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Introduction

A significant number of optimal stopping problems of practical interest may
only be solved through numerical schemes. As many of them have surfaced
in the area of mathematical finance, illustrations drawn from that field will
be used to describe some of these numerical approaches. Specifically, consider
problems in the expected-value maximization form

sup E[f (X7, 7)], (1)
TET
where T is a set of stopping times, f a measurable function and {X;}c; = X
a Markov process, where [ is a time index set that can be either discrete or
continuous (see AitSahlia [1] for additional details).

Under technical conditions for its existence, a solution for (1) consists of

e the value function V' (x,t) = sup, o, E[f(X;,7)|X; = z], where T; is the
set of stopping times subsequent to ¢ in T,
e the optimal stopping time 7;° = argmax, ., E[f(X,7)].

In this context, with E denoting the state space of X, the set E x I is
partitioned into a closed set S and its complement C labeled, respectively,
stopping and continuation regions. Then

7 =inf{s >t: X, € S}. (2)

Discrete-Time Models

When 7 ={0,1, ... ,N} for some given N < oo, the most straightforward
numerical device is the backwards recursive dynamic algorithm

V(va):f(m>N) (3>

V(z,n) = max{E[V(X,11,n + 1)|X,, = 2], f(z,n)}, 0<n<N-1 (4)

e Monte-Carlo simulation approach: An issue with the above might
be implementing the proper numerical scheme to estimate E[V (X, 11,n+
1)| X, = z], especially in light of the so-called curse of dimensionality that
makes this algorithm inefficient in high dimensions. There are potentially
two remedies to this problem: one, for finite 7, based on Monte-Carlo
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simulation, and another, for infinite 7, based on large-scale linear pro-
gramming (LP). For the former, an efficient and popular algorithm is that
of Longstaff and Schwartz [11], which is now viewed within the wider con-
text of approximate dynamic programming (see also [5, 13]). The basic
idea of this algorithm is to use Monte Carlo simulation and least-squares
regression to estimate E[V (X, 11,n + 1)| X, = z].

e Linear programming approach: For infinite 7, the value function is
time-homogeneous when X and f are. In this case the value function solves

V(z) = sup E[f(X7)| X = 7] (5)

forall t € {0,1, ...} and may be obtained through a LP algorithm thanks
to its Snell envelope characterization ([5]). Assuming a transition matrix
P for X and a finite state space, which might be genuine or the result of
a truncation, the resulting LP is

Minimize Z V(x)

subject to

See Cinlar [5] and Dynkin and Yushkevich [6] for proofs and further details.

e Neural networks approach: Becker et al. [5] approximate the optimal
stopping time recursively through a sequence of 0-1 stopping decisions
based on multilayer feedforward neural networks. Their approach is quick
to identify approximate stopping times 7* and 7** such that

E[f(X7,79)] < ftelgE[f(XnT)] <E[f(X7,77)]

Continuous-Time Models

When both X and its time index I are continuous, there are a number of
numerical schemes to generate solutions for (1). Overall, they approximate
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either the underlying diffusion process X by a discrete version or the value
function and its derivatives in its characterizing expression (e. g., integral
representation, partial differential equation.)

¢ Weak-convergence approximation approach: The most general scheme
concerning this approach is to approximate the infinitesimal operator £
of X in the free-boundary problem that characterizes the solution of (1).
For example, a finite-differences approximation of derivatives in the free-
boundary problem

EV—}—%—‘Z:O inC,
V=f onEx{T},
v of
%—% OnaS

leads to the formulation of an optimal stopping problem for a Markov
chain (see Kushner and Dupuis [8]).

If the process X is explicitly expressed in terms of Brownian motion, then
random-walk approximations can directly be used on the latter. This is
a fairly well understood procedure for which rates of convergence have
been developed (see Lamberton [10]).

e Integral equation approach: In this scheme, one makes use of the
Doob—Meyer decomposition formula for submartingales (see Karatzas and
Shreve [8]) to express the value function V in terms of the bound-
ary, which itself solves a related integral equation. For example, con-
sider a case in American option pricing , with horizon T, payoff function
f(z,t) = e "' max(K — x,0), and X; = Xgexp{(r—o?/2)t+ocW,}, where
K>0,r>0, and o0 >0 are given and {W;}; is a standard Brownian
motion started at 0. Then the value function V can be decomposed as

V(z,t) =U(z,t)+ /f [rK®(—d(X, B(t), 7 —t))]dr, (6)

where @ is the cumulative standard normal distribution function, d(z,y,7) =
(In(z/y)+ (r+02/2)7)/o/T—0o/T, and U(x,t) = KeT"D®(—d(x, K, T —
t)). This formula requires the knowledge of the boundary B = 9§, where
S is the stopping region that identifies the optimal stopping time (2), and
which is obtained as the solution of the integral equation
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T
K — B(t) = U(B(t), 1) +/ rK® (—d(B(t), B(t),r —t)dr. (7)
t

Efficient and accurate spline approximations of B can be found in Ait-
Sahlia and Lai [2].

e Linear complementarity approach: An alternative that does not re-
quire the explicit determination of the optimal stopping boundary relies
on the variational inequality formulation is, in the finite time horizon case:

min{llV—!—68—‘:,V—f}207 on E x [0,T),

V=f onEx{T}.

Finite-difference approximations then lead to a linear complementarity
problem (see Huang and Pang [7] and Wilmott et al. [14]).

e Deep neural networks Sirigano and Spiliopoulos [12] use deep neural
networks to approximate the solution to the free boundary problem. Their
approach avoids the use of meshes, which quickly reach the curse of di-
mensionality, but instead rely on random samples of time and space along
with stochastic gradient descent.

Conclusions

Stochastic optimal stopping problems are rarely solved in closed form.
Their solutions therefore call for numerical techniques, which include finite-
difference approximations to solve PDE-related formulations, spline approx-
imations to the optimal stopping boundary, linear complementarity ap-
proaches to solving variational inequalities and methods based on linear pro-
gramming.
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