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Abstract

We provide an alternative approach for estimating the price sensitivities of

a trading position with regard to underlying factors in jump-diffusion models
using jump times Poisson noise. The proposition that results in a general solu-
tion is mathematically proved. The general solution that this paper offers can
be applied to compute each price sensitivity. The suggested modeling approach
deals with the shortcomings of the Black-Scholes formula such as the jumps
that can occur at any time in the stock’s price. Via the Malliavin calculus
we show that differentiation can be transformed into integration, which makes
the price sensitivities operational and more efficient. Thus, the solution that is
provided in this paper is expected to make decision making under uncertainty
more efficient.
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1 Introduction

It is widely agreed in the literature that the modeling of financial derivatives is more
precise if the price of the underlying asset is treated as a stochastic process. One of
the most applied models for option pricing is the Black and Scholes formula [BS73].
However, the Black and Scholes model suffers from the continuity of the Brownian

motion and thus from the exclusion of jumps. The aim of this paper is to develop
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an approach that can be used to remedy the shortcomings of the Black and Scholes
model. This is achieved by developing a method for the computation of the price sen-
sitivities of a trading position with respect to four main factors when the stochastic
process describing the stock’s price includes jumps. There are five price sensitivities
of a trading position that are called ”Greeks” in the literature. The importance of
a precise calculation of these price sensitivities is paramount in financial markets
pertinent to risk management. The change of the trading position with regard to
the price of the underlying asset is called Delta. The rate of the change of the delta
of a portfolio of options with regard to the price of the underlying asset is known as
Gamma. The other source of risk is denoted by Vega that represents the sensitivity
of the trading position with regard to the volatility of the underlying asset. The
change of the portfolio with regard to time under the ceteris paribus condition is
known as Theta. Finally, the sensitivity of the trading position with regard to the
interest rate is known as Rho in the literature. Each Greek measures a source of
risk for the underlying trading position. Therefore, the importance of computing the
price sensitivities accurately is paramount to the investors and financial institutions.
Traders need to calculate their Greeks at the end of every trading day in order to take
necessary action if the internal risk limits are exceeded, in the underlying financial
institution that the trader is linked to, in order to avoid dismissal. We utilize the
Malliavin calculus to provide an accurate and operational solution for four of these
price sensitivities. This approach is particularly useful since the price of the option
characterized by an stochastic structure cannot be given in closed form. Therefore,
the study of price sensitivities is very important in this context. Via the Malliavin
calculus we can transform the differentiation into integration and thereby make the

price sensitivities operational and more efficient.

Most previous work on the price sensitivities make use of the finite difference method.

However, the Malliavin method is more efficient in terms of convergence. There has



been some work done on this issue using the Malliavin method. The main contri-
bution of this paper is to extend the Malliavin approach to calculating the price
sensitivities when the price of the underlying asset follows a jump-diffusion process.
To ensure the market is arbitrage free one should find a probability equivalent to the
historical one under which the discounted prices are martingale (see the first part of

fundamental theorem of asset pricing).

The application of the Malliavin calculus to the computations of price sensitivi-
ties were introduced by [FLLLT99] for markets with Brownian information. Their

approach rests on the Malliavin derivative on the Wiener space and consists in:
1. applying the chain rule,

2. using the fact that this derivative has an adjoint (Skorohod integral) which

coincides with the Ito integral for adapted processes.

Many papers employing this method have been developed for markets with jumps.
For pure jump markets, in [KP04] the Poisson noise coming from the jump times is
used, while in [BBMO07] the authors differentiate with respect to both the jump times
and the amplitude of the jumps. For jump-diffusion models, in [DJ06] the Malliavin
calculus w.r.t the Brownian motion is applied after conditioning w.r.t the Poisson
component, on the other hand in [BM06] the Poisson noise acts on the amplitude
of the jumps. More recently in [KK10], Greeks formulae are obtained for Lévy
process models of time-changed Brownian motion type using Malliavin calculus on
the Wiener space conditionally on the time-changing process. And in [KT10] they
use a scaling property of gamma processes w.r.t the Esscher transform parameter to
perform formulas for Greeks in the case of asset price dynamics driven by gamma
processes.

