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In this paper, we address the problem of the Greeks’ evaluation for European and Amer-
ican options, when the model is defined by a general stochastic differential equation. We
represent the Greeks as expectations, in order to allow their computations using Monte
Carlo simulations. We avoid the use of Malliavin calculus techniques since in general, it
leads to random variables whose simulations are costly in terms of computational time.
We take advantage of the Markovian structure to derive simple formulas in a great gen-
erality. Moreover, they appear to be efficient in practice.

First version: November 1, 2003. This version: March 5, 2004.

1. Statement of the problem

A main issue related to the option pricing is the determination of sensitivities of the
option price with respect to the parameters defining the model of the underlying
asset. These quantities are called the Greeks and they are computed as appropriate
derivatives of the option price. The purpose of this work is to revisit some classic
issues on the subject, using a point of view which differs from the previous ones.
Firstly, we rederive known formulas with a simplified proof, that is without Malliavin
calculus techniques, but with only the standard 1t6’s calculus. Secondly, we establish
new representations for the Greeks, still by using simple arguments.

Now, let us specify our model. We consider a frictionless financial market, where
we can trade d risky assets, with price process [S; = (St -+, S8)*lo<i<r, and a
non risky asset (SP)o<t<r. We assume SP = 1, which is still possible using a change
of numéraire M98

The log-price process [X; = (log(S}), -+ ,log(S8))*|o<t<r is assumed to be the
solution of the stochastic differential equation

t d t
X, = x+/ b(s,Xs)derZ/ oi(s, X )dW?. (1)
0 i=1 70

*The material of this work was presented at the International Symposium on Stochastic Processes
and Mathematical Finance at Ritsumeikan University, Kusatsu, Japan, in March 2003.
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In the equation above, W = (W1, ... W%)* is a standard d-dimensional Brownian
motion defined on a filtered probability space (2, F, (Fi)i>0,P): we assume that
the filtration is the one generated by W augmented by the null sets. Smoothness
conditions on b and o = (01, -+ ,04) will be stated later on. Moreover, we will
assume the uniform ellipticity of o. As a consequence, the market is complete and
we suppose that the dynamics (1) is directly given under the risk-neutral probability.

The price at time 0 of an European option with maturity 7" and payoff* F, is
thus given by P(0,S5y) = E(F|Sy). Essentially”, the hedging strategy A at time
0 is given by 9s,P(0,Sp). A Monte Carlo approach to evaluate E(F) is usual. In
particular, it is more efficient compared to a PDE approach, either because the
dimension d is not small (more than 2), either because the payoff F' is highly path-
dependent and simulations are more suitable. In that case, it is useful to also
evaluate A using simulations. Three approaches are possible.

1. The re-sampling method or finite difference method @Y 92 LP9 ig based on

the computation of P(0,S5) for different values of S close to Sy. Then,
appropriate differences are formed in order to approximate the gradient
by a discrete derivative. Unfortunately, it provides biased estimators and
moreover, it is costly when d is large.

2. The path-wise method BF9 consists in putting the differentiation inside the
expectation. It gives Ag = E(9s, F') provided that dg, F' is meaningful, and
direct Monte Carlo simulations can be performed to complete the evaluation
of Ag. The limitation of this method is due to the possible lack of regularity
of F': for instance, it cannot be applied to digital or barrier options.

3. The likelihood method or score method (introduced by Glynn &!¥86.Gly8T7
Reiman et al.f?"W8 and later in finance by Broadie et al.B¢96) differenti-
ates the law of the payoff instead of the payoff itself. It writes Ag = E(F H)
for some random variable® H. When the underlying asset has an explicit
law (like in the geometric Brownian motion case), it is possible for some
payoff to get an explicit expression for H, using a finite-dimensional inte-
gration by parts formula 2% (ibp in short). During the past five years,
a lot of attention has been paid to the derivation of suitable weights H
for various payoffs and for general models of type (1). The basic tool is
the Malliavin calculus, and in particular the ibp formula on the infinite-

dimensional Wiener space. For the case of vanilla, see FZEET9: for Asian
options, see FLLLT99 GKHO03

and BG’KHOS.

and 2700 for barrier and lookback options, see

Consequently, there is a lot of interest for the Malliavin calculus in finance (we refer

2the random variable F' is square integrable and Fp-measurable.

bthis is not a general result, but a common feature for usual options in a Markovian setting. For
a recent study on the A-hedging, see the paper by Bermin 5703,

©H is not unique since any random variable orthogonal to F' can be added.
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to KHMar for a nice expository work) but we may formulate two major criticisms
to the use of these tools. Firstly, it is difficult to control, and the non academics
may face some serious difficulties to correctly manipulate these concepts, with the
inherent risk to devise wrong numerical procedures. The second reason has to do
with the efficiency of the method. In general, the weights H are given by Skorohod
integrals, whose simulation is far to be easy. For log-normal dynamics, there are
many simplifications but for less specific models, it requires the simulation of many
auxiliary processes, which significantly increases the computational time.

