Rare Event Simulation with Vanishing Error for
Small Noise Diffusions

*

Eric Vanden-Eijnden? Jonathan Weare

August 7, 2009

Abstract

We construct an importance sampling method for certain rare event
problems involving small noise diffusions. Standard Monte Carlo schemes
for these problems behave exponentially poorly in the small noise limit.
Previous work in rare event simulation has focused on developing, in very
specific situations, estimators with optimal exponential variance decay
rates. This criterion still allows for exponential growth of the statistical
relative error. We show that an estimator related to a deterministic control
problem not only has an optimal variance decay rate, but can even have
vanishingly small statistical relative error in the small noise limit. The
method can be seen as the limit of a well known zero variance importance
sampling scheme for diffusions which requires the solution of a second
order partial differential equation. We test the scheme on several simple
examples.

1 Introduction

The simulation of unlikely events and the approximation of their (small) prob-
abilities are important problems which present several difficult computational
and mathematical challenges. These problems arise for example in mathemati-
cal finance (see e.g. [1, 2]) as well as in computational statistical physics (see e.g.
[3]) and in reliability testing during the design of medical or electronic devices
(see e.g. [4]), among many other application areas. Unfortunately standard
sampling techniques result in statistical errors that explode as the events under
consideration become more and more rare.

Previous work in rare event simulation has focused mainly on developing es-
timators with optimal exponential variance decay rates (see in particular [5, 6]).
Indeed in some settings this may be the best possible result. By tradition any es-
timator with the optimal exponential variance decay rate is called a log-efficient
estimator. Unfortunately, log-efficient importance sampling estimators are dif-
ficult to identify in general settings. Moreover, even log-efficient estimators can
have statistical relative error which grows exponentially in the small noise limit.
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Estimators with bounded or vanishing relative errors are rare in the literature
and do not seem to have been proposed previously in the small noise diffusion
setting.

In a series of papers ([6, 7, 8, 9]) Dupuis and Wang have introduced a gen-
eral framework for analyzing importance sampling estimators in several set-
tings. They suggest several adaptive importance sampling techniques (includ-
ing an analogue of the one presented here) motivated by the form a certain
Hamilton—Jacobi equation. In [7] Dupuis and Wang establish a relationship
between smooth subsolutions of this Hamilton—Jacobi equation and the rate of
variance decay of associated importance sampling estimators. In this paper we
show that a log-efficient estimator for a specific class of expectations (see (1)
below) can be explicitly constructed from certain non-smooth (viscosity) solu-
tions of an analogous Hamilton—Jacobi Equation. Moreover we show that this
estimator can have vanishing relative error. Our estimator is associated with
the solution to a deterministic optimal control problem (and the associated first
order Hamilton—Jacobi equation) and is, in some sense, the limit of a family
of zero variance estimators. This deterministic optimal control problem can, in
principle, be solved on-the-fly without finding the global solution of any partial
differential equation.

More precisely, the work in this paper concerns the estimation of quantities

of the form .

E [e—z-q(X >} (1)
where g is a suitable functional on C ([0, 7] : R?) and X¢ is the solution of the
stochastic differential equation

dX(s) = b(X(s))ds + Vea(X(s))dW(s), s€]0,T]
X(0) = 2o (2)

with W a d-dimensional Brownian motion on some probability space (€2, G, P).
An important special case of (1) corresponds to the choice, g =0 if X¢ € A C
C ([0,7] : R?) and g = oo otherwise. In this case (1) becomes

P(X¢€A). (3)

In (1), (2), and (3), € > 0 is a parameter and we will be interested mainly in
situations where € < 1, i.e. when the noise amplitude in (2) is small and the
functional e~ £9(X%) ig rapidly varying in X°€.

To understand the difficulties presented by the problem, consider the follow-
ing simple estimator for the expectation in (1)

1 M C1(x9)
5(6):Mze (X (4)

where each X¥ is an independent sample of X . This estimator is unbiased, i.e.

E[§(c) = E [e*%ﬂx‘)} :



and its variance is
1 2 € 1 € 2
— —29(X9)| _ —9(X°)
var (d(e)) i <E {e ] E {e ] > .

Therefore, the relative error of this estimator, defined as

is given by

1 E [e*% (XE)}

pO(0) = = E[e—igmf_l' (6)

As one would hope, the error of the estimator decreases with increasing sample
size (M). However, Varadhan’s lemma (see e.g. [10, 11, 12]) indicates that,
under suitable assumptions, we have

1 €
limelogE [e <9 | = - inf I = — 7
ligelog B [o##00] == i U@ +s@h = O
»(0)=zo
and ,
lim el E{*w(X‘)}:— inf  {I(0)+2 —
lim elog E | S06%2%1[0,71])7~{ () +29(p)} V2
¢ (0)=z¢

where AC ([0, T7) is the set of all absolutely continuous functions from [0, T'] into
R?. Here I(y) is the rate functional for the process X¢ defined as

T
. 1
o= it [ juts)s (8)
ueL=([0,T]), Jo
$=b+ou

for ¢ € AC ([0,T]) . From Jensen’s inequality it is always the case that

Y2 < 271. 9)

When 2 = 2+, the simple estimator in (4) is called log-efficient. We will discuss
the concept of log-efficiency more below. Often the inequality in (9) is strict
and (6) implies that the relative error p (d(¢)) increases exponentially for fixed
M as e — 0. In fact, from expression (6),

1 291 -73+0(1)
p(d(e)) = ﬁ € ‘ -1

and the relative error can blow up even when 5 = 2+4. In order to control the
relative error of the estimator d(e) one must increase the number of samples
exponentially as € is decreased.



Importance sampling is a standard technique by which one can attempt to
improve the efficiency of Monte Carlo simulations. In the context of diffusions
importance sampling is carried out as follows. Suppose that F is the complete
filtration induced by W and consider the distribution @ given by the change of

measure
aQ
8- ( 3 [ woawien - [wora)

where U(s) is an F-progressively measurable process such that the right hand
side of this expression is a true martingale. By Girsanov’s Theorem, we know
that the above changes of measure completely describe the family of distribu-
tions which are absolutely continuous with respect to P. If we focus on choices
of U which can be written v(t, X¢(t)) for some function v on [0, 7] x R?, then
instead of (4) we can use the following estimator for the expectation (1)

1 M Lg(X)
==Y e 9Nz (10)
M

where

T R A 1 /7 R
Z; = exp < 7 (o(t, X5(t)), dW;(t)) + i/o |v(t,X;(t))|2dt> (11)

and each pair (Wj, X ;) is an independent sample of the pair (W, X¢) generated
according to the distribution @ with

T T
9 e (} /0 (oft, X(0), AW (1)) o /O |v<t,X6(t>>2dt>

fdP

instead of P. Notice that Z; is the realization o e} corresponding to the pair

(Wj,X ;) . As we will see in the next section (see Remark 1) generating the

required samples is not difficult.

For any reasonable choice of v expression (10) defines an unbiased estimator
for (1). The goal of any importance sampling implementation is to replace the
estimator (4) by one with smaller variance by making an intelligent choice of v.
This is not a trivial task. To see what this entails, note that the relative error
of the estimator defined in (10) and (11) is

. 1/ +(5(0) [ezme)(ggﬂ_l "

[S(e } e [e—%g(X‘)r

where Eg represents expectation with respect to the measure @). Therefore, to



control the relative error of 3(6) one must control the ratio

Eo |:e_39(X€) (3115)2]

_1.xa]?
E[e Lg(X )]

R(6(e)) =

Just as in (9), Jensen’s inequality implies that R(5(€)) > 1 and
2
o 2a(x9) (4P
dQ

where 7, is defined in expression (7). 2 therefore represents the slowest pos-
sible rate of growth of the ratio R(5(¢)) (and of p(d(e)) by (12)). Our first
goal is to choose a function v in expressions (10) and (11) so that the resulting
importance sampling estimator achieves this minimal rate of error growth. For

this reason we use the following standard definition.

lim sup —elog Eq

e—0

< 2lim —clogE {e—égo«)}

:2")/1

Definition 1. An importance sampling estimator of the form (10) is log-
efficient if

lil}’(l) —elog R(4(¢)) = 0. (14)

The criterion in (14) is also variously refered to as efficiency and asymptotic
efficiency or optimality. Log-efficiency is difficult to establish in all but very
specific settings. Moreover, log-efficiency is far from the best result that one
might hope for in an estimator. In particular it only implies that

A 1
5(€)) = —— eoM/e,
() =
and does not rule out, for example, that the relative error increases exponentially
in e for some « € (0,1).
Inspection of formula (7) suggests that it may be beneficial to bias paths of
X°€ to follow the trajectory ¢ where

I(@)+9(@) =
If we re-weight the likelihood that X€¢ follows any particular trajectory ¢ €
AC ([0,T]) by the weight e~ ¢9(#) then one can think of ¢ as the trajectory
that X ¢ is most likely to follow (when e is small). One might hope then that
replacing samples of X by samples of, for example, the process Y€ which solves
the stochastic differential equation

AY<(t) = $(t) dt + eo(Y(t) dW (1), X(0) = xo (15)

and reweighting each sample appropriately might produce an estimator with
favorable error properties. The resulting importance sampling estimator would
correspond to the choice

o(t,x) = o (t, x) (G(t) — b(t, x)).



