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We consider the problem of computing hedging portfolios for options that may have
discontinuous payoffs, in the framework of diffusion models in which the number of
factors may be larger than the number of Brownian motions driving the model. Extend-
ing the work of Fournié et al. (1999), as well as Ma and Zhang (2000), using integration
by parts of Malliavin calculus, we find two representations of the hedging portfolio in
terms of expected values of random variables that do not involve differentiating the
payoff function. Once this has been accomplished, the hedging portfolio can be com-
puted by simple Monte Carlo. We find the theoretical bound for the error of the two
methods. We also perform numerical experiments in order to compare these methods
to two existing methods, and find that no method is clearly superior to others.
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1. INTRODUCTION

Until quite recently the method most widely used in practice for evaluating hedging
portfolios of options in standard diffusion models was based on the fact that the optimal
number of shares to be held is typically obtained by differentiating the option price with
respect to the underlying factors: namely, one would compute the price for some initial
value of a factor X, increase it by a small amount Ax, find the price for the perturbed
factor, compute the difference, and divide by A x. This division usually makes the method
much more computationally expensive than finding the option price. Typically, if one
uses Monte Carlo with n steps, the error goes from the order of n~!/2 to the order of
n~'74 or n=1/3 (see Boyle, Broadie, and Glasserman 1997). On the other hand, in special
cases one can use so-called “direct estimates” that avoid resimulation for the perturbed
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initial conditions (see Boyle et al. for references). In recent papers by Fournié et al.
(1999, 2001), this was generalized to finite-dimensional Markovian models, and it was
shown that the hedging portfolio can be calculated as an expected value of a functional
involving the gradient of the option payoff. This brings down the order of the error to
n'/? if Monte Carlo is used. Moreover, using Malliavin calculus, Fournié et al. showed
that this expression can be transformed to avoid the need for computing the gradient
of the payoff, which is quite useful because typical option payoffs are not everywhere
differentiable. Ma and Zhang (2000) extended these representations to models in which
the portfolio process might enter the drift of the wealth process in a nonlinear fashion.

The models considered in this paper have the following two main features: (i) the
number of factors may be larger than the number of Brownian motions, and (ii) the
payoft is discontinuous. A typical model with feature (i) is one in which the underlying
stock is driven by one Brownian motion, but the interest rate and volatility are also
diffusion processes driven by the same Brownian motion. The prototypical example of
feature (ii) is the digital option, which will be the focus of our results.

We shall consider two numerical methods for computing the hedging portfolios. The
first method is based on integration by parts in Malliavin calculus, a technique used
in the aforementioned papers. This leads to a new representation of the hedging port-
folio that is not covered by any existing result. Since such a representation by nature
does not involve differentiating the payoff function, it can then be computed by direct
Monte Carlo. The second method is as follows: We first artificially increase the number of
Brownian motions to match the number of factors by perturbing the volatility matrix to
a nonsingular (square) one with an appropriate number of additional columns, indexed
by &. We then use the results from the aforementioned papers to obtain a representation
of the hedging portfolios in the “artificial markets.” Finally, we show that as ¢ — 0 these
portfolios converge to the hedging portfolio in the original market model.

We then apply these methods to options with discontinuous payoffs, and confirm by
numerical experiments that these procedures provide feasible algorithms for computing
hedging portfolios. We compare our two methods, called M and M; methods, respec-
tively, to other methods that are applicable to models with discontinuous payoffs and
with the number of Brownian motions being smaller than the number of factors. These
include the standard finite difference delta method, or A method, and the retrieval of
volatility method of Cvitanic, Goukasian, and Zapatero (2001), which we call the RVM
method. We show that, with the appropriate choice of numerical parameters, the M,
method has the smallest standard error, but not much smaller than the A method and the
RVM method. However, it seems that the M, method is not as sensitive with respect to
the choice of ¢ as the A method is with respect to the size of the perturbation, or as much
as the RVM method is with respect to its free parameters. Moreover, in the example we
have only a two-dimensional factor process. The computational time of the A method
increases linearly with the number of factors, since it has to compute approximate deriva-
tives of the option price with respect to all the factors. On the other hand, a disadvantage
of the M, M., and RVM methods is that they do not provide the sensitivities of the option
price to individual parameters—they only provide the value of the hedging portfolio.

Somewhat surprisingly, the M method has the largest error, for the same amount of
processing time. In fact, the M method requires the smallest number of time steps and
simulation paths, but it requires a lot of time for computing the Skorohod integral.
However, we do not have to worry about the choice of any small parameters for the M
method, other than the time step size.
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In the special framework of models for LIBOR rates, Glasserman and Zhao (1999)
addressed similar issues, but they focused on the computation of Greeks, and not on the
hedging portfolio, using methods different from ours. The conclusions they derived from
their numerical experiments seem to be consistent with ours.

