Asymptotic Properties of Monte Carlo
Estimators of Derivatives

by
Jérome Detemple, René Garcia and Marcel Rindisbacher.*

First draft: March, 2001.
This draft: February, 2005.

Abstract

We study the convergence of Monte Carlo estimators of derivatives when the transition density
of the underlying state variables is unknown. Three types of estimators are compared. These are
respectively based on Malliavin derivatives, on the covariation with the driving Wiener process,
and on finite difference approximations of the derivative. We analyze two different estimators
based on Malliavin derivatives. The first one, the Malliavin path estimator, extends the path
derivative estimator of Broadie and Glasserman (1996) to general diffusion models. The second
one, the Malliavin weight estimator, proposed by Fournié et. al. (1999), is based on an integration
by parts argument and generalizes the likelihood ratio derivative estimator. It is shown that
for discontinuous payoff functions only the estimators based on Malliavin derivatives attain the
optimal convergence rate for Monte Carlo schemes. Estimators based on the covariation or on finite
difference approximations are found to converge at slower rates. Their asymptotic distributions are

shown to depend on additional second order biases even for smooth payoff functions.
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1 Introduction

Hedging policies for contingent claims, optimal portfolios in asset allocation models, stock volatility
calculations, as well as other problems in financial economics can be described in terms of the

derivatives of a function f(¢,x), that solves the partial differential equation
Lif(t,x) + k(t,x) =0; subject to f(T,z)=u(T,x), (1)

where L. f(t,x) = O f(t,z) + O, f(t,x)A + %tmce (0o f(t,2)BB') is the infinitesimal generator of
the diffusion
dX, = A(Xy)dv 4+ B(Xy)dW,. (2)

Explicit expressions for the derivatives of f(t,x) are, in general, unknown and one must resort to
numerical techniques for computation. Lattice methods, such as finite difference schemes, finite
element schemes or finite Markov chain approximations of the diffusion, have been widely used for
that purpose. The problem with these approaches is that their computational complexity (i.e. the
number of arithmetic operations) grows exponentially as the number of state variables increases.
In addition, these estimators for derivatives converge at a slower rate than the estimators for the
function f(t,z).

Malliavin calculus, i.e. the stochastic calculus of variations (see section 2 for an introduction to
this calculus), can be used to overcome this curse of dimensionality and loss in speed of convergence.!

With its help, derivatives of f can be written in the form

Oz f(t,2) = Bt o[g(X7)] 3)

where g is a function of the terminal value of the state variables. Naturally, this expression suggests a
Monte Carlo (MC) estimator computed by averaging over independent replications erp,i =1,.M
of the terminal value X7 of (2). This estimate is attractive because its computational complexity
grows only linearly with the dimensionality of the problem. Furthermore, as the estimator based
on (3) is of the same form as the estimator for f, it converges at the same speed.

The optimal convergence rate for Monte Carlo simulation is M ~1/2.2 This rate follows from the

Central Limit Theorem applied to the sample average over independent replications g(Xr}) that

"Malliavin calculus is applied in Fournié et al. (1999), (2001) to compute the Greeks of option prices and in

Detemple, Garcia and Rindisbacher (2003) to calculate dynamic asset allocation rules.

2This convergence rate is lower than the rate of lattice methods. However, when convergence rates are expressed
in terms of work load, they are the same. For example, a finite difference approximation of a univariate partial
differential equation (PDE) converges at the rate N~! where N is the number of discretization points. As the
number of arithmetic operations (work load W) is proportional to the number of discretization points squared
(W = const. x N?) the convergence rate can be restated as W~Y/2, In contrast, a Monte Carlo estimator based on M

replications converges, by the Central Limit theorem, at the rate M —1/2

1/2

. As the work is proportional to the number
of replications (W = const. X M) this convergence rate is also W~



estimates (3). The optimal convergence rate is attained when (2) has an explicit transition density
so that X% can be drawn from the true distribution.

Unfortunately, in most cases the transition density is unknown, precluding sampling from the
true distribution. One must then resort to a numerical scheme to approximate the terminal value
of the diffusion. The typical scheme discretizes time into a finite number of intervals N, each of
length h = (T — t)/N, and approximates the stochastic differential equation (SDE) for X by its
discretized version. It then draws innovations over each interval and constructs the corresponding
values of the discretized SDE. Many discretization schemes have been proposed (see Kloeden and

Platen (1997)). The simplest one, the Euler scheme, is a local linearization of the SDE given by

Xzii-]\([k—&-l) = X, +A< t+kh) h+B (XtJrkh) (WZ (DR Wzti+kh> (4)

for k=0,...,N — 1, subject to the initial condition XZ’N = z. The estimator of the derivative (3)

is constructed by taking the average over a sample of M terminal values of (4). This gives

(0. 1M Zg xzM). (5)

As the function g is obtained using Malliavin calculus, (5) is called a Monte Carlo Malliavin
Derivative (MCMD) estimator. MCMD estimators for derivatives 0, f are of the same form as MC
estimators for the function f. As we show in this paper, they are the only Monte Carlo estimators
for derivatives that attain the optimal convergence rate for MC schemes, M ~1/2.

The question of estimating the expected value of the derivative of a diffusion process has already
been studied in the literature. For settings where the transition probability of the diffusion is known,
Broadie and Glasserman (1996) have proposed two classes of estimators, the path derivative and
the likelihood ratio, or score, estimators. Results from Malliavin calculus enable us to extend
these notions to general diffusion settings. A path derivative estimator, in Broadie and Glasserman
(1996), is based on the partial derivative of the deterministic function which maps the initial value
into the terminal value of the diffusion, with respect to the initial value. For general diffusion
processes such a function does not exist. The functional which associates the terminal value to the
initial value, i.e. the stochastic flow, depends on the initial value through the entire trajectory of
the state variables. A rigorous definition of a “path” derivative can nevertheless be provided in
terms of the tangent or first variation process of the stochastic flow (see Section 2.3 for definitions
and details). As the Malliavin derivative is proportional to the tangent process, it can be used to
generalize the concept of a path derivative estimator to general diffusions. We call the corresponding
estimator an MCMD-path estimator (MCMD-P). On the other hand, the likelihood ratio estimator,
in Broadie and Glasserman (1996), is obtained using an integration-by-parts argument for the

Riemann integral involving the known transition density. As we show in Appendix C, Malliavin



calculus provides an abstract integration-by-parts formula on Wiener space. We show how this
permits a generalization of the likelihood ratio estimator to situations where the transition density
is unknown. An MCMD estimator obtained by this integration-by-parts formula, is called an
MCMD-weight estimator (MCMD-W). It is important to underline that, in contrast to MCMD
estimators, the implementation of path derivative and likelihood ratio estimators requires explicit
knowledge of the transition density of the diffusion. The numerical implementation of MCMD
estimators requires the application of a discretization scheme to simulate the state variables, their
Malliavin derivatives or the Malliavin weights. It should also be noted that another extension of
the likelihood ratio method, to situations where the transition density is unknown, can be achieved
by discretizing the model first and then applying the likelihood ratio approach. The resulting
estimator is based on a convergent approximation of the true score by the score of the discretized
model. This approximation constitutes an additional source of error that may affect the asymptotic
properties of the estimator.

Cvitanic, Goukasian and Zapatero (2002, 2003) have proposed an alternative approach, based
on an approximation of the covariation between the function f(X7) and the Brownian motion W.
This Monte Carlo Covariation estimator (MCC), can be seen as a convergent approximation of the
MCMD-W estimator (see Section 3.2. for details).

Finally, by perturbing the initial value of the diffusion and forming finite differences, one can
construct Monte Carlo finite difference (MCFD) schemes that estimate the derivative 0, f. For-
ward, backward and central differencing schemes are available. The corresponding estimators are
the Monte Carlo forward finite difference (MCFFD), the Monte Carlo backward finite difference
(MCBFD) and the Monte Carlo central finite difference (MCCFD) estimators. These schemes were
introduced in a non-diffusion setting by Glynn (1989) and their asymptotic properties studied by
L’Ecuyer and Perron (1994). Both papers assume that transition densities are known. In our more
general setting, the transition density is unknown and a numerical discretization procedure must be
used to approximate the diffusion. As discussed in Section 3.3, MCFD estimators are approximate
MCMD-P estimators.

When a discretization scheme is combined with Monte Carlo averaging to estimate an expec-
tation involving the solution of an SDE two errors have to be dealt with. The first one is the
discretization error due to the finite number of discretization points, IV, in the approximation (4)
of (2). The second one is the Monte Carlo error associated with the computation of an expectation
by averaging over a finite number of replications, M, of the relevant random variables. Both errors
affect the estimator constructed and influence its asymptotic properties. This paper studies the
error behavior for MCMD, MCC and the three finite difference schemes MCFD described above.

For discontinuous payoff functions we show that the convergence rates of MCC, MCFFD and
MCBFD estimators equal M~/3 and that MCCFD estimators converge at the rate M~2/5. An



MCMD estimator, on the other hand, converges at the rate M~1/2. Tt is therefore the only es-
timator, among those studied, that preserves the convergence rate attained by the MC estimator
of the function itself. It is also the only MC estimator for derivatives that attains the maximal
convergence rate, M —1/2 for MC schemes. The reason is that all other estimators are numerical
approximations of convergent approximations, instead of explicit representations, of the derivative.
Because MCFD and MCC estimators are based on convergent approximations their implementation
depends on additional perturbation parameters. These correspond to a spatial shift of the initial
condition for MCFD and a time shift of the initial increment of the Wiener process for MCC. The
additional parameter implies a slower convergence rate for discontinuous payoffs. In contrast, for

1/2 i5 also attained by MCFD estimators: the variance of

continuous payoff functions the rate M~
these estimators is of second order in the convergence parameters, speeding up convergence.

The asymptotic efficiency of each estimator depends on the length of the asymptotic confidence
intervals implied by the limit distribution. For each method we show that the weak limit along
the efficient path of M, N and any other parameter controlling the approximation, has a non-zero
mean representing a second order bias. Ignoring this bias leads to incorrect efficiency assessments.
Indeed, in this case, asymptotic confidence intervals cover the true value with probability lower
than the nominal size of the interval. Corresponding confidence sets are then invalid.? In fact,
the Neyman-Pearson theory of statistical tests (see Lehmann (1997)) establishes that asymptotic
efficiency assessments cannot be made when confidence intervals are not of the same effective size.
Our explicit formulas permit the construction of valid confidence intervals. They also show that
second order bias correction is considerably more difficult for MCC and MCFD estimators: MCC
and MCFD involve additional second order biases because they are approximations of MCMD-
W and MCMD-P estimators. Finally, they provide the necessary tools for assessing the relative
efficiencies of different Monte Carlo estimators of derivatives (see Duffie and Glynn (1995) for a
discussion of efficient simulation designs for Monte Carlo estimators of conditional expectations).

Section 2 provides a brief introduction to Malliavin calculus. Section 3 studies the convergence
of the various MC estimators of derivatives: MCMD, MCC and MCFD. The computational re-
quirements differ across estimators. In general MCMD and MCCFD estimators, which converge at
a faster rate, require the simulation of auxiliary processes such as Malliavin derivatives or processes
with perturbed initial values. It follows that there is a trade-off between speed of convergence
and execution time. Section 4 studies this trade-off by performing a numerical comparison of the
three methods in the context of two examples. The first example is a linear dynamic portfolio
choice problem; the second one addresses the issue of risk management for digital options when

the underlying price follows a process with constant elasticity of variance. These numerical studies

3A discussion of this issue can be found in Detemple, Garcia and Rindisbacher (2004). They show that the

coverage probability is positively related to the asymptotic variance when the second order bias is ignored.



illustrate that the faster convergence rate of MCMD estimators results in an efficiency gain in terms
of CPU time and percentage root mean square error. Section 5 concludes the paper. Appendix A
contains a result from Detemple, Garcia and Rindisbacher (2004) that is used to characterize the
second order bias for the different methods under consideration. Proofs are collected in appendix
B. Appendix C presents an integration by parts argument that can be employed to find MCMD

estimators when transition probabilities are unknown and payoff functions are non-smooth.

2 A Primer on Malliavin Calculus

The Malliavin calculus is a calculus of variations for stochastic processes defined on a Wiener space
(the smallest state space on which a Brownian motion can be defined). This calculus applies to
Wiener functionals, i.e. random variables and stochastic processes that depend on the trajectories
of a Brownian motion. It enables us to measure the effects of a small variation in the trajectory of
the underlying Brownian motion on this functional. This section presents elementary operations

associated with the Malliavin calculus. A detailed treatment can be found in Nualart (1995).

2.1 The Malliavin Derivative of a Smooth Brownian Functional

Let (t1,...,t,) be a partition of the interval [0, 7] and let F' be a random variable of the form
F=f(Wy,..W,),

where f is an infinite times continuously differentiable, bounded function and W is a univariate
Brownian motion process. The random variable F' depends (smoothly) on the Brownian motion W
sampled at a finite number of points in the interval [0, T]. It is called a smooth Brownian functional.

The Malliavin derivative of F' is the change in F' due to a change in the path of W. To formalize
this notion consider a time ¢ such that t; < ... < tp_1 < t < ... < t, and suppose that Wj is
perturbed to W, + ¢ for all s > ¢. The Malliavin derivative of F' at time ¢, which is written as D.F,

is defined as

n

=3 fi(Wey s Wiy o Wi, (6)
e=0 1=k

of (th, ey Wtkfl,Wtk +e&,..., W, + 6)
Oe

DtF =

where f; is the derivative with respect to the i*" argument of f.