We will refer to this estimator as the Cramér Tranformation estimator. Un-
fortunately, as we will see in Section 3, the Cramér Tranformation estimator is
not, in general, log-efficient.

As we discuss in the next section, in some cases it is actually possible to find
a function v = v¢ depending on ¢, such that

p(8(e)) =0

for each € > 0, i.e.

R(3(€)) = 1.

The estimator corresponding to v¢ is not at all practical, but it gives hope that
one might be able to find a more practical choice for v which is independent of
€ and such that R

lim p(d(e)) =0

e—0

which is equivalent to the vanishing error criterion given by the following defi-
nition.

Definition 2. Any estimator satisfying

lim p(d(e)) =0

e—0
will be called a vanishing error estimator.

The theoretical results in this paper will focus on establishing the vanishing
error criterion under appropriate conditions. We will also provide numerical
evidence that, under more general conditions, our estimator has the following
slightly weaker property.

Definition 3. Any estimator satisfying

lim p(5(6)) < oo

will be called a bounded error estimator.

For a scheme to have vanishing or bounded error it must not only have
the optimal rate of variance decay, but it must also match (or nearly match)
the large deviations prefactor, i.e. the e~ °(1)/¢ term in the large deviations
expression

B [e—%g“”] — o~ (nto(1)/e (16)

which is equivalent to (7). Vanishing and bounded error estimators are the
exception in rare event importance sampling schemes. However, recent studies
have established bounded error for an analogue of the estimator suggested here
in some specific settings (see [13]). Instead of requiring more and more samples
as € — 0 which is the case for most log-efficient estimators (estimators satisfy-
ing (14)), these schemes will actually require a constant number or even fewer
samples as € — 0.



The remainder of this paper is organized as follows. In Section 2 we moti-
vate the construction of our estimator and discuss our main results. Our main
theorems, Theorem 1 and Theorem 2, which establish the log-efficiency and
vanishing error characteristics of our estimator are also first stated in Section 2.
Section 3 contains numerical studies on two simple problems. Sections 4 and 5
contain more detailed descriptions of the log-efficiency result and the vanishing
error result along with their proofs.

Before concluding this introduction we record the following definitions and
assumptions that will be used throughout the paper.

Definition 4. For any x € R? define the function,

a(z) = o(x)o(x)T.

Definition 5. For any x € R? the norm ||| is defined by

18]l = 1/ (B, a(x)~* 5) for  peR4

Assumption 1. b(z) and o(z) are smooth and bounded and have bounded first
derivatives.

Assumption 2. There exists an n > 0 such that for all z € R? and 3 € RY,

(B, a(z) B) = n|BI*.

2 Discussion and statements of main results

As mentioned in the introduction, while log-efficiency is often the best available
result in rare event sampling, it still allows for very poor behavior of the relative
error as € — 0. Moreover, log-efficiency is difficult to verify in all but very specific
situations. In this section we introduce an estimator which, under appropriate
conditions, is not only log-efficient on very general problems but also satisfies
the remarkable property that

p(5°(e) =0

as € — 0 (see Theorems 1 and 2). In the interest of clarity, we restrict the
discussion in this section and in the rest of the paper to the estimation of

expectations of the form E [e*%Q (x* (T))} which includes probabilities of the form

P (X<(T) ¢ D) for an open domain with zy € D. However, the results extend
(in a modified form) to more general cases such as path dependent functionals
of the form

Tp AT
g(X) = / I, XE(8)) di + $(X<(rp A T)) (17)

where 7p is the first escape time of the process from some domain D.



2.1 Motivation and description of the method

We begin by establishing a formal connection with a zero variance estimator.
Let X7, be the solution of the stochastic differential equation

dXi . (s) =b(X[,(s)) ds + Veo(Xi,(s)dW(s),  Xi,(t)==z  (18)

(note that the subscript ¢ denotes the initial time and not the value of the time
parameter as is sometimes the case in the stochastic process literature). Define

the function )
o (t,x) = B [emH(XiaM)].

Our goal as stated in the introduction is to construct an importance sampling
estimator of ®¢(0,x¢). It will prove useful to expand this goal to any possible
initial condition, i.e. to the estimation of ®¢(¢,z) for any particular (¢, z) €
[0, 7] x R?. Tt is well known that, for each € > 0, a zero variance estimator of ®
is available. Indeed a simple application of Ito’s formula shows that if

ol D, ®¢

= —e———— 1
v €% (19)

then Qf ,-almost surely we have

1 (e dpP
ema(Xia (M) L _ pe t,x
dQs ()

where

€

d t,x r
G xp< T | e i av o) + o [ e Xiulo)
(20)

This change of measure is sometimes called the Doob h-transform. An obvious
strategy is to construct an estimator of the form (10) using v = v, ie. to
construct the estimator

2d5>

m\»—t

(21)

M
5151, - Z

where
T A . 1 [T A
Z; —exr)< 7, <v6(87X§(8))7de(8)>+2*€/t |v6(87X§(8))|2d8> (22)

and each pair (Wj, X ;) is an independent sample of the pair (VV, Xfx) gener-
ated according to the distribution Qf ,. From (20) each sample is almost surely

equal to ®¢(¢,z) and the resulting estimator has zero variance and therefore
zero relative error.



The function ®¢ satisfies the backward Kolmogorov equation
0,0 + (b, D, ®°) + ;traDquE = 0. (23)

One could, therefore, attempt to discretize and solve the partial differential
equation (23) and use the estimator of the form above to approximate E e t9(Xi (1)
While in low dimensions these steps can be carried out, this strategy is not prac-
tical since if we can solve for ®¢ we have our answer and Monte Carlo is not
necessary.

These ideas, however, can be modified and put to use in high dimensions.
Notice that for each € > 0 the function

G® = —elog ®° (24)
solves the second order Hamilton—Jacobi equation
—0,G* + H(z, D,G(t,2)) — %tra D2G* =0 (25)

with terminal condition G¢(T, x) = g(x) where

1
H(z,p) = =(b(x), p) + Flo(@)" pl*. (26)
In terms of G€, the zero variance estimator above corresponds to the choice
v = —o’ D,G". (27)

It is natural to replace G by its zero viscosity approximation G, i.e. by the
viscosity solution to the first order Hamilton—Jacobi equation,

—-0,G+ H(x,D,G(t,x)) =0 (28)
with terminal condition G(T, z) = g(x), and to use the function

0= —0T D,G (29)
in place of v¢ in (21) to define an importance sampling estimator. For any
particular initial point (t,z) € [0,7T] x R? we will call the resulting estimator
6P .(€). At times we will need to consider the properties of our estimator over
sets of initial conditions. For this reason we will often refer to our estimator as
5°(e) without arguments in the subscript.

The expression, (29), for v° immediately raises an important practical issue.
Evaluating the function v° in principle requires solving the partial differential
equation (28) to find G and then differentiating to find D, G. In more than a few
dimensions, finding the global solution of (28) is no more practical than is finding
G¢ the solution of (25). This difficulty can be avoided by taking advantage of
an optimal control representation of G. Indeed, equations of the form (28) are



typically associated with an appropriate optimal control problem. Under very
general conditions the unique uniformly continuous viscosity solution of (28) is

e AC([t,T)):
e(t)=z

T
G(t,z)= _ inf {/t 2||¢(S)b(s@(S))lli(s)ds+g(<p(T))}~ (30)

Indeed if the expression on the right hand side of (30) is continuous and if a
minimizer ¢, € ([t,T]) exists for every (t,z) € [0,T] x R?, then by Theorem
I1.7.2 in [14] relation (30) holds. The following two definitions will be useful.

Definition 6. We will call a function ¢, € AC([t,T]) an optimal control
trajectory at the point (t,x) if

fr € g nﬁ]y{[ §¢@>—M¢wm@@d8+gwaw} (31)

pEAC([t, T
p(t)=z

i.e.

T
Glta) = [ 5160s(9) = boa I, o ds +9 G (2

Definition 7. A point (t, ) is called a regular point if there is a unique ¢y, €
AC([t,T)) satisfying (31).

At any regular point there is a convenient representation of v° in terms of the
unique optimal control. The statement of the relevant proposition is as follows.