Our aim is to generalize the work of [KP04] by including a Brownian part and by

covering European options. The Greeks formulae will be performed then by using



both the Malliavin derivative on the Wiener space and the jump times Poisson noise.
We concentrate in this work on showing that we can differentiate w.r.t the jump
times for jump-diffusion markets which is a different approach from [BM06] where
the differentiation is with respect to the jump amplitudes and from [DJ06] where
only the Malliavin calculus on the Wiener space is applied. For this, we need a new
version of the gradient used in [KP04]* which has the required properties : it is a
derivative and it has an adjoint satisfying the fact 2 above; and to be able to deal
with European-like payoffs, the new version must contain the Poisson process in its
domain.

Consider a standard Poisson process N = (N;)ier, with jump times (7;);en and let

H denote the Cameron-Martin space

H:{u:/o.utdt : ueLQ(RQ}.

For u € H and a smooth functional F,, = f(Ty,...,T,), f € C}(R"),n > 1 of the

Poisson process, we let

k=n
DYF, == unopf(Th,.... Tp).
k=1
Unfortunately, N; does not belong to Dom (D¥) the domain of DY, so an underlying

asset price (S¢)icr, given by
dSt = ,utStdt + O'tStf (dNt — dt), te R+, SO =T > 0,

does not belong to Dom (D). Nevertheless, for T' € R, fOT Sidt € Dom (DY) since
it can be written as

T
0

k>0

Tt AT . i=k
/ C(,’efo (pe—o)dt H(l + UTi)dt‘

TuN T i=0

For this reason, in [KP04], only options with payoff of the form f( fOT Sdt) are con-
sidered and those with payoff f(Sr) are excluded.

tSince the Malliavin gradient on the Poisson space is not a derivative (cf. for example [AOPU00]),
another version of the gradient introduced in [CP90] and in [ET93] is used in [KP04].



Consider a smooth functional F' = > """ Lin—ny F, m > 1, where F,, := f(Th,...,T,)
and f € C}(R™). Let

DNF .= nin 1Npeny DN F,.

n=1

DV is a derivative (See Prop.3) and it has and adjoint and satisfies the fact 2 (see
Prop.4). Moreover N; belong to Dom (D).
In this paper we apply the Malliavin calculus to compute Greeks for options with pay-
off f(Sr) for discontinuous models. The market is incomplete and there are infinitely
many of Equivalent Martingale Measures (E.M.M). An E.M.M is a probability equiv-
alent to the historical one, under which the discounted prices are martingales. Let
the dynamic of the underlying asset price under a fixed E.M.M satisfy the stochastic

differential equation

ds,
?t = rdt + oy [dW, + (AN, — dt)], te[0,T], Sy=uxz>0, (1.1)
t

where W = (W,)ico,r) is a Brownian motion and (r;)¢co,r] and (oy)¢co,r) are deter-
ministic processes such that ¢ > —1 and it is not a constant®. We compute the
Greeks by using the gradient gradient DY + DV (D% denotes the Malliavin deriva-

tive on Wiener space).

After this introduction the remaining part of the paper is organized as follows: Sec-
tion two is devoted to the Brownian and Poisson Malliavin derivatives. In Section
three we apply the Malliavin calculus to derive the formula for computing the Greeks.

The last Section concludes the paper.

2 Malliavin derivatives

In this section we give a brief presentation of the Malliavin derivative on the Wiener

space and its adjoint. The new version of the Poisson gradient introduced in [Pr(09]

$The derivative of o must not vanish to avoid the division by zero, see the computation of the
Delta in Section. 3.



is also presented. The Possonian operator is a derivative and it admits an adjoint
which coincides with the Poissanian Ito integral for adapted processes. For more
details about the Malliavin calculus we refer¥ to [Wks96] and [Nu95] on the Wiener
space and to [Bi83], [CP90], [D00], [ET93], [NV90], [Pr94] and [Pr09] on the Poisson

space.

2.1 Malliavin derivative on the Wiener space

From now on, we fix a terminal time 7" > 0 and consider the Wiener space Cy([0,T1),
the set of continuous functions on [0, 7] vanishing in 0.
Let (D}Y )iclo,r] be the Malliavin derivative on the Wiener space. We denote by P

the set of random variables F': {2 — R, such that F has the representation

Flw) = f (/OT AW, .,/OT fn(t)th) ,

where f(z1,...,2,) = >, aqx® is a polynomial in n variables x4, ..., x, and deter-

ministic functions f; € L*([0,7]) . Let ||.|[12 be the norm
1F|l12 = | Fllz2@ + IDY Fll12(o11x0),  F € Dom (D™).
We have P C Dom (DY) and the following Proposition holds:

Proposition 1 Given F = f <fOT fit)dWwy, ..., fOT fn(t)th> € P. We have

DYF = Z%(/Tfl(t)dwt,..., Tfn(t)th> fi(®).

