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Abstract

We present a systematic method for computing explicit approximations to martingale
representations for a large class of Brownian functionals. The approximations are based on
a notion of pathwise functional derivative and yield a consistent estimator for the integrand
in the martingale representation formula for any square-integrable functional of the solution
of an SDE with path-dependent coefficients. Explicit convergence rates are derived for
functionals which are Lipschitz-continuous in the supremum norm. The approximation and
the proof of its convergence are based on the Functional Ito calculus, and require neither
the Markov property, nor any differentiability conditions on the coefficients of the stochastic
differential equations involved.
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1 Introduction

Let W be a standard d-dimensional Brownian motion defined on a probability space (2, F,P)
and (F}V) its (P-completed) natural filtration. We consider a Brownian martingale X which
takes values in R%:

X(t) = X(0) —l—/o o(u)dW (u)

where ¢ is a process adapted to (F}") satisfying
T
E / lo()|2dt] < 0o and det(o(t) £0 dt x dP — a.e
0

Then X is a square-integrable martingale with the predictable representation property [23|
31]: for any square-integrable .FYW -measurable random variable H, or equivalently, any square-
integrable (F}V)-martingale Y (t) = E[H|F}V], there exists a unique (F}" )-predictable process ¢

with E [/0 tr(p(u) ¢(u)d[X] (u))] < oo such that:

Y(T):Y(O)+/OT¢-dX, ie. H:]E[H]+/OT¢-dX (1)

The classical proof of this representation result (see e.g. [31]) is non-constructive. However in
many applications, such as stochastic control or mathematical finance, one is interested in an
explicit expression for ¢, which represents an optimal control or a hedging strategy.

Expressions for the integrand ¢ have been derived using a variety of methods and assumptions,
using Markovian techniques [9, 2], 14, 2T], 28], integration by parts [2] or, in the general case,
using Malliavin calculus [I} Bl 19] 22| 26| 27) [I7]. Some of these methods are limited to the case
where X is a Markov process; others require differentiability and/or ellipticity assumptions on
o [17], differentiability assumptions, in the Fréchet or Malliavin sense, on H, or an explicit form
for the density of X [2]. Almost all of these methods invariably involve an approximation step,
either through the solution of an auxiliary partial differential equation (PDE) or the simulation
of an auxiliary stochastic differential equation.

A systematic approach to obtaining martingale representation formulae, based on the Func-
tional Ito calculus [I1] [6, 5], has been proposed in [7], where it is shown [7, Theorem 5.9] that
for any square-integrable (F;X)-martingale Y,

t
Vvt e [0,T], Y(t)=Y(0) —|—/ VxY  -dX P-as.
0

where VxY is the weak vertical derivative of Y with respect to X, constructed as an L? limit
of pathwise directional derivatives. This approach does not rely on any Markov property nor on
the Gaussian structure of the Wiener space and is thus applicable to functionals of a large class
of processes.

In the present work we build on this approach to propose a general framework for computing
explicit approximations to the integrand ¢ in a general setting in which X is allowed to be the



solution of a stochastic differental equation (SDE) with path-dependent coefficients:
dX(t) = o(t,X)dW(t) X(0) = zo € R? (2)

where X; = X (tA.) designates the trajectory stopped at t and o : [0, T]x D([0, T],R%) — GL4(R)
is a Lipschitz map. For any square-integrable variable of the form H = g(X(t),0 <t < T') where
g : (D([0,T],RY), ||.|lo) — R is a continuous functional, we construct an explicit sequence of
approximations ¢, for the integrand ¢ in . These approximations are constructed as vertical
derivatives, in the sense of the functional Ito calculus, of the weak Euler approximation of the
martingale Y. We show that these provide explicit expressions for these approximations and
analyze their convergence to the integrand ¢. Under a Lipschitz assumption on g, we provide
error estimates in L?”. These approximations are easy to compute and readily integrated in
commonly used numerical schemes for approximations of SDEs.

Our approach requires neither the Markov property of the underlying processes nor the dif-
ferentiability of coeflicients, making our approach applicable to functionals of a large class of
semimartingales. By contrast to methods based on Malliavin calculus [1} B, 9] 22| 27, 17], it
does not require Malliavin differentiability of the terminal variable H nor does it involve the
choice of "Malliavin weights’, a delicate step in these methods.