Proposition 1. If (t,z) € [0,T] x R? is a regular point then the unique optimal
control trajectory at (t,x), ¢4, solves the ordinary differential equation

ét,x(s) = b(‘ﬁt,a(s)) =+ U(th,x(s)) UO(Sa ‘ﬁt,x(s))a Jorae. se [tv T]'

The proof of Proposition 1 uses a standard control theory argument and
is therefore not included. When the optimal control ¢, has a continuous
derivative Proposition 1 implies that

POt z) = ofz) ! (@,x(t) - b(x)) :

This alternative description allows one to evaluate v° “on-the-fly” only at those
points where it is needed. As we evolve each sample we will need to know
v"(s, X5(s)). Instead of precomputing G' everywhere we solve an optimization
problem at the single point (s, X; (s)) to find the ¢, ¢, € AC([s, T]) satisfying
Xj
(31). An analogous computational strategy was suggested, in a different setting,
in [6] and [8]. In our setting, the approximation of the optimal trajectories
can be accomplished as in [15]. While this procedure has to be carried out
for each s € [0,7], if the optimal control trajectory varies slowly along the
path of (s, X5(s)) the computation can be accelerated by continuation. We

10



will investigate computational issues in future work. In this paper we focus
on the theoretical aspects of the resulting estimator. Before we move on to a
discussion of those theoretical issues we briefly mention how our importance
sampling estimator is implemented.

Remark 1. If W is a Brownian motion under P then the process W=Ww-—
ﬁ J; 0°(s, X£ ,(s)) ds is a Brownian motion under QY ., where

dQy, g

1
ap P <_\/E ;

00 Xu (). AW ) + 5 [ |v0<s,X:,m<s>>|2ds> .

(33)
In terms of W, the process X{ . solves the stochastic differential equation

X, (s) = (0(X . (5) + 0 (X7 (5)) v0(5, X 1 (5))) ds
+VEo(Xi () dW(s). (34)

This implies that the pair (W, X{ ) has the same distribution under Q?’z as has
the pair (W—|— ﬁﬁ UO(S7XZI(S))dS7XZI) under P where Xfm is the strong

solution of the equation

AX7 ,(5) = (B(XF 4(5)) + 0 (X7, (5)) 0°(s, X(s))) ds
Ve, () dW(s). (35)

Thus we can define an estimator with the same distribution as 69 ,(€) by replac-
ing each sample (Wj,Xj) of (W, X;,) generated under ng by ;Ln independent
sample of (W + ﬁ J; 00, Xfm(s)) ds, Xfm) generated under P. In fact we will
define 67 () by

1
5(e) = = Y emrX) g (36)
j=1
where now
1
Zi=exp|——
! ( Ve Ji

and each pair (W],X;) is an independent sample of the pair (W, Xf_’z) gener-

T

00 (s X5 (0. a5 — 5 [ |v0<s7X;<s>>|2ds> (37)

ated according to the distribution P.

The relationship given by Proposition 1, between the optimal control ¢
defined in (31) and the function v* = —¢T D, G, implies that equation (35) can
be written as

AX5,(5) = by x5 () ds + VEO(XE,(5) ATV (s). (38)

x

11



This equation should be compared with expression (15) corresponding to the
Cramér Tranformation estimator. Equation (38) requires finding the optimal
control trajectory at each point along a path of )A(fl, while equation (15) only
requires finding one initial optimal control trajectory. As we will see in Section 3,
this appearant computational advantage of the Cramér Tranformation estimator
can be more than negated by its poor performance on some generic problems.

2.2 Main results.

As mentioned in the introduction, previous work on importance sampling schemes
for rare event problems has focused on developing log-efficient schemes in spe-
cific cases. In Theorems 1 and 2 below we will give conditions under which our
estimator is not only log-efficient, but also has vanishing error. In general we
cannot expect the viscosity solution of (28) to be continuously differentiable so
our control function v° = —¢” D,G may not be continuous. It is important,
therefore, that our conditions include some cases in which v° is not continuous.
The non-smooth behavior of v° is the major difficulty that has to be overcome
in the proofs of both Theorems 1 and 2 below. The statement of Theorem 1
reflects this difficulty in that we are forced to be very specific about the possible
discontinuities allowed for v° (see Assumption 3 in Section 4). Extending The-
orem 1 to allow more general discontinuities would have to be accomplished on
a case by case basis since the many possible discontinuities all require slightly
different treatment. To reflect our belief that log-efficiency holds under much
weaker conditions, Assumption 3 is replaced in the statement of Theorem 2 by
the more general requirement that our estimator satisfies a form of log-efficiency
(see Definition 8).
In slightly more generality than in (7), the Laplace Principle for Xf , is

1 €
lim —elogE [e=<9(Xi2)| = inf I, T
lim —elog [e } st 7y He (@) + 9 (o(T))}
p(t)=z
where we have extended the definition of the rate function in (8) to
1
o) = it [ Jlu(s)Pds (39)
wel?((t,1]): Jy 2
p=b+ou

for any ¢ € [0,T]. Under our assumptions,

1) = 5 [ 160) = blo(s) I ds

and so

inf I 7))} =G(t,x).
el oy U (2) + 9 (o(D)} = Gt 2)
Thus the Laplace Principle for X{  can be written,

lim —elog B {e*%ﬂxfim)} — Gt z). (40)

12



Recalling Definition 1, the importance sampling estimator corresponding to
the change of measure

%:exp (_\2 t <v(s,X;z(3))7dW(s)>+2i€/t |11(8,Xt€,x(8))|2ds>. (41)

is log-efficient at the point (¢, z) € [0,7] x R? when
lim iglf Ve(t,z) =2G(t, ) (42)

where we have defined the function

Ve(t,x) = —elog Eg

o~ 20(X: (1) (dp>2 . (43)

dQ

In Theorem 2 below we will show that when 6°(e) satisfies a slightly stronger
form of log-efficiency, uniform log-efficiency, then the relative error can actually
vanish as € — 0. Uniform log-efficiency is defined as follows.

Definition 8. The importance sampling estimator corresponding to the change
of measure in (41) is uniformly log-efficient if

lim sup |V€(¢t,2) —2G(t, )| =0 (44)
=0 (t2)eK

for any compact set K C [0,T] x R%.

In other words an importance sampling scheme is uniformly log-efficient if the
function V¢ defined in (43) converges to 2 G uniformly on compact subsets of
[0,T] x RZ. If an estimator is uniformly log-efficient then it is log-efficient at
any point (¢,z) € [0,T] x R%. An arbitrary choice of the function v in (41) will
not result in a uniformly efficient or even efficient importance sampling scheme.
The next theorem asserts that if v = v then the resulting scheme is uniformly
efficient. As already mentioned, in the statement of Theorem 1 we make specific
assumptions about the form of the possible discontinuities of v° = —¢7 D,G.
The precise statement of the result is as follows.

Theorem 1. Assume that v° = —o” DG satisfies Assumption 3 in Section 4.
Then the estimator §°(€) corresponding to the choice v = v° in (41) is uniformly
log-efficient.

The proof of Theorem 1 proceeds in two steps. First we identify a function
V(t,x) (see equation (66)) which is the uniform limit on compact sets of V¢
and then we show that V' = 2 G. The identification of V' is essentially a Laplace
Principle type result and is the subject of Section 4.1. In our case we will see that
what is needed is a Laplace Principle for a discontinuous exponential functional.
Results establishing Laplace Principles with discontinuous functionals are rare
in the literature. We will apply the weak convergence arguments used to prove

13



the Laplace Principle for diffusions with discontinuous drift in [16]. Section 4.2
contains the proof that V' = 2 G, the second step in our proof of Theorem 1.
The function V is defined by an optimal control type variational problem with
a discontinuous running cost. This discontinuity requires a slight modification
of the standard verification argument.

With uniform log-efficiency established by Theorem 1 it is relatively easy to
prove that we can expect much more of the estimator §°(e) at least in special
regions. In Theorem 2 we show that our estimator has vanishing relative error
in regions where G is sufficiently smooth. As mentioned after Definitions 2
and 3 this result establishes that our estimator accurately captures the e~°(1)/¢
prefactor in the expression (equivalent to the Laplace Principle in (40))

E e~ to(Xi ()] = em(@trtol)/e

The precise statement of the theorem is as follows.

Theorem 2. Let (t,x) be contained in a region of strong reqularity N C [0, T] x
R?. Suppose that G is smooth on N and that §°(e) is uniformly log-efficient.
Then the relative error p(07 . (€)) defined in (12) satisfies

lim p(07,(€)) = 0.

The concept of a region of strong regularity will be defined in Section 5.
In particular, on any region of strong regularity GG solves the Hamilton—Jacobi
equation (28) in the classical sense. As established by the following proposition,
when g is sufficiently smooth these sets comprise almost all of space and the
requirement in the statement of Theorem 2 that (¢,2) be contained in a region
of strong regularity is hardly restrictive.

Proposition 2. Suppose that g is smooth. Then the set of points which are
contained in a region of strong reqularity has full Hausdorff Dimension.

Even with Proposition 2 in hand, it is comforting to know that while there
may be points where our scheme does not have vanishing error it will be log-
efficient everywhere (at least under the assumptions of Theorem 1).