This work is aimed at deriving representations for H, in terms of explicit stochas-
tic integrals. It leads to simple and efficient numerical procedures as experiments
will illustrate. For this, the Malliavin calculus techniques are replaced by more
standard tools, like martingales or Itd’s calculus. In fact, the usual ibp of Malliavin

Nuads i intrinsically a static operation, i.e. it focuses on the law of a

calculus
random variable such as X for instance. Our alternative approach is different and
it leverages the dynamic structure of the process (X;)o<i<r. This type of idea
dates back to Bismut %84, We do not assert that the Malliavin calculus is no more
useful for the Greeks, but it appears to be unnecessary in many situations.

The outline of the paper is the following. In section 2, we focus on the Delta
for European vanilla options: we obtain the same formula than in “ZLLT99 but our
proof is different. This simple case enables us to introduce the methodology which
will be used later on. Then, we handle general European barrier and lookback
options, and also American vanilla options: the derived representations are new to
our knowledge. In section 3, we address the sensitivity w.r.t. the volatility (called
the Vega index), which is useful when the impact of a model misspecification needs
to be measured. The given formula has been already proved in “™°2 but here we
provide a simplified proof. Actually, it appears to be a particular case of a nice ibp
formula, which has the advantage to use only the first derivatives of the coefficients
b and o, whereas the usual ibp formula needs two derivatives. A recent study
related to the sensitivity analysis w.r.t. a boundary ©%%% is also reported and the
connection with American options is discussed. A numerical experiment illustrates
the efficiency of our approach. Finally, we conclude in section 4, by listing some
open problems.

To simplify the notations, sensitivities are computed relatively to the parameters
defining X in (1), that is we skip the influence of the logarithm change of variables
between X and S. For instance, for the A, we will compute 9,E(F) instead of
05, E(F).

Notations and assumptions

In the sequel, we adopt the following usual convention on the gradients. If 4 :
(t,z) € [0,T] x RY — R4 is a differentiable function w.r.t. z, its gradient w.r.t. z is
denoted ¥/ (t,x) = (0z,¢(t,x), -+ , 0,0 (¢, 7)) and it takes values in RI@R?. When
the function v is evaluated at the point (¢, X;), we may simply note 1; instead of
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w(ta Xt)
Throughout the paper, we will consider the following assumptions on the coef-
ficients defining X.

(H) the functions b and o are bounded, continuous, continuously differen-
tiable w.r.t. x with uniformly bounded derivatives. The functions
bV, 0,(0})1<i<a satisfy a Holder continuity property: for some n > 0,
b(t, x) — b(s,y)| < C(|t — s|"/? + |y — x|") uniformly in s,t,z,y, and anal-
ogously for o,V, (0])1<i<a-

Moreover, for some ag > 0, one has £.[oc*|(t,2)¢ > aplé]® for any
(t,2,€) € [0,T] x R x RY,

Under the smoothness assumptions above, there is a unique strong solution to
(1). Let L be the infinitesimal generator of X, defined by

Lu(t,x) = u'(t, 2)b(t, z) + %TI"(HU(LL, x)[oo™](t,x)),

where H, is the Hessian matrix of u w.r.t. the space variable x. Besides, one has
for any ¢ > 0

E(ecsuptE[O,T] |Xt|) < co. (2)
The payoffs under consideration in the sequel are supposed to satisfy
|F| < ce®3UPeelo.1) [ X 3)

for a positive constant c¢. Consequently, owing to (2) they belong to any L, which
is a simplification in the arguments below but not a restriction in practice.

Finally, we associate to (X;)¢>o its flow, i.e. the Jacobian matrix V; := 0, X4,
and its inverse Z; = [V;]7! (see Kun84). They solve the equations

t d t
}Q:Id+/b;}@ds+2/ o} Y, dW, (4)
0 —Jo 7
t d d t 4
Z, :Id—/ Z4(b, = 3 (ol )?) ds—Z/ Zuol., AW, (5)
0 i=1 i=170

Standard computations show that E(sup,co 7)(|Y:| +[Z:])?) < oo for any p > 1.