The rest of the paper is organized as follows. Section 2 describes the model and the
problem. Section 3 gives the new representation formulas for hedging portfolios. Sec-
tion 4 computes the Skorohod integral involved in a representation. Section 5 presents
the second, approximation-based method, and Section 6 reports results of numerical
experiments.

2. PROBLEM FORMULATION

Throughout this paper we assume that (2, F, P)is a complete probability space on which
is defined a d-dimensional Brownian motion W = (W),>¢. Let F = {Fi}i=0 denote the
natural filtration generated by W, augmented by the P-null sets of 7; and let 7 = F,. Fur-
thermore, we use the notations 9, = &, 0, = (%, e %), and 82 = 9, = (8§ix/_ !y, for
(1,x) € [0, T] x R". Note thatify = (', ..., ¥")7: R" > R” then dyy = (35, ¥/)] ;_,
is a matrix. The meaning of 9y, dy,, etc., should be clear from the context.

Consider the following market model: There are d risky assets and 1 riskless asset,
whose prices at time 7 are denoted by S, = (S}, ..., S)T and S?, respectively. We assume
that the prices follow the SDE

d&o - Stor, d[;

@1 dsi = §; [r,dt+zj?:1 ytijdl/l/,j], i=1,....d.

We suppose that the volatility matrix y; = [y,ij ] is invertible and the discounted stock
prices are martingales. Let us recall the standard option pricing framework. Suppose
that the seller (hereafter called the investor) of the option is trying to replicate the option
payoff by investing in the market. We denote by 7/ the amount of money the investor
holds in stock i at time ¢, and we denote = = (!, ..., 7). Typically, the payoff of the
option is given by g(.S7) for some function g, and, by definition, the (option) price process
is equal to the wealth process, which replicates the option at the maturity time 7.

The discounted price process satisfies Y, = X+ fot Ry, dW,, where R, =
exp{— fot rgds}. Since y and R are both invertible, we can simply set Z; = R,m,y; so
that the discounted wealth process Y is now described by a simple form:

t
(2.2) x:m/ Z dw..
0

In this paper we shall assume that r and y are components of a finitely dimensional
diffusion process. To be more precise, we shall consider a state process X of the form

X=(S, R Xy12,..., X;) and assume X is an n-dimensional diffusion that satisfies the
following SDE
(2.3) dX; = bi(t, X)dit + ) oi(t, X)d W/, i=1,...,n,

j=1
where (Xi, ..., Xy) = Sand Xy, = R We can then set the discounted payoff function
to be g(X) = Rg(S), and thus the discounted price process Y of the option at each time
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is given by

t T
(2.4) Y, = Elg(Xp)| F} = Yo+f zydeV:g(XT)—/ 7, dW,.
0 t

Note that the triplet (X, Y, Z) is now an {F;}-adapted solution to the forward-backward
SDE (2.3) and (2.4). We refer the readers to El Karoui, Peng, and Quenez (1997) and
Ma and Yong (1999) for a complete account regarding the theory of backward/forward-
backward SDEs and their applications in finance.

In order to perform hedging in our model, we have to find an efficient numerical method
for computing the portfolio 7, or, equivalently, to compute the process Z that makes Y =
R 1g(St) = g(X7). We are particularly interested in the case where g is a discontinuous
function. A typical example is the so-called digital option (or binary option)—that is,
8(s) = ly>ky, for some K > 0. The main difficulty in the numerical computation is that
the discontinuity of g will cause many technical problems using standard arguments via
the PDE theory. Secondly, since the dimension of X is #, this increases the dimension
of the corresponding PDE to n state variables (plus one time variable), which makes the
PDE methods very slow for n > 2. A method that can circumvent these difficulties has
been developed by Fournié et al. (1999); however, in that paper it is assumed that the
number of factors n is equal to the number of Brownian motions (and the number of
stocks) d. This is not the case in many models used in practice, such as the case of one
Brownian motion, but with r or y being random.

To conclude this section we give the standing assumptions that we will use throughout
this paper.

ASSUMPTION 2.1. n>d. The functions b e C)'([0, T] x R"; R"™*), o e C}!
([0, TT x IR";IR"™), and all the partial derivatives of » and o (with respect to x) are uni-
formly bounded by a common constant K > 0. Furthermore, we assume that

sup {|b(z,0)| +[o(z,0)]} = K.

0<t<T

ASSUMPTION 2.2. The function g : R” — IR is a measurable function; and there
exists a constant K > 0 such that |g(x)| < K(1 + |x|).

We also introduce the following notation: We represent the (n x d) matrix o as
t, X
2.5) ot =| "V
o(1, X)

where o] is a d x d matrix.