Ideas based on Functional Ito calculus have also been recently used by Leao and Ohashi
[25] for weak approximation of Wiener functionals, using a space-filtration discretization scheme.
However, unlike the approach proposed in [25], our approach is based on a Euler approximation
on a fixed time grid, rather than the random time grid used in [25], which involves a sequence of
first passage times. Our approach is thus much easier to implement and analyze and is readily
integrated in commonly used numerical schemes for approximations of SDEs, which are typically
based on fixed time grids.

Outline We first recall some key concepts and results from the Functional It6 calculus in section
Sectionprovides some estimates for the path-dependent SDE and studies some properties
of the Euler approximation for this SDE. In Section [ we show that the weak Euler approximation
(Definition E[) may be used to approximate any square-integrable martingale adapted to the
filtration of X by a sequence of smooth functionals of X, in the sense of the functional Ito calculus.
Moreover, we provide explicit expressions for the functional derivatives of these approximations.
Section[5lanalyzes the convergence of this approximation and provides error estimates in Theorem
Finally, in Section [6] we compare our approximation method with those based on Malliavin
calculus.

Notations: In the sequel, we shall denote by Mgy, (R) the set of all d x n matrices with real
coefficients. We simply denote RY = M1 (R) and Mg(R) = My q(R). For A € My(R), we shall
denote by 'A the transpose of A, and ||A|| = v/tr (fAA) the Frobenius norm of A. For z,y € RY,
x -y is the scalar product on RY.

Let T > 0. We denote by D([0,T],R?) the space of functions defined on [0, T] with values in R?
which are right continuous with left limits (cadlag). For a path w € D([0,7T],R%) and t € [0, T],
we denote by:

e w(t) the value of w at time ¢,



e w(t—)= lim w(s) its left limit at ¢,

s—t,s<t
e w; = w(t A ) the path of w stopped at ¢

o wr =wlpy + w(t—)l[t,T]

lw|loo = sup{|w(t)|,t € [0,T]} the supremum norm.

We note that w, and w,_ are elements of D([0,T],R?). For a cadlag stochastic process X, we
shall similarly denote X;(.) = X(t A.) and X;— = X1g 4 + X (t—)1, 7).

2 Functional Ito calculus

The Functional It6 calculus [4] is a functional calculus which extends the Ito calculus to path-
dependent functionals of stochastic processes. It was first introduced in a pathwise setting
[6, B, T1] using a notion of pathwise derivative for functionals on the space of right-continuous
functions with left limits, and extended in [7] to a weak calculus applicable to all square-integrable
martingales, which has a natural connection to the martingale representation theorem. We recall
here some key concepts and results of this approach, following [4].

Let X be the canonical process on Q = D([0,T],R?), and (F}).c(o,r] be the filtration gener-

ated by X. We consider now F a functional defined on [0, 7] x D([0,T], R?) with values in R.
In this paper, we are interested in one particular class of such functionals characterized by the
following property: the process t — F(t,w) defined on Q is (F})-adapted. Under this condition,
F(t,-) only depends on the path stopped at ¢:

Yw € Q, F(t,w) = F(t,w). (3)

This motivates us to consider functionals on the space of stopped paths [4]: a stopped path is
an equivalence class in [0, 7] x D([0,T],R?) for the following equivalence relation:

(tw)~ ') = (t=t and w =uwy). (4)

The space of stopped paths is defined as the quotient of [0, 7] x D([0,T],R%) by the equivalence
relation :

Ar = {(t,w(t A-)), (t,w) € [0,T] x D([0,T],RY)} = ([0, 7] x D([0,T],R?)) / ~

We denote Wr the subset of A consisting of continuous stopped paths. We endow this set with
a metric space structure by defining the following distance:

doo((t,w), (t',w')) = sup |w(uAt) —w' (uAt)| + [t —t'| = wr — wlloo + [t = 1]
w€[0,T]

(Ar,d~) is then a complete metric space. Any functional verifying the non-anticipativity con-
dition can be equivalently viewed as a functional on F': Ay — R:

Definition 1. A non-anticipative functional on D([O,T],Rd) is a measurable map
F: (Ar,ds) — R on the space (Ar,dw) of stopped paths.