From now on, for any stochastic process u and for ' € Dom (D") such that

u DV F € L*([0,T]) we let

T
D) F = (D" F,u) 2oy = / w, D} Ft.
0

TThe list is not exhaustive.



2.1.1 Skorohod integral

Let 6" be the Skorohod integral on the Wiener space. The next Proposition is well
known, it says that " is the adjoint of D" and is an extension of the Ito integral

(see for example [Dks96]).
Proposition 2 a) Let u € Dom (6") and F € Dom (DW), we have
E[F§Y (u)] = E[DY F),  for evry F € Dom (D").
b) Consider a L*(Q x [0, T])-adapted stochastic process u = (ut)iejor). We have
T
W (u) = /0 u dWy.
c¢) Let F € Dom (DY) and u € Dom (8") such that uF € Dom (6") thus
SW(uF) = F§"(u) — DV F.
2.2 Poisson derivative
Let & denote the set of smooth functionals

F = 1ng=nyFn, where F,= f,(T1,---,T,) € Dom (DY), meN"={1,2,...},

n=1

and for 1 <n <m, f, € C}(R").

Definition 1 Given an element u of the Cameron-Martin space H and F € S as in

the above, we define the gradient!

n=m n=m k=n
Dq]LVF = Z 1{NT:n}DiVFn = Z 1{NT:n} (_ ZuTkakfn(Tla o aTn)> : (21)
n=1 n=1 k=1

The next proposition shows that the gradient DY is a derivative.

Proposition 3 Consider F' = """ Iyn,—y F and G = 30— 1iny=n} Gy two
smooth functionals in S, where F,, = f,(Ty,---,T,) € Dom (DY) and G,, = G, (Ty,--- ,T;) €
Dom (D¥). We have

DN(FG)=FDNG +GDNF.

lsee [Pr09], section 7.3.



Proof. 'We have

n=m l=m n=m
FG =Y Yne=yF)O Lnve=nG1) = Y Linp=n} FuGo.
n=1 =1

n=1

Thanks to the chain rule of the gradient DV, we have

DY(FG) = > Ywnp-mFuDNGu+ Y Ling—nyGu DY Fy

n=1 n=1

— FDNG+GDNF.

Remark 1 Let Dom (DY) be the domain of DV

1. Dom (DY) € Dom (DY). In fact any F € Dom (DN) can be written as
F=3-0ling=m F. We have DNF = DNF.

2. Dom (EN) contains Nt and l~)5NT =0, since Nr =}, ~ L{ngp=n}7.
2.2.1 Adjoint

The following proposition gives the adjoint gradient for DV, it is well-known, cf. e.g.

[CP90], [Pr94], [Pr02].

Proposition 4 Consider F € Dom (DV) and u € H, we have

a) The gradient DN is closable and admits an adjoint 8 such that
E[DYF] = E[F§Y (u)].
b) For u € Dom (6V) such that uF € Dom (6%) we have
SN (uF) = F&™(u) — DY F.

¢) Moreover, 6™ coincides with the compensated Poisson stochastic integral on the

adapted processes in L*(4; H):



To be able to use the Malliavin method for the computations of Greeks we need to
show first the existence of an adjoint for DN satisfying the properties of 6V listed in
Prop. 4. The relationship between DY and DV will be very helpful. In fact, we have

6" is the adjoint of DV as it is shown in the following proposition **.

Proposition 5 With previous notations:
a) DN is closable and admits 6~ as adjoint. Moreover, if F = Yo Ynp=ny Fry in

S with F, = f,(Ty,-+- ,T,,) € Dom (DY) and v € H such that'! fOT wdt = 0 then
E[DNF] = E[FéN (u)].
b) For F,G € Dom (DY) and u € Dom (6") with fOTutdt =0:
E [GT);V F] —E [F(G(SN(u) — DY G)] .
3 Computations of Greeks

In this section we compute the Greeks for European options with maturity 7" and
payoff f(S7), where (S;)scpo,7] denotes the underlying asset price driven by the sum of
a Brownian motion and a compensated standard Poisson process. Let B = (By)ico,1]
be a standard Brownian motion and N = ()7 denote a standard Poisson
process. The market is incomplete, since there are infinitely many of P-E.M.M. A
P-E.M.M. @Q is characterized by its Radon-Nikodym density with respect to P given
by

T 1 /7 T
pr = exp (/ asdB, — 5/ a’ds +/ In(1 + Bs)(dNg — ds)
0 0 0

|/ C(n(1 4 8) &)ds) |

**The proof of this proposition can be found in [Pr09]: Section 7.3. However another proof is
provided in the appendix with the condition foT uzdt = 0.