A simple example will illustrate the concept. Suppose that the price of a stock follows a
geometric Brownian motion with drift g and volatility coefficient o. At time T the stock price is
St = f(Wr) where the function f(z) is f(z) = Soexp ((u — 20*)T + oz). An application of the
definition shows that the Malliavin derivative of St is

of(Wr +
Disy = 21 aTe . 2

1
= oSy exp <(M — 702)T + O'WT> =oSr.
e=0
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In this example St depends only on the Brownian motion at 7. The Malliavin derivative is then
the same as the derivative with respect to Wp. This reflects the fact that a perturbation of the

path of the Brownian motion from time ¢ onward affects St only through the terminal value Wrp.

2.2 The Malliavin Derivative of an Ito Integral and the Chain Rule

The notion of a Malliavin derivative can be extended to random variables that depend on the
path of the Brownian motion over a continuous interval [0,7]. This extension uses the fact that
a path-dependent functional can be approximated by a suitable sequence of smooth Brownian
functionals. In short, the Malliavin derivative of the path-dependent functional is the limit of
the Malliavin derivatives of the smooth Brownian functionals in the approximating sequence. The
space of random variables for which Malliavin derivatives are defined is called D2, This space
is the completion of the set of smooth Brownian functionals with respect to the norm [[F||; 5 =
(B[P +B|f) HDtFHthDl/Q.

This extension enables us to define Malliavin derivatives of stochastic integrals in a natural
manner. For instance, consider the stochastic integral F'(W) = fOT h(t)dW¢, where h(t) is a function
of time. By Ito’s lemma we can write F'(W) = h(T)Wrp — fOT Widh(t). Taking a perturbation of
W5 to Ws + ¢ for all s € [t,00) shows that

T
F(W + elpae)) — F(W) = h(T)el} o0y (T) — /O 1y ()R (s)

where 1f; o)(s) is the indicator function (i.e. 1y )(s) = 1if s € [t,00); = 0 otherwise) and therefore

DoF = fim — Y T Elitoe) = FOV) I(T)}y.00)(T) — /0 ' Lt.o0) (5)dR(s) = h(2).

e—0 IS

That is, the Malliavin derivative of F' at date ¢ is the volatility h(t) of the stochastic integral at ¢.
In other words, the Malliavin derivative D;F' measures the sensitivity of the random variable F' to
the Brownian innovation at ¢.

Assume now that the integrand h(t) = h(W,t) is a progressively measurable process. In this

case, with the notation W¢ = W + el o) (s), we can write
T T
F(W + elyo)) — FOW) = / B(WE, $)dWe — / h(W, $)dIV,
0 0
T T
= [ @oves) —nwe) e+ [ v savs - w)
0 0
T T
= [0 ) W< [ OV, s)dig (o)
T
_ / (h(W= . 5) — h(W, 5)) dW,s + ch(WF, 1)
0

6



where the last equality follows from the fact that dlj )(s) = do(s — t) is the Dirac delta function
at the point s —t = 0.% It follows that

FOW 421y, o)) —
DF = lim (W +eljtos)
e—0 g

FW) _ /T Dh(W, $)dW, + h(W, )
0
T
_ / Doh(W, 8)dW, + h(W, 1)

where, by definition, Dih(W,s) = lim._o (h(W*¢,s) — h(W,s)) /e. Similarly for a (random) Rie-
mann integral F(W) = [T h(W, s)ds we obtain D,F = [,/ Dyh(W, s)ds = [, Dih(W,s)ds.

Typical applications in finance involve functions that depend on several path-dependent random
variables. These cases can be handled using the chain rule of Malliavin calculus. Suppose that
F = (I,...,F,) is a vector of random variables in D2, and that ¢ is a differentiable function of F

with bounded derivatives. Then,

Dip(F) = %% (YD, F;

o0x;
i=1 ¢

A standard application of this rule arises when a stock return satisfies an Ito process with

progressively measurable coefficients (u, o), i.e. the price satisfies dS;/S; = pdt + o, dW,;. The

T 1 T
St = S exp </ <,u8 - 203) ds —i—/ USdW5>
0 0

and the chain rule of Malliavin calculus gives

terminal value is

T T
DSt = St (/ (Dt,us — USDtUS) ds + / DiosdW, + Ut)
t t

where we used Dtag = 20sD,05 and the formulas above for the derivatives of an Ito integral and a

random Riemann integral.

2.3 Malliavin Derivatives of Solutions of Stochastic Differential Equations

The rules of Malliavin calculus described above enable use to calculate the derivative of the solution
of a stochastic differential equation. Suppose, for instance, that a state variable X solves the
equation dX; = u(X;)dt + o(Xy)dWy, subject to some initial condition Xy = x, where W is a

standard Brownian motion. Equivalently, we can write the equation in integral form as

t t
X, :w—i—/ u(Xs)ds—i—/ o(Xs)dWs.
0 0

“The Dirac delta function d(s — t) is such that do(s —t) = 0 if s # ¢ and fOT F(8)do(s —t)ds = f(¢).
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Applying the results from the previous sections it is easy to verify that D; X, satisfies
S S
DtXS = / a,u(X,U)DthdU + / aa(Xv)Dthde + O'(Xt)
t t

(recall that Dyx = 0). This linear equation can be solved to yield

DX, = 0(X))E ( /t D ou(Xds + 80(X5)dW3>

for all s > t, where £ denotes the stochastic exponential.’

Note that the Malliavin derivative of a stochastic differential equation is related to the derivative
of the solution of the SDE with respect to the initial condition. The Brownian functional Xg(z)
which gives the position at time s of the state variable as a stochastic mapping of its initial position
X; = z, is called the stochastic flow. Tkeda and Watanabe (1981) and Kunita (1991) show that
the stochastic flow solves the same SDE as the diffusion itself. More importantly they show that
its gradient V,; ,X,(z) = lim, o 2 (Xs(z + 7) — X,(2)) (i.e. the change in the flow induced by an
infinitesimal perturbations of the initial state) solves an SDE with linear coefficients and initial
condition given by the identity matrix. The process Vi, X(x) is called the tangent process.

As the Malliavin derivative solves the same SDE but with a different initial condition, it fol-
lows immediately that D;Xs = 0(X¢)VzXs(x): the Malliavin derivative is equal to the tangent
Vi Xs(z) multiplied by the volatility coefficient of the process.

2.4 The Clark-Ocone Formula

Our next result is a very useful formula known as the Clark-Ocone formula. This formula ties into
the Martingale Representation Theorem which states that a martingale adapted to a Brownian
filtration can be written as a stochastic integral with respect to Brownian motion. Malliavin
calculus, in effect, gives an explicit expression for the integrand in this representation. In other
words, it identifies the volatility coefficient of the martingale.

The Clark-Ocone formula states that any random variable F € D2 can be decomposed as
T
F =E|[F| +/ E; [DF] dWs,
0

where E; [-] is the conditional expectation at time s. For the special case of a martingale M; =
E, [F], closed by the random variable F', one obtains M; = My + fg E; [DsF] dWs.

5Ordinary exponentials solve linear ODEs. Likewise, stochastic exponentials solve linear SDEs. More precisely,
E(M) solves dE(M)y = E(M)¢dM; subject to E(M)o = 1. For univariate continuous local martingales M we have
E(M)r = exp (M7 — 3[M]r), where [M] is the quadratic variation of M (i.e. [M] is the unique, predictable process
such that [M]o = 0 and M? — [M] is a continuous local martingale (Karatzas and Shreve (1991), Problem 5.17)).



2.5 Multivariate Wiener Processes

To conclude this presentation of Malliavin calculus we briefly indicate generalizations of definitions
and results to the case of multivariate Brownian motions. Suppose that W = (Wy,...,Wy)' is a
d-dimensional Brownian motion and that F' = f (Wy,,...,W;, ) is a smooth Brownian functional,
that depends on the vector Brownian motion W sampled at a finite number of time points.

In this multivariate case one can define a Malliavin derivative with respect to each component
of the multidimensional Brownian motion. The Malliavin derivative is a d-dimensional row vector
DiF = (DyF, ..., Dyt F) where, for j = 1,...,d, the derivative DjF" is obtained by perturbing the
j™ component of the Brownian motion. In other word D;F satisfies definition (6) where Wjs is
perturbed to Wjs + ¢ for s > ¢ and other components of the Brownian motion are left unchanged.

All the rules of Malliavin calculus described for a univariate Brownian motion also apply to the

multidimensional case.

3 Simulation-based Estimators of Derivatives

Suppose that we wish to estimate the derivative of a function f(t,z) = E;,[h(X7)] where h is

continuously differentiable and X is a n-dimensional vector of state variables with dynamics

d
dX; = A(Xy)dt + Y Bj(X)dW{; Xo = a.
j=1

The coefficients A and B are assumed to satisfy local Lipschitz and linear growth conditions (see
Karatzas and Shreve (1991), Theorem 2.5, p. 287). This section presents three simulation methods
that can be used to compute the derivative of interest.

3.1 Monte Carlo with Malliavin Derivative (MCMD)

Our first approach is based on Malliavin calculus. Suppose that we take the Malliavin derivative on
both sides of the expression f(t,z) = E; [h(X7)] where 2 = X;. The chain rule of Malliavin cal-
culus and the commutativity of the Malliavin derivative and the conditional expectation operators

(see Nualart (1995) proposition 1.2.4 page 32) gives
Ou f (t, X¢)Dy Xy = Dy f(t, Xi) = DiEy o [M(X7)] = Eo[Dih(X7)] = E o [0h(X7)D: X7],  (7)

where D; X is the terminal value of the solution of the linear stochastic differential equation

d
dD X, = | 0A(Xy)dv + Y " 0B;(X,)dW] | DX, and 1ig1 D, X, = B(Xy). (8)
j=1 !



In general, the random variable D; X7 will depend on the whole path of the underlying Brownian
motion, making it difficult to apply convergence results tailored for expectations of functions of
the terminal value of a diffusion. Two avenues can be pursued to bring us back to this more

conventional form. Both of these identify a function g and a diffusion Y such that

Ou f(t,2) = Ero[g(YT)]. (9)

A Monte Carlo estimator can be readily constructed from this expression, by replacing the condi-
tional probability measure with its empirical counterpart that places equal probability on indepen-

dent replications of the terminal value of the Euler discretized diffusion YYN ,

M
01 (1,2) = 23 a(vi). (10)
=1

This estimator of the derivative 0, f (¢, x) is of the same form as the Monte Carlo estimator of the

function f(t,x) and will share its convergence properties.

3.1.1 Malliavin Derivative Path Estimators (MCMD-P)

A formula such as (9) can be found either by conditioning on the terminal value of the state variables
or by introducing an augmented diffusion that captures the joint behavior of X and its Malliavin
derivative D; X. The first transformation works as follows. Using the law of iterated expectations

in the last conditional expectation of (7) gives
O f(t,2) B(x) = Et o [0h(X1)Et o [De X7 X1]]. (11)
The desired formula (9) follows if we select g(Yr) = g(t, z, X7) with the definition
g(t,z,z) = Oh(2)k(t,z,2)C(x) (12)

where

k(t,z,2) = By oDy X7| X1 = 2] and C(2) = B(x) (B(z)B(z)) ™" (13)

Clearly, a Monte Carlo estimator based on this transformation, is easy to implement only if the
conditional expectation k(t,x, z) has an explicit form. This is a strong condition and cases where
this approach works are rare.

The second transformation applies even when an explicit form for k£ is unknown. It relies on
an expansion of the state space that adds the n x d-vector of Malliavin derivative D; X, to the
set of state variables. The augmented system of state variables Y/ = [Y{, Y]], with Y3 = X and
Yy = D1 X', ..., D4 X'], satisfies the stochastic differential equation

10



d

(Yo)dv+ )

=1

B;

dy, =
OB;Ys

(Y,)dw} (14)

v

0AYs

subject to the initial condition Y, = [X}, B1(Y1:)’, ..., Ba(Y1)']. The derivative of the function can
be written as in (9) with the definition

9(y) = (0h(y1))y2C (y1)- (15)

A setting of practical interest for which the function &k in (12) can be found in explicit form is
the Black and Scholes model. For dX; = X; (Adt + BdW;) we obtain D; X7 = BXp and therefore
k(t,x, X1) = BX7p with ¢(t, 2z, X7) = Oh(X7)(X7/x). Here, the estimator based on (12) is identical
to the path derivative estimator of Broadie and Glasserman (1996).6

As mentioned in section 2.3, Malliavin derivatives are proportional to tangent processes. They
can therefore be used to formalize the notion of “path derivative” for arbitrary diffusion mod-
els. More precisely, note that the Malliavin derivative satisfies Dy X, C(X;) = VX, (X¢) where
Vi2Xy(Xy) is the derivative of the stochastic flow X, (X;) with respect to its initial position at
time ¢ (see Section 2.3 for the univariate case). Given this relation and the natural interpretation
of the derivative of the stochastic flow as a path derivative we call estimators based on (12) or (15)
Monte Carlo Malliavin derivative path estimator (MCMD-P).

3.1.2 Malliavin Derivative Weight Estimators (MCMD-W)

The estimators presented so far require that i be at least continuously differentiable. Unfortunately,
for some applications in finance, such as managing the risks associated with a position in digital
options, this differentiability assumption is not satisfied. Moreover, expressions for derivatives are
difficult to obtain for several types of financial contracts, such as mortgage-backed securities.

In these instances one can proceed in two ways. First, assume that h fails to be continuously
differentiable but suppose that the transition density p(¢, z, s,y) of the diffusion exists and is known.