Using the metric structure of (Ar,ds), one can define various notions of continuity for non-
anticipative functionals [6]:

Definition 2. A non-anticipative functional F is said to be:
e continuous at fized times if for any t € [0,T), F(t,-) is continuous with respect to the
uniform norm || - || in [0,T), i.e. Yw € D([0,T],R%), Ve > 0, 3n > 0, Vo' € D([0,T],R?),

suplw —w'| <n = |F(t,w) — F(t,w')| <e

e jointly continuous if F is continuous with respect to d, i.e. ¥(t,w) € Ay, Ve >0, In > 0
such that V(t',w'") € A,

doo ((t,w), (', W) <n = |F(t,w) — F{t',w)| <e
We denote by C*° (A1) the set of jointly continuous non-anticipative functionals.
o left-continuous if V(t,w) € Ar, Ve > 0, In > 0 such that V(t',w') € Ar,
(t' <t and do ((t,w), (t',w')) <n) = |F(t,w)— F(t',w')] <e€
We denote by C?’O(AT) the set of left-continuous functionals. Similarly, we can define the

set COO(Ar) of right-continuous functionals.

We also introduce a notion of local boundedness for functionals.

Definition 3. A non-anticipative functional F' is said to be boundedness-preserving if for every
compact subset K of RY, Wty € [0,T], IC(K,to) > 0 such that:

Vit € [0,t0], V(t,w) € Ar, w([0,t])) C K = F(t,w) < C(K,tp).
We denote by B(Ar) the set of boundedness-preserving functionals.
We now recall some notions of differentiability for functionals following [7, 4]. For e € R? and
w; € D([0,T],R%), we define the vertical perturbation w¢ of (t,w) as the cadlag path obtained

by shifting the path by e after ¢
wi = wi +ely 7.

Definition 4. A non-anticipative functional F' is said to be:

e horizontally differentiable at (t,w) € Ar if

DF(t,w) = lim Ft+h, W})L - F(t,w)
—

exists. If DF(t,w) exists for all (t,w) € Ap, then the non-anticipative functional DF' is
called the horizontal derivative of F.



e vertically differentiable at (t,w) € Ar if the map:

R? — R
e =  F(t,w +elymn)

is differentiable at 0. Its gradient at 0 is called the vertical derivative of F at (t,w):
Vo F(t,w) = (;F(t,w),i=1,--- ,d) € R?

with

Pt heily 1) — F(t,
0;F(t,w) = lim (t,wi + heily o) — F(t,wr)
h—0 h

where (e;,i =1,--- ,d) is the canonical basis of R?. If F is vertically differentiable at all
(t,w) € Ar, Vo F : (t,w) — R? defines a non-anticipative map called the vertical derivative

of F.

We may repeat the same operation on V,,F and define similarly V2 F, V3 F, - ... This leads
us to define the the following classes of smooth functionals:

Definition 5 (Smooth functionals). We define (C;’k(AT) as the set of non-anticipative function-
als F : (Ar,ds) — R which are

e horizontally differentiable with DF continuous at fixed times;
e k times vertically differentiable with V) F € (C?’O(AT) forj=0,---,k;
e DF,V,F,--- ,VEF € B(Ar).

We denote (CLOO(AT) = ﬂkZlcl’k(AT)7(C;’oo(AT) = mel(C;’k(AT).

Many examples of functionals may fail to be globaly smooth, but their derivatives may still
be well behaved except at certain stopping times, which motivates the following definition [4]:

Definition 6. A non-anticipative functional F is said to be locally reqular of class (Cllo’i(AT) if

there exists an increasing sequence (T, )n>0 of stopping times with 1o = 0 and 17, — o0, and a
- n—oo

sequence of functionals F,, € (C;’2(AT) such that:

F(taw) = Z F’I’L(tvw)l[Tn(w),Tn+1(w))(t)7 V(tvw) € AT

n>0

We recall now the functional It6 formula for non-anticipative functionals of a continuous
semimartingale [7, Theorem 4.1]:

Proposition 2.1 ([6, [7]). Let S be a continuous semimartingale defined on a probability space
(Q, F,P). For any non-anticipative functional F € (Cllo’i(AT) and any t € [0,T), we have:

F(t,S) — F(0,S,) = /OtDF(u,Su)du+ /OtiF(u,Su).dS(u)

+3 | o (VARG SdIS)w) P,



Actually the same functional It6 formula may also be obtained for functionals whose vertical
derivatives are right-continuous rather than left-continuous. We denote by (C;’f (A7) the set of
non-anticipative functionals F' satisfying:

e F'is horizontally differentiable with DF continuous at fixed times;
e F is twice vertically differentiable with F' € C;"°(Ar) and V,F,V2F € C%°(Ar);
e DF,V,F,V2F c B(Ar);

The localization is more delicate in this case, and we are not able to state a local version of the
functional Ité formula by simply replacing F;, € (C})Q(AT) by F, € (C;’f (A7) in Definition @
(see Remark 4.2 in [I5]). However if the stopping times 7,, are deterministic, then the functiona
It6 formula is still valid (Proposition 2.4 and Remark 4.2 in [I5]).