Theorem 2 may seem natural given that, at least informally, the estimator
§°(€) is the limit of the zero variance estimation scheme described in the begin-
ning of this section. However, v° is, at least formally, the limit of the log trans-
formation —elog @€ of ®¢. One might expect, therefore, that all subexponential
information about ®€ should be lost in this limit. It is somewhat surprising that
the estimator can be more than just log-efficient. It is also highly unusual to
find a generally applicable log-efficient scheme, let alone one that has vanishing
or bounded relative error. As mentioned earlier, even a log-efficient scheme can
require more and more samples as € — 0 our estimator can actually requires
fewer samples (under appropriate conditions) as e — 0. In the next section we
will see that even some educated choices of importance sampling measures ()
can lead to disastrous results.
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The restriction on the possible discontinuities of v” in Theorem 1 (in particu-
lar Assumption 3) excludes many interesting cases. Once uniform log-efficiency
has been established as assumed in Theorem 2 those discontinuities become
much less of an issue. What remains an issue, however, is the boundedness of
v?. For many important problems the function v°(t,z) = —o7 (t,z) D,G(t, x)
will blow up as t approaches the terminal time 7. In particular our requirement
that v° be bounded essentially constricts us (with some exceptions) to cases in
which

E [ef%gm:,mm) — =6t (0 1 (1)) (45)

for some constant C| i.e. to leading order the Laplace Principle prefactor does
not depend on € (see the discussion around expression (16)).

The behavior in (45) is in contrast, for example, to the case that g = co on
D and g = 0 on D¢ for some domain D. Since estimating probabilities of the
form

P (X;,(T) ¢ D) (46)

is an important problem, it useful to try to extend Theorem 2 to cover this case.
Even for probabilities of the form in (46) there are many possible prefactors
depending on the geometric properties of the set D. As for the possible discon-
tinuities of vY, each of the different cases requires slightly different treatment.
Furthermore, examination of the proof and numerical experiments suggest that
vanishing error may be too much to hope for here. However there is numerical
and theoretical evidence that, at least when the boundary of D is smooth, our
estimator may have asymptotically bounded relative error, i.e.

limsup p (67 ,(€)) < 0. (47)
e—0

We will consider this extension in future work.

3 Illustrative examples

In this section we consider a couple of simple example problems to illustrate
some interesting features of our results. Let X° be the solution of the simple
stochastic differential equation

dX(t) = VedW (), X¢(0) =0.1, (48)

for 0 <t <1 (T =1), where W is a Brownian motion in R. In the first of the

—s9(X<(1

following subsections we estimate E [e ))} for a continuous function g.

We will find that, consistent with the conclusion of Theorem 2, our estimator
appears to have vanishing error. We will also discuss our assumptions further
in connection with the example. In the second subsection we will consider
the probability P (X¢(1) ¢ D) that X¢(1) is outside of a domain D given that
X¢(0) € D. As already mentioned, while this case is not contained in Theorem
2 there is some theoretical evidence that our estimator might have bounded
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error. We will provide numerical evidence supporting this assertion. We will
also compare our estimator with the standard Monte Carlo estimator () de-
scribed in the introduction as well as an estimator suggested by the proof of the
Large Deviations Principle (the Cramér Tranformation estimator) which has
been suggested and studied in several publications.

As described in the previous section, the estimator presented in this paper
requires finding the minimizing trajectory for the variational problem in (30)
at each point along any sample trajectory (see Remark 1 and equation (38)).
In both of the examples below the function g for which we wish to approxi-

mate E [e*%g(xs(l))] is chosen so that whenever x = 0, there are two distinct

minimizers in (30). As any sample trajectory X¢(s) passes across {x = 0}, the
control v°(s, X¢(s)) changes discontinuously from one of the two minimizers to
the other. If instead one were to use a local minimizer (not the global minimizer)
when evaluating v°, the resulting method would not only fail to be log-efficient,
but would have exploding variance. As described below, the Cramér Tranfor-
mation estimator uses the initial optimal control (computed at ¢t = 0 and = 0)
at all times resulting in dramatically poor performance.

3.1 Estimating E [e‘ég(xe(l))] .

Our first example is chosen so that the control function v° = —¢7 D, G is smooth

everywhere away from a discontinuity across the set [0, 7] x {z = 0}. We will

check that this discontinuity is consistent with the assumptions of Theorems 1

and 2.

Let g be defined as follows

%(1 —2)% x>0,

9() =91
2

5(1 +xz)%, z<O.

In this simple case we can exactly solve the variational problem (30) which

defines G and see that

1— 2
ﬂ, T > 0’
2(2-1)
G(t,x) = 5
M <0
2(2—1t)’
which implies that
1—
27:;, x > 0,
W(t,x) = —o(2)” D,G(t,z) = _1__ .
—, x<0.
2—t

To tie this discussion to that in Section 4 we will use the notation

H" ={z €eR: 2> 0}, H™ ={zeR: 2<0},
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and
A ={0}.

The function v” is smooth everywhere away from the set [0,7] x A. It is also
clear that Assumption 3, required in Theorem 1 is satisfied, i.e. the restrictions
of v° to the sets [0,1] x H* and [0, 1] x H™ have the smooth extensions to all of
[0,1] x RY,

0

1—z
+t —
H(tw) = 5
and 1
—-1—=x
(¢ _
vite) =5

respectively. The extentions v and v~ are not bounded as required by Assump-
tion 3, but smooth growth of the kind they exhibit is not a serious problem for
the theory in Sections 4 and 5. Therefore Theorem 1 assures us that our esti-
mator will be uniformly log-efficient.

Next we check the assumptions of Theorem 2 to see at which points we
can expect to see vanishing error. It is easy to see that any set of the form
0,1]x{xeR:xz>n}or0,1] x{z €R: x <n} forn > 0is aregion of strong
regularity. Moreover G is smooth on these sets. Thus any point in either
[0,1]xH™ or [0, 1] x H™ satisfies the assumptions of Theorem 2 and our estimator
5%(e) (the one corresponding to setting v = v° in (10) and (11)) is guaranteed
to have vanishing error everywhere except on the set [0, 1] x A where it will still
be log-efficient.

To better appreciate the strength of these results we will consider the related
Cramér Tranformation estimator. At the point (0, X€(0)) = (0,0.1), the unique
minimizer in expression (30) is the function

?0,0.1(s) = 0.1 +0.45s.

The Large Deviations Theory essentially says that if the likelihood of each pos-
sible trajectory ¢ € AC([0,1]) is reweighted by e~ <9(#(1) then the control tra-
jectory 0.1 is the most likely to be close to the trajectory of X¢. Thus one
might hope that an importance sampling estimator in which one samples the
process

Y(s) = ¢o,0.1(s) + VeW(s) (49)

would have small variance. The Cramér Tranformation estimator, which we
denote by 0¢,0.1(€), corresponds to setting

V= (50’0‘1 =0.45

in expressions (10) and (11).

Analogues of the Cramér Tranformation estimator have been has been stud-
ied by several authors (see [17],[2]). For more complicated problems in which
one cannot find the minimizer in (30) exactly the estimator dp¢.1(€) can be
much cheaper to generate than our estimator because the optimal control ¢g 0.1
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€ R(do01(6) R(%oi1(e) R(B01(e) 680.1(€) exact value

1 1.0340 1.2564 1.1746 0.8368 0.8369
2-11.0800 1.6636 1.3494 0.7225 0.7227
272 1.3084 3.5982 1.6971 0.4848 0.4852
273 2.2672 25.526 2.2903 0.1983 0.1986
2—% 77807 977.66 2.5990 0.3316x10~ 1 0.3323x10° 1
275  81.266 — 1.5193 0.1127x1072 0.1129x102
2-6 6008.4 - 1.0200 0.1666x10~° 0.1666x10°

Table 1: Comparison of ratios defined in (13) for each estimator. The ratio, and
therefore the relative error, is much smaller for 67 ; () than for the other two
estimators. Notice also that the ratio R(dg, (€)) appears to converge to 1 as
e — 0 (and, therefore, the relative error appears to converges to 0).

can be precomputed once while generating 8 , ; (¢) requires solving a separate
optimization problem to evaluate v° at all points along each sample trajectory.
However, the performance of 50’0_1(6) can be catastrophic on generic problems
while Theorems 1 and 2 establish the favorable performance of 30 () in sig-
nificant generality. ’

In Table 1 we compare the performance of our importance sampling estima-
tor &0 o1 (e) with the unweighted estimator doo.1(€) (see (4)) and the Cramér
Tranformation estimator, 50’0_1 (€), just described. The error results are reported
in terms of the ratio R defined in (13) which has no explicit dependence on the
number of samples M. Recall from formula (12) that in terms of R, the relative
error is given by

R—-1

vM
so that when R is close to 1 the relative error is small. In all of our experiments
in this subsection and the next the time step used to evolve X¢ (see Remark 1)
is 1073, This small time step is chosen to reduce discretization effects. All of
our results have been checked with up to 109 samples to verify that the reported
values of R are stable.