3. REPRESENTATIONS OF HEDGING PORTFOLIOS

Recall from the previous section that we are considering the following system of stochastic
differential equations:

X, = x+ [y b(s, Xy)ds + [y o(s, X;)d W,
Y, =g(Xp) - [ ZdW,. '

Let the dimension of X be n, and that of W be d. We use Assumptions 2.1 and 2.2 and that
the dimension of Y is 1. Our method of computing hedging portfolios is based heavily

3.1
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on the Feynman-Kac type representation of the process Z of a backward SDE, as in Ma
and Zhang (2000). However, our payoff function may not even be continuous, much less
uniformly Lipschitz, as was assumed in Ma and Zhang. For the sake of completeness, we
begin by the following modified representation theorem for the process Z, which can be
regarded as a special case of the Clark-Ocone formula. Note that we do not require that
the matrix o be a square matrix.

THEOREM 3.1.  Use Assumption 2.1 and further assume that the function g is continuous.
Denote A= {x € IR" : 9,g(x)does not exist}. Assume further that P{Xr € A} =0 and
that d.g is uniformly bounded outside A. Then, we have

(3.2) Z, = E[0:.8(X1)VXT1 x4 [VX/] 0 (2, X))

Here, VX is the solution to the variational equation
t t
(3.3) VX = Dy + [ 806 X)VXeds + [ o0 X)TX, I,
0 0

where I,., denotes the n x n identity matrix, and E; is the expectation conditional on F;.

Proof. Let {g°} be a sequence of modifiers of g. That is, g°’s are smooth functions such
that 9,g° are uniformly bounded, g° — g uniformly, and 9,g°(x) — 0d.g(x) forall x ¢ A,
as ¢ — 0. Since g°(X7) — g(X7), by standard stability results for backward SDEs (cf.,
e.g., Ma and Yong 1999) one has

T
(3.9 E/ \Zf—Z,|2dt—>0, as & — 0.
0

Furthermore, since g° is differentiable with bounded derivatives, we can apply the repre-
sentation theorem of Ma and Zhang (2000) (or the Clark-Ocone formula) to get

Zf = E[axg"(Xn)VX7]IVX] o (1, X)).
On the other hand, let us denote the right-hand side of (3.2) by Z. It is easy to see that
|Zf = Zi| < Ei[|9:8° (X7) = 0:g(XD)|IVXTI 1xp. ] IVXT I (2, X))

+E, [|0:g* (XD IVX7| Lixpen |[[VX] o (2, X1,

where |v] 2 [|v1], ..., [va]]7 wheneverv = [v, . .., v,]. Noting that P{ X7 € 4} = 0,and
that 9,g°(X7) — 0,g(X7) for X7 ¢ A, applying the dominated convergence theorem we
have

r ~ 12
E/|$—Z|m40
0

This, together with (3.4), implies that Z = Z, dt x d P-almost surely. Finally, note that
being the product of a martingale and a continuous process Z has a cadlag version. Thus
as a modification of Z, we conclude that Z has a cadlag version as well, completing the
proof of the theorem. O
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We remark that in Theorem 3.1 the assumption P{X7 € 4} = 0 plays a crucial role.
However, in practice such an assumption is not easy to verify, especially in the case when
d < n. The following sufficient condition is therefore useful for our future discussion.

THEOREM 3.2.  Use Assumption 2.1 and that g is uniformly Lipschitz in all variables,
and differentiable with respect to (xy41, ..., X,). Assume further that det(o1(T, X1)) # 0.
Then, P{ X1 € A} = 0. In particular, (3.2) holds.

Proof. Let X2 (X',..., X?)T. We first show that the law of X7 is absolutely con-
tinuous with respect to the Lebesgue measure on IR, denoted by |-|4.

To this end, let A= Projr«(A) be the projection of set 4 on IRY, where A4 is the set
defined in Theorem 3.1. That is,

A2 {X’:(xl,...,xd):El(xd+1,...,xn), suchthatxé(xl,...,x,,)e A}

Since g is Lipschitz continuous on (xi, ..., x7), and differentiable on (xgz.1, ..., X,), we
see that |4|; = 0. Next, note that by standard arguments one shows that X7 (whence X7)
is Malliavin differentiable; that is, X7 € ID'"? and

(3.5) Dy Xr = VX7[VX] o (1, X)).
In particular, we have
DTXT = G(T, XT) and DTXT = O'l(T, XT).

Define y £ fOT D, X7(D, X7)T dt. From (3.5) it is readily seen that (D, X7) is continuous
in ¢, and that

det(Dr X7) = det(oy(T, X7)) #0, a.s

Therefore, for Vx € R? such that x # 0, xD, X7(D,X7)TxT is nonnegative for all
t € [0, T] and is positive for ¢ close to T. Thus we have x{fOT(D, X7)(D; XT)Tdt}xT >0,

which implies that the symmetric matrix  has positive determinant. Now we can
apply Theorem 2.1.2. of Nualart (1995) to conclude that the law of X is absolutely
continuous with respect to |-|;, which, combined with the fact that |Al; =0, implies
that P(X; € A) = 0. Since g is differentiable with respect to xg,1, ..., X,, we see that
P(X7 € A) =0, and the result follows from Theorem 3.1. O

Motivated by the digital option, we now consider the case where g is allowed to be
discontinuous. To the best of our knowledge, the representation theorem in such a situa-
tion is new. We state the theorem specifically for an option with one discontinuity point,
but the result can easily be extended to an option with finitely many discontinuities. The
proof is motivated by Proposition 2.1.1 in Nualart (1995).