2. Computations of Delta

For an European option with payoff F' satisfying (3), we can write using the pre-
dictable representation theorem

F=E(F)+ /OT Ao dW,. (6)
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The R! ® R%-valued process (A;)o<i<7 gives, up to logarithm change of variables,
the hedging strategy of the option using the underlying asset S. For an Ameri-
can option with payoff (F})o<i<r, we can proceed analogously to get, under some
assumptions,

*

B —B(F) + / AudW,, (7)
0

7* being the optimal exercise time K788,

In this section, we aim at representing A for both option styles as an expectation
involving explicit terms, which simulations are easy. The key idea consists in using
a suitable martingale (see Lemmas 2.1 and 2.2 below), in order to involve in the
expected representation only It6’s integrals. This approach has been introduced by
Bismut 2?84 (and intensively used by Thalmaier et al.”"8 Elworthy et al.F/L99
d Pie02 Del03 among others) to derive explicit ibp formulas.

Picar and Delarue

2.1. Furopean vanilla options

Consider first the case F' = f(Xr) and define
u(t,y) = E[f(X7)|Xe = yl. (8)

We briefly recall that under (H), uis a C*2([0, T[xR?, R), satisfying the PDE 9,u+
Lu=0in [0, T[xR% with u(T,-) = f(-) as a terminal condition (this directly follows
from the existence of a smooth transition density function for the Markov process X,
see £'7175) Under (H), there is even an additional regularity, namely (8§’z7zku)”k
exist and are locally Hélder continuous (Theorem 10 p.72 in £7%4). Remember that
in general, derivatives of u explode when t — T. Besides, an application of Itd’s

formula to u(T, X1) provides a more explicit form for the predictable representation

(6):
T
f(X7) =u(0,z) —|—/ u' (s, Xs)osdWs. (9)
0
Our main tool is the following.

Lemma 2.1. Assume (H) and define My = u/'(t,X;)Y; fort < T. Then M =
(My)o<i<t is a R ® Ré-valued martingale.

Proof. We give two different arguments.

Proof 1. From the Markov property, note that [u(t, X;) = E(F(X71)|F)]o<i<T I8
a martingale for any X, € R¢: differentiating w.r.t. X, provides also a martingale.
This is our statement. For full details, see Lemma 2.10 in ¢M02,

Proof 2. This second proof is easily adaptable to other options as we will see later
on. First, M is a local martingale. Indeed, apply Ito’s formula to u'(¢, X;)Y:: the

key point is to note that the dt-terms cancel because of the PDE solved by u. It
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remains to prove the uniform integrability of M = (M;)o<i<7—. for any e > 0 (the
presence of e avoids t being too close to T'). But under (H), it is easy to prove that
Efsupg<;<7_c [Mi]] < oo and the uniform integrability follows. O

We now are in a position to prove

Proposition 2.1. Assume (H). Then, one has
1, /" .
B0 = B0 [ [ o v aw])
0

Proof. The uniform ellipticity — condition  yields E( fOT [u/(t, X¢)|?dt)
< CE fOT |’ (¢ Xt)0t| dt) = CE(f*(Xr)) using the equation (9). Consequently,

fo |M,|dt) < fo lu'(X;)|2dt)]Y/?[E fo |Y;|2dt)]'/? < oo. Hence, it allows to
write, using the martmgale property of M and the isometry of Ito’s integral, that
Ag equals

o / M, ds) = ([/Tu'(s,Xs)ades}[/OT[aslm*dWs]*)

=E<M[ [ evraw) w2 [Cevraw) o

2.2. Some European path-dependent options

The analysis above can be immediately extended to the case of payoff of the form

F=fXs:t1<s<T)

for a fixed time ¢; > 0. It covers the situations considered in FFLLT99  where

F=f(X¢, Xy, Xiy) with 0 < 83 < -+- < t; < -+ < ty = T, which
allows to deal with discrete monitored barrier and lookback options, discrete Asian
options... But it also enables us to consider more generally any option, which payoff
does not depend on the underlying assets on a short time period: here, we address

the case of forward start options %1, Some examples may be:
e Forward start put on maximum: F = (maxcp, 1) eXt — eX1):
: LT (oX T X
e Forward start Asian call: F' = (e”T — 7= ftl ettdt) .