The performance of 83, (€) far surpasses that of the other two estimators.
Notice that despite its intuitive appeal 5070_1(6) behaves far worse than even the
standard estimator g 0.1(€). A simple calculation shows that

var (60,0.1(€)) = (0-79/+o(1)

This poor behavior is due to the large importance weights corresponding to
samples of Y¢(1) which are close to —1. Such samples are exponentially unlikely
but their importance weights are large enough to cause the variance to grow
exponentially. In contrast, by Remark 1 generating an estimator with the same
distribution as 47 , ; (€) requires sampling the process X ¢ which solves

dX(s) =1°(s, X(s)) ds + e dW(s), X(0)=0.1.
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€ R(S0.0(€))  R(do0(€)) R(800(€))  880(e) exact value

1 1.0336 1.3034 1.1762 0.8372 0.8373
21 1.0800 1.8775 1.3714 0.7212 0.7217
2-2  1.3110 5.2088 1.7604 0.4805 0.4793
2-3 2.2018 65.397 2.4711 0.1868 0.1870
2-1 8.3531 8805.1 3.3540 0.2607x10~T  0.2584x10°1T
25 121.08 — 4.7635 0.4715x10~3  0.4744%x10~3
26 18596 - 5.6141 0.1574x107%  0.1591x10~6

Table 2: Comparison of ratios defined in (13) for each estimator. The ratio,
and therefore the relative error, is much smaller for 60 o(¢) than for the other
two estimators. Notice however that the ratio R(0 o(€)) continues to grow as
e — 0.

The drift v° pulls X€ in the direction of the closest minimum of g. Consequently
samples of X¢(1) near —1 are much more likely than samples of Y¢(1) near —1
and produce moderate importance weights Z in (11).

The initial point (0,0.1) is contained in a region of strong regularity which
in accordance with the results reported in Table 1 implies that 5870‘1(6) will
have vanishing error (by Theorem 2). As we have checked above, v° meets the
requirements of Theorem 1 and we know that 6°(e) is an log-efficient estima-
tor at all points, including those not contained in a region of strong regularity.
Therefore it is worth checking the performance of 6§ o(e), the estimator corre-
sponding to the initial condition X (0) = 0 which is not contained in any region
of strong regularity. These results are reported in Table 2 and we can see that
again 4§ () outperforms the other two estimators and again 0o o(¢) (where the
optimal control @ corresponding to the point (0,0.1) has been replaced by an
optimal control corresponding to the point (0,0)) behaves extremely poorly.

3.2 Estimating P (X(1) ¢ D).

The goal of this subsection is to further investigate our claim at the end of
Subsection 2.2 that under more general assumptions on the behavior of v° the
estimator §°(e) can still have bounded relative error, i.e.

lim (07, (€)) < oo

for appropriate (t,z) € [0,7] x R%. In particular we will attempt to estimate
P(X¢(1) ¢ D) where D C R? is the open interval (—1,1). X¢ is still defined
as the solution of equation (48). The domain D is chosen so that away from
{t = 1} the discontinuity of v° is qualitatively similar to the one described in
the previous subsection. As ¢ — 0

sup |X¢(t) —0.1] — 0.
0<t<1

Therefore the event {X(1) ¢ D} becomes increasingly unlikely in this limit.
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If we define the function g as

then )
P(X*(1) ¢ D) = E [0 0)].

In this simple case we can exactly solve the variational problem (30) which
defines G and see that

1— 2
A=) Sy
2(1—1¢)
G(t,z) = 5
M T < 0
2(1—1t)’ ’
and therefore that
1_
17.1;7 x > 0,
W(t,x) = —o(2)T D.G(t,z) = _;_ -
—, = <0.
1—t¢

Let H™ and H~ be as defined in the previous subsection. The restrictions of
v0 to the sets [0,1) x HT and [0,1) x H~ have the smooth extensions to all of
[0,1) x RY,

1—x
+t —
viithe) =1

and 1

—-1—=x
-t _

v (tz) 1—t

respectively. Unfortunately the blow up of v™ and v~ as t — 1 does seem to
require non-trivial modifications of the arguments in Sections 4 and 5.

For this problem the Cramér Tranformation estimator dg 0.1 (€) is constructed
as follows. At the point (0, X€(0)) = (0, 0.1), the unique minimizer in expression
(30) is the function

(,27070,1(8) =0.14+0.9s.

and the estimator dg o.1(€) corresponds to setting
v = (,5070.1(0) =0.9

in expressions (10) and (11). According to Remark 1, generating samples of an
estimator with the same distribution as dg 0.1 (€) requires sampling the process

Y(s) = Po,0.1(8) +VeW(s) (50)

Because of the behavior of v+ and v~ at {¢ = 1} neither Theorem 1 or
Theorem 2 apply in this case. Nevertheless as reported in Table 3 the per-
formance of 8, ,(€) far surpasses that of the other two estimators. Again,
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€ R(do01(6) R(%oi1(e) R(B01(e) 680.1(€) exact value

1 3.1259 10.065 2.2648 0.3186 0.3197

21 6.1948 77.460 2.8884 0.1609 0.1614

272 20.083 3360.8 4.2575 0.5002x10~1  0.4983x10~*

273 156.57 — 3.0951 0.6363x10~2  0.6386x10~2

2=% 6053.3 - 2.4925 0.1643x1073  0.1645x1073

275 — 2.4483 0.1782x10~6  0.1782x10~°

276 — 2.4861 0.3011x10~2  0.3011x10~ 12

Table 3: Comparison of ratios defined in (13) for each estimator. The ratio, and
therefore the relative error, is much smaller for 67 ; () than for the other two
estimators. Notice also that the ratio R(J0 ,(€)) appears to remain bounded
as € — 0.

the Cramér Tranformation estimator, 507(),1(6), behaves far worse than even
the standard Monte Carlo estimator do.1(e). While & ,(e) no longer has
vanishing error (lime_o R(63(€)) = 1) it does seem to have bounded error
(limsup, o R(63 .1(€)) < 00). This supports our suggestion that it should be
possible to modify the arguments in Sections 4 and 5 to prove that for problems
of the form P(X¢(1) ¢ D), our estimator has bounded error (in appropriate
regions).

To further investigate this possibility recall that The Large Deviations The-
ory tells us that

—elog P(X¢(1) ¢ D) — G(0,0.1) ase— 0

but it does not provide a prefactor. In other words the Large Deviations Theory

only reveals that
P(X%(1) ¢ D) = e~ (@O0 +o(V) /e,

It can be shown by an asymptotic expansion (see [18]) that, in this case,
P(X(1) ¢ D) = Ve t000 (1 4 0(ye))

Any log-efficient estimator must satisfy

2
e~ 29(X) dj
dQ
so that

2
E |:e—§g(XE) ap :|
Q (dQ) Lo 2co0/eg
P(X<(1) ¢ D)2 € ’

lin’[l) —elog Eg =2G(0,0.1)

2
o~ 2o0x) (4P
dQ

In this case, an estimator with bounded error must satisfy

2
o 2ox) (4P
dQ

21

Eq = O(e) e GO0/, (51)




Distributions at Time T

Il strongly Efficient Estimator
= = = Cramer Transformation Estimator|
= True Conditional Distribution

0.8 0.85 0.9 0.95
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Careful inspection of the proof of Theorem 2 suggests that the validity of expres-
sion (51) is related to the behavior of X¢(1) near the boundary of D. In Figure
3.2 we compare the distribution of X¢(1) with the distribution of Y*(1) and the
conditional distribution of X¢(1) under P given that X¢(1) ¢ D. The distribu-
tion of X (1) is a much better approximation of the conditional distribution of
X¢(1) under P given that X¢(1) ¢ D.

4 log-efficiency.

This section and the next contain a more in depth discussion of the theoretical
properties of the importance sampling estimator §°(e) introduced in Section 2.
As in that section we will focus on the estimation of quantities of the form

E [e—%g(X:,AT)) ’

though the arguments are readily generalized to the case that g takes the form
in (17).

In this section we identify (somewhat restrictive) conditions under which
our estimator is uniformly log-efficient (see Assumption 3 below). Uniform log-
efficiency is often difficult to verify and is required in the proof of our vanishing
error result, Theorem 2. Repeating Definition 8, an importance sampling esti-
mator is uniformly log-efficient when for any compact subset K C [0, 7] x R4,

lim sup |V(t,z) —2G(t,z)] =0 (52)
=0 (ta)eK

where the functions V¢ and G¢ are defined in expressions (43) and (30) respec-
tively.
In this section we will prove the following theorem:

Theorem 1. Assume that v° = —o7 D,G satisfies Assumption 3 below. Then
the estimator 6°(e) corresponding to the choice v = v° in (41) is uniformly
log-efficient.

This result will be established in two steps:

1. First we identify a function V which is the uniform limit of V¢, i.e.

V =1limV*

e—0
and the convergence is uniform on compact sets.

2. Second we show that
V =2G.

As we will see both of these steps are more difficult to prove when G is not

continuously differentiable (so that v° is not continuous). The first step will
be accomplished using existing techniques for proving the Laplace Principle for
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diffusions with discontinuous drift coefficients and is the subject of the next
subsection. The second step will be accomplished using a verification type
argument where extra care is taken along the set of points at which D, G does
not exist (see Section 4.2).