THEOREM 3.3. Assume d = 1, o1(t, xX) = ¢o, and o, b € C%? with bounded first and
second derivatives. Assume that g is differentiable with respect to xa, . .., x,, with bounded
derivatives, and that g is uniformly Lipschitz continuous with respect to xi, except for the
point x; = x{, and both g(x{+, X2, ..., X;) and g(x{—, X2, ..., X,) exist and are differen-
tiable. Then for t € [0, T), we have

Zt = E,{Bxg(XT)VXTu,l{X}¢A} + 1{X71_>x;«}6r(17[u)},
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where A is the same as in Theorem 3.1, X2 = (X% ..., x"Hvx = <§§1> is the solution
to (3.3); 8,(:) is the indefinite Skorohod integral over [t, T];
Ag(x*, X3) [VXiu, | VX)
36 F22E O X5) (VX VY7 ) o [VX] 'o(s, X)), €0, T];
| Dx7

2
”[r,T]

and
12AT 112 x P2\ A a2 a2
||DXT||[I’T]:‘/T DX ds,  Ag(xt. X2) 2 g(xit, 27) — g(xf—. £2).
To prove the theorem, we need a technical lemma, whose proof we omit.

LEMMA 3.4.  Assume that all the assumptions of Theorem 3.3 are in force. Then for any
t < T, the process { Fyug},<s<1 is Skorohod integrable over [t, T1].

Proof of Theorem 3.3. First we denote x = (x1, X2, ..., X;) = (X1, X») and recall that
A= {x; € IR : gisnotdifferentiable at x| }. Define g° to be a modification of g as follows.

g(x1, x2), [x1 — x]| > &;

(3 +zsg)—x1 o — . %) + xl—(z)g ‘E)g(xi“ +¢,x2), otherwise.

(BT g, x) 2

Then, clearly, lim._o[g®(x) — g(x)] =0 for all x except for x = (x{,x2). Now by
Theorem 3.2 we have

7! = E i (X0 VX e fur

where 4° 2 (AN{|x) — x{| > e}) U {x] + &, x{ — ¢}. Since Z° is the martingale integrand
in the solution of backward SDE (3.1) with g being replaced by g¢, the stability result of
backward SDEs tells us that

e—>0

T
(3.8) lim E{/ |zt — z| d;} =0.
0

Now note that

(3.9)
0,8 (XT)VXT  y1g 4y = [018°(XT)VX] + 05,8 (XD VAT y1g 40}

1 . )
= Z[g(XT +e, X7) —g(xf — &, X) VX x| <o)

+ 81g8(XT)VX}1{X7'-E({|x17xl*|>s}\A)} + angg(XT)VX/TZ"l{X}géAE}

L 1

= 5 8808 X2 VX gy a) 5. N1 )
x[(e(xf +e. X7) —g(xi+. £7)) + (e(x— XF) — g(xf — e, X7)) ]V
+ 0 XDV et =en ) + angE(XT)VY%l{X}¢AE}

=L+L+ L+,
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where I, ..., Ij are defined in the obvious way. Clearly,
lim I = 0g(Xn)VX 1 x14 43 lim L = dg° (X)VR2L (X}ga)-

Now similar to Theorem 3.2 we can show that the law of X - has a density, thus lim 75 = 0.
So by (3.8) it suffices to show that 0

(3.10) ll_r)% E{l{u} = Et{l{X}->xT}8t(F}u~)}'

To do this, for Va < b, we define y(x) = 14,5(x) and ¢(x) 2 [ ¥(y)dy. Then for 1 <
s<T,

Dyg(X7) = ¥ (X7) D, X7-
Multiplying both sides above by D; X7 and then integrating over [z, T'], we have
T T 5
[ potxhpoxias=(xd) [ Do as
t t

Since F;u. is Skorohod integrable over [z, T'], thanks to Lemma 3.4, applying integration
by parts formula we get

Dy X}tAg(xt, X2) VX u,
| Dx7

T
Ely (X)) Ag(x, X2)VXiu,} = E, / Dyp(X7) ”2
! [1,7]

T
=5 { [ Dol s = Elo(x])sEw).
t

On the other hand, by Fubini’s Theorem we have

b
(3.11) Efy(X7)Ag(x}, XF)VX7) = / E{1x1.,)8:(Fu)} dy.

a

Note again that the law of X} has a density, thus the integrand in the right-hand
side of (3.11) is continuous with respect to y. Therefore, letting [a, b] = [x] — &, X + €],
dividing both sides of (3.11) by ¢, and then sending ¢ — 0 we obtain (3.10), whence the
theorem. O

If, in fact, the volatility matrix o is squared, then the following theorem gives a simpler
representation result. We omit the proof. The result was given under stronger conditions
in Fournié et al. (1999) and extended in Ma and Zhang (2000).