Definition 7. A non-anticipative functional is said to be locally reqular of class (Cll(;ir(AT) if

there exists an increasing sequence (tp)n>0 of deterministic times with to = 0 and t, — o0,
- n—oo

and a sequence of functionals F,, € (Cll,f(AT) such that:
F(t,w) =Y Fu(t,w)l, 1, (t), V(tw) € Ar
n>0

Proposition 2.2 ([7]). Let S be a continuous semimartingale defined on a probability space
(Q,F,P). For any non-anticipative functional F € C 2 (A7) and any t € [0,T], we have:

loc,r
¢ ¢

F(t,S:) — F(0,8) = / DF(u, Sy)du + / VoF(u,Sy) - dS(u)
0 0

+%/0 tr (V3 F(u, 8,)d[S](u)) P—as.

Finally we present briefly the martingale representation formula established in [7]. Let
(Xt)tejo,r) be a continuous R%-valued martingale defined on a probability space (Q, F,P) with
absolutely continuous quadratic variation:

[X](t):/O A(u)du

where A is a My(R)-valued process. Denote by (F;¥) the natural filtration of X and C,*(X)
the set of (F;*)-adapted processes Y which admit a functional representation in (C;’2 (Arp):
CA(X) ={Y,3F € C,*(Ar),Y(t) = F(t, X;) dt x dP—a.e.} (5)

If A(t) is non-singular almost everywhere, i.e. det(A(t)) # 0, dt x dP-a.e., then for any ¥ €
Cl}72(X)7 the predictable process

VxY(t) = Vo F(t, X;)

is uniquely defined up to an evanescent set, independently of the choice of F' € Ci’Q(AT) in the
representation . This process VxY is called the vertical derivative of Y with respect to X.
For martingales which are smooth functionals of X, the operator Vx : C;’2(X) — CZO’O(X) yields
the integrand in the martingale representation theorem:



Corollary 2.1. IfY € C;’2 (X) is a square-integrable martingale, then

t
Vte [0,T], Y(t)=Y(0) —|—/ VxY - dX P-as.
0

Consider now the case where X is a square-integrable martingale. Let M?(X ) be the space
of square-integrable (F;¥)-martingales with initial value zero, equipped with the norm ||Y|* =
VE|Y (T)[2. Cont & Fournié [7, Theorem 5.8] show that the operator Vx : Cp*(X) +— C°(X)
admits a unique continuous extension to a weak derivative Vy : M?(X) — £2(X) which satisfies
the following martingale representation formula:

Proposition 2.3 ([7]). For any square-integrable (F; )-martingale Y, we have:

t
vt € [0, 7], Y(t):Y(O)—i—/ VxY - dX P-as.
0

This weak vertical derivative V xY coincides with the pathwise vertical derivative V,, F (¢, X;)
when Y admits a locally regular functional representation, ie. Y (t) = F(t,X;) with F €
C 2 (Ar)U C 2 (Ar). For a general square-integrable martingale Y, the weak derivative VxY

loc loc,r
is not directly computable through a pathwise perturbation. An approximation procedure is thus

necessary for computing V xY. The result of [7] guarantees the existence of such approximations;
in the sequel we propose explicit constructions of computable versions of such approximations.

3 Euler approximations for path-dependent SDEs

Let W be a standard d-dimensional Brownian motion defined on a probability space (2, F,P)
and (F}V) its (P-completed) natural filtration. We consider the following stochastic differential
equation with path-dependent coefficient :

dX(t) = o(t, X¢)dW (t), X(0) = xp € R?
where o : Ap — My(R) is a non-anticipative functional, assumed to be Lipschitz-continuous:
Assumption 1. 0 : (A7, ds) = My(R) is Lipschitz continuous:

Joup >0, Vt,t' €[0,T),Vw,w’ € D([0,T],RY), |jo(t,w) — o(t',w)|| < orip doo ((t,w), (t',0)) .