Under these conditions the conditional expectation

f(t,Xt):/Rh(z)p(t,Xt,T,z)dz.

5Broadie and Glasserman (BG) use this example to introduce the idea of path derivatives. As Xr = X F where
the random variable F' = exp ((A — $B*)(T —t) + B(Wr — W;)) is independent of X, the path derivative can be
defined as an ordinary derivative of the linear function X;F with respect to X;. The same property holds in the
example with stochastic volatility that they provide. For cases where the relevant SDEs do not have explicit solutions
BG define path derivatives for the Euler discretized processes (see Proposition 7 page 284). For this approximation

scheme, a deterministic map links the initial and terminal values of the discretized processes for each sub-interval.
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can be Malliavin-differentiated on both sides to obtain

(%f(t, Xt)DtXt = / h(z)axp(t, Xt, T, Z)dZDtXt = Et,Xt [h(XT)ﬁx logp(t, Xt, T, XT)] DtXt.
R

The resulting probabilistic representation of the derivative
Ouf(t, Xi) = By x, [M(X7)05 log p(t, X¢, T, X))
is in the form (9) with the choice
g(t,z, T, z) = h(2)0; logp(t,z, T, z). (16)

Estimators based on this formula correspond to the likelihood ratio or score function estimators
proposed by Broadie and Glasserman (1996) in the context of security pricing with known transition
density.” As these estimates are again of the form (9) their convergence properties are identical to
those of MCMD-P estimators (12), (15), based on Malliavin derivatives. However, applications of
this method are limited because knowledge of the score function 9, log p(t,z, T, z) is required.
Next we derive an estimator that is of the same form for unknown transition densities. For this
note that the probabilistic representation of the derivative is given as the expected value of the

payoff function multiplied by a “weight”
H{7"™ = 0y logp(t, z, T, Xr), (17)

equal to the score. For geometric Brownian motion, Broadie and Glasserman (1996) obtain the
“score-weight” by an integration-by-parts argument. Appendix C shows how to generalize this

idea. An integration-by-parts argument for Malliavin calculus establishes,®

0o f(t,z) = By g [Oh(X7) Vi X1 (z)] = Erg [Hf?h(XT)] (18)
where .
HS = [ (@w,) v 19
wr = (dW) vy (19)
U = O(X,) Ve Xo(2)aus, (20)

for some progressively measurable process a such that ftT atsds = Iy, the identity matrix of
dimension n, and C' defined in (12). The right hand side of (18) is again of the form (9) with

9(y) = yeh(y1) (21)

"See Rubinstein and Shapiro (1993) for a general discussion of this method.
8This result is the same as in Fournié et al. (1999). Our derivation of the formula, in Appendix C, relies on

different arguments and does not use stochastic calculus for non-anticipative processes.
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and expanded vector Y, = [X/, Ht(z)/], for v € [t, T]. Here, the desired formula was found by adding
the Malliavin weight Hfoi}) to the set of state variables. Note also that the function g depends on
the payoff function h, rather than its derivative. This feature is important for implementation. It
implies that a Monte Carlo method, based on the expanded vector of state variables Y, can be
combined with a discretization scheme to estimate the derivative 0, f(t,x) even though the payoff
function is non-differentiable and the transition density is unknown. As the payoff is multiplied by
the weight Ht(or}), in (18), we call the resulting estimator a Monte Carlo Malliavin derivative weight
estimator (MCMD-W).? The fact that the likelihood ratio/score estimator has a similar structure,
suggests that MCMD-W is a generalization. We now show why this is indeed the case.

Fournié et al. (2001) establish that the Malliavin weight corresponding to the score provides
the estimator with minimal mean-square error. As the score is a function of the terminal value of
the diffusion the optimal Malliavin weight must be as well. Malliavin weights that are deterministic
functions of the terminal value of the diffusion can be obtained from (21), using the law of iterated
expectations: it suffices to condition on the terminal value within the conditional expectation to
obtain a “weight” of this form. By definition this conditional expectation attains the minimal mean
square error among all random variables that are functions of the terminal value. As the weight
that attains the minimal mean square error is unique, this “weight” must be identical to the score.
That is,

Ei. | H7

Xr| = 0, logp(t,@, T, Xr) = 5", (22)

for any admissible choice of a.'® It follows that MCMD-W estimators do indeed generalize the
score or likelihood ratio method.!!
Following the arguments in the proof in Appendix C, it is interesting to note that the Malliavin

weight is in fact nothing else but an abstract score, i.e. a derivative of a log-likelihood-ratio,

() Py,
Hyz = | Oxlog dPy IA=0 )

for a particular density given by,

dPZ\:v . (a)\s
=== (vy)dWs | (24)
dPt x t T
9The implementation of MCMD-W requires a discretization scheme to calculate the Malliavin weight.
10T his result can also be established using a probabilistic representation of the transition density, that is itself the

derivative of a conditional expectation of an indicator function.
We also conclude that the score estimator, an element of the class of MCMD-W estimators, is similar to the

estimator (12)-(13), an element of the class of MCMD-P estimators. Both can be derived by conditioning expectations
of the Malliavin derivative on the terminal value of the diffusion. Given that these conditional expectations are
generally unavailable, both estimators are often infeasible in practice. In particular, the corresponding MCMD-W

estimator can not be calculated in explicit form if the log-likelihood ratio is unknown.
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where derivatives are taken with respect to a perturbation parameter A, that controls shifts of the
Brownian paths, in the direction of the suitably chosen process ut(g) defined in (20). The Malliavin
weight is therefore a score weight corresponding to a particular log-likelihood obtained from (24).

It is found using the same integration-by-parts idea as the traditional score estimator.

3.1.3 Malliavin Derivative Mixed Estimators (MICMD-M)

MCMD-P estimators involve the derivative of the payoff function h and therefore take into account
the local sensitivity of the payoff function with respect to variations in the terminal value caused
by infinitesimal perturbations of the initial value. In contrast, MCMD-W estimators use weights
Ht(;) that are the same for different payoff functions. These weights are therefore independent of
the derivative of the payoff function h. This difference in sensitivity results in a higher variance
for MCMD-W estimators. This is confirmed by the experiments for geometric Brownian motion
carried out in Broadie and Glasserman (1996).12

Fournié et. al. (1999) resolve this difficulty by using a localization procedure which, for geomet-
ric Brownian motion, improves Malliavin weight estimators. The basic idea behind their approach
is an additive decomposition of the payoff function in a once continuously differentiable function
plus a differentiable function with discontinuous derivative but support restricted to compact inter-
vals (z/ — 8,2/ + §) around points of discontinuity z’ of its derivatives. If we use MCMD-P for the
continuously differentiable part and MCMD-W for the remaining part containing the discontinuities
of the derivative of the payoff function we obtain their localized estimators. Given the exact nature
of this decomposition, for arbitrary choices of localization parameters J, convergence properties of
the estimators are not affected. We call their estimator a Monte Carlo Malliavin derivative mixture
(MCMD-M) estimator.

3.1.4 The Asymptotic Error Behavior of Malliavin Derivative-based Estimators

All three MCMD estimators are based on probabilistic representations of the same form. Using
Malliavin calculus, we can define a possibly augmented diffusion Y and a function g such that
Oz f(t,x) has the probabilistic representation (9). This formula is valid even when transition den-
sities are unknown and/or when the payoff functions are not smooth. This representation has the
same form as the one for the function itself, and thus, achieves the optimal rate of convergence for
Monte Carlo estimators implied by the Central Limit theorem for i.i.d. random variables.

To describe the asymptotic behavior of MCMD estimators of derivatives, a result of Detemple,
Garcia and Rindisbacher (2004) on asymptotic distributions of Monte Carlo estimators for Eu-

ler discretized diffusions, can be applied. The following theorem describes the weak limit of the

12Fournié et. al. (2001) provide theoretical results explaining the observation of Broadie and Glasserman (1996).
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estimation error.!?

Theorem 1: Consider a function g € C3(R?) and suppose that g(X7) € D2, Also assume that
the conditions of Theorem & in Appendix A hold, and

i By (10600201 9(X1)?] = 0. (25)
Then, as M — oo,
1
VM (0, fMNM (¢, 2) — 0, f(t,2)) = emd§Kt,T(x) + Ly ()

where Nj; — o0, as M — oo, €™ = limps oo VM /Ny and L (x) is the terminal value of a

Gaussian martingale with (deterministic) quadratic variation and conditional variance given by
T
L Ll = | BualN.(V.))ds = VARG [g(Xr)
t

Ns = Es,x[ﬁg(XT)DSXT].

The second order bias function K, r(x) is defined in equation (40) in Appendiz A for t = 0.

The theorem shows that the asymptotic law of the estimator has two parts. The Gaussian
martingale L results from the Central Limit theorem, in the approximation of the expectation by
an empirical mean over independent replications. The function K;r(x) appears because using the
Euler scheme amounts to sampling from random variables that are only convergent approximations
of the true terminal point of the diffusion. It represents a second order discretization bias. This
bias disappears if the end point of the diffusion can be simulated directly.

Condition (25) is a uniform integrability condition for centered second moments. A sufficient
condition for (25) is that g(X7) be LP-bounded, for some p > 2. In particular, the existence of

third order moments for g(X7) is sufficient.'*

3.2 Monte Carlo Covariation (MCC)

The covariation representation

0.1(t,0) = lim_Bes [o(r) <W+‘W>] C(w)

1/7—00 T

13Tet S be a metric space and S its Borel sets. A sequence of random variables X is said to converge weakly
to a random variable X, denoted by X~ = X whenever, with Py~ = P o (XN)f1 and Px = P o X!, we have

Js f(s)dPxn(s) = [ f(s)dPx(s) for all continuous and bounded functions f on S.
“The formula for the second order bias, K, requires that g be three times continuously differentiable. Results of

Bally and Talay (1996) guarantee that the same convergence result holds even if the payoff function is not differen-
tiable. A similar type of efficiency result for Monte Carlo estimators of functions expressed as conditional expectations

of diffusions, can be found in Duffie and Glynn (1995), but without an explicit formula for the second order bias.
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naturally suggests the estimator

M,N,r

O flt,x) (MZ <w>/> C(x), (26)

where C is defined in (12) and X% is generated using a Euler approximation of the stochastic
differential equation based on N discretization points. This simple approach was first proposed
by Cvitanic, Goukasian and Zapatero (2002, 2003), who implement it in the context of asset
allocation problems and risk management problems for derivatives. The method seems attractive
from a computational point of view as it does not require the simulation of auxiliary processes such
as Malliavin derivatives, Malliavin weights, or diffusions with perturbed initial values.

The asymptotic distribution of the error is as follows.

Theorem 2: Consider a function g € C3(RY) and suppose that g(X7) € DY2. Let AW, =
Wivr — Wi and Krp(z) be defined as in Appendiz A, equation (40).
Define the events

AW, 1 .n.
FtT(N T, 7“ {HN XT) (XT)) - t_ 5[;7\]7’« (iL‘)H > 7"},

Grar(r,r) = {H B

where I;Yf(:c) =E, [N (g(X7 ) Wt] , and suppose that the conditions

AWy 1 NT H:| 0,

—Eta [ (XT)AT

N (9(X7) = 9(Xr)) =—— = S L' (

fn o B [“ﬂwm

AW,
lim limsup E; Tt
=00 1 /r—00

hold. Then, as M — oo,

1G’t 7 (T,7)

(X

) =2

2
] =0 (28)

A3 (a;f(T, o) T, f(t,a:)) = &50,E[00 (0, X)) B(X,)]jumiC ()
$e550K1 1) + Our(1)C(a)

where Npr,1/Tar — 0o when M — o0, €f = limp—00 MY37y, and e§ = limp/ o0 M1/3/NM, C is
defined in (12), and where Oy 1 is the terminal value of a Gaussian martingale with (deterministic)
quadratic variation (O, Ol () = Ei2[g(X1)?|14.

The uniform integrability condition (27) is necessary and sufficient for the convergence of the

mean of the second order discretization bias to the expectation of the limiting error distribution. A
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sufficient condition for (27) is uniform LP-boundedness of N(g(X) — g(XT))% for some p > 1,
jointly in 7 and N. This sufficient condition is satisfied, in particular, if the payoff is bounded. The
second uniform integrability condition (28) is sufficient for the Lindeberg condition for triangular
arrays to hold. This standard condition is invoked to obtain the Gaussian limit process from a

Central Limit theorem (see Kallenberg (1997), Theorem 4.12, p. 69). Sufficient conditions for (28)
AWy

T

are uniform LP-boundedness of g(X7) for some p > 2 in 7.

Theorem 2 shows that the best convergence rate for the estimator based on the covariation is
slower than that for the estimator using Malliavin derivatives. The efficient MC scheme requires
an eight-fold increase in the number of independent replications M along with a cut of the initial
shift 7 by half when the number discretization points N is doubled.

The second order bias, in this scheme, has two components. The first, %OKtT(:U), is due to the
fact that sampling from the true distribution of the terminal point of the SDE is not feasible. The
second, OyEy ;[0 f (v,Xv)B(XU)]‘v:t, comes from the fact that one must deal with the derivative
of the second order bias. This derivative appears because MCC effectively estimates the smoothed
derivative 1 ftHT O f (v, X)) B(X,)dvC(x), instead of 0, f(t,z). MCC estimators are therefore only
correct in the limit as 1/7 — oo. In practice, the selection of 7 seems to be a non-trivial task and
the resulting second order bias is a matter of concern.

In order to produce asymptotic confidence intervals which do not suffer from size distortion
the second order bias must be calculated. This task is considerably more difficult for this method
than for MCMD because the derivative of the second order bias must be computed. However,
as the computational effort needed to calculate the MCC estimator is smaller, it is not uniformly
dominated by the MCMD estimator.