Actually, this path-dependent case can be connected to the vanilla one. Indeed,
define f(X:,) = E(F|F:,) using the Markov property for X. Then, take the condi-
tional expectation in (6) to get

ﬂ&J:ﬂﬂ+Ahm%mg 10)

Consequently, the hedging strategy on the time interval [0,¢1] equals the one used
for a vanilla option of maturity ¢; and payoff f(X ). In terms of no-arbitrage,
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this is the well established principle that the fair price (V;)o<¢<r of an option of
maturity T coincides on [0, T’] with the fair price of an option with maturity 77 < T
and payoff Vp; furthermore, both hedging strategies also coincide.
In particular, Proposition 2.1 gives Ay = E(f(th)%[ Jl[ogln]*dWQ]*). Using
the tower property for conditional expectations, we finally obtain:

Proposition 2.2. Assume (H). Then, one has

Ag :E(f(Xs 1t <s< T)%[/O 1[G;1Ys]*dWs]*).

2.3. Furopean barrier options

Now, we consider continuous time monitored barrier options, with payoff of the
form

F=f(ro NT, X n1), 7 =inf{s >t: X, ¢ D}

for some open set D C RY containing Xy = x. The situation d = 1 has been
developed by Gobet et al. K03 while a multidimensional extension in the Black-
Scholes model (constant coefficients b and o) has been carried out by Bernis et
al. BGKHO3  Here, we cover general models, but unlike the cited references, we are
not able to deal with other Greeks than the Delta. Note also that the form of the
payoff allows wider situations, since the dependence through the state 79 AT was
not possible in the previous works. In this context, the technique of martingales is
borrowed to TW98 and Pel03,

Analogously to (8), we set
o(t,y) = E[f(re AT, Xrar)| Xt = y). (11)

Note that we do not assume any regularity property on D, thus we cannot expect v

to be a smooth function up to the boundary. In particular, computations involving
derivatives on v have to be carefully performed. Our analysis below is only based
on the interior regularity, which can be formulated as follows. Take a such that
0<a<d(x,0D),set D' ={y:|y—x| <a} C Dandput 7y =inf{s >t: X, ¢ D'}.
The strong Markov property easily yields v(t,y) = E(v(r{ AT, X;/a7)| Xt = y)
for any (t,y) € [0,T[xD’. It enables us to deduce that the function v is of class
C12([0, T[xD’,R) and solves d,v+Lv = 0 in [0, T[x D’. Indeed, this is classic result
which may be obtained using the integral representation (see 7 among others)
of v with the Green function, which is smooth in (¢, z) because the ball D' is smooth
and coefficients satisfy (H). Moreover, an application of interior estimates (Theorem
5 p.64 F7i64) Jeads to uniform bounds for the derivatives of v on [0,7/2] x D’ (up

to taking a smaller) 9. As for (8), (agwjyxkv)i,jyk exist and are Holder continuous.

dactually, T/2 could be replaced by any time smaller than 7.
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Now, write E(f (1o AT, Xoya1)|Fryary2) = v(1AT /2, X7y a7 /2) using the Markov
property and apply Itd’s formula. Using the PDE solved by v in [0,7/2[xD’, we
obtain

T/2
E(f(r0 AT, XTOAT)|fT6AT/2) =v(0,2) + / 18<7'(/)U,(S7 X;)osdW. (12)
0

A comparison with the equation (6) leads to Ay = v'(0,z) as it was expected.
Lemma 2.1 in this new situation becomes

Lemma 2.2. Assume (H) and define Ny = v'(¢, X})Y; for t < T/2 and t < 7.
Then N = (Nosni)o<i<t)2 08 @ R' ® R%-valued martingale.

Proof. The first argument invoked in the proof of Lemma 2.1 cannot be applied
here since it is not clear how to differentiate the martingale [v(ry A t, Xpae) =
E(f(1o AT, Xoo a)|Fryat)lo<e<r/2 Wrt. Xo (because of 75). However, the second
argument is still valid. Indeed, v solves the PDE O,v + Lv = 0 in [0,T/2[xD’
and consequently, [v'(7) At, Xosat)Yesaelo<t<r/2 i a local martingale using It0’s
formula as before. The uniform integrability is clear because v/(+,-) is bounded on
[0,7/2] x D'. O

To complete the localization, we introduce the adapted process h = (h)o<i<r
defined by

1 1t<7’
T NE(X.,0D)(T)2 )
WithT:inf{t>01/t ds :)\}.
o d*(Xs, 0D (T/2 — s)

The parameter A above is a positive real number, that can be chosen arbitrarily.
From P¢03 one has 7 < 74 A T/2 a.s. and E(fOT h3dt)P < oo for any p > 1. As a
consequence, one gets the crucial properties

hy

(13)

T
hy=0fort > 1) AT/2, and / hydt = 1. (14)
0
Now, the representation for Ag can be stated as follows.