Under this assumption, has a unique strong solution verifying the following estimate:

Proposition 3.1. Under Assumption there exists a unique (ftW)—adapted process X satisfying
. Moreover for p > 1, we have:

E [ X7)22] < C(1+ |zo[*)e” (6)

for some constant C = C(p, T, 01;p) depending on p, T and oy;p.



Proof. Existence and uniqueness of a strong solution follows from [30] (Theorem 7 , Chapter 5):
see [, Section 5]. Let us prove (). Using the Burkholder-Davis-Gundy inequality and Hélder’s
inequality, we have:

T p
E[|Xr]3%2] < C(p) (IﬂﬂolQ‘”HE (/0 Io(t,Xt)IIZdt> D
T
< CT) <|x0|2”+E /0 ||a(t,Xt)||2pdtD
<

C(p,T) <I$ol2p +E

T
/o (100, 0)|| + ouip (¢ + | Xil|o0))* ‘”D

T
S C(p7 T7 Ulip) <|x0|2p +1+ / E”thzgdt)
0
where 0 is the path which takes constant value 0. We conclude by Gronwall’s inequality. O

In the following, we always assume that Assumption [1] holds. The strong solution X of
equation is then a Brownian martingale and defines a non-anticipative functional X : Wpr —
R? given by the Ito map associated to .

We assume in addition that:

Assumption 2. det (o(t, X;)) # 0, dt x dP-a.e.

Denote by (F;X) the natural filtration of X. Under Assumption 2, FX = FV.

3.1 Euler approximations as non-anticipative functionals

We now consider an Euler approximation for the SDE (2) and study its properties as a non-

anticipative functional. Let n € N;§ = —. The Euler approximation , X of X on the grid
n

(t; = 76,7 = 0..n) is defined as follows:

Definition 8. [Euler scheme] For w € D([0,T],R?), we denote by ,X(w) € D([0,T],R?) the
piecewise constant Fuler approzimation for computed along the path w, defined as follows:
nX (w) is constant in each interval [t;,t;11), VO < j<n—1 with ,X(0,w) =zo and

nX (tj1,w) = o X(tj,w) + oty n Xy, (W) (WEtjr1—) —w(t;—)), 0<j<n-—1 (7)

where , X (w) is the path of , X (w) stopped at time t, and by convention w(0—) = w(0).

When computed along the path of the Brownian motion W, , X (W) is simply the piecewise
constant Euler-Maruyama scheme [29] for the stochastic differential equation .

By definition, the path , X (w) depends only on a finite number of increments of w: w(t;—) —
w(0), -+, w(tp—) — W(tn_1—). We can thus define an application p : My, (R) — D([0,T],R?)



as follows: for y = (y1, -+ ,yn) € Man(R) with each y; € R?for 1 <<n,

p(y) =pW1, Yn) = n X (W) (8)

with w any path in D([0,T],R?) satisfying w(t;—) — w(0) = y1, -, W(tn—) — W(tn_1—) = Yn.
And we note p;(y) the path of p(y) stopped at time .

The application p : Mg, (R) = (D([0,T],R?), || - ||sc) is locally Lipschitz continuous as shown
by the following lemma.

Lemma 3.1. Let y = (y1,-,yn) and ¥ = (Y1, ,yl,) € Man(R) with y,,y, € R? for
1<i<n. If ax lyk — yr| <, then we have:
SRS

Ip(y) — PV )loo < C(y,n, 01, T) B Yk — Y|

for some constant C' depending only on y, 0, oy;p and T

Proof. As the two paths p(y) and p(y’) are stepwise constant by definition, it suffices to prove
the inequality at times (¢;)o<;j<n. We prove by induction that:

Ipe; () =2, (5o < Oy, 01ip, T) mtx e — i (9)
with some constant C' which depends only on y, 1, 0;, and T'.