The comparison of MCC with MCMD-W reveals that MCC effectively approximates the in-
)

mcce

stantaneous Malliavin weight Hf%mcc , obtained for the choice o'y = %1(t7t+f](s), by its Euler

A mcc !
approximation with step size T, [Ht(or} )]T = (M) C(X¢). The MCC method therefore uses
the exact weight only in the limit when 1/7 — oco. For fixed 7, these approximate Malliavin weights

introduce an additional second order bias and reduce the overall convergence rate.

3.3 Monte Carlo with Finite Difference (MCFD)

An estimate of (11) can also be produced by approximating the derivative inside the expectation
by a finite difference, in the manner of numerical PDE methods. If the function is then evaluated
by averaging over independent replications one obtains a Monte Carlo version of the well known
finite difference method for PDEs. The motivation for this estimator is the limiting result

9y f(t,z) = lim Ei. [9(X7(x + ay7i¢;))] — Eoa [9(X7r(z — (1 — a)7j€5))]

1/7j—00 Tj

(29)
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for a; € [0,1], j = 1,...,d, where X¢(x) is the diffusion process started at X; = = and e; =
[0,...,1,...,0]" is the j** unit vector of dimension d. The choice a = 1 corresponds to single forward
differences, a = 0 to single backward differences, and « = 1/2 to central differences.

The relation above suggests the Monte Carlo finite difference (MCFD) estimator

i, i, N
—— M,N7j,q, ﬁ Zf\il [Q(XTN(x +a;7ie5)) — 9(Xp (x — (1 — o) 75€5))

Oy f(t, ) = (30)

7

j=1,...d

where X%N is an approximation of X7 based on the Euler scheme using N discretization points.
This perturbation approach was proposed by Glynn (1989) and Glasserman (1991) and its conver-
gence properties were studied by L’Ecuyer and Perron (1994).1° All these papers consider a setup
where sampling from the true distribution is feasible. In our context the underlying variables sat-
isfy nonlinear diffusions which, in general, prevents sampling from the true distribution. Instead, a
discretization scheme is employed to approximate the state variables. The asymptotic distribution
will then depend on two sources of error.

Our next theorem establishes the convergence properties for this procedure. It shows that the
convergence rate depends on the choices of «, hence on the difference scheme selected, as well as

on the perturbation parameter 7.

Theorem 3: Consider a function g € C3(R?) and suppose that g(Xr) € DV2. Let K;r(x) be
defined as in Appendix A, equation (40). Define the events

Flp(N,73,7) = {|[ NV g (X8 (@) = Be [NV (X (@)] | > 7}

Glplrr) = {| VI (X (@) — B [VE5 g(Xr(@))] | >}

where N N
9(X7 (z + ay7jes)) — 9(X7 (z — (1 — a))T5¢5))
Tj

Via 9(X7 (2)) =

t,x;

and Vt” T9(Xr(z)) is defined in a similar manner, substituting X7 for X&. Suppose that the

conditions

lim limsup E;,
T 1/75,N—oo

(L v | VY02 900N = B [NVEg(XR @))] [ =0 31)

lim limsup E¢ |:1G{,T(Tj -

001 /100

hold, for all 5 =1,...,d. Then, as M — oo,

s 2
V(@) - B [V e )] <0 e

5For a unified view of the perturbation method and the likelihood ratio/score method see L'Ecuyer (1990).
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(1) if aj =1/2 (MCCFD) we have

M,Npg,75,0,1/2

— ed 1 cal )
M2 (axj f(t,x) — 9, f(t, x)) = s;fldﬂafgj ft,z) + e;;diaxj Kyr(z) + Qf 1()

fed

. d .
where N, 1/7j v — 00 when M — oo, g1 = limp—oo M1/47'j’M and 5{26 = limpy/ oo Ml/Q/NM,

(ii) if aj #1/2 (MCBFD and MCFFD)

M,NM,ijM,oaj

L2 <azj/f(t\,x) — 0, (1, x)) = ell6(a)02 f(t,x) + sgl%(‘)xj Kyr(z) + Q1 ()
where Nag,1/7j v — 0o when M — oo, with §(oj) = (205 — 1)/2, 8{;-1 = limy—oo M1/27j7M and
ely = limps—oo MY2/Nyy.

The random wvariable Qin(:c) is the j" element of the terminal value of a Gaussian mar-
tingale with quadratic variation [Q,Qlir(z) = E¢ [ftT L(v,Xy)L(v, X,) dv |, where L(v,X,) =
E, x, [Dy (09(X7)DyX7C(X,))] with C defined in (12).

For smooth payoff functions such that g(X7) € D2, the speed of convergence of MCFD esti-
mators is the same as for the MCMD estimator. But in contrast to MCMD-P estimators, MCFD
estimators have an additional second order bias caused by the finite difference approximations of
both the derivative of the payoff function and the tangent process.

The MCFD estimator can be viewed as an estimator where the Malliavin derivatives are ap-
proximated by a finite difference. This rests on the fact that a Malliavin derivative in a diffusion
context corresponds to the tangent process. The finite differences used for the MCFD estimator
converge to the derivative of the stochastic flow with respect to the initial condition. This follows

from the relation

g(X7(z + aj7je;)) — g(Xr(r — (1 — aj)7je5)) JLT 2
. - YT T
J

7

where J%’ is a finite difference approximation of the derivative of the payoff function,

g(XT(m + ajrjej)) - g(XT(l’ — (1 — O@‘)Tj@j))
Xr(z + ajmje;) — Xr(z — (1 - aj)75€5)

I,Tj _
!]T -

and J%’Tj is a finite difference approximation of the derivative of the stochastic flow with respect

to its initial condition

g2 _ Xr(e+ oymie)) — Xr(e — (1 - aj)7se5)
275 _ .
7j

As J%’Tj = 0g(Xr) and J;’Tj = Dy X7pC(x)e; as 1/7; — oo we see that, indeed, MCFD estimators

are approximations of MCMD-P estimators. But if the payoff function is differentiable, the variance
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of the finite difference approximation is of order O(Tﬁ 1), and therefore does not explode as 7; pr —
0.16 This explains why the convergence of MCFD and MCMD are the same.

But it is important to note that to obtain efficient estimators, the perturbation parameters
7j,m have to be chosen with care. To cut the length of the asymptotic confidence interval by half
we must quadruple the number of replications, double the number of discretization points and cut
the initial perturbation by half for forward or backward differences and divide by v/2 for central
differences.

Using the true Malliavin derivatives does not require finding the optimal choice of the initial
perturbation. It also has the advantage of eliminating the error induced by a finite difference
approximation of the tangent process, one of the terms in the second order bias.

Our next result shows that for discontinuous functions g(X7) ¢ DY2, MCMD-W estimators
outperform MCFD estimators in terms of convergence speed. Indicator functions are a good exam-
ple of discontinuous functions. They arise in risk management applications such as Delta-hedging
for digital options or Delta-Gamma hedging for vanilla call options. Our next theorem summarizes

asymptotic convergence properties covering those cases.

Theorem 4: Consider a function g such that g(z) = g°(x)+ 232, vj1p;(z) where B;NB; =0 for
i # j, with g°(x) € C3(R?) and suppose that g°(X1) € DV2. Let Kr(z) be defined as in Theorem 5
of Appendiz A, equation (40). Suppose that the conditions (31) and (32) of Theorem 3 hold, for
all j=1,...,d. Then, as M — oo,
(1) if aj =1/2 (MCCFD) we have

M,Nng,75,00,1/2

— c 1 c 1 .
M2/ (axjf@, z) — 0n, (8, x>) = el S 0L (4 w) + ey 0 Ko () + Q) ()

Jl 947,

51
(ii) if aj #1/2 (MCBFD and MCFFD)

where Ny, 1/75 0 — 00 when M — oo, gfed — limp/— oo M1/5Tj7M and efgd = lim /oo M2/5/NM,

M,Nng,75 0,05

— 1 .
AL/3 <an f(t, @) — O, f(1, 3:)) = ell6()02 f(t,7) + a;f;‘gaxj Kyr(z) + Q] p(2)

where Nar,1/7j v — 0o when M — oo, with §(o) = (205 — 1)/2, 8{? = limp—0o MY37; 01 and
ely = limps—oo M3 /Ny

The random wvariable Q{T(:E) is the terminal value of a Gaussian martingale with quadratic

The notation O(-) denotes Landau’s “at most of order”. See footnote (20) for a precise definition.
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variation

Q7, Q7ir(x ka 205 — 1) 0, P10 (X7(2) € By)

—2q; Z Y10z, P ({Xr(x) € Be} N {X7(2') € Bi})
k=1

|z'=x

—|—2(1 — aj) Z "yk’ylax;Pt@ ({XT(JJ) < Bk} N {XT G Bl}) (33)

k=1

|x/=x "’

and such that QiT(a:) and Q,’;T(x) are mutually independent for j # k and all x € R,

Theorem 4 shows that the best convergence rate for the estimators based on finite differences
for discontinuous payoff functions is lower than that for the estimators using Malliavin weights.
It is faster than for estimators based on the covariation, only for central differences. For central
differences, the efficient Monte Carlo scheme mandates an increase in the number of independent
replications M by a factor of 25/2 when the number discretization points N is doubled. In addition,
one must simultaneously cut the initial shift 7 by a factor of v/2. For discontinuous payoff functions,
the efficient scheme for forward /backward differences is the same as the one based on the covariation.

As this scheme also produces a numerical approximate of an approximation of the derivative,
the second order bias has two components. The first one, %8Kt,T(:1:), is the same as the one for the
covariation estimator. The second one depends on whether central or other differences are used.
The faster convergence rate stems from the fact that central differences are second order accurate
approximations of the function to be approximated.

Similarly, as shown in the previous section, MCC weights are approximations of MCMD weights.
Therefore MCMD-W estimators converge faster than MCC estimators. The slower convergence rate
of MCC and MCFD estimators, relative to MCMD-W and MCMD-P estimators, is also accompa-
nied by additional second order biases in the asymptotic limit distribution.

MCMD, MCFD and MCC estimators differ in terms of the number of auxiliary processes that
have to be simulated. MCMD-P estimators require the simulation of Malliavin derivatives, whereas
for MCMD-W estimators one has to calculate a Malliavin weight. MCFD estimators involve the
calculation of perturbed diffusions that approximate the Malliavin derivative, whereas MCC esti-
mators do not require auxiliary processes, because they approximate an instantaneous Malliavin
weight. Given these differences in computational requirements, the ordering of the methods in
terms of convergence speed is not necessarily preserved when rankings are based on CPU time.
The next section investigates the efficiency of MCMD, MCFD and MCC estimators.
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4 Numerical Examples

This section compares the performances of the various methods reviewed in applications to optimal

portfolio choice and to the hedging of digital options.

4.1 Portfolio Choice

In the dynamic portfolio choice problem of Merton (1971) stock returns P° and state variables Y
satisfy the joint diffusion

dP}/P} = r(t,Yy)dt + o;(t, ) [0(t, Yy)dt +dW;], i=1,..,d

dY; = p" (¢, Yy)dt + o (t, Y;)dW;

where 7 is the riskless short rate and 6 the market price of risk (MPR). The classic solution of this
problem writes the optimal portfolio policy (i.e. the fractions of wealth invested in stocks) as

0.V

OV v
— 20y V o

WéU(t,Y) = m

o(t,Y) + (t,Y)

where V (¢, z,y) = sup, E[u(X])|X: = z,Y; = y| is the value function. In this expression X7 stands
for the terminal wealth resulting from a policy 7 (X; is wealth at date ¢) and u(-) is the utility

function. The value function solves the Hamilton-Jacobi-Bellman partial differential equation
1
0 = OV +0,VuY + Qtrace{anyaY(ay)/} + 20, Vr

0.V OpyV
T 0/ Ty Y12
— 20z V + —x(?mVU ”

1

subject to the boundary condition V(T x) = u(T,x). Merton (1971) emphasized the importance of
the intertemporal hedging component of the portfolio (the second term in the portfolio formula),
which is caused by fluctuations in investment opportunities.
For constant relative risk aversion (CRRA) u(z) = z'~#/(1 — R) the hedging demand is the
r1—R

only part that is not in explicit form. Simple manipulations show that V(t,z,y) = &% f (t,y)?
where f(t,y) solves the linear PDE

1
Lof = pdyfo™ 0+ | 5plp = DO = pr| f =0, (34)

subject to the boundary condition f(T,y) = 1. In (34) L.f = 0,f + 0y fu + Strace{dy, fo¥ (o¥)'}
is the infinitesimal generator of the diffusion process for the state variables and p = 1 — 1/R.

Expressed in terms of f the optimal portfolio becomes

ot V) = %9(7:,1/)' + (i;fay(t, Y).
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With constant relative risk aversion the fractions of wealth in stocks are independent of wealth.
The Feynman-Kac formula (Karatzas and Shreve (1991), Theorem 7.6., p. 366) links the solu-
tion of (34) to the Monte Carlo methods described in the previous section. Let k(t,Y;) = E;y, [ng],
where & 1 = exp (— /. tT reds — ftT 0.dW, — 3 tT 9;98d5> is the state price density implied by the
market structure (S,Y,0,r). Passing to the new measure P, under which W; = Wy +p fg 0(s,Ys)ds

is a Brownian motion, gives

T

w0030 = B [oxw (o [ #(6. 70+ Soto 1) [ 10667201705 |

where E is the expectation under P and dY; = i (t,Y;)dt + o (¢, Y;)dW; with @¥ = p¥ — po¥ 6.