' The condition fOT uydt = 0 is necessary to prove the existence of the adjoint for the new version
of the gradient introduced in [CP90] and in [ET93], see the proof of the Lemma. 1 in the appendix.



where 5 > —1 and by the equation
Wy — 1 + ooy + Biop = 0.
Consider the two processes W = (W} )sejo,r) and M = (M;)sejo,r) where for ¢ € [0, 7]
W, = By — /t agzds and M, = N, — /t(l + Bs)ds.
0 0

By Girsanov theorem [J79] W is a Q-Brownian motion and M is a ()-compensated

Poisson process. The dynamic of (S;)sco,r) under @ is

ds,
?t :Ttdt+0t[th+th], te [O,T], S() =z >0.
t
We have
T T 1 k=Nr
Sy = xexp (/ o dW, —i—/ (re —o(L+ 5y) — §Uf)ds) X H (1+o0m,),
0 0 k=1

where (T})r>1 denotes the jump times of (Ny)icpo,r7. Let ¢ be a parameter taking
the values: Sy = x, the volatility o, or the interest rate r. Let C' = E[f(S5)] be the
price of the option. The computations of Greeks by the Malliavin approach rest on
the integration by parts formula -cf. [FLLLT99] for the Brownian case and [KP04]

for the Poisson case- given in the following proposition.

Proposition 6 Let I be an open interval of R, (F*)cer and (G°)cer be two families
of random functionals in Dom (DY) (Dom (DV), continuously differentiable with

respect to the parameter ¢ € I. Let (ut)ico,r] be a process satisfying
(DY + DMYFC £0, a.s. on {0 F° 40}, (el,

such that uG<d.F< /(DN 4+ DW)F< is continuous in ¢ in Dom (6V) () Dom (") and

fOT wdt = 0. We have
¢ ¢ - ¢ ¢
f(FC) NG(?CF 5N(u)—DfLV ~G8¢F
(DY + DY) F¢ (DY + DY) F¢

£ (79 ( _ GSOF 5 1) —DZV< _ GEOF ))
(DY + DY )F¢ (DY + DY) F¢

for any function f such that f (FC) € L*(0), Cel.

S E[6F (P =E

+E

+E[f(F°)0.G],

10



Proof.  For function f € C;°(R), we have

9 657 (1Y) = B [0 (K] + B () 26
(DY + D) f (FC)

= F L
(D + D) Fe

G O F¢ +E[f(F)0.G].

Then we conclude using Propositions 2 and 5. The extension to f (F°) € L*(Q)
with ¢ € I, can be obtained from the same argument as in p. 400 of [FLLLT99] and
in [KP04] p. 167 for the Poisson case, using the bound

5B [G,FO)] = B[ () (V¥ + 8" w) = (B2 + DYYV< + 0,65 |

< P = FulF) sy || VE(6Y () + 6% () — (DY + DIV + 0,68

L2(Q)’

and an approximating sequence ( f,,)nen of smooth functions, where V¢ := G0, F¢/ (DN +
D"Fe. O
Consider an option with payoff f (F C).

Delta, Rho, Vega

The Greeks Delta := ‘3—2, Rho = aa_g' and Vega = g—g can be computed from Proposi-

tion 6

(%E [f(F)] =E [f (F) LE(™ (u) + 6™ (u)) — (DY + D5V)L<] , (3.1)

¢ _ ¢ . __ 0P
where we let G° =1 and L¢ := BN D)

of an European option using ( 3.1) with ¢ =z, f(F°) = f(S7), and 9, F¢ = 9,57 =

. As an example we compute the deltat

%ST. We have
Delta = 9,5 [e= "7 (Sp)| = e~ K [ (Si) (L7(8™ + ") (w) — (D + D)L ) |

where
St 1 1

(DY + DSt [Tuodt — [ “oedn,

L* =

K| —

Hwe can use the same techniques for Rho and Vega.