For j = 0, this is clearly the case as p(y)(0) = p(y')(0) = zo. Assume that (9] is verified for
some 0 < j <n — 1, consider now ||py,,, () — pt,., (4)|loo, we have:

p(y)(tj+1) = p(y)(E5) + o(t), pe; (Y)Yt

and
Py ) (tj41) = p(y)(t5) + oty pe, () Yjs1-
Thus
Ip(y)(tjr1) — p(y') (tj41)]
< Ip@)(t;) = pW ) ()] + loCts, pe;, W - 1yie1 = Yl + ot pe, () — o (tg, pe, WD - Y1l
< Oy oup, T) max lye = gl + (o0, 0)l1 + ouip (& + llpe; W)lloo)) [yi+1 = 91
+01i5C (Y51, Oip, T) ooz [y = Yl (Y1l + |yier = Y5pal)
S 0/(ya 7, Olip, T) max |Z/k - y;c|

1<k<j+1
where 0 is the path which takes constant value 0. And consequently we have:

¢, 1 (W) = Pt, s (W )loo < C(y,m, 000, T) (Jpex Yk — Y|

for some different constant C' depending only on y, 1, 0;, and 7. And we conclude by induction.
O

10



3.2 Strong convergence

To simplify the notations, , X 7(Wr) will be noted simply , X7 in the following. The following
result, which gives a uniform estimate of the discretization error, Xp — , X7 extends similar
results known in the Markovian case [13, 29l 20] to the path-dependent SDE :

Proposition 3.2. Under Assumption (1] we have the following estimate in L?P for the strong
error of the piecewise constant Euler-Maruyama scheme:

/14 logn
1)) < S[U.p | ||X(S) - TLX(S)||2p> S O(anpa T7 Ul’ip) Tgv VP Z 1
s€[0,T

with C' a constant depending only on g, p, T and oy;p.

Proof. The idea is to construct a 'Brownian interpolation’ WX 7 of the Euler scheme ,, X 7:

W X(8) =m0+ / o (u, nX,) dW (u)
0
where u = {%J -0 is the largest subdivision point which is smaller or equal to u.

Clearly the process , X is a continuous martingale and || sup |X(s) — ,X(s)|||l2, can be
s€[0,T]
controlled by the sum of the two following terms:

I sup [X(s) = X (s)lll2p < || sup |X(s) = nX(5)lllzp + 1| sup [nX(5) = nX()lll2p  (10)
s€[0,T] s€[0,T] s€[0,7]

We start with the term || sup |X(s)—,X(s)|||2p. Using the Burkholder-Davis-Gundy inequality
s€[0,T]
and Holder’s inequality, we have

T p
E|Xr - X722 < C(p)E / Ha(sxs)—o(s,nXs)H%s]
0
T 2
< cone [ e x) - otan x4
0
T
< C(paTaUlip)E/ ((3_3)2p+||Xs_nXs||gg)d3]
0
<

1 T
C(paTaUlip) <n2p+/0 E||XsnXs|c2>gd5>

The constants may differ from one line to another, and we have used , X, = , X, as , X is
piecewise constant.

Consider now the second term || sup |, X (s) — , X (s)]||2p. Noting that:
s€[0,T]



we have R
[n X7 — nXrlloo < Clo1ip, T)(1 + [[n X 7lloc) sup_ (W (s) —W(s)|
s€|0,

and

2p
Elln X7 — n X 7|2 < C(01ip, T)P B | (1 + [In X 7l00) sup IW(S)W(S)I] :

s€1[0,T]

By the Cauchy-Schwarz inequality, we have:

Ell X1 — n X112 < C(prowp. T) (1 n \/EnnxTié’) \/E sup W(s) - W(g)w

s€[0,T]

We will make use of the following result:

T
Vp>0, | sup [W(s)—W(s)lll, < C(W,p)y/—(1+logn)
s€[0,T n
which results from the following lemma:
Lemma 3.2. Let Yy, -+, Y, be non-negative random variables with the same distribution sat-

isfying & (eAYl) < 0o for some A > 0. Then we have:

vp> 07 ||max(Y1,~~ ;Yn)Hp S (logn+C(p, YlaA))

> =

We have thus:

JE 2 6 W < 0. (Feeny’ ()

s€[0,T] n

Furthermore, using again the Burkholder-Davis-Gundy inequality, we have:

Elln X7 < El.Xr|2
T 2p
< C(p) wi%pHE(/ Ho(s,nxs>H2ds>
0
T i
< C(p,x0,T) 1—|—/ E||a(§,nX§)|| ds
0
<

T
C(]% x07T7 Ulip) <1 +/ EHTLXS”i:gdS)
0

We deduce from Gronwall’s inequality that E||, X722 is bounded by a constant which de-
pends only on p, zo, T and oy;p.