Theorem 2.1. Assume (H). Then, one has
T *
Ao = B(f(ro AT, XTOAT)[/ NEr AR ARY
0

Proof. We proceed by verification. Because of the local property of h, one has

E(E[f (0 A T, Xronr)| Frnr ol "2 oo 1Y,]*dW,]*). Then, because of (12),
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it equals

T/2
E(/o Locr hsv' (s, X,)Ys ds)

T/2
_E( / hoN, ds)
0

T/2
:E(/o hsNysarya ds) = E(Nyary2) = No = Ag

using successively the property on the support of h, the martingale property of
N between times s and 7) A T/2 on the event {h, # 0} C {s < 745 AT/2}, the
normalized time integral of h and once again the martingale property of V. O

2.4. Furopean lookback options

The payoff of lookback options depends on the extrema M? = SUP, ¢y ari X mt =
inf, ;. X{ of the underlying assets, computed on some subsets 7" and T™" of

[0,T]. These monitoring sets may be different for each maximum and minimum.
Put M = (M*,--- ,M%* m= (m!,---,m%)*: the payoff is of the form

F = f(M,m,Xr).

Note that even in the case of smooth functions f, the pathwise approach cannot be
applied because in general, M and m are not differentiable w.r.t. Xq. It strengthens
the necessity to develop a likelihood-type method.

We assume in the sequel the following structure of the payoff function f.

(S) There exists ay > 0 such that for any ¢ € {1,---,d}, the payoff
fM o M mt omd XL - X4 does not depend on M (resp.
m;) if M* < X+ ag (resp. m* > X¢ — ag).

As it is discussed in BEKHO3 this restriction appears to be a necessary condition
to allow a representation of Ay as E(FH), for an appropriate square integrable
random variable H. However, in practice many payoffs fulfill (S) BEKH03,

Now, we make the connection between this framework about general lookback
options and the previous situation with barrier options, analogously to what we
have done in the paragraph 2.2. For this, put D = {y : |y — 2| < ap} and set 7o =
inf{t > 0: X; ¢ D}. The strong Markov property for X, the definition of 7y and the
assumption (S) enable us to write E(F|F,ar) = f(10 AT, Xyoa7) for some function
f . With the arguments from paragraph 2.2, it readily follows that Ag equals the
Delta for the barrier option with payoff f(TO AT, X ar). By Theorem 2.1, it writes
Ao =E(f(ro AT, Xoonr) [ fy hsloy 'Y]*dW,]") where h is defined in (13) with 0 <
a < ag. Because of the properties of h, fOT hs[os VY| dW, = fOTOAT hy[o Y] dWy
and an application of the tower property for conditional expectations completes the
proof of the following result.
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Theorem 2.2. Assume (H) and (S). Then, one has
T *
Ay :E(f(M,m,XT)[/ hslo, Y dW,] ),
0

with h defined as above.

2.5. American vanilla options

In this paragraph, we focus on American contracts with payoff F; = f(t, X;). The
fair price is given by P(0,2) = Sup,c(o 1] stopping times E(f(7: X7)). The existence
of an optimal exercise time 7* such that P(0,x) = E(f(7*, X;~)) has been handled
for years by El Karoui X781 the continuity of f and the uniform integrability of
(F})o<i<r are sufficient for this result. Furthermore, in our Markovian setting, 7*
is the entrance time of the process (¢, X;)o<i<7 in the so-called exercise region &
(which is unknown). For a recent work on these issues, see V9.

Hence, from this point of view, the computation of Ag in (7) is a particular case of
the previous study on barrier options, except that it needs a minor adaptation since
£ is not a cylindrical time-space domain. Namely, the radius a and the intermediate
time 7" (equal to T'/2 before) have to be such that [0, 7] x {y : |y — z| < a} C &,
everything else being unchanged.