The Feynman-Kac formula then shows that
~ 1
Lik + [2p(p —D))6|* - pr] k=0; and k(T,Y)=1 for all Y € R%

Using L1k = Lik + 9yk(—po¥ 0) gives Lik — pdyko¥ 0 + [3p(p—1)[10]> = pr] k = 0, subject to
k(T,Yr) = 1. In light of (34) we conclude that f = k. It follows that f(t,y) = E¢y[§f 7).
Let us now review the three Monte Carlo methods that can be used to estimate the hedging
demand (9f/f)oY . The first one is based on the limiting result
1 { <Xt+7' — X

/ .
mop = lim —E; v,
t o0 Ot X

(Wiir — W)

1
> (Wiyr — Wt):| = lim —E;y, [ft,tJert,tJrr
=0T Stttr

This limit follows from the fact that the optimal portfolio is, up to a scaling factor, equal to the
covariation between optimal wealth and the Brownian motion (d[X, W];/X; = mo.dt). As optimal
wealth equals &X; = A~V EE, y, &/ 7] where A is the Lagrange multiplier for the static budget
constraint (see Karatzas, Lehoczky and Shreve (1987)) we also have &4 Xiy 7 /& Xt = & r Xt t4r =

Etir vy [§07) /By [§f 7). Combining these expressions shows that

p (Wipr—We)
’ . 1 Et’Yt [ tT &t
mop = lim —
t T—0 T P
Et,Yt [Q,T}

This formula is the basis for the approach proposed by Cvitanic, Goukasian and Zapatero (2002,
2003). They suggest computing the portfolio based on the formula on the right hand side with 7
fixed. This approach is clearly just a special case of MCC methods presented in section 2.2.

The second Monte Carlo method under consideration is based on the expression obtained by
taking Malliavin derivatives on both sides of f(t,Y;) = E;y, [55 7). For the left hand side, this gives

Dif(t, Y1) = 0, f(t, Y1)o" (, V7).
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For the right hand side, we obtain

,DtEt,Yt [&ZT] = _pf<t7 Y})(a(t, }[t) + b(t7 Y;f))ﬂ
where the functions a and b are

E v, &7 [, Dyrds] E v, &7 [, (AW, + 0,ds) Dyfds]
E.y, [ff,T] E.y, [§£T]

with Dyrg = 0yr(s, Ys)DiYs and Db = 0,0(s, Ys)D;Y,. The optimal portfolio becomes

a(t,Y;) = b(t,Y;) =

1
mioy = 501 — pla(t, V) + b(t, V).

The MCMD-P estimator provides estimates for the functions a and b.

Finally, recall that the hedging demand is 0, f(¢,vy)/f(t,y) with f(t,y) = Et,y[fZT]- As the
state price density & r starts at {;; = 1 and depends only on the state variables Y, through the
coefficients 0(t,y), r(t,y), we obtain

1 lim, o £ (Et,Yt+m 6] — Et,yt_u_a)r[ffﬂ)

P 79/ Y
o= gt Erv, (€]

g

R

where a € {1,1/2,0}. MCFD estimators are obtained by estimating the conditional expectations
by the empirical mean over independent replications of the terminal value of the diffusion for the
state price density, { r. The estimate is computed using a Euler scheme starting at 1 and starting
the driving diffusion Y at points Y;, Y; + a7 and Y; + (1 — a)7. This yields MCBFD for a = 0,
MCCEFD for a = % and MCFFD for o = 1.

Table 1 summarizes the estimators for the different methods. For all methods the parameter N
corresponds to the number of discretization points in time and the parameter M to the number of
replications. For finite difference methods the parameter 7 is the perturbation of the initial value
used to calculate numerical derivatives of the function f*; for the MCC estimator this parameter

represents the time step for the Brownian increment needed to calculate the covariation.
[Insert Table 1 about here]

Table 2 describes the approximation schemes used to calculate the components of the estimators
above. It identifies the discretized processes for the state variables and their Malliavin derivatives
and the discretized hedges.

[Insert Table 2 about here]

The tables show that all methods, except the one based on Malliavin derivatives, involve three

convergence parameters, M, N, 7. This last parameter appears because MCFD and MCC do not
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approximate the optimal portfolio policy, but just a convergent approximation of it. As a result
they involve an additional second order bias that slows down their optimal convergence rate. MCFD
and MCC estimators are computed by drawing random variables whose variance depends on the
discretization parameter 7. To find the error distribution this variance is normalized by /7 in order
to satisfy the Lindeberg condition and apply a Central Limit theorem for i.i.d random variables. The
perturbation parameter 7 must be controlled along with the number of Monte Carlo replications
in order to keep the variance of the estimator finite.

The computational requirements of these various MC approaches are very different. Forward
and backward MCFD require the simulation of one auxiliary process, namely the process with
perturbed initial condition. For central differences each process must be perturbed twice. The
method based on Malliavin derivatives (MCMD) requires, for each state variable, the simulation of
a Malliavin derivative with respect to each Brownian motion. In contrast the covariation method
(MCC) does not require auxiliary processes. From these observations and the previous results it is
clear that no method dominates in all dimensions. Indeed, the higher convergence speed of MCMD
comes at the cost of having to simulate additional auxiliary processes. The covariation method,
that does not require auxiliary processes, will always dominate the others in terms of computation
time. Its convergence rate, however, is slower.

Let us now illustrate the performance of the various methods for the linear model in Wachter
(2002). In this model the short rate r is constant, whereas the MPR 6 follows an OU-process

dfy = A(O — 6;)dt + XdWy; 6 given, (35)

where A, 0 and ¥ are positive constants.

As shown in Wachter (2002), if the determinant condition X242 + p(1 + 2X71A) > 0 holds,
where p = 1—1/R and R > 1, the optimal portfolio weight is a linear function of state variables. If
we define the constants G = —X 1A+ /Y242 + p(1 + 251 A) and a = 2(A4 + £G), the optimal

demand for the stock of an investor with CRRA preferences over terminal wealth is 7y = 714 + mos

where 71, = X;(1/R)(0¢) 16, i s the mean-variance demand and

Top = —% [@1(t) + Ba(t)0,] Do,

with
_ 2(1—exp (—%Q(T—t)) ’ 9
Y= T - n U — e —aT—0) o
B 1 —exp(—a(T —1t))
)= 7 (p=G)Z (1 —exp(—a(T — 1)) o

represents the intertemporal hedging demand.
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Estimates for the parameters are: A = 0.043875, § = 0.1667, ¥ = —0.0727. The interest rate is
fixed at » = 0.06 and the stock volatility at ¢ = 0.3158. The initial MPR is 6; = 6 = 0.1667.

To compare the methods we proceed as follows. We consider a mutual fund with 100 different
types of clients who can classified in terms of 10 different investment horizons, ranging from 1 to 10
years, and 10 different risk tolerance profiles, with relative risk aversions ranging from 1.5 to 6. For
each of these configurations the optimal portfolio and the corresponding error are computed. Note
that Monte Carlo methods are particularly well suited to perform this task. While PDE methods
require the resolution of the relevant PDEs for each configuration of risk aversion separately, all
the Monte Carlo methods use the common estimator gt]YT for all risk tolerance profiles.

The experimental setup is as follows. Along the optimal convergence path we simulate six
parameter combinations for (M, N, 7) and report the percentage mean square error based on the

100 portfolio weights.

[Insert Figure 1 about here]

We see that MCC does worst whereas MCMD-P, MCBFD and MCFFD do best. These per-
formance rankings correspond to the ordering of the convergence speeds. Central finite differences
(MCCFD) does not seem to perform as well as forward finite differences (MCFFD) and back-
ward finite difference (MCBFD). Overall, these simulation results confirm the theoretical findings:
MCMD-P and MCFD dominate MCC.

It is important to note that, as the true portfolio weight is affine, the MCFD estimators for the
portfolio weight are not sensitive to the choice of the initial perturbation parameter 7. For general
nonlinear models, the choice of the perturbation parameter for MCFD and MCC is a non-trivial
exercise. If 7 is too large, the approximation of the derivatives will be poor. Conversely, if 7 is too
small the variance of the estimator and therefore the RMSE will explode. It follows that initial
perturbation parameters have to be selected using preliminary tests. To perform such tests without
prior knowledge about the solution is particularly difficult for multivariate problems. For a random
choice of these parameters MCMD-P will most likely strictly dominate MCFD estimators. This

additional specification issue does not arise for MCMD-P estimators.

4.2 Risk Management for Digital Options

The previous section illustrates the superior performance of MCMD-P in the context of an asset
allocation problem with smooth utility (i.e. payoff) function. We now consider a risk management
problem with a non-smooth payoff involving digital options. Hedging digital options is a difficult
task because the payoff function, 1;x,.-xy, is discontinuous at the strike K. Its derivative, which

intervenes in the Delta hedge, is the Dirac delta function with mass at the point of discontinuity,
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i.e. the derivative is null everywhere except at the point K, where it becomes infinite. Resolving
this hedging problem is clearly of practical importance. Moreover, any method that can be used
to implement hedges for digital options also has ramifications for standard options, as the Gamma
of a plain vanilla European-style option exhibits a similar non-smoothness at the strike.'”

To see that the estimation of the Delta of a digital option is a delicate task it suffices to
consider its MCMD-P estimator. Inspection reveals that this estimator is not feasible when the joint
transition density of the price process and its Malliavin derivative is unknown. As the probability
of the event { X7 = K} is null, averaging over independent replications of the Dirac point mass
gives an estimate of the hedge identically equal to zero, for any finite number of replications.

In contrast to MCMD-P estimators, MCMD-W estimators do not depend on the local curvature
of the payoff function. As a result they remain practically feasible, even if the support of the
derivative of the payoff function is concentrated at a single point. As shown by our previous
convergence results they are asymptotically optimal estimators of derivatives. We now illustrate
their computational efficiency in a simulation experiment involving digital options.

Throughout this section we assume that the underlying asset price follows a process with con-

stant elasticity of variance (CEV),
dX, = X; ((r —q)dt + adeWt) . X given,

where r is the riskfree rate, ¢ the continuously compounded dividend yield and W is a Brownian
motion under the risk neutral measure. Cox (1975) and Emanuel and MacBeth (1982) provide an
exact option pricing formula for this model. Both use the fact that the transition density of a CEV
process is a non-central chi-square. Knowledge of this density function permits the derivation of
an exact formula for the Delta hedge of any option with payoff contingent upon the terminal value
of the underlying asset price.

Let us consider a digital option with maturity 7', strike K and payoff function h(T,x) =
e 12Ky The price is f(t,x) = Eyo[h(T, X1)] where E;,[] is the conditional expectation at
date t under the risk neutral measure. MCMD-W, MCC and MCFD estimators for the Delta hedge
of this digital option are easily derived from the general expressions for Monte Carlo estimators of

derivatives provided in section 3. Formulas can be found in Table 3.

[Insert Table 3 about here].

1"Broadie and Glasserman (1996) propose a method, based on path derivatives, to calculate the Gamma of a
European option in the Black- Scholes setting. For geometric Brownian motion, the path derivative is V¢ . X7 = Xrp/x
where X7 has known transition density p(t,z,T),-). As the derivative of the indicator 1;x, <k} is the Dirac delta at
K the derivative of the digital becomes 8:E¢ 2[1{x,<x}] = Et2[0(x;=x} Vi Xr] = Zp(t, 2, T, K). This approach,
to calculate the path derivative estimator of a non-smooth payoff function, does not work when the transition density
is unknown or when the Malliavin derivative of the underlying price is not a deterministic function of this price. The

same applies to the MCMD-P estimator of a non-smooth function.
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Implementation of MCMD-W and MCMD-M estimators requires the calculation of Malliavin

weights. Euler approximations of these weights are given in Table 4.
[Insert Table 4 about here].

In order to assess the relative efficiencies of the various hedging estimators for digital options a
large scale experiment is performed as follows. In a first step the parameters [X, T, r, q, 0, 3] of the
model are drawn from independent distributions. In a second step the Delta hedge of the digital
option is computed, for each draw of parameters, using the various methods. Errors, relative to
the true value of the hedge, and computation times are recorded. These calculations are performed
using several values of the design parameters N, M and 7. In a last step measures of computation
speed (average computation time) and accuracy (root mean square relative error) are computed
over the sample of parameter draws. This computation is carried out for each estimator and for each
set of values for the design parameters N, M and 7. The end result is a relation, for each estimation
method, between computation speed and accuracy as a function of the design parameters.

The choice, in step two, of the design parameters N, M and 7 is made in the following manner.
The base values for these parameters are set at Ny = 10, M; = 1000 and 71 = 0.001. The
increasing sequence N; = Nj + 10 x (i — 1) where ¢ increases from 1 to 6 is then considered for the
first parameter. The other parameters, M and 7, are adjusted, along this sequence, so as to satisfy
the optimal growth restrictions identified in Theorems 1-3.

The parameter distributions are selected to produce a wide sample of market conditions. The
strike price is fixed at K = 100 and initial asset prices are drawn from a uniform distribution with
support [70,130]. Dividend yields are uniformly distributed over [0,0.1]. The interest rate is zero
with probability 0.2 and uniform [0, 0.1] with probability 0.8. Similarly, time to maturity is drawn
from a mixture of uniform distributions: with probability 0.75 the maturity date is uniform over
[0.1,1] and with probability 0.25 it is uniform over [1,5]. The volatility parameters of the CEV
process are such that o is uniformly distributed over [0.1,0.5] and 8 over [—0.9,0]. Finally, the
localization parameter § for MCMD-M is set at X(/10, where X is the initial stock price.