11



And

DVIL* = 0

T T 4
DVIE = (L%)2DY ( / 0, dNt> = —(L7)? ( / Oy 2t dNt)
0 1 + O¢ 0 1 + O¢
T "\2
u I ” U\ o
= —(L‘”)Q/ . ! <(Utut +wo, ) — fi_—t)> dNy,
0

+ O¢ O¢

here we supposed that ¢ # 0.

We can use

T T
(5N<'U/) = /0' ’l:Ltht = /0 'LLt dNt ZUTk,

k>0

T
6W(U) = / Utth = thj_l(Wtj - Wtj—1)7
0

Jjz1
for u € H such that fOT udt = 0 and v adapted.

Gamma

To compute the Gamma = 8—0 let H := L*(0N (u) + 6" (u)) — (DY + DW)L*. We
6

have using (3.1) and Prop.

Gamma = vt g (poy) = o rets (0 gy g (o)) = ot reto O (o
2 Oz \ Ox ox
_ s L | gy (HTOET vy v [ HOF
(DY + DY) F= (DY + DY) F-

f(F7) ( Lo ()~ DY ( ST eor ))
(DY + DY) Fe (DY + DY) P

4 Conclusions

+ K

+ E[f(F°) 8IHI]}.

Making use of options is a common practice in financial markets by investors and
other financial agents in order to neutralize or reduce the price risk of the underlying
asset. Thus, option pricing is an integral part of modern financial risk management.

One of the most utilized tools for this purpose is the Black and Scholes (1973)

12



formula. However, this formula suffers from the continuity of the Brownian motion
and consequently from the exclusion of jumps. The current paper aims at developing
an approach that can be used to remedy the shortcomings of the Black and Scholes
(1973) model by taking into account the impact of the potential jumps. This is
operationalized by developing an alternative method for the computation of the
price sensitivities of a trading position with respect to the main underlying factors
when the stochastic process describing the asset price is characterized by jumps. It is
shown how the Malliavin derivative on the Wiener space and the jump times Poisson
noise can be utilized to calculate the much needed price sensitivities more accurately.
Thus, we propose an alternative approach for calculating the Delta, Gamma, Vega,
and the Rho more accurately. These four price sensitivities of a trading position
have important repercussions in financial risk management. Hence, the more precise
approach developed in this paper for calculating these price sensitivities is expected to
be enormously valuable to investors as well as financial institutions in their constant
pursue of finding and constructing financial risk management strategies that are
more successful in hedging against the potential sources of the underlying price risk.
The solution that is provided in this paper can therefore become an essential tool

for good decision making under uncertainty.
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Appendix
Proof of the Prop. 5

First, we need the following lemma

Lemma 1 Consideru € H such that fOT U dt = 0 and a smooth functional f(Ty,--- ,T,) €

Dom (DY), we have
E[D)f(Ty, - ,T,) | Nr=n] = E[f(T1, - ,T,)0" (v) | Nr =n] .

Proof of the Lemma 1.

Proof.  Let uw € H such that fOT udt = 0. We follow [Pr02], Lemma 1. We
consider the simplex A, = {(t1,...,t,) € [0,T]": 0 <t; < --- < t,}. We have for
feL*A,,dty,. .. dt,),

n' T tn to
0 0 0

Tn
And
k=n
E[nyf(Tl, 7Tn> ’ NT:n] :_ijv
k=1
where

n! T tn to
[k: = —n/ / / utkakf(tl,--- ,tn)dtl---dtn'
T 0 0 0

k=1 We have by integration by parts

to to
/ U’tlalf(tla"' 7tn)dt1 - _/ utlf(th"' atn)dt1+ut2f(t2at27”' 7tn)
0 0

Thus
I = A1 + Bs,

n‘ T tn to
A = __n/ / / Ug, f(ty, -+ t,)dty - - - dty,
™ Jo Jo 0

n| T tn t3
By: = —7'1/ / / Ug, [t toy -+ to)dts -+ - dby.
T 0 0 0

where

17



k=2 We have

t3 to
/ Ui, / aQf(tla o 7tn)dtldt2
0 0

t3 to t3
/ thaQ / f(th e 7tn)dt1dt2 - / utgf(tQa t?? T 7tn)dt2
0 0 0

t3 to t3
—/ %/ f(ti,ta, - 7tn)dt1dt2+ut3/ f(t1,ts, t3, b, -+, ty)dty
0 0 0
t3
_/ utgf(t27t2a"' 7tn)dt2
0