Before we tackle the proof of uniform log-efficiency in more generality we
consider Steps 1 and 2 when v" is replaced by some arbitrary smooth and
bounded function v. By a straightforward application of Girsanov’s Theorem
we can rewrite V¢ as

Ve (t7 x) = —¢ logE [e_%g(gf,z(T))""% ftTlv(sv)?tE,a;(s))‘Q ds (53)

where X¢

£« 18 the unique strong solution of the stochastic differential equation

dX{ () = (XS 1(5) — o (X 4(5)) v(s, X 4 (s))) dt
+Veo (X, (s) dW(s),  Xi.(t) =z (54)

(the reader should note that (54) differs from (35), the equation solved by Xfw)
When v is a continuous bounded function the functional

T
F(X) =29(X(T)) */t [o(s, X ()] ds (55)

is bounded and continuous on the Wiener space of continuous functions on
[t, T] with the topology of uniform convergence. We can therefore appeal to the
Laplace Principle for X, to conclude that

lim V*(t, z) = lim —clog B [ef%ﬂff:,m)]

. r 1 .
- weAg%[ft,T])i { /t §”<p(8) ~ Hele))

p(t)=z
+ o (p(s)) (s, 9())1 s ds + F(@)}

This identity can be rewritten as

peAC([t,T]):
e(t)=z

lim Ve(t,2) = inf { RCCECEON) d8+2g(s0(T))} (56)

and the function L, which we will refer to as a running cost, is defined as
1
L(z, e, 8) = [|B = b(x)|3 — 18 = b(z) - o() allz (57)

for o, f € R%.
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If G (and therefore v°) is smooth then we can apply the same argument
with v? in place of v to establish Step 1. When G is smooth Step 2 is also
straightforward for the choice v = v°. One can use, for example, the method of
characteristics to prove that the limit of V¢ is equal to 2 G.

Considers however, the smooth function

o(t,@) = 71 (t,2) (Bo.na () — b(t,2)) (58)

which corresponds to the Cramér transform estimator at the point (0, zg) which
was introduced earlier. As mentioned in the introduction, this estimator is
constructed using sample paths of the process

AY(5) = 0.0y (5) ds + Vea(s, Y(s)) dW (s). (59)

In both expressions (58) and (59) ¢g 4, corresponds to the unique optimal con-
trol trajectory in (31) at the point (0, zg). For this choice of v expression (56)
implies that

p€eAC([0,T7])

lim V¢(0,29) = _ inf {/ 19(5) = b(s, ()12 s) ds + 29((T))
©(0)=zo

=5 [ 190 = on @2 ds . 00

In order for the Cramér transform estimator to be log-efficient at the point
(0, z9) we must have that (¢¢ 5, is the optimal control trajectory in (60) so that
the second integral term in that expression vanishes.

Using expression (60) in the simple case that b = 0 and ¢ = I, it is not
hard to see that if g is a convex function then the Cramér transform estimator
is log-efficient. In the b = 0, 0 = I setting the convexity of g implies that G
is actually a classical solution of (28). Note however that, even in this simple
setting, one can construct (non-convex) g so that G is a classical solution of
(28) yet the Cramér transform estimator is not log-efficient.

It is easier to understand why the Cramér fails to be log-efficient when G is
not a classical solution of (28). By a well known result in control theory (see
for example [24] or [14]) the viscosity solution of (28) fails to be differentiable
at exactly those points where the optimal control problem (30) has multiple
solutions, i.e. points at which there are multiple trajectories satisfying (31).
Suppose, for example, that @6@0 is another optimal control trajectory at (0, x¢)
(besides (g 5, which was used to define v in (58)). Then from (60) and the
definition of G in (30), it is clear that

lng V¥ (0.20) < G020) = 5 [ 10 (5) ~ G o 05

$0,z0\8

which shows that the Cramér transform estimator is not log-efficient. Similar
problems can arise if there are multiple optimal controls at any point in [0, 7] x
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R? i.e. when G fails to be differentiable at a point away from (0, zg), because
the control trajectories in (60) might find it favorable to pass through such a
point. In Section 4.2 below we will show that when we choose v = v" these
problems cannot arise. However, we will see that special care is required to deal
with points at which G is not differentiable.

4.1 Step 1: a Laplace Principle when 1° is discontinuous.

Assume now that v° is no longer continuous and consider the argument just used
to establish Step 1. As a consequence of the discontinuity of v°, the functional
F defined in (55) is no longer continuous. Moreover, the diffusion )N(;w has a
discontinuous drift coefficient. We cannot, therefore, apply the Laplace Principle
as in the previous discussion and relation (56) no longer holds. The validity of
the large deviations principle for diffusions with discontinuous drift coefficient
is an interesting problem and has been investigated in [19],[20], and [16] among
other papers. In a nontrivial setting these authors were able to identify a rate
function and prove a large deviations principle. In this subsection we will apply
the techniques in [16] to identify (in a nontrivial setting) a uniform limit for
V€. The proof of Theorem 1 is completed in the next subsection where we show
that this uniform limit is equivalent to 2 G.

As already mentioned the limiting behavior of V¢ is more difficult to analyze
when v is not continuous. Under Assumption 2 the particular definition of v"
on any set of measure zero does not effect V¢. Thus when G is continuously
differentiable almost everywhere v° can be redefined arbitrarily on the set of
points where it is not continuous without changing V€. The same should be
true of V, the limit of V<. This already suggests that the running cost L in the
definition of V' in (66) will have to be modified. The new running cost (see (65))
does not depend on the value of v¥ at its discontinuities, but it does depend
on the geometry of the set of discontinuities of v°. In fact, every possible form
of discontinuity of v° requires different treatment, particularly in the proof of
Lemma 1 below. We restrict our analysis to the specific form of discontinuity
given in Assumption 3. This choice not only allows us to make use of the
arguments in [16] but also to illustrate some of the nontrivial consequences of
a nonsmooth v°. A major difficulty in adapting our arguments to handle more
general discontinuities is the identification of the new running cost in these cases
(for discussion of a closely related issue see [11]). In fact numerical experiments
suggest that Theorem 1 holds in much more generality.

We will assume that G is Lipschitz continuous and that v* = —¢% D, G is
also continuous on the sets [0,7] x H" and [0,7] x H~ where

H"‘:{xERd: T >0} and H_:{mERd: x1<0}
but has a discontinuity on the set [0,7] x A where

A:{zGRd:xlz()}.
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Assumption 3. There exist two bounded continuous functions v¥ and v~ de-
fined on all of [0,T] x R? such that

W =0vt on {xEH+}

and

W=0v" on {$€H7}.

We will prove a result of the form in (56) with a slightly more complicated
function in the place of the running cost L. Define the functions

L (t,z,3) = L(z,vt(t,2), 3), L™ (t,x,8) = L(xz,v (t,z), ) (61)

and let

LO(t,x, ) = mf {ANLF(t,2,6%) + (1 = A\) L™ (t,z,57)} (62)
where the infimum in (62) is taken over A € [0,1], and 8+, 3~ € R such that
f <0 B =0 (63)
and
AGH+(1- N6 = 6. (64)

Finally combine L+, L™, and L° to form the function L given by

Lt (t,z,8) ze€H*t
Lt,z,B) =< L°(t,x,8) x €A (65)
L~ (t,x,8) zeH".

The next lemma establishes that
ImVe=V
e—0
where V is now defined as

peAC([t,T]):
p(t)=z

Vitz) =  inf { /t I_/(s,go(s),gb(s))ds+2g(g0(T))}. (66)

In this definition of V' the running cost L in (56) has been replace by L.

Lemma 1. Let g be any continuous and bounded function on R* and suppose
that v° satisfies Assumption 3. Then

limVe=V
e—0

and the convergence is uniform on compact subsets of [0, T] x RY.
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Proof. Recall from expression (53) that
VE(t,x) = —clogE [e—%ﬂff:,z)]

where F is defined in (55) and the process )N(tﬁw is the unique strong solution of
the stochastic differential equation in expression (54).

The functional F' is not continuous but it is bounded and measurable. There-
fore we can apply Theorem 3.1 in [21] to obtain the stochastic control represen-
tation

T
1 -
¢ = inf E = 2 F(xls
Ve(t, x) ot /t 51U (s)]"ds + (t,w)] (67)

where A(t) is the space of all R? valued F progressively measurable processes
on [t,T] with

E

. ;
/ |U(s)|*ds| < oo forall U € At)

t
and )N(tU .¢ is the unique strong solution® of the stochastic differential equation

dX(s) = (WXL (9)) + o (X5 () (U(s) = 0" (s, X (5)))) dt
+Veo (X () dW(s),  Xpr(t) = (68)

Notice that by setting U « U — v°(-, XtU;()) expression (67) can be rewritten
as

T
Ve(t,z) = inf B / ()2 = 2|U(s) — v (s, X5 (s))[2 ds + 29(XtUgf(T))]
UEA(t) t 2 ’ ’
(69)
where for any U € A(t), Xg .¢ is the unique strong solution of the stochastic
differential equation

X (s) = (WX, () + o (X, () Uls)) dt
+Veo (X () dW (), XS () ==

With expression (69) in hand the proof can be completed using the weak

convergence arguments in [16] and [11].
O

Extentions of this result to certain classes of unbounded g and v° can be
proved using standard techniques (see [11]).