A total of 2,500 parameter configurations were drawn from the distributions described above.
Out of this sample configurations for which the option prices were less than a penny or Delta hedges
less than 0.001 were eliminated. This left an effective sample of 990 “good” parameter values.'®

Figure 2 illustrates the results. First note that the finite difference estimators (MCFD) are all
less efficient than estimators involving exact (MCMD-W and MCMD-M) or approximate (MCC)

18The elimination of over 50% of the draws is a restriction on the random sampling scheme that does not favor
any of the methods considered. This rejection rate can be reduced by sampling so that the volatility of returns o X?
belongs to the interval [0.1,0.5] with uniform probability. As this restriction on joint draws of (3, ) was not imposed

in our design we frequently drew low volatilities in cases where the option was far out of the money.
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weights. Among weight estimators, which do not involve derivatives of the payoff function, the
order is the one predicted by the convergence rates in Theorems 1 and 3.

The results in Theorem 2 show that MCC estimators have a lower convergence rate than MC-
CFD estimators. In light of this, our result that MCC estimators perform significantly better than
MCCEFD estimators for hedging digital options, may seem counterintuitive. To understand this, it
is important to remember that performance depends on both the convergence speed and the con-
vergence constant. The finding that MCC estimators outperform MCFD estimators even though
their convergence rate is lower, suggests that the convergence constant for MCFD estimators is
considerably larger. Why is this the case? The convergence constant of MCFD estimators is small
if both the finite difference approximation of the derivative of the payoff and the finite difference
approximation of the Malliavin derivative are accurate. In contrast, MCC estimators do not involve
approximations of derivatives of the payoff function. Their convergence constant is determined by
the error resulting from the Euler approximation of the instantaneous Malliavin weight. In the port-
folio application of the previous section, the payoff function is smooth and MCFD far outperforms
MCC. The reversed efficiency results for the Delta-hedge of the digital option provides evidence
that it is the approximation of the degenerate derivative of the discontinuous payoff function that
is responsible for the under-performance of MCFD.

Further evidence on this point can be inferred from the dominance of MCMD-M over MCMD-W.
As shown in section 3.1.3, MCMD-M estimators are additive mixtures of MCMD-W and MCMD-P
estimators. Localization ensures that the Malliavin weight in the MCMD-M estimator is concen-
trated around a compact interval containing the points of discontinuities of the payoff. Outside this
interval, MCMD-M estimators have the same structure as MCMD-P estimators. Hence, as MCFD
estimators are approximate MCMD-P estimators (see section 3.3), they also approximate MCMD-
M estimators outside the interval containing the points of discontinuities. Inside this interval,
MCMD-M estimators share the structure of MCMD-W estimators, and are therefore approximated
by MCC estimators (see section 3.2). If the interval of discontinuity did not matter, the dominance
of MCMD-M over MCMD-W would suggest that MCFD ought to dominate MCC. The reverse
ordering of MCFD and MCC in the experiment indicates that the poor performance of MCFD is
due to an inaccurate finite difference approximation of the degenerate derivative of the payoff.

As the derivative of the digital payoff function is degenerate at the strike, an MCMD-P estimate
of the option’s Delta is null. The localization in MCMD-M can be viewed as an attempt to
derive an estimator that is “close” in structure to MCMD-P, but does not rely on finite difference
approximations of the degenerate derivative. In fact, the MCMD-P component of an MCMD-M
estimator receives more weight if the length of the interval containing the points of discontinuity
is small enough. From this perspective, MCMD-M estimators are “close” to MCMD-P estimators,
and our finding that MCMD-M estimators outperform MCMD-W estimators for discontinuous
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functions, is consistent with the results of Broadie and Glasserman (1996) showing that MCMD-P

estimators dominate MCMD-W estimators, in the variance sense, for continuous payoff functions.
[Insert Figure 2 about here]

MCC estimators are less efficient than MCMD estimators because, as shown in section 3, they
are based on a Euler approximation of an instantaneous Malliavin weight. In contrast, MCMD-
M and MCMD-W estimators use exact Malliavin weights and choices of the parameter « leading
to smoothed time averages of instantaneous Malliavin weights. It is important to remark that
MCMD-M and MCMD-W are more efficient than MCC estimators even though for a fixed number
of replications and discretization points, they take almost twice as long to calculate. This further
highlights the poor performance of approximate MCC-weights relative to exact MCMD-weights.
Our results also suggest that choosing s = T" within the class of a’s of the form 1y 4(:)/(s — t),
where s € [t,T], is in fact optimal. Resulting Malliavin-weights are smoothed time averages of
instantaneous Malliavin-weights over the full remaining life of the option and therefore have a

lower variance than instantaneous Malliavin-weights obtained with s = ¢.

5 Conclusion

This paper provides explicit formulas for asymptotic distributions associated with various Monte
Carlo estimators of derivatives of functions of diffusions. Estimators based on Malliavin derivatives
were shown to be the only ones that preserve the optimal convergence rate for Monte Carlo schemes.
Alternative schemes, such as those based on the covariation with the underlying Wiener process
or on finite differences, converge at slower rates. They also suffer from additional second order
biases. Our explicit expressions for the second order biases can be used to assess the size distortion
of confidence intervals that ignore the second order bias. Second order bias correction was found
to be easier to implement for estimators based on Malliavin derivatives. Given that asymptotic
confidence intervals are only valid when the second order bias is taken into account this advantage of

MCMD is an additional argument in favor of its use for estimating derivatives in diffusion settings.

6 Appendix

6.1 Appendix A: Expected Approximation Errors

The proofs of our results, in Appendix B, rely on a theorem of Detemple, Garcia and Rindisbacher
(2004) that characterizes the asymptotic expected approximation error. To state this result we

need to introduce the following notation. Recall that A, 0B; are d x d matrices of Jacobians. The
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tangent process, in this multivariate setup, solves the linear equation
d .
AV Xo = | 0A(X)ds + > 0B;(Xs)dW] | Vi X, with V. X, = I, (38)

With this notation we have,
Theorem 5: Let g € C3(RY) be such that the uniform integrability condition

lixm, Tin sup B L ivta0e) gy Na(X) = g(Xr) || = 0 (39)

r—00

holds (P-a.s.). Then, as N — oo,

1 1
NE; [Q(X%FV) - Q(XT)] - §Kt,T($) = §Et [69(XT)V1(taT) + VQ(taT)] (40)
where the random variables Vi (t,T) and Va(t,T) are
T d d .
i(t,T) = _vt,xXT/ (Vt,$Xs)_1 OA(X;)dXs + Z[aBJA - 2(8B1)<8BJ)B2] (Xs)dW{
t j:l =1
T d
+Vie XT / (ViaXs)™' > | [0B;0B;A)( / > [0k(@1ABy ;) By j)(Xs) | ds
t j=1 0 ki=1

T d
+VMXT/ Vt z 3 Z 83383331]31 — OBﬁBjaB]Bz](XS)) ds
t :

T d
—/ Z v; (s, T)ds.
t

ij=1
where v; j(s,T) = W (VX)) [(8B;)Bi)(X), Wis with b’ = B¢ [Dj; (9g(X1) Vi Xrei)]. An
explicit expression for v; j(s,T) is in Detemple, Garcia and Rindisbacher (2004).

In order to derive the asymptotic expected approximation error, on the right hand side of (40),
an expansion, based on the mean value theorem, of the error g(X») — g(Xr) is used. This gives a
linear SDE with four autonomous components. Three of these autonomous terms converge at the
rate 1/N. The last one converges at the rate 1/ VN, but has zero expectation. This difference in
the convergence behavior of the autonomous terms in the error expansion explains the presence of
two parts in the second order bias Ky 7 (z). The limits of the first three terms give rise to Vi(¢,T).
The fourth term leads to Va(t,T').

The uniform integrability assumption in the theorem enables us to find the asymptotic expected

approximation error by taking the expectation of the weak limit of the error expansion.
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6.2 Appendix B: Proofs

In what follows we set ¢ = 0, without loss of generality, and write Eg for E¢ ., Pg for Py, V, for
Vo, and Kr(z) for Kor(z).

—~— M,N,7
Proof of Theorem 2: Recall that f(0,z) = Eq[g(Xr)] and that the MCC estimator 0, f (0, z)

—~—

M,N,r
is given in (26). The error of the MCC estimator, (0, z; M, N, 7) = 0, f(0, z) — 0. f(0,z), can

be expanded as follows

50,0 MN,7) = Eg [g<XT> }cm—amo,x)

M i
a7 2 (o) - o(xh)) 22 w)

Ml:l

1 AW AW,

L i TVWo TVVo
Far 2 (900 70— g0rn) 20 ) 0

where AWy =W, — Wy and C is the generalized inverse of B defined in (12). In this expansion,
X;:N is an independent replication of the Euler discretization of the diffusion given in (4), X% (resp.
WL) is an independent replication of the terminal value of the diffusion (resp. of the Brownian
motion driving the SDE) and ATWg is an independent replication of the increment in the Brownian
motion.

Our next three lemmas give the asymptotic errors for the three terms in this expansion.

Lemma 1: Under the assumption of Theorem 2 we have

AWy
T

? (B0 s 22 €0 - 0,£10.2)) = 5 OB 0.0, X)X Cle)

as 1/ — oo.

Proof of Lemma 1: The Clark-Ocone formula g(X7) = Eq [¢(X7)] + fOT E,[Dyg(X7)]dW, gives

|t - o.r0.0)) =5 [ s

1 AW
- <Eo [Q(XT) ‘
T T

with B(v) = Eg [Ey[Dyg(X7)|C(z) — 0, f(0,2)]. Given that 5(0) = 0, a second order Taylor ap-
proximation of 3(v) yields lim; ;o %2 Jo Bv)dv = %&ﬁ(’l})w:o- But

av/@(v)w:o = (avEO [EU [,Dvg(XT)]C(li) - 896f(07 $)])|v:0
= (0uEo [02f (v, Xv)B(Xv)])\U:O C(z)

32



where the last equality uses E,[D,g(Xr)] = 0.f(v, X,)B(X,). Substituting the expression for

9uB(v)|y—o in the limit above establishes the result in the lemma. B

Lemma 2: Let Kp(x) be given by equation (40) in Theorem 5. Under the assumption of Theorem

2 we have, as M — oo,

A, W5
™

M
N S (9X) — 9(x3) — S0K2(x) B(x)

i=1

in probability, when Ny, 1/ — 00 as M — oo.

Proof of Lemma 2: We proceed in two steps. In the first step we find a sequential limit. In the

second step we establish that joint limits and sequential limits are the same. Define,

S ALWE 1
MNT 7,N 7 T
- —ZN( ") = g(Xp)) == — SOKr () B(),
and note that eé\ﬂ/[’N’T = i\/[TNT + eé\% + eé\fT, with
M .
N AW AW,
M,N, 7 __ i, N 7 T Vo
U= 3 N (o0 —oxh) S B [N (o(X1) — o) 270

7 = |1 [0, - DN (o) - gt6) ]
0
ey = DoNEg [g(X) — g(X7)] - %8KT(35)B(33).

The expression for eévif is obtained by using the Clark-Ocone formula

T
N (g(X}) - g(Xr)) = Eo [N (9(XF) — g(X7))] + /0 E, [D,N (9(X7) — g(X7))] dW,

to conclude

Eo [N (9(X7) — 9(X1)) ATTWO} =By [i /0 "B, [DuN (g(X) — (X)) do

By the weak law of large numbers for i.i.d random sequences the first term vanishes in probability
for fixed N and 7, i.e. P—limys ejleN ™ = 0 for all N, 7. By the continuous differentiability of the
Riemann integral lim,_ oo eé\j =0 for fixed N. Finally, by Theorem 5 that shows NEg[g(X}) —

9(X7)] — $K7(z) and by the chain rule of Malliavin that gives DoKr(z) = Kr(z)B(z) we obtain

M.NT _, 0 in probability, if sequentially M,1/7, N — oo.

mpy_ oo eéVT = 0. We conclude that e,
Next, we show that this sequential limit corresponds to the joint limit (i.e. when M, N,1/7 — oo

jointly) and thus to the limit along any “diagonal”. Invoking arguments in the proof of Theorem 4.2

33



in Billingsley (1968) (see also Lemma 6 in Phillips and Moon (1996)), it is necessary and sufficient
to show that

limsup Py (Hei‘/‘[jﬂN’T > e) =0 (41)
M,N,1/7—0c0 ’
lim sup He2 i (42)

N,1/7—00

Condition (41) is proved by applying the Markov-type inequality,'®
1 Eo |17 1
PO M > € S

eM
for € > 0 and 7 €]0, 1] to the random variable

T’ ||>M'Ye}:|

+ M (YT < eM)  (43)

AW

HV = N (9(xp™) - g(X))

~ B [N (o) - o) 222

Let M,N,1/7 — oo. The uniform integrability condition (27) with » = M7e establishes that the
first term on the right hand side of (43) converges to zero for all € > 0. The second term also
converges to zero as M7~! — 0 when M — oo. We conclude that the left hand side converges to
zero as M, N,1/7 — oo, thereby establishing (41).

For condition (42) note the inequality

sup He | < eNO’TO = sup

N>No,1/7>1/79 N>No

sup D, ZX —Doz¥
v€(0,70]

Eq

where sup,,¢ (g 7] Do ZN — DOZF}V is non-decreasing in 79 and null for 79 = 0. Taking the infimum

over Nog > 0,1/79 > 0 on both sides gives (42) as inf ny~0.1/7>0 eéVT =0.1

Lemma 3: Under the assumption of Theorem 2 we have

A ¢ A,
LVVO —-E [g(XZT)MVVO]> = OT(:E) (44)
T™ T™

R ‘

where 1/7p — 00 as M — oo and where Op(z) ~ N (0, Eo[g(X7)?]).