Thus
I, = Ay — By + Bs,

where

n' T tn t3 to
Ay = _ﬁ/ / / Utz/ [ty ta, -+ ty)dty -+ - dt,
0o Jo 0 0
n T ptn ta 3
By: = ’_ZT"/ / / utg/ [t tasta, ta, o tn)dtidts - - - dt,
0o Jo 0 0

By using the same argument of the above, for any k € {3,...,n — 1}, we have

l41 tk to
/ Ugy, (/ o / Opf(te, - ,tn)dty - 'dtk1> dty,
0 0 0
tk+1 tk to
= utkak (/ / f(tl,"' 7tn)dt1"'dtk1) dtk
tkt1
/ / / / f(tr, - teeostiy by -, tn)dty - - - dbp_odty,
0 0
tk+1
= / / / fﬁ,"',tn)dtr"dtk
0 0

tet2 et - t2
+/ Ut;H_l/ / Ottt eyt trgr, s tn)dty - dtg_ydtyyy - dty,
0 0

ty tre—2 to
/ e / f(t, o stoeos ti, ti, oo S tn)dty - - - dtg_odty.

0 0

[e=]

|
N
=~
s
<
o~
Ead
=)

Thus for k € {3,--- ,n — 1}, we have

I, = Ay, — By, + By,

18



where

Aki =

Bkl =

n)dty - - dty,

TL' /T /tn /tk+1 ' / k /
_ e Uy f tl;
™ Jo Jo 0 " Jo
n' T tn tret1 tr R
ﬁ/ / / Utk/ / / fQt, s thea, thy tey s to)dty - dtg—y - diy,
0o Jo 0 o Jo 0

dts, denotes the absence of dty.

k=n Let

A, =

B, =

we have

p)dty - - dty,

g [ [ ] s
_n/ Uy, / / o / f(th T tn 2y tn> tn)dtl T dfnfldtnv
T 0 0 0 0

since fOT dt = 0.

Thus

k=n

Sn -

k=1

Then

n' T tn to
—/ U, Onf(ty, -+ ty)dty---dt,
T Jo 0 0
n' T tn tn—1 to
_/ utngn / f(th... 7tn)dt1"'dtn_Bn
T Jo o Jo 0
n‘ T tn—1 to
An + ﬁuT/ / f(tla n 1,T)dt1 dtn—l - Bn
0o Jo 0
Ap — By,
k=n—1
(A1 + By) + (Ay — By + Bs) + (A, — By + Bipy1) + A, — B,
k=3

k=n
> A
k=1

k=n k=n
EDYf(T1, -+ T) [ Np=n] ==Y L, =—Y Ay

k=1 k=1
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= F

Now to show that

f T17 , (ZUTk> |NT—n

it is sufficient to prove

E

E

k>n

since fOT wdt = 0. Recall that for &k > n we have

E[f(Th -, Ty) | Np =n] =

tr tni1
/ / / / / f tl) 5 ’na"' 7tk)dt1dtk

Therefore for £ > n

Tl' [oe] tr tn
E[Fup, | Nr =n] = ﬁe_T/ utke_t’“/ /
0 0
nl
=g [T [

tp—1
n!
-T -
—ﬁe / ug, e 1/
0 0

= E[F(up, —ur,_,) | Nr =n]

Tk
- E F/ iydt | Ny =n| .
Tk—1

Then

[e.e]

EDYf(Ty, -+, T,) | Nr=n]=E

Now we can give the proof of Prop. 5.

Proof. a) We have using Lemma. 1 for any u € H such that fOT Ugdt = 0

Elnp=m} DY Fu] = > Ellng=my DY Fy | Np =i P(Ny = i)

=1

20

f(T, - (}:uﬂ>\A@_41.

— E[f(Th,-- ,T,)6(u) | Np = n].

f Tl, , (Z UTk / utdt> | NT = TL]

to
../)fuh~-¢@ﬁ1”.
0
t2
../‘f@h~-¢ﬁﬁ1”.
0

AM“'Ahf@““”

f(Ty, -, Ty) (Z i,

k=1

Tn

dty,

dty,

tn)dty ..

g

dtg—q



Thus

3
I
3

EDYF] = E[Y lny—nyDYF,]

Il
i

n
=m

= Y E[lng=m Fud" (w)] = E[FS™ (u)).

n=1

3

b) Using the chain rule of DV and a) we obtain

E [Gf){j F] o [f){f (FG) — FDY G} -y [F(G&N(u) — DV G)] .
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