Combining this result with , we get:

. 1+logn\”
IE||n)(T - nXTHgg S C(anp, T7 CTlip) <ng)

12



Finally becomes:
E[| X7 — X 7|32

< W) (BIXr = nXr 2 + Bl Xy - o Xr]2)
1 1 P T
< Cleo.p.T.0up) ((*nog”> +/ EJlX, — nXsllié’ds>
0
And we conclude by Gronwall’s inequality. O

Corollary 3.1. Under Assumption

1
Va € [0, 5), n%| Xt — nXrlleo — 0, P-as.
n— oo

1
Proof. Let « € [0, 5) For a p large enough, by Proposition we have:

E | > n®Xr — o X7||2| < oo
n>1

Thus
3 0P| Xp - Xp|2 < 0o, P-as.
n>1

and
TLaHXT — nXT”oo n:Zo 0, P—a.s.

4 Smooth functional approximations for martingales

Let g : D([0,T],R%) — R be a functional which satisfies the following condition:
Assumption 3. g: (D([0,T],RY), | - [lec) — R is continuous with polynomial growth:
3g € N,3C > 0,Yw € D([0,T],R?), |g(w)] < C (1 + [|w]|%)

and consider the (square-integrable) martingale
Y(t) = E [9(X7)|F¥] =E [g(X)|F"].
Y may be represented as a non-anticipative functional of X (or W):
Y(t) =G(t, Xy) = F(t, W)

where the functionals F, G are square-integrable but may not have any smoothness property a
priori. By Proposition we have:

9(Xr) =Y(T)=Y(t) + /t VxY(s)-dX(s)=Y(t) + /t ViwY(s)-dW(s) P—as.

13



where VxY (resp. Viy'Y) is the weak vertical derivative of Y with respect to X (resp. W). The
two representations are related [4, Theorem 4.19] by the equality

((VxY(s)a(s, Xs) =" (VwY(s))

outside an evanescent set. So if one of them is computable, the other one is computable as well.
However in general neither G nor F is a smooth functional (for example € (Cllo’z (A7) so neither
of the two weak derivatives may be computed directly as a pathwise directional derivative.

The main idea is to approximate the martingale Y by a sequence of smooth martingales
.Y which admit a functional representation Y (s) = F,(s, W) with F,, € C}.> (A7), regular

loc,r
enough to apply the functional It6 formula. Then by the functional It6 formula, we have:

T T
/ VoFn(s,Ws) - dW(s) =, Y(T) =Y () — Y(T)-Y(t) = / VxY(s) - dX(s)

n—oo

One can then use the following estimator for VxY:
ZW(S) = ¢ (071(55 XS))van(57 I/Vs)a

where the vertical derivative V,F,(s,Ws) = (0;Fn(s,Ws),1 <i < d) may be computed as a
pathwise derivative

Fn 7VVs hi]—s — F, ,Wg
0;Fo(s, Ws) = lim (s, Ws + heilfs 1)) — Fa(s, W)

h—0 h ’

yielding a concrete procedure for computing the estimator.

We will show in this section that the familiar weak Fuler approzimation provides a systematic
way of constructing such smooth functional approximations in the sense of Definition

Define the concatenation of two cadlag paths w,w’ € D(]0,T],R?) at time s € [0, 7], which
we note w @ w’, as the following cadlag path on [0, 7:
¢

Observe that:
VzeRY wiow = (ws®w)+ 217

Definition 9 (Weak Euler approximation). We define the (level-n) weak Euler approzimation
of F' as the functional F,, defined by

Fn(saws) =E g(nX(ws SY WT)) (12)

S

Applying this functional to the path of the Wiener process W, we obtain a (ftW)-martingale:

14



Observe that, using independence of increments:
V() = E sl XWr)IEY] = E [0 XOV.  WrEY | = B [o(uX (V. & Bry)l 22

where B is any Wiener process independent from W. We have thus: ,Y (s) = F, (s, Ws).

Theorem 4.1. Under Assumptions @ and@ the functional F,, defined in is horizontally
differentiable and infinitely vertically differentiable.

Proof. Let (s,w) € Ay with tx < s < tg41 for some 0 < k < n — 1. We start with the vertical
differentiability of F,, at (s,w), which is equivalent to the differentiability at 0 of the following
map:

v(z) = Fp(s,w?) =E |g(nX(w? & Br))|, z¢€ R?