"“This inequality holds for a sequence of i.i.d. random vectors Z* and any € > 0, as E [|| Z||1) 2>~ ] = E[[| Z]]] —

E [”Z”]-HZHSsM'y], by the triangle inequality and the Markov inequality (Kallenberg (1997), Lemma 3.1 page 40),

E[|ZI1gzy>enmy] = E[IZ]] - eM E [1zj<cnm] 2 E ’ZZZ —eMP (|| Z]] < eM7)
> P(HM;T’ >e> eM — eM"P (|| Z]| < eM7).
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Proof of Lemma 3: First note that Ito’s lemma implies
4T t+r
(AW (AW = [ W (W, =W+ [ (0o = W) @) e
t ¢

while the Clark-Ocone formula gives

d T
900 = Balg (X0 + Y [ B [Dyug (X )]
j=1"9

d

T
g(XT): + / EU ]Ug XT)]dWJ
j=1"70
It follows that
myp = Eo[g(X7)? (A Wo) (A W,)']

= Ey /OT EU Dyg(X71) ] dW, </0T (Ws — W) (dWS)/>}
+Eq [/0 E, [Dyg(Xr)?] dW, ( OT dWs (Ws — Wo)’)} +7Eo [9(X7)?] I4

= Ey /O(W Wo)Ey [Dug(X1)?] dv]

+E, [ E, [Dyg(X1)?]) (W, — Wo)’dv] +7Eg [g9(X7)?] I,

o\..

and that mi; = Eo [g(X7)AWo] = Eq [ [y Ey [Dug(Xr)] dv] . From these expressions we obtain

the conditional variance at ¢ = 0,

VAR, [g(XT)A\T/VFVO] = %mET -7 <imIT> th)/
= 1 [ /O (W — Wo)B, [Dug(Xr)?) dv]
—i—%EO [/OT E, ([Dvg(X7)?]) (W, — W) dv] +Eo [9(X7)?] 14

B <iEO [/OT B, [Dyg(X1)] dUD (iEO [/OT E, [Dyg(X7)] dvD/.

Given that terms one, two and four converge to zero as 1/7 — oo the limit

A,
lim VARg [g(XT) \/V,VO
T

1/7—00
holds. The uniform integrability condition (28), which is sufficient for the Lindeberg Central Limit

} = Eo [9(X7)?] Iy

theorem for independent random variables to hold, can now be invoked to conclude that the weak

limit is Gaussian with variance Eg [g(X1)?] I;. B
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Proof of Theorem 2 (continued): Combining Lemmas 1, 2 and 3, shows that?’

—~— M,Ny 1 1 1 -1
0,1 (0,2) — 9,f(0,2) = Op (NM PSS ( ) ) |

MTM ™™

With the selection 1/7y; = M?®/e§ and Ny = M7 /e§ for some €5,€5,8,7 > 0, it is seen that
the efficient scheme is obtained for (v, ) = inf (arg max, s min{d, (1 —6)/2,~v}) = (1/3,1/3). This
proves the theorem.

—— MN7
Proof of Theorem 3: The error €; (0, z; M, N, 75, ;) = 0z, f(0, x) —0y,; f(0,z) of the MCFD

—— MN

i
estimators 0, f(0, x) " given in (30), can be expanded for arbitrary aj; € R, as:

gj (0,$;M, N,Tj,Oéj) = le(0,$;aj,7'j) —l—RQj(O,l‘;M, N, Tj,Oéj) +R3j(0,:E;M,Tj,aj)

with

Ruy (0,257, 07) = Eo [9 (X7(z + aj7j¢5)) —TQ (Xr(z — (1 — aj)mje;))] 90, £(0,2) (45)

Xi’N T+ Q;T;€; — Xi’N r—(1— Qj)Ti€;

Ry 0Ny = L3 g (X (@ + agrjey) ) g( @ = (1= a)mey)
i=1 J

1 M g (Xi (x+ ajTje-)) —g (Xi (x — (1 — ay)Tye ))
_M;< T J - T 7 (46)
R3; (0,2 M, 75, 05) = % Z (9 (X%(:E + ajTjej)) - gT(X%(l‘ -(1- aj)Tjej))> (47)

i=1 J

B, [g (Xr(z + aj7je;)) — g (Xp(z — (1 - Oéj)Tjej))] ‘

7j

In this expansion, e; = [0, ..., 1, ...,0]" is the 5" unit vector of dimension d, er,iN (x) is an independent
replication of the Euler discretization of the SDE based on N points started at X{ = z, and X ()
is an independent replication of the continuous diffusion with initial value Xé = 2.

Our next three lemmas provide the asymptotic errors for Ryj, Rz; and Rg;.

20 The symbol Op (z) stands for “at most of order x in probability”. A sequence of random variables Z% is Op (N¥),
if for every e > 0, there exists a real number r such that P(N7%|ZY| > r) < e for all N. If N=%|Z¥| < r for all N
pointwise, the sequence ZV is said to be at most of order N*. In this case we write O(Nk). In contrast, a sequence
Z% is of smaller order than N*, denoted by o(N*), if N™%|Z"| — 0 as N — oo.
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Lemma 4: Let Ry; (0,2;7;, ;) be defined by (45) and suppose that f € C3(R%). Then

liml/Tj_>OO %le 0,275, 5) = i@gjf(O,:c) if a; =1/2

hml/TJHOO = =Ry (0,575, 05) = 2%7182 [0, z) if aj #1/2.

Proof of Lemma 4: Given the differentiability assumption on f we can use Taylor series expan-
sions for f (0, + o;7je;) and f (0,2 — (1 — «j)7je;) around f(0,z) to write (see footnote 20 for a
definition of o(-))

N |

le (O,CB, Tjs Oé]) =

-2
(02 — (1—0a;)?) 8§jf<o,a:>n+é (aF + (1= ))*) 3, (0, 2)7} +o (C) ) '
J

If aij = 1/2 the first term vanishes and Ry; (0,z;7j, ;) is of order (1/7;)72. If a;; # 1/2 the second
term in the expansion is asymptotically negligible and Ry;(0,x;7;, ;) is of order (1/7;)~!. The

limits announced are obtained from this Taylor expansion. H

Lemma 5: Let K7 (x) be defined by (40), Raj (0,2; M, N, 7;, 0 ) by (46) and select Ny, 7jn such
that Ny, 1/7jm — 00 when M — oo. Suppose that the assumptions of Theorem 3 hold. Then, for
all aj € [0,1] we have NarRo; (0,25 M, Nas, 7jur, j) — 30Krp(z) in probability as M — oco.

Proof of Lemma 5: We proceed in two steps as in the proof of Lemma 2. Under the as-
sumptions of Theorem 3 we can apply the Clark-Ocone formula to find Ra; (0,2; M, N, ;) =
R21j (O,x;M, N, Tj) — R22j (O,ZC;M,N,Tj) with

XN (x4 aﬂje])> — g (X4 (z + ajTje)))

7j

1 Y 9(
R21; (0,2 M, N, 7j,05) = Z

1=

—_

(Xi’N($ —(1- Oéj)Tjej)) — 9 (X (@ — (1= ay)7je;))

M
i=1 T

The law of large numbers and the arguments in the proof of Theorem 5 in Detemple, Garcia and
Rindisbacher (2004) imply

R22j (va;MvNaTj7Tj) =

RN

1K o
NRQlj(O,(L‘;M,NjTj’aj) - = T($+04]T]6])’

2 7

1K — (1= a:)re.

NRyy; (0,2 M,N,7j,05) — 5 T (z (T a;)Tje;)
J

in probability, as M, N — oo sequentially. If next 1/7; — oo, we obtain N Ry; (0,x; M, N, 7;, o) —
%c?jKT(x). This establishes that NRy; (0, 2; M, N, 7j, ) — %@KT(JJ) in probability as M, N, 1/7;

— 00 sequentially.
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The remainder of the proof parallels the proof of Lemma 2. To show that the same limit holds

if M, N,1/79 — oo jointly, and therefore along any “diagonal”, it is sufficient to show that

M
. i Tj 00 i, N i Tj,0 N _
M}l;flfll/s‘rljlgoo P, (‘ - ;szj g (XT (:1:)) Eo [NVZ g (XN (2))]| > ¢] =0 (48)
for all € > 0 and
limsup [y [NVEg (X2 ()] — 0, NBo [} (2) — g(Xr(@)]| =0.  (49)

N,l/Tj—)OO
As in the proof of Lemma 2, (48) follows from the Markov-type inequality (43) and the uniform
integrability condition (31). Similarly (49) is satisfied, because

0z, NEg [9(X7 (2)) — g(Xr(2))] = NEo [Va; (9(X7F (2)) — 9(X7()))]
and under the assumptions of Theorem 5,
1}@}32}) Eo [V N(g(X7 (2)) — g(Xr()))] = lim sup Eq [Va; N(9(XF () — g(Xz()))] -

We conclude that the joint limit corresponds to the sequential limit. H

Lemma 6: Let R3; (0,2;M,7;) be defined by (47) and select 7jp such that 1/7;pr — oo when
M — oo. Suppose that the assumptions of Theorem 8 hold. For j = 1,....d and for all
a; € [0,1] we have the limit, (\/Mjo (0,23 M, T]-,M)) o = Qr as M — oo, where Qp ~

N <O,Eo[ I LvL;dv]) with L, = Ey [Dy (99(X7)Du X7C(X,))].
Proof of Lemma 6: Let us first find the asymptotic variance of

9 (Xr(z + ajie)) — g (Xr(x — (1 — aj)75¢5))

Tj
Hy ~
J

As g(Xr(z)) € D2, we can apply the Clark-Ocone formula to obtain
HP —EolHf] = / E,[D,Hf|dW, = / (L) dW,
0 0

and therefore, VARo[H}'] = Eo [H™, H]r] = [; Bol(L7 ) Ly |dwv.
Define f(v, Xy(7)) = Ey x,(2) [9(X7T(Xy(7)))]. Commutativity of the Malliavin derivative and

the conditional expectation gives

R R )
= :]&Cf('u, Xv(x + ajejTj))B(XU(x + OljejTj))
_leaa:f(v,Xv(ﬂ? — (1= a;)e;75)) B(Xo(x — (1 = ay)e;75)).
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Using X (z — (1 — a;)e;7j) — X (2 + ajej7;) — 0 Po-a.s., as 75 — 0 we obtain

(L) — (@Cf(v,xv(x +0je;7)) = uf (v, Xolw — (1= aj)ejTj))) B(X,) =0

7j

Po-a.s., as 7; — 0, or, equivalently, (L)’ — Eﬁwjf(v,Xv)B(Xv) — 0 Pg-a.s., as 77 — 0. From
ag’xjf(v,Xv)B(Xv) = Dyy, f (v, Xy), we conclude (L) — Dy, f(v, X,), Po-as. as 7; — 0, and
hence [H™, H'|p — [ L, Ljydv Po-ass., with L, = D0y, f(v, X,) = By [Dy (09(X1) Ve, X7)].
By assumption (32), Ly is uniformly integrable so that almost sure convergence implies convergence

of the mean. We conclude
_ T
limo VAR, [H7] = Eo [ / L;vLjvds] .
Tj—> 0

This analysis holds for all j = 1,...,d. With L, = [L;-v
(VAR [H7]),_, ;= Fo|Jy LoLidv].

The asymptotic distribution follows from the Lindeberg Central Limit theorem for independent

|j=1,....d we obtain the asymptotic variance

j:17""

random variables. The uniform integrability condition (32) ensures that the Lindeberg condition

for application of this theorem is satisfied. H

Proof of Theorem 3 (continued): Given the results of Lemmas 4, 5 and 6, we see that

Op (v + A+ (55) it o) =1/2
——— M,Ny,7jm Nu VM iM J
aCC O,ﬂf - ax 07113 =
7(0.2) 7(0.2) R
Op(n, +t 77 T oy if aj #1/2.

Choose 1/1jm = M‘Sﬂ'/eg?l and Ny = M7 /el for some €fy,€5,65,v > 0 and k € {fed, fd}.
If oj = 1/2 the efficient scheme is obtained for (v,d;) = inf (argmax, s, min{20;,1/2,7}) =
(1/2,1/4). For aj # 1/2, (v,6;) = inf (argmaxng min{d;,1/2,~7}) = (1/2,1/2) provides the

efficient scheme. This proves the theorem. W

Proof of Theorem 4: The proof of Theorem 4 parallels the proof of Theorem 3. For the discon-

tinuous functions under consideration, Z;’il vi1B;(z) € DY2, Lemma 6 is replaced by:

Lemma 7: Let R3; (0,2;M,7;) be defined by (47) and select Tjar such that 1/7jy — oo when
M — oo. Suppose that the assumptions of Theorem 4 hold. For j=1,...,d and for all o;j € [0,1]
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we have the limit, \/MT; prR3; (0,23 M, m50) = QjT as M — oo, where Q]f ~ N (0,Vy(x))) with
ka 20, — 1) 03, Po ({Xr(2) € By})

—2aj Z ’Yk’ylaijo ({XT( ) S Bk} N {XT 6 Bl})|:p’=m
k=1

+2(1 = aj) D w1 Po ({Xr(x) € B} N {Xr(2') € Bi}) i, -
ki=1

and where Q{f and Q% are mutually independent.