THEOREM 3.5. Assume d = n, Assumptions 2.1 and 2.2, and that the matrix o is nonde-

generate. Assume further that | Alg = 0, where A C R? is the set of all discontinuity points
of g. Then

(3.12) 7, = E {g(Xp)Ny} o (i, Xo),
where N&. 2 %[LT(U_I(V, X,.)VX,)TdW,]T[VX,]‘l. In particular,

(3.13) Zy = E{g(X7)N;} 0 (0, x).
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4. COMPUTATION OF THE SKOROHOD INTEGRAL

In the case of a digital option, we see from Theorem 3.3 that the representation of the
hedging portfolio involves a Skorohod integral, which needs to be dealt with numerically
so that the representation is useful in practice. In this section we propose a scheme to
compute this Skorohod integral explicitly.

Due to the Markovian nature of our setting, we shall consider only # = 0:

@.1) Zo= E{axg(XT)VXTa(o, O yiga + 1{X}>4¢}5(Fu.)},
where 8 = &, | DX7l3 = |1 DXzl > and

FAp Ag(xt, X2)[VX1o (0, )] VX}
| Dx7 |

I}
H

We remark here that although the Skorohod integral can be approximated by Rie-
mann sums (see Nualart 1995), in our case the Riemann summand will still contain
the Malliavin derivative D X}, which is quite undesirable in practice. We now try to de-
rive a scheme that involves only computations of Ito integrals and Lebesgue integrals,
which can be simulated simultaneously with the underlying assets. To begin our analy-

sis, let us first use integration by parts formula for Skorohod integrals and, noting that
Ag(xt, X3)[VX}o(0, x)] is a scalar, we have

T T
4.2) 12 58(Fu)= F/ u, dW, —/ (D, F)u, dt.
0 0

It is easy to see that the only “unusual” part in F, which involves the Malliavin derivative,
is | D X}||3;- However, it can be calculated as follows:

T T
43) | DX}, =/ IVXHVX] o (t, X)) di = vx}{/ u,u,sz} [vxi]".
0 0

It remains to calculate the integral fOT(DI F)u,; dt. To this end, let us denote d,Ag =
(0xys - - - » 0y, )(Ag). A direct computation shows that

(4.4)

(D, Fu; = { [02Ag (., X2)VA2u,] [VX o (0, )] [V u,]

Thoi?
| X7l
+ Ag(x, X7) [[D:VX7] 00, )] [VXFu,]
+Ag(xf, £3) [VXo (0, 9] [D V] |

) D, DX}’

— Ag(xf, X7) [VX70(0, )] [VX7u,] tnilTJ‘iH

| DXzl

= L)+ L(t) + L(1) — L(1),
where [;’s are defined in the obvious way. We now analyze fOT I;(t) dt separately. First,
\v/ 1 * 12 \v4 2 T
X QBebi SOV [Pt a3
| DXzl 0

T
4.5) /0 L(1)dt =
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Next, since VX is the solution to the variational SDE (3.3), we have

(4.6)

t t
VX' = Id - / VX1 (3:D — (8:0)%)(s, Xy)ds — f [VX,] oo (s, Xy) d W;
0 0
DX, = o (t, X)VX, + / [D,.b(s, X,)VX, + 8:b(s, X,)D,VX,]ds
t

+ [ 1Dt XOVX, + 005, X)DVXIAW,  r=u=T.
t
Now applying It6’s formula we get

47 TLEVXIT'D(VX,) = [VX] a0t X)VX,

+ / (VX" [Didsb(s. X) — dy0 (5. X,) Dydso(s, X)X ds
t

+ / VX1 Didso(s, X,)VX, dW,.
t

Note that the (i, j)th entry of the n x n matrix VXis V; X'. Thus fori = 1,...,n we
deduce from (4.7) that D, VX! = VX/T. Moreover, since

{ Dy(3xb(s, X5)) = Y5y [0(3xb)] (s, X)[VXEu,];
Dy(3x0 (s, Xy)) = D p; [0(0x0)] (5, Xo)[ VX u,],

where, for ¥ = b, o, 9(9,¥) is an n x n matrix whose (i, j)th entry is 9, ijw", we may
rewrite (4.7) as

(4.8)

(49) M=yt [ (VX [afds + gl aw].
k=171

where
ok £ [VX,]7 [3(8:b) — 3,0 04(0:0)](s, X,)VX,
(4.10) B2 [VXT 3(0,0)(5, X)) VX

yi 2 [VX ] 9,0 (1, X)VX,.