LAt several points we require that certain stochastic differential equations have unique
strong solutions. General conditions under which this is true can be found in [22] and [23].
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4.2 Step 2: A verification argument.

We now move on to establishing Step 2 in the procedure outlined on page 23. In
this subsection, as in the previous subsection, Assumption 3 continues to apply.
Notice that the value function V' in expression (66) has a discontinuous running
cost L and we know very little in advance about its behavior. For this reason it
is easier to work with G and use the fact that it is the viscosity solution of (28)
to show that it is also the optimal value of the control problem that defines V.
This will require a verification type argument in which we take special care at
the discontinuity of D,G.

Where G is not continuously differentiable we will use the following gener-
alized definition of the derivative of G (see [24]),

(g,p) €ERxRY: limy,_o0(qn,pn) = (¢, p) for some sequence
(tn,xn) — (t,2) such that for each n,
G is differentiable at (¢, z,) and

D*G(t,z) =

(70)
If G is continuously differentiable at (¢, z) then

D*G(t,z) = {(8,G(t,x), DGt z))} .

Assumption 3 implies that the restrictions of the derivative D,G to H™ and H™
are continuously extendable to all of [0, 7] x R%. We have also assumed that G
is continuous (in fact Lipschitz continuous). It is easy to check that these facts
imply that the derivatives 9,G and % for j > 1 must be continuous on R?.

This implies that if (¢,p) € D*G(t, z) then
q=0:G and pp = DG (71)
where we have used the notation
zp) = (z2,...,24)

for x € RZ. Assumption 3 also implies that if (¢, p) € D*G(t,z) for x € A then
either

. 0G
p1=pf = lim c’val(t’Z) (72)

or

- . 0G
pr=p; = lim 87(122) (73)
yeH_ 1

both of which exist. Thus D*G(t, x) is a particularly simple set consisting of at
most two points which themselves only differ in 1 component.

The next lemma provides an instantaneous optimality condition that is
needed in the proof of Lemma 3 and follows from the the fact that the func-
tions v and v~ in the definition of L are not arbitrary but are related to the
continuous value function G.
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Lemma 2. Under Assumption 8 for (¢,p) € D*G(t, )
1. if x ¢ A then

sup { — (6,2p) — L(t,, )} < 2H(z,p). (74)
BeRd

2. if v € A then
sup { —(6,2p) — L(t,x,8)} < 2H(z,p). (75)
o

Proof. Part 1 of this Lemma follows from the fact that v* = —¢7D,G and a
direct computation. To prove part 2 first recall that a point (t,z) € [0,7] x R?
is regular if there is a unique optimal trajectory, ¢, € AC([t,T]) at (¢,x)
(see expression (31)). By a standard result in control theory G is differen-
tiable at a point (t,7) € [0,7] x R? if and only if (t,z) is a regular point.
Thus we can assume that every point in [0,7] x A is not a regular point and
every point in [0,T] x A€ is regular. If (¢,z) is regular then every point in
{(s, ¢1.2(s)) : s €[t,T)} is also regular. By Proposition 1 ¢, , satisfies the or-
dinary differential equation
Pra(s) = (s, ra(s)) + (5, Pr.a(5) V" (5, Pr.a(s))-

Thus we can assume that A is not an attracting set for the field b+ o v°, i.e. for
any z € A and all ¢ € [0,T] we have that,

[b(t,z) +o(t,z)vt(t,z)]; >0 and [b(t,x) + o(t,z) v (t,2)]1 <0. (76)

where [7]; represents the first component of a vector x € R<.
Further, G is a viscosity solution of (28),

where we recall from expression (26)
1
H(x,p) = = (b(x),p) + Slo(@)" pl*

The fact that 9;G is continuous on [0,7] x R? and that G solves (28) in the
classical sense for ¢ A, therefore implies that the function

f(t,fﬂ) = H(z7DrG(tvx)) (77)

is also continuous on [0, 7] x R%.
Using (76) a direct computation reveals that for z € A and 8 € R? with
(1 = 0 we have that,

L(t.a,0) = int {518 0(e) = Aoa) 0¥ (.0) = (1= Nolo) v~ (002

—vaumF—u—Anrme} (718)
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We need to show that for (¢, p) € D*G(t, z) (and by expressions (71), (72), and
(73) there are only two such points),

which can be rewritten as

BER?
£1=0

where f was defined in (77).

Because the more general computation is somewhat tedious we will prove
(79) only in the case that b = 0 and o is the d x d identity matrix. In other
words, using expression (78), we will verify that for some (q,p) € D*G(t, x)

. 1 T - 2
sup { 60,20 = int, (5182 a) — (1= N0 (e2)
$1=0
N - (- V(0P < 27(00) (50
where now

f(t,2) = IDaGe )

and v = —D,G on A°. Note that f is continuous on [0, 7] x R? and f = [v°[2.
Recalling expression (71) we have that

+ _ — .
v (t,z) =v; (t,x) for j>1,

i.e. the functions ’U? are continuous in all of [0, T] x R? for j > 1. We can rewrite

the left hand side of inequality (80) as

1 _ 2
sup { = (5.2} = 5 (i (1) = (1= N (1)
Ber?!
A€(0,1]

2 _ 2 1
£ (o (62)” 4 (1= 2) (o7 (12))° = 516 = ofy (8 2) + oy ¢ x)|2}.
This quantity is bounded above by
n 2, 2
max § (v (t,2))", (v (¢, 7))

1
+ sup { —(B,2pp)) — §|ﬁ - ’UB](t’x)P + |v?1](t,x)|2}. (81)
BeERI—1
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Noting that ”P1] = —pp for (¢,p) € D*G(t, ), a straightforward computa-
tion reveals that

1
sup { — <ﬂ, 2p[1]> — §|ﬂ — ’UFl] (t,x)|2 + |’UF1] (t,x)lQ} = |,U[01] (t,x)|2.
BERI-1

Combining this with (81) we have shown that for (¢,p) € D*G(¢, x),

sup {09} Lt} < max 0¥ (@) o 100
BER?

p1=0
Since for € A both of the functions in the maximum on the right are equal to

2f(t,x), the proof is complete.
O

We can now prove the main result of this section.

Lemma 3. Under the Assumption 3,
V =2G.

Proof. For any (t,z) € [0,T] x R? and ¢ € AC([t, T]) with ¢(t) = = define the
function h : [t,T] — R by

hr) = / " L(s,0(s). ¢(5)) ds + 2 G(r. ()

Notice that h(t) = 2G(t,z) and

T —
WT) = / L(s, (5). £(5)) ds + 20(o(T)).

We will prove that h(t) < h(T) by showing that A > 0 almost everywhere in
[t,T]. Since ¢ € AC([t,T)) is arbitrary this will imply that

T_
26(ta) < inf D:{ / L(w(s),@(s))ds+2g<so<T>>}

T peAC([t,T
p(t)=z

=V(t, x)

and the proof will be complete.

Since ¢ is absolutely continuous we can restrict our attention to those
r € [t,T] where ¢ is differentiable. The Lipschitz continuity of G' and the
absolute continuity of ¢ imply that h is also absolutely continuous and there-
fore differentiable almost everywhere. Where it exists, the derivative of h is
given by

h(r) = 20 G(r, () + L(r, o(r), £(0). (52)

32



We need to consider both of the cases p(r) ¢ A and and ¢(r) € A. However,

note that if p(r) € A and [p(r)]1 # 0 then r is contained in some neighborhood

U € [t,T] such that ¢ ¢ A almost everywhere in U. We can therefore ignore

such points and assume that whenever ¢(r) € A, we also have that [¢(r)]; = 0.
If o(r) ¢ A then

C%,G(T» p(r)) = G (r,¢(r) + (p(r), Do G(r, o(r))). (83)

As in the discussion around expression (71) above, D, G|y is exists and is con-
tinuous so that if ¢(r) € A with ¢(1)(r) = 0 then

%G(T, o(r)) = 0:G(r,(r) + (¢ (r), DG (r, (1))

Since ppy) = D.Gpy(t, z) for (¢,p) € D*G(t,x), we have that for p(r) € A with
¢uy(r) =0

L 6(r,0lr)) = BG(r, o(r) + ($(r), ). (31)

Plugging expressions (83) and (84) into (82) we conclude that if o(r) ¢ A or
if p(r) € A with ¢p3)(r) = 0 then for (¢,p) € D*G(r, (1)),

h(r) = 20,G(r, (1)) + (&(r), 2p) + L(r, ¢(r), &(r)).