Nevertheless, this argumentation assumes that £ is known in a neighborhood
of (0, ), which might be unrealistic in practice. Besides, some numerical methods
based on Monte Carlo simulations build for each path the optimal exercise time;

see for instance L501 Gar0l 1202

. Hence, deriving an estimator of Ay using the same
information is especially relevant for numerical procedures. It is the aim of this
section and we develop a pathwise approach.

To state our result, we assume that the price function

P(t>y) = sup E(f(T7 XT)|Xt = y) (15)
T€[t,T] stopping times
satisfies the smooth pasting condition, that is P'(t,y) = f'(t,y) for (¢,y) € OE. Suf-
ficient conditions for this are given in ¥7#76 Chapter 16 and extensions are discussed
by Brekke et al.?291. Here, we do not report a relevant set of hypotheses which
makes the smooth pasting condition valid, but we directly assume that it holds. For
instance, it is true for the American put £¢™98,

(P) The function P(-,-) is continuously differentiable w.r.t. y in a neighborhood
of the continuation region C = &£° and it satisfies sup,co 7 E(|P'(7% A
t, Xrept)|1T€) < 0o for some € > 0.
Moreover, in the neighborood of 9C, f(-,-) is also continuously differentiable
w.r.t. y and one has

P(r*, X ) = f (1%, X)) a.s. (16)
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Analogously to Lemma 2.2, we assert that [P'(7* At, Xr«at)Yreat]o<e<r 1S & mar-
tingale. Indeed, in the open set C, the price satisfies 9, P + LP = 0 (use the interior
regularity as we did for v(+)). Thus, an application of 1t6’s formula proves the prop-
erty of local martingale as before. Under (P), this is a true martingale. To get a
representation for Ag as an expectation, write Ag = P'(0,2) = E(P'(7*, X+ )Y;~)
and use the smooth pasting condition to conclude. We obtain

Theorem 2.3. Assume (H) and (P). One has
Ao =E(f (7%, X )Yrx).

Similar results have been obtained by Piterbarg T2 in the discrete time setting

of Bermuda options: his proof is based on the differentiation of the dynamic pro-
gramming equation.

3. Other greeks

The extension of previous arguments to the computation of I' (second derivatives of
the price w.r.t. ) is possible for European vanilla options. Formulas still involving
only Ité’s integrals are proved in Theorem 2.12 “M02: we do not report them here.
For other path-dependent options, we have not been able to generalize this approach.

3.1. Vega index

An other relevant Greek is the so-called Vega index, which usually evaluates the
sensitivity of the price w.r.t. the volatility. This is an important index when one
needs to measure the impact of a model misspecification on the options’ prices.
We address the problem of its evaluation in the case of European vanilla options.
Using Malliavin calculus techniques, see "ZEET99 For the Asian case, see 2¢700,
For barrier and lookback options, the problem is still open to our knowledge. Here,
we present some results proved in “M02,

We slightly modify the definition of Vega because of the logarithm change of
variables. For o € R, consider the solution of the stochastic differentiable equation

t d t
Xf=u —I—/ [b(s, X&) + ab(s, X2)]ds + Z/ [0:(s, X&) + adi(s, X2)]dWE, (17)
0 = Jo

with coefficients b+ab and o +aa satisfying (H) for o small enough. If no reference
to a is given, it means that a = 0, for instance X; = X?. We aim at computing

Vega = E[f(X7)][a=0 (18)

Denote X; = 00 Xt|a=0, which is solution of

t d ot
fo= [ Gorv ) as+ Y [(utol Ky aws (o)
0 i=170
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When f is smooth, the pathwise approach leads to the representation
Vega = E[f'(X7)X7]. (20)

In M02 two new approaches are developed. Firstly, the so-called adjoint method
uses the underlying PDE to write Vega as an expectation. Briefly, the option price
u®(t,z) = E(f(X$)| XY = =) is solution of dyu® + L*u® = 0 and consequently

the Vega index 9,u® solves 0;[0qu®] + L*¥[0qu®] = —[0aL*]u®. Then, after some
substantial work, one can represent the solution as an expectation with only explicit
quantities.

We prefer here to expose the second approach, which seems to be the most
efficient in practice.

T —
Theorem 3.1. Assume (F): I/ (X7) = X0l

dt < 400 for some py > 1.

0 Tt
Then, under (H) one has
f(XT) r —1 v 1%
Vega = E(— o, Xs|"dWy
g = BT [ oK)
T X)) — f(X, T .
+/0 dr i (;)_rf)g )]/T o7 M(Xs = Yo Z, X,)]*dW).