Combining (4.9) and D, VX! = VX/T!, from (4.4) we obtain

T x V2 T v 1 v 1
@.11) f Bty di Ag(xp X2) [ Xrutl] ?,[ X1] dio (0, x)
0 ”DXTHH
Ag(x, X3) ¥4V XEH o (0, x)
- 2
| DX7[
where

A

I :/ u{D,VX}dzZ/ u VXTI dt
0 0

T n T s
= VX}{/ u{ytdt—f—Z/ |:VXY]‘/ u{u,dr] [oF ds + pFdW;) },
0 = Jo 0
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thanks to Fubini’s theorem. Using analogous arguments, we get

xt, X2) [VX1o (0, %))

| DX}

Ag(xt, X2)[vXxL T
gl X7 TG(O’X)]VX}{/ viu, dt
0

| DX},

T
/ D,VXju,dt
0

4.12) /0T13(z) ar = 28

n T s
+ Z/ vjxf[/ u{u,dt][afds+ﬁfdm]}.
k.j=1 0 0

It remains to analyze fOT I4(t) dt. First, by (4.3) we have
1)2 1 r T 11T
(4.13) D||DXz|, =2Di[VX7] | weu dr[VX7]
0

T
+2vx} / (Do yul dr[vx}]".

t

From VX,u, = o(r, X;), we have (D,[VX,Du, + VX, (D;u,) = d.0(r, X;)VX,u,;, and
(4.14) D, = [VX, ] [3xo (r, X,) VX, — (D VX )]

By (4.4) and (4.13), and applying Fubini’s theorem again, we have

T * 2 1 n
(4.15) f Lydi = 228 (o XT)[YfTG(O’ wl > v, x}
0 | DX7[ =1

T T
X {/ u{DtVX}dt-/ uuldr
0 0
T roo
+ VX7 / [ / u] Dyu, dz}u,.Tdr} [vxi]'.
0 0

Using (4.14), we can rewrite (4.13) as

(4.16)

/T[4([)dt _ 2Ag(xi‘, AA’T) VXTO(O x) Z v x!
0 | DXt !

T T T ro
x {/ u] D,VX}dt / upuldr + VX}/ Ve (/ ulu, dt> ul dr
0 0 0 0

T r
—vxp [ exy ( [ wtpvx, dt) u,.uerr} vx!]”
0 0

- 2260 X)IVG00 9] g s - g fons)”
||DXT||H /=l

where 1‘{ ’l, [ =1, 2, 3, are defined in an obvious way. In particular,
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4.17) I‘{’z 2 VX}/. Vr </ u‘,’u,dt) uerr.
0 0

Recalling (4.9), (4.7), and D, VX! = VX!T'!, we have

(4.18)

) T . n T s T
IA{’l:VX}{/ u{ytdt—i—Z/ [VX!‘/ u{u,dt][ai.‘ds—i—ﬂfd%]}(/ u,u,.Tdr>;
0 1 Jo 0 0
. T roo n r s
14{’3=VX}/ / u',/y,dt—l—Z/ |:VXY/‘/ u{u,dl}[afds—l—ﬂfdﬂ@] uul dr.
0 0 k=170 0

Finally, since (4.16) can be calculated via (4.18) and (4.17), we can compute
fOT(D,F Ju, dt by computing (4.5), (4.11), (4.12), and (4.16). Consequently, combined
with (4.3) we can compute the Skorohod integral 7 in (4.2).

4.1. Summary of the Algorithm

We have obtained the following explicit scheme for computing the Skorohod integral
in (4.2). Recall the processes X;, V.X;, and [VX;]~! and define

t t
=[VX] 'o(t, X0 At:/ us d Wg; BI=/ usul ds;
0 0
= [VX,] ' [kd:b — 8,0 8d.0](t, X))VX,; K = VX kdeo (1, X) VX
X 1 . n 1 .
y= VX 0 XX ¢ = [Culnas+ Y [ [vxt] o ds+ plam)
0 0

t
/ Vil ds+z / V, XEB/[of ds + BEdW;]; L = / [vs 4] — Cluyul ds.
J.k=1 0

Then we have

1 .
4.19) I=——— "1 Ag(xf, X2)[VXLo (0, x)|[VX1A
e EECREIL RS A

— [VX}0 (0, ¥)]rAg(xf, X3)VREBA VXL

n
— Ag(x}. X3) Y V; X}VX]Clo (0, x)

Jj=1
— Ag(xF, )?%)[VX}G(O, x)]VX}HT

N 28g(x}, X7)[VX70(0, X))
(VX}Br[VX7] )

Zv XX ClBr + L} [ VX
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5. APERTURBATION METHOD

In this section we propose another method that can be applied when d # n. Our numerical
experiments show that this method may be more efficient than the one described in
previous sections. It is also conceptually easier to understand and to program. However,
it is sensitive to the choice of the perturbation size.

