Gg. Furthermore, it is easy to see that
using (20)

E[Terms] <

p(20128)
Drp; <1+E

<P pia (2 |20)

2
= 1+/pz(x|xo)dx/ Mdy
ly—ao <R Pi+1(y]0)
<1+ F§.

Similarly, it follows that E123-,l <2+ 2F%, and that Hg; < 1+ F2 due to
<Z?+ﬁ° |Z§”>
P (25 |x0)

E [ |Zl+1 —a:0|§R
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By now taking the expectation in (45) and gathering all together we obtain,

-~ V24 2F2 4+ F 24 2F2
E[\Uk—Uk|N}§(L—k)GR< \/T\z; R +N R>_ (48)

By next taking k = 0 and assuming that N is taken such that (1+Fg)/VN < 1,
Proposition 5 follows.

6.5 Proof of Proposition 7

In order to achieve a required accuracy € > 0, let us take R and N large enough
such that both error terms in (21) are equal to /2. Hence, we first take

o Legs (1—|—cz+cz |xo|+cZ\/daL) ol+d/4
R. 4= (8aL) /2 1og!/? )
€

that is R " oo when d + ¢!  co. Then take, with =< denoting asymptotic
equivalence for R oo up to some natural constant,

N, =< LZC?]% (e/oz)d/2 d-42RIH272 < och% (86/d)d/2 L4243

. L (1 +cz +cz |mo| + cZ\/daL) 21+d/4c 5

€

x e 2log

Thus, the computational work load (complexity) is given by

c;d)NfL < cra’c %205?) (8¢/d)* LT

) L (1 + ez 4 ez |xo|+czV daL) 21+d/4cg%

9

4
g9

x ¢4 log?t (49)

where ¢; is a natural constant. Now let us write

L (1 +cz +cz |wo| + cZ\/daL) 21+d/4c 5

€
1/d 1d
Ly (1 + ez + ez ol + ez \/daL> 21/ dH1/4 (¢, 2)

c1/d

d_d logd+2

_ d2 logd+2

1/d
Then, using the elementary estimate (a + b\/Zi) < aeb/e, for a,b>0,d>1,
and assuming that € < 1, (49) implies (22).
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6.6 Proof of Proposition 10

On the one hand one has

Utol (th) - Utl (Ytl) = €sssup E]:tl [g(T7 XT)] — €ssSup E]'-tl [g(F7 X?):I

T€TI,L T€TiL
<esssupEr, [g(T, X;)—g(7, YT)}
TGTl,L
<esssupEr, [lg(r. X7) — g(7, X-)|]
TETI,L

and on the other one has similarly

U, (X1,) — UL (Xy,) = esssup Ex, [9(T, X7)| — esssup Ez, [9(r, X7)]

T€T,L €Tl L
<esssupEr, [9(F. X7) — g(7, X,)]
T€Ti,L
<esssupEr, [|lg(r, X7) — 9(T7YT)|] .
T€T,L )

Hence we get

€ [|U50X4) - U (Ko <E | sup [als X.) ~ o6 %)

< L4E { sup ’XS —Xs@ < CPlery/,
0<s<T

due to the strong order of the Euler scheme, with L, being some Lipschitz

constant for g.
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