Note that the random variable in the expectation above is integrable. Indeed, this
is clear for the first term. For the second one, the combination of the general-
ized Minkowski inequality, the Holder inequality and standard estimates from the
stochastic calculus gives

) dr [f(Xé)_:;(zXTﬂ / o7 (Xs = Yo Z, X)) " dW, |1
T T
< / (T“f’"r)2||f<XT>—f<Xr>||m|| [ o vz g AW,
<C/T ||f(XT); S(Xr)|leo dr < oo. (21)
0 —-r

Assumption (F) can be interpreted under (H) as a weak regularity condition on f
and it allows to consider discontinuous functions. To simplify, say that the support
of f is included in a bounded set D: then we assert that if f belongs to the Sobolev
space Wj, (D) (e €]0,1]) equipped with the norm ”f'%;o(D) = fD |f(y)[Pody +

Joxp Mdzdy (see L9UG®) then f satisfies (F). Indeed, using standard

ly—=|*+roc ,
Gaussian upper bounds £7%* for the transition density function of X, (F) is fulfilled
if the following quantity is finite:

T _ely=z1?
dr e T—r . ) — Do L
/ (/ [y — 2T %dydz) /o
T/2 (T_r) DxD (T_T) / |y—z| Do
g €/2
dr [f(2) = f(y)l* 1/po _ T
=C (T — \i—€/2 G —dyd <C . )
< /T/2 (T —r)l=</2 (/DxD ly — z|d+poc Y z) ="e)2 Hf”WPO(D)
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This approach is called the martingale method since Theorem 3.1 is obtained in

GMO2 yging cleverly the martingale

O [B( (XPF)] = 0 [u (8, X)) = [0a] (1, X2) + [u°] (1, X200 XE
We present here another proof, which extends the scope of the method. For this,
we show
Theorem 3.2. Consider
(1) a continuously differentiable function f satisfying (F) and ||f'(X71)||Lro <
00;
(2) a RE@RI-valued continuous semimartingale (Uy)o<i<7 with ||Ur —Uyl|Le <
CVT —t for any p > 1.
Then, under (H), one has

B(Cenvr) = (UG [ oo aw)

&) - XD [T R
+/O ar SED [/T o7 (U, — Y2 Z,U,) " aws]").

The result above is an explicit ibp formula in an elliptic framework. We should
emphasize the fact that it uses only the first derivative of the coefficients defining
X, whereas the usual ibp requires two derivatives. At least for simulations, this is
a crucial advantage.

Note that Proposition 2.1 and Theorem 3.1 are a particular case of the result
above. Indeed,

a) one has 0, E(f(Xr)) = E(f'(Xr)Yr). Now, take Ur = Yr (¢ = d): the
second term in the representation cancels and Proposition 2.1 is proved.
b) Theorem 3.1 immediately follows by considering (20) and taking Ur = Xr.

Proof. (of Theorem 3.2.) We first justify the following integral representation, that

we have not previously found in the literature. If U is a continuous semimartingale
as above, then one has

1 [T T ar T
_ 1 dr _ . 22
Ur T/o Utdt—I—/o (T_T)Q/T (U, = U,)ds (22)

Actually, this follows from three integration by parts formula w.r.t. time:

:_f/ —rdU—i—/ dUSZ;/OTTdUr
_UTff/ Usdr.
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We apply (22) to the semimartingale ZpUr, to obtain that E(f'(Xr)Ur) =
E(f(X1)Yr ZrUr) equals

L T4 T
E(TA f(XT)YTZtUtdt-F/(; ﬁ/r' f (XT)YT(ZSUS_ZrUr)dS) (23)

Both terms can be handled in the same way: we only treat the second one, for
a fixed r. By Lemma 2.1, (u/(s, Xs)Ys)o<it<r is a martingale which is closed by
f'(X7)Yr when f is smooth: hence, u'(s, X5)Ys = E(f'(X7r)Yr|Fs). It follows
that E(fTT ' (X)Yr(Z:Us — ZTUT)ds) = E(fTT u'(s, Xs)Ys(ZsUg — ZTUT)ds) =
E([f(Xr) — u(r, XT)][fTT[os_l(US — Y, Z,U,)]*dW,]*) using (9). In the last term,
u(r, X,) can be replaced by any F,-measurable random variable because the stochas-
tic integral is centered. The choice of f(X,.) is more convenient. It remains to plug
these expressions in (23), Fubini’s theorem completing the proof. Note that the
estimates on U help in justifying that all quantities that appear are well defined, as
we have done for example in (21). O

3.2. Numerical experiment

The purpose of this paragraph is to illustrate how representations with It0’s integrals
can be numerically efficient compared to the ones resulting from general Malliavin
calculus computations. We report here an example borrowed from 02,

We consider a vanilla digital option with payoff e="7'1 X1L>X2 and maturity
T =1, using the model

dX} = [r— o®(X}, A)]dt + o (X}, A)dW]
AX? = [ — 0%(X2, \o)ldt + 0(X7, Aa) (pdW} + /T— p2dW?)