Let W?° be an (n — d)-dimensional standard Brownian motion defined on (2, F, P),
such that it is independent of W. Let W, = ( w7, (W%T)T, and denote F to be the filtration
generated by W. For each ¢ > 0 we define

(5.1 ot (1, x) 2 [OI(I’ ) 0 } .

02(t, x)  elp—ayx(n—d)

Then it is clear that a*"gt, x) > 0 for all (7, x) € [0, T'] x IR", and o°(¢, x) — o°(¢, x), as
e — 0, where 6'(¢, x) = [o(¢, x) : 0]. Now, consider the following perturbed version of

3.1):

(5.2) : Xf=xt [ob(s. X7)ds + [y o (s, X0) d W,

YE =g(X3) = [ ZEdW..

By the stability results for both forward and backward SDEs we know that, as ¢ — 0,
the following limit must hold (e.g., see Ma and Yong 1999):

T
(5.3) E{ sup | Xf — X’ + sup |¥7 — zoyz} +E/ |zt — 20| dt — 0,
0<t<T 0

0<t<T

where (X0, Y0, Z0) satisfies the following SDE:

50 ! X0 = x4 Ji bls, X) ds + [ 0(s, XO) d,

Y =g(X7) — J Z0d W,

Since o(t, X0)d W, = o (1, X?) dW;, by uniqueness of the solution to the SDE we have
X, = X?, Vt > 0, almost surely. Thus by the uniqueness of the backward SDE (or the
martingale representation theorem) we conclude that Z° must be of the form Z° =
(Z;,0), where Z is the solution of (3.1). Hence (5.4) is indeed (3.1), and consequently we
must have

T
(5.5) E/ 1220 = 7P dt — 0, ase — 0,
0

where Z¢ = (Z*!, Z#?) is the solution to (5.2). We have thus proved the first part of
Theorem 5.1.

THEOREM 5.1. Assume Assumption 2.1 and that g is bounded and piecewise continuous.
Then the hedging portfolio process Z can be approximated by {Z*'}, in the sense of (5.5).
Furthermore, if g is Lipschitz continuous (not necessarily bounded), then there exist a
constant K > 0, independent of e, such that

T
(5.6) E/ | 78! — 7,|P di < Ke*TeXT.
0
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The proof of the above inequality is standard in backward SDE theory, using
Gronwall’s inequality. The problem can now be reduced to computing Z*!. Hence, we
can use the results for d = n from Fournié et al. (1999) and Ma and Zhang (2000). In
particular, assuming that o} is nondegenerate and that g is Lipshitz continuous, we have
(5.7) zt' = E{g(X7) Ny'Yo (1. X7).
where

1 ' e £\1-! AT 517 ’ -1

N o)) v ] oy
r— t

and VX satisfies the linear SDE

(5.8) No! =

t d t
59 VX! =e¢ —I—/ axb(s, XF)VXE ds + Z/ [0x0/ (s, XE)|Vi XFd W/,
0 j=1 0

i=1,...,n,
where ¢; = (0, ..., i, ..., 0)7 is the ith coordinate vector of IR" and o/(:) is the jth
column of the matrix o (-).
When g is not Lipshitz continuous, we consider the case d = 1, and assume that the
discounted payoff function is of the form g(X) = Rg(S), where g is a piecewise linear
function

K
(5.10) 20 =Y F O a)(),
i=1

where g'(x) = A x+ B',i =1,..., K. We first give the following approximation lemma,
whose proof we omit.

LEMMA 5.2. Under the above assumption there exists a sequence of smooth functions
8i(x) such that

(i) 1gr(x)] < C(1 + |x]), Yx, for some C > 0.

(ii) For each k, sup, |g,.(x)| < C, for some Cy > 0.

(iii) For all x € R\ UX {a;}, g.(x) —> &'(x) and gi(x) — g(x), as k — oo.

COROLLARY 5.3. Assume Assumptions 2.1 and 2.2, that o\ is nondegenerate, and that
the forward BSDE (5.2) has a unique adapted solution (X¢, Y*, Z¢). Then the following
relation holds:

zf = E{g(X}) Ny o (1, X[).

Proof. Let {g;} be the smooth sequence that approximates g(p), as in Lemma 5.2.
Let (XK, Y&k Z#K) be the solution to (5.2) with g(X%) being replaced by gi(X%) =
R:gi(P5). Since the forward equation is not changed, we have X¢ = XK. Thus, applying
(5.7) we have

Zté‘,k — E[{gk(X;)N]{,l}o_s(l’ A/té‘)
We claim that E|gp(X5) — g(X5)1> — 0, as k — oo. Indeed, since X¢ is a (time-

homogeneous) diffusion, we let p®(x, y, t) be its transition density. Then

Bl = el = [ o) = e 9 s 3. = ).
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Since gr — g holds except for only finitely many points, and gx’s have uniform linear
growth (Lemma 5.2(i)), one can easily check that, for any x € IR”, it holds that

lgx(¥)| + 1g(x¥) < K1 + [x]?).