Proof of Lemma 7: We first calculate the asymptotic variance of g(z) = g¢(x) + g%(x) where
g% (x) = Y2, 415, (Xr). Let HY = HY” + Hy™ with

9¢ (Xr(z + ay7jes)) — g° (Xr(z — (1 — aj)75€5))

HV =
VTi
i — 90X+ ayme))) — ¢! (Xr(z — (1 - ay)mie;))
T = JTi '

Using g°(z)g%(z) = 0, we obtain VAR [H'] = VAR, [H. CTJ} + VAR, [ dTJ]

From the assumption ¢°(Xr) € D'? and Lemma 6, we get VAR [Hy | = O((1/7;)~/2) when
1/1j — oo, where O(-) is defined in footnote 20

Next, we show that lim,, -, .o (COVO [H%’Ti, H;’Tj] —Ey [H%TiH;{’TjD =0 for all 7,j. As

COVo[H:™ HEY) = By [H%”H%Tf} ~E [H;éﬂ Eo [H;i:”’] :

and \/LEO[HC ] — 0, (0, ) we have Eo[Hd TZ]EO[H;’U] =0 (((1/7‘1)(1/7']-))_1/2), and therefore

Eo[HEEg[HY "] — 0, Po—a.s., as 1/7, 1/7; — oc.

Hence,
T T 2 1
<VAR0[ HYT] - B [(Hd J) D = 0,Py—a.s., as — — oo (50)
J
. JT \Ti L1
(COVO[H%“,H"Z i~ Eq [Hd HE D —0,Py—as, as —,— — 0. (51)
i Tj

To derive the asymptotic limits of the variance and the covariance we therefore need the limits of
N2
E [(H;’T]) ] and E [ d”HdTJ}
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N2 e
To find the limits of Eg [(H;’TJ) ] and Eg [H%’T’H;’ ]], note that

Hi T = Tlﬂj 9" (Xr(e + aimiei)) " (Xr(e + aj7ie;) (52)
+\/Tl7jgd (Xr(e = (1= ai)mies) ¢ (Xr (e = (1= ay)7ye5)
B \/TlTTjgd (Xr(z+ armien) g (Xr(@ — (1= ay)75e5)
et (o = (1 ) (e ) (53)

where g¢ (X7(z)) ¢ (X7(z')) = > =1 Wlp, (X7 (2))1p,(Xr(2')). With the definitions py(z) =
Po(Xp(z) € By) and qx(z,2') = Py ({ X7(x) € Bp} N {Xp(2') € B;}) and using p(x) = qrr(x, z
and gg(x,z) = 0 for k # [, we obtain

Eo (Hd,#)2 = i’yZ pi(® + ayeim;) — p(®) n pr(x — (1 — aj)e;7j) — pr(z)
g = " K
725037]3 (‘Ik:lc(l‘ t+a;e;T;, T — (1- aj)ejTj) _ qkk(li’x)>
k=1 K
L i . (qkl(x + ajemj,w — (1 — aj)e;Ty) — q’d(m’x)>
k,l=1 T]
P

and therefore with VOTj (r) = VARy| H;{ﬁj]’

(@) oo
‘/OTj (IL’) — Z’Y}% (2()[] — 1) @,;ka(x) -2 Z YEN (ajaijkl(x7$/)|x’=m - (1 - aj)az;.qkl(xax/)w’:z) ’
k=1 k=1

Py-a.s., as 1/7; — oc.

Next, we show that EO[H%”H;{’TJ'] — 0 Pp-a.s. when i # j and 1/7;,1/7; — oo. Using (52) we
obtain

d, 7 174,Tj -
EO[HT’ IHT7 ]] = Z ’Ykzpylhkl(xaaaTth)
k=1
where
Qi (T + e, + aesTy) — gz, x)
TiT;

+qkl(a: — (1 — ai)ein,x — (1 — aj)ejTj) — qkl(x,x)
Cau(@ + aiemi, @ — (1 — aj)e;75) — (e, @)
Cgu(— (1 — ai)emi, o + aje,7)) — qu(z, )

hkl(‘rv «, T, O, Tj) =
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It follows that

ﬁ

=
h(z, o, 7y 0, 75) = Oéia:viqm(xrx)\/ﬁ+ajax;.qm($)$/)|x’:x -
J 1

_(1 - ai)6x¢le(xa$) } - (1 - a])ax kal( /)\x’*x Tj
V 7 VT
_aiaxz’Qk‘l(:U’:L‘)\/?_}— (1 = )0y qra (e, ') \/
j

T T
+(1 - Oéi)axile(xvx)\/T — 0 qut (%, ") | =y |
J
= o(1).

+o

Hence hy(z,o,7,7;) — 0,Pp—a.s. as 1/7,1/7; — oo. This shows that H%’Ti and H;’Tj are
asymptotically uncorrelated, for ¢ # j.

The asymptotic distribution follows from the Lindeberg Central Limit theorem for independent
random variables: the uniform integrability condition (32) ensures that Lindeberg’s condition is
satisfied. B

Proof of Theorem 4 (continued): The results of Lemmas 4, 5 and 7 give

-2
Op |5y + — + (5 if o =1/2
/\MN7 N — 7-.’ j
0 f(0.x) M~ 0,4(0,2) = v+ 7+ ()

-1
1 1 1 3 .
OP N + /7M7'j,M + (Tj,M) if Oéj 75 ]./2

Choose 1/7jp = M‘sf/eg‘1 and Ny = M7 /el for some €fy,€5,6;,7 > 0 and x € {fcd, fd}. For
aj = 1/2, the efficient scheme is attained for (v,d;) = inf (arg maxs, , min{28;, (1 —4;)/2,7}) =
(2/5,1/5). For a; # 1/2, (v,0;) = inf (arg max, 5, min{d;, (1 — §;)/2,7}) = (1/3,1/3) provides the

efficient scheme. This proves the theorem. l

6.3 Appendix C: Abstract Integration by Parts

This Appendix shows how to use an integration by parts argument to handle a non-differentiable
payoff function when the transition density is unknown.?!
coefficient B € C'(R™ x R?) such that rank(B(z)) = n for all 2 € R and define the adapted shift

on the Wiener space, Q = C°([0, T]; RY),

Consider a diffusion with volatility

0MNw)y = wy +/ Vt,s(w)Ads.
t

21 The presentation is based on Bismut’s approach to Malliavin calculus (see Bichteler, Gravereaux and Jacod (1987)

for a comparison of this approach with Malliavin’s original approach).
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This perturbation of the state space depends on a parameter A € R™ and a progressively measurable
R” x R%valued matrix process vt s. To obtain our integration by parts formula we pass to a new

measure P

ty under which W, + ftv Vi sAds, v > t, is a standard Brownian motion process. The

existence of this probability measure requires, by Girsanov’s theorem,

E; . [5 <—/ (ths)\)/dVVS)] =1, for all v > t.
t

Under this condition we can define Zi =& (— ftT(ut,s)\)/ dWS>.

Taking derivatives with respect to the parameter A on both sides of the equality

A

dPtm
“h(Xr(6))

E
t,x dPt,x

= E;. [M(X7)] (54)

and evaluating the resulting expressions at A = 0, gives, for h € C'(R%)

Py, AP, N \
2\ X7 (07)) + 5= 0h(X1(67))0r X1 (67) =0.
dPt T dPt T
’ A=0
)\ 9 .
Using 8/\dP Z dPt 6)\ <ft —v s N) AW — 5 ft ||, s Al ds) and 2 dPt 0 =1 gives
Py, /T e
= — SVt,s-
dPt,w [A=0 t
Substituting in (54) yields the abstract integration by parts formula,
T
E. [( / (dWs)’yt,S) h(XT(9A))|/\=O} =B, [8h(XT) <8AXT(«9A))M 0] . (55)
' -

To identify (0 X7(6)) differentiate the integral representation

IA=0

X (67 _x+/0 A( 9’\ ds—i—Z/ (dWJ /tT ut,sAds)

with respect to A, to obtain

T T
A _ j A
(BAXT(Q )) . /0 ds+§ jaB S)dW? ((%XS(H ))M:OJr /O B(X,)vy.5ds.
The solution of this linear SDE is

T
(BAXT(HA)> = Vi Xr(X)) / (VeaXs(X0) ™ B(X,)vyds

- t
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where V; . X7 (X¢) is the solution of (38).22 The process V;, X7(X;) is the tangent process.
For C defined in (12), selecting the process ygi) = C(Xs)Vi e Xs(Xt)oy s for some progressively

measurable process oy . such that ftT ay sds = I, and substituting in (55) gives (18), that is

o [( / T(dWsyC(Xs)vt,xxs<Xt>at,5) h(XT)] — B, [0h(Xr) V1. Xr(X0)].

To establish the same result when h € L2 is not continuously differentiable we use the fact
that any square integrable function can be approximated by a sequence of infinitely differentiable
functions with compact support. This enables us to proceed by first using the approximating

sequence and then passing to the limit. See Fournié et. al. (1999) for detailed arguments.
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Table 1: Monte Carlo Estimators for Hedging Demand with CRRA Preferences

Monte Carlo Finite Difference Method (MCFD)

M,N,t M,N e fM,N (11— e
(7)™ (ty) = o(ty) {ay(t,y)’ | taseme (b aine) | j=1 dJ

PN 2) = 4 Sl (€7)7 with Y = 2
(MCFFD: a = 1), ( MCCFD: a = §) and (MCBFD: a = 0)
Monte Carlo Covariation (MCC)

M ]\/Il(gle)p jt+7’ NW?,t
hed h _ ‘ ¥l
(7o) () = ottt |2 NG ~ H0(t,)

j=1.....d
Monte Carlo Malliavin Derivatives (MCMD)

(==Y (49) = o10) 7 [(-R)@™ (1) + 5V (1,9))]

Table 2: Euler Scheme for Components of Portfolio Estimator

State Variables (h = u)

AY NN () = 1 (¢ + kb, Y () h 4 0¥ (8 + kb, Y 1 () AWk
k=1,...,Nand YN(y) =y
AL (W) = =Eeparn[r(t+ kb Y, ()R + 0(t + kh, Y0 () AWy
k=1,...,N andfgﬁ(y) =1

Hedging Terms (h = It)

M,N M,N S (HY 2 N+Hb 2ED ¥(y))p
[+ 6T y) = S EY )
AR = (DY een )IN) (O (t+ kh, Y, (1)) B
k=1,...,N and H" (y) =0
AHN G = (DY iewn ()Y (aeu + kh, Y D)) 100t + kb, Y ()b + AW ]
k=1,...,N and H(y )=0

Malliavin Derivatives (h = I7t)
Ao ()Y = [0y (¢ + kb, Y (9)h+ 225, 0,0 ( kh Y i W) AW DY Y ()]
k=1,...,N and [D;Y;(y)|N =¥ (t,y)
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Table 3: Delta Hedge Estimators of Digital Options in the CEV Model (h(T,z) = e*TTl{gDK})

Monte Carlo Finite Difference Method (MCFD)
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Monte Carlo Covariation (MCC)
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xr— - + 2 x - x _ x
ho(T, ) = W(T, ) — e~ TEEZPMmeti) 11 g gy and ks(w) = s (1{L2K a1 §K+6})

Table 4: Components of Delta Hedge Estimators of Digital Options in the CEV Model

State Variables (h = 1t)
AXN () = XN (@) ((r = Qb+ o (XN )P AWy k)
k=1,...,N and XN (z) ==
Malliavin Derivatives (h = 13%)
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k=1,...,N and [D;X;(z)]N = ox'*F#

Malliavin Weights (h = %)
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Figure 1: Efficiency Plot: % RMSE and Speed for 100 Portfolios (Risk aversion R = 1.5,...,6 and
Horizon T'=1,...,10.) Speed is measured as the inverse of CPU time. The following simulation
setup is used. Fori = 1,...,6, we use 4 for Malliavin derivatives (MCMD-P) with N = 5x 2=t x T
and M = 200 x 220=1: X for Central finite differences (MCCFD) with N = 5 x 20-1 x T
M = 200 x 220=1 and 7 = 20-9/2 x 0.01; *’ for Forward finite differences (MCFFD) with
N =5x 271 x T and M = 200 x 220D and 7 = 21=% x 0.01; ()’ for Backward finite differences
(MCBFD) with N = 5x 271 x T and M = 200 x 220~ and 7 = 2177 x 0.01; {’ for Cross variation
(MCC) with N =5 x 2771 x T, M = 200 x 2°0=D and 7 = 20=Y % 0.2. % RMSEs are calculated
relative to “true” values obtained from the Malliavin derivative estimator with Doss transformation

(see Detemple, Garcia and Rindisbacher (2003)) with N = 1,000 and M = 3,000, 000.
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Figure 2: Efficiency Plot: % RMSE and Speed for 990 parameterizations of digital options when
the underlying asset follows a CEV process. Speed is measured as the inverse of CPU-time. The
following simulation setup is used. For i = 1,...,6, we use +° and ' for Malliavin derivatives
(MCMD-M and MCMD-W) with N =10 x i and M = 1000 x i2; X* for Central finite differences
(MCCFD) with N = 10 x4, M = [1000 x i%/?] and 7 = 0.001 x i~2; *? for Forward finite differences
(MCFFD) with N = 10x4 and M = 1000x7% and 7 = 0.001xi~3; ()¢ for Backward finite differences
(MCBFD) with N = 10 x i and M = 1000 x 4* and 7 = 0.001 x i~3; (" for Cross variation (MCC)
with N =10 x i, M = 1000 x % and 7 = 0.001 x i~3.
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