The constant interest rate is defined by r = 0.04 and the volatility function is given
by o(x,\) = 0.25(1 + m) We focus on the Vega index, by evaluating the
sensitivity of the price w.r.t. A1, Ag, p at the point \; =2, Ay =2, and p = 0.6. We
take X¢ = X2 = 0. In the table below, different estimators are compared in terms

of computational time and variance:

(1) the usual Malliavin calculus estimator F"ZLLT99

Skorohod integrals.
(2) the pathwise estimator: since the payoff is not smooth, we approximate it

, requiring the simulation of

linearly using a regularization parameter € close to 0.
(3) the martingale estimator from Theorem 3.1.

The measurements have been carried out with 1000 sample paths, on a Pentium III,
700Mhz processor. The process X and the stochastic integrals have been discretized
using the Euler scheme with time step h = 0.01. For the influence of the time step
in such procedures, we refer to ™92 where it is essentially proved that the error
is linear w.r.t. h.
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On the one hand, the pathwise method provides a very high variance because the
payoff is not smooth. On the other hand, the Malliavin calculus estimator leads to
a small confidence interval, but it is too costly to evaluate. Finally, the martingale
approach appears to be the most competitive on this example.

Variances | Malliavin | Martingale | Pathwise e = 1072 | 7 ¢ = 1074
A1 0.0011 0.0012 0.0378 3.8951
A2 0.0048 0.0018 0.0296 4.9427
P 1.5788 1.4323 14.923 100.86
CPU time 20.8s 7.31s 2.97s 2.97s

Variance of different estimators of the Vega index.

3.3. Sensitivity w.r.t. the boundary

We now open the discussion on a different type of sensitivity analysis, by briefly
reporting here a recent result by Costantini et al.“K%%3, We refer to the cited paper
for full details.

Consider a time-space domain D C [0,7] x R? and the associated exit time
7p for the process X defined in (1). How to evaluate the sensitivity of u(t,z) =
E(g(r, X, )e~ Ji cnXr)dr _ fle” JoetrXo)dr £ X Vds| X, = ) wr.t. D?

This issue may be relevant to devise new algorithms for the pricing of American
options by optimizing the continuation region “%%%, The answer is the following.
Define the pertubation of the domain by D. = {(¢,z) : (t,z + €O(¢t,z)) € D}, for
which the new exit time is given by 7.. We are concerned by the regularity of the
map

€= J(E) (t7 x) = E(g(7_€7 )(‘I'g)eiftﬂr6 C(T’)(T)d’r*/ ) 67 fts C(T,X7-)d""f(s7 Xs)ds) |Xt == x).
t

First, to ensure a global regularity to u, all the datas f,g,c, -+ are assumed to
be smooth enough, that is essentially a little more than continuously differentiable.
Then, the main result is the differentiability of J(€)(t, x) at € = 0, for any (¢,z) € D,

with
DI ()(t,2)] ez = B [ I X0 — )] (r, X,)| X, =]
The expression of the gradient shows a nice connection with the smooth pasting

condition (P) from the paragraph 2.5. If it satisfies, the gradient above vanishes,
which is natural for the optimal domain.

4. Conclusion

In this paper, we have tackled the issue of the Greeks’ evaluation. Rather than using
the gear of Malliavin calculus techniques, we try hard to develop simple arguments
in order to get simple representations. Our arguments take strongly advantage of
the Markovian structure of the model. Firstly, it is interesting from the pedagogical
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point of view. Secondly, since only It0’s integrals have to be sampled, the simulation
procedures are easy and quick. Finally, we have succeeded to cover new situations.
To conclude, here is a list of open problems:

(1) extension of the current approach to the case of Asian options;
(2) computation of the Vega index for barrier and lookback options;

(3) additional variance reduction for the Greeks’ evaluation: some answers are

given in KHPOZ
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