Recalling (5.2) and noting that b and ¢° are uniformly Lipschitz, by standard SDE
arguments one can easily show that E, | X4|* < oo, which implies that f]Rn [yI*pe(s, v,
T — t)dy < 0o. Now we can apply the dominated convergence theorem to conclude that
2(X5) — g(X%) in L*(Q) for each & > 0. Thus, by the stability results for backward
SDEs, we know that (Y®K, Z#K) — (Y#, Z¢) in the sense of (5.3). Therefore, P-almost
surely, one has

Zf = lim Z* = Jlim E {ge (X7) Np-“} o (1. X))

k—o00

6. NUMERICAL EXPERIMENTS
We compare here four methods for computing the hedging portfolio of a digital option:

1. The Malliavin calculus method, called the M method, for Malliavin. We use
Theorem 3.3 and (4.19) to do the computations.

2. The Malliavin calculus method using the approximation of o. Let us call it the
M, method. We use the formulas (5.7)—(5.9).

3. The Retrieval of Volatility Method of Cvitanic et al. (2001), called the RVM
method. This method is based on the fact that the hedging portfolio process Z can be
retrieved from the quadratic variation process of the process Y.

4. The standard finite difference A method, called here A. In this method one com-
putes (by central differences approximation and simulation) the derivatives of the
price process Y at initial time with respect to the initial conditions (X}, ..., X/") =
(x1, ..., X,), and uses the fact (from Ito’s lemma) that the value Z; is determined from
these derivatives and the matrix o (see Boyle et al., 1997, for a survey).

We consider a stochastic volatility extension of the Black-Scholes model:

t t t
Stzso+f 0,5, d1W; otzoo+f k(,(&—ar)dwf pocy d .
0 0 0

The chosen parameter values are: Sy = 100,09 = 0.1, k, = 0.695, p, = 0.21,6 = 0.1
Note that we assume, for simplicity, that the interest rate is zero. We consider the digital
option with payoff g(S7) = 1;s,-~ x} with T'= .2, K = 100.

The simulation of the paths of the underlying processes is done using the first-order
Euler scheme. Denoting the number of time steps by N, the number of simulated paths is
set to N? (this is of the optimal order for the Euler scheme; see Duffie and Glynn 1995).
The mean portfolio value and the standard error are obtained by repeating the procedure
1000 times. The processing time is the total time for all the repetitions. The results are
reported in Tables 6 .1 and 6.2. The column labeled “Portfolio” gives the number of shares
to be held by the hedging portfolio.

Table 6.1 is computed so that all the processing times are similar. The RVM method
involves computing an additional conditional expectation, conditioned on the first
time period dt, using Kgyas simulated paths. We set Ny = 45, Nryyr = 80, Kryyr =
2, No =100, Ny, = 80, = .05, AS = .01Sp, Ac = .0loy, dt = .05. Numerical experi-
ments show that the standard error of the A method is very much sensitive to the choice
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TABLE 6.1
Similar Processing Time

Method Error Processing time Portfolio

M 0.003019 3414 0.088906

RVM 0.002057 3138 0.088750

M, 0.001647 3447 0.088843

A 0.001884 3379 0.088061
TABLE 6.2

Similar Standard Error

Method Error Processing time Portfolio
M 0.001623 19095 0.088832
RVM 0.001580 6103 0.088755
M, 0.001495 4888 0.088832
A 0.001530 6509 0.088372

of AS, Aco. In particular, if these are not chosen carefully, we may achieve very small
error, but with high bias. With the above choice of parameters, the A method and the
M, method have somewhat smaller standard errors than the other two methods, for a
similar processing time. However, it seems that the M, method is not that sensitive to
the choice of e. Moreover, in this example we have only two-dimensional factor process
(S, 0). The computational time of the A method increases linearly with the number of
factors, since it has to compute approximate derivatives of the option price with respect
to all the factors. The RVM method has somewhat larger errors than the A and M, meth-
ods, but not much. It is, however, also very sensitive to the choice of parameters d¢ and
Kgrya. Surprisingly, the M method does worst here, even though not significantly worse.
On the other hand, we do not have to worry about the choice of any small parameters
for the M method. In fact, the M method uses the smallest number of time steps and
simulated paths, but apparently takes a lot of time computing additional quantities such
as the Skorohod integral.

Table 6.2 was computed so as to achieve a similar standard error for all methods. This
was done with Ny = 80, Nryar = 100, Kpyyr = 2, Na = 125, Ny, =90, = .05, AS =
.01Sy, Ao = .0loy, dt = .05. The results are similar to those in Table 6.1: the M method
requires the longest time, even though it uses a smaller number of steps and simulated
paths. The other three methods are comparable—they all need processing time of the
same order.

The results are somewhat surprising considering that the direct method of Theorem
3.1 is typically more efficient than the A method. In this example the A method is not
inferior if its parameters are carefully chosen to avoid high bias and high standard error.
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