Lemma 2 then implies that

h(r) = 20:G(r,(r)) = 2 H(p(r), p)-

By the continuity of 0;G and H, and from the definition of D*G, for some
sequence x, ¢ A with z,, — ¢(r), we have that,

h(r) =2 lim 9,G(r,z,) — H(xp, DoG(r, 2)).

n—oo

Since G solves (28) in the classical sense on A€,
8tG(r7 xn) - H(xnv DIG(rv mn)) =0

for all n so that _
h(r) >0

and the proof is complete. O

Taken together Lemmas 1 and 3 prove Theorem 1.

5 Vanishing relative error.

In the previous section we provide conditions under which the estimator §°(e) is
uniformly log-efficient. Uniform log-efficiency is difficult to establish as reflected
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by need for Assumption 3 in that section. In contrast, once uniform log-efficiency
has been established it is relatively easy to prove that for initial conditions
in appropriate regions, 6"(e) satisfies asymptotic error properties much more
favorable than log-efficiency. This section’s main result, Theorem 2 establishes
that the relative error of °(e) can decrease to zero as € — 0. We will again focus
our attention on the estimation problem for

E [efggm;z(T)) )

In this section and in Theorem 2 we make no explicit restrictions on the form
of the set of possible discontinuities of G' (i.e. Assumption 3 is not required).
Instead we assume that the estimator 6°(¢) is uniformly log-efficient and show
that if (¢, x) is contained in a region of sufficient regularity for G then the relative
error of &7 () satisfies

. 0 .
lim p (3¢, (€)) =0
where p (67 ,(¢)) is the relative error of the estimator 47 ,(¢) and is defined in
(12).
These “region(s) of sufficient regularity for G” just mentioned are defined as
follows (see [26] and [27]).

Definition 9. Let N be any relatively open subset of [0,T] x R%. We call N a
region of strong regularity if

1. GisC' on N and

2. For every (t,xz) € N, there exists a unique optimal control trajectory (see
(31)) @10 € AC([t, T]) such that

{(s,P1,2(8)): (t,x) € N andt <s<T} C N. (85)

Both properties in Definition 9 are crucial in the proof of Theorem 2. They
are also not very restrictive. The next proposition shows that, at least when g is
smooth, there are actually very few points which are not contained in a region
of strong regularity. The essential elements of the proof can be found in Section
1.10 of [14].

Proposition 2. Suppose that g is smooth. Then the set of points which are
contained in a region of strong regularity has full Hausdorff Dimension.

We now proceed to the statement and proof of our vanishing error result.
First notice that it follows from Remark 1 that

Ve(t,z) = —elogE e—%g(f(f,z(T))—% SE @O (s, X5, ()),dW ()= £ [T 10°(s,X{ . (5))]% ds
N (86)
where the process X7 . is the unique strong solution of the stochastic differen-

tial equation in (35) and V¢ was originally defined in (43). We will use this
alternative representation of V¢ in the proof of Theorem 2.
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Before we give the statement of Theorem 2 the reader should recall from
expression (12) that the relative error of our estimator 5230(6) can written as

E, |e—29(xe) (ap 2
1 @l (@)

VM| g [e—%go«)r

-1

p(67.(e) =

- L\/e—%(v‘(tw)—? Geto) — 1

vM
where the function G€ is defined in expression (24).

Theorem 2. Let (t,x) be contained in a region of strong reqularity N C [0, T] x
R?. Suppose that G is smooth on N and that §°(e) is uniformly log-efficient.
Then

ti p (30.(0) = 0

Proof. This result essentially requires that we identify the first term in an
asymptotic expansion of a large deviations limit. We follow the basic outline
of the argument in [26]. We can assume without loss of generality that N is
compact. We begin by defining the stopping time

7 = inf {s €[t,T]: (s, Xf.(5)) ¢ N} ’

i.e. the first exit time of (s,sz(s)) from the set N.
Notice that, since G € C%(N), Ito’s formula implies that,

G Xi, ()~ Glta) 1 [P
6 S MG R
(KL () + o (K (Do, X4 (9) DaGls, K, (5))

+ 5 raXE () DEG(s, K1 (5) ) ds

1 (7 . .
+ 2 [ DoG e K)o (K o) aW ().

On N, G is smooth and is a solution of the equation

1
G + (b, D,G) = E\GT D,G)?
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in the classical sense. Therefore, the last expression can be rewritten as

G, Xgu (1)~ Glto) 1 / ’ (;IU(XZ:I:(S))T D,G(s, X5,(5))P

€ €

+{0(Xi2(5)) (s, X7 1 (5)), Do G5, X 4 (9))

n gtm@;m(s» DﬁG(S»XE,z(S))> ds

/ (D, G(5, X0 (5)), 0(XE, () W (s)).

Inserting the identity v° = —oT D,G we obtain
G Xi,(7) -Gt,e) 1 [T/ 1 oc
t’ 1 [ (- ghs xaonr
€ € Jo
+%tra()&;w(s))DgG(s,X;w( )ds— 7/ (5, X, (s)), AWV (s)).
or after rearranging and multiplying both sides by 2
_ 2 +<v0(s X¢.(s)),dW (s _7/ 10°(s, X . (5))|*ds
Ve Jo T

2 G 7/;7X§CL“ ’f- G x g X
B ( (7, X{ (7)) — G(¢, )) _/ tra(X¢,(s) D2D2G(s, K¢, (s)) ds.  (87)
0

€

Now notice that from expression (86) and the Strong Markov Property we
have the following representation for V¢,

_1ye
e~V ) —Ele

—LVERX ()= 2 ] (0. X5 L (90).dW () = 1 [T 100 (5. K5 () ds] _

Inserting (87) into this expression and multiplying both sides by e<Ct:®) we
obtain the representation

67%(V‘ (t,x)—2G(t,x)) _

E

e—1(ve<+,f¢f,m<+))—2G(ﬂ)‘ff,m(f)))—f:tra(X:J(s))DiG(aXf,m(s))ds]. (88)

Now choose 7 > 0 so small that
dist ({(s,9t,x(5)): t<s<T},N°)>n

where the function ¢y, is the unique minimizer in expression (30). That this
is possible follows from the definition of a region of strong regularity, Definition
9. Then on the event

Ay ={ s K52 (6) — pralo)] <

0<s<T
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we have that 7 = T. Since v° is smooth on N and N is compact, Proposition

1 and the Large Deviations Principle for the process X;w (see [28]) imply that
there exists a constant n > 0 and an ¢; > 0 such that if 0 < € < €7,

sup P (AC) < e e,
(s,y)eN

Our uniform log-efficiency assumption implies that,
Ve-2G—0

uniformly on N. Therefore, there exists a constant C' and an ¢y < €1 such that

if 0 < € < ¢y then
|67%(V€72G)| < Cen/2e

on N. This implies that

Ele tWVGX{ . (1)-2CGE X[ (1)) [y tra(X] ,(s) D3G(s,X7 ,(5)) ds Lag

< Ce?P (A7)
< Ce™ /%, (89)
Notice that since 7 =T on A, and
V(T,z) =2G(T,x) =2g(x),

we have that A A
— (VX7 ,(3)-2G(F X[ (M) — 1

&
on A,,. Therefore,
E [e—%w%x:,z(ﬂ)—zG(%,X:,m))—fg tra(X; () DIG(s,X{ () ds 1 }
- E [e ST tra(X; . (s) D2G(5,X{ . (s)) ds lAn] . (90)

By the uniform Lipschitz continuity of tra D2G on N, and since, ¥ = T on
A,, there exists a constant C such that

’/ tra(X;, DQG(Sva,m(S))dS—/OTtra(@,m(S))DiG(S’@,x(S))ds

<Cn

on the event A,. Therefore, since o and D2G are bounded on N,

o~ Jo tra(X{ () DIG(s, X5 (s))ds _ o= [ tra(@e,a(s)) DIG(s,9r.0(s)) ds

<C"/ tra(X, DQG(S,X;I.(S))CZS

- / tra(ra(s)) D2G(s, Gr.0(s)) ds

0

<Cn
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on the event A, for some constant C. Applying this bound in expression (90)
we obtain,

E [efav%)%;x(ﬂ)—zG<+,X:,x<+>>>ff: tra(X; () DIG(s, X ,(s)) ds 1An]

— e~ Jo ral@lL () DG (N ds| < oy (91)

for some constant C.
Using the bounds in (89) and (91) in expression (88) we obtain

e HVE(1:2)=26(ta)) _ o= J tra(@ra(s)) DIC(s.ea() ds| < ¢ (e—n/2€ n 77)

for some constant C'. Since 7 is arbitrary this implies that

hn’(l) 6_%(V€(t@)_2 G(tz)) e foT tra(@e,z(s)) D3 G (5,81, (5)) ds. (92)

In exactly the same way we can show that

lim e 2@ (t0)=G(t,2)) — o= [T tra(pe() D2G(s:$1,0(5)) ds_ (93)

e—0
Combining expressions (92) and (93) we obtain

—L(V¥(t.a) =2 G(ta)
V() —2GE(40) _ iy & _
limye e T e

which implies that
lim p (97 ,(€)) =0

and completes the proof. O
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