S
The main idea of the proof is to absorb z in the density function of Gaussian variables when
taking the expectation, which smoothens the dependence of v on z.
As we have already shown, , X (w? @ Br) depends only on (w? & Br)(t1—) — (w2 @ Br)(0),
S s S
-+, (W2 ® Br)(th—) — (w2 ® Br)(tn—1—), which are all explicit using the definition of the
S S

concatenation. For j <k, we Thave:

(ws @ Br)(tj+1—) = (W7 @ Br)(t;—) = w(tjs1—) —w(t;—)

In the case where j = k, we have:
(ws @ Br)(tk+1-) — (ws @ Br)(tk—)

th1) — B(s) +w(s) + 2 — w(ty—)
tpr1) — B(s) + 2z + w(s) — w(tr—)

|
Sy

(
B(

And for j > k, we have:

(w3 ® Br)(tj+1—) — (w3 ® Br)(t;—)

= B(tj+1) — B(s) +w(s) +z — (B(tj) — B(s) + w(s) + 2)
= B(tj+1) — B(t))
Thus we have:
WX (@8 Br) = plw(tim) (), wlten) ~ ot ), Bllk) — Bls) + 2 +w(s) — wlti-),

Bl(tk+2) = B(tit1), -+, Bltn) — B(tn—l))
where p : Mg, (R) — D([0,T],R%) is the map defined by (§).

Observe from the previous equation that, for a fixed z, the value of , X (txt1,w’ @ Br) as
S

a random variable depends only on a finite number of Gaussian variables: B(tr4+1) — B(s),
B(tg+2) — B(tk41), - -+, B(t;) — B(tj—1). Since the joint distribution of these Gaussian variables

15



S

is explicit, v(z) = E {g(nXT(wj @BT))] can be computed explicitly as an integral in finite

dimension.

Let y = (y1, - , Yn—k) € Man—r(R) with each y; € R? for 1 << n — k. We have:

W) = E|aloXr( @ Br)
= E[g(pw(ti-) = w(0), -+ ,w(ts) - w(te1-),
B(tky1) — B(s) + z + w(s) —w(ty—), B(tgro) — B(tes1), -, B(tn) — B(tn71))}

= [ a(plettin) —wl0) ) @l + 2 wls) - (b,
RdX (n—k)

n—=k
Y2, ,yn—k)>¢(y17tk+1 —s) H (y1,6)dyrdys - - - dyn—r
i=2
= [ a(plltn) — 0] wlten) el ) - i),
RdX(n—k)
n—k
Y2, ,yn—k)>‘1>(y1 — 2tk — 5) [ [ ®(u, 0)dyadys - - dyn i (13)

1=2
with

2
O(x,t) = (27rt)_% exp (—Z) , reR?

the density function of a d-dimensional Gaussian variable with covariance matrix t1.
Since the only term which depends on z in the integrand of (13) is ®(y; — 2, tx4+1 — s), which

is a smooth function of z, thus v is differentiable at all z € R?, in partlcular at 0. Hence F, is
vertically differentiable at (s,w) € Ap with: for 1 <i <d,

0Fu(w) = [ g(p(tm) —w0) i) wlti )+ wls) - (b
]R X(n
1 - e n—k
Yo, ayn—k))#‘b Y1, k41 — S H O (y1,0)dy1dys - - - dyn—s
lhy1— s Py
B(t
- E {g(nX(ws @BT))( (be+1) ] (14)
s tk+1 -5

Remark that when s tends towards txy1, Vi, F,(s,w) may tend to infinity because of the term
tg+1 — s in the denominator. However in the interval [tx, tx11), Vo, Fn(s,w) behaves well and is
locally bounded.

Iterating this procedure, one can show that Fj, is vertically differentiable to any order. For
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example, we have: for z € R?,

OiF,(s,w?) = / ( )g(p(w(tl—) —w(0), - ,w(ty—) —w(tg—1—),y1 + 2z + w(s) — w(tex—),
Rdx n—k
Y2, »yn—ic))tlilq’(yutkﬂ —s) [T @, 6)dyrdys - - dy,
k+1 — S =9

Thus we have:

O F,(s,w) = /d - g(p(w(tr) —w(0),- - w(te—) —wltp—1—),y1 + w(s) — w(te—), Y2, - ’yn_k))
RdX (n—
(y1 - €)? 1 ) n—k
- @ 7t - ] ,(5 dyrdyo -+ - d n—
<(tk+1 _5)2 the1 — S (yl k+1 s) g (yl ) Yy14Y2 Yn—k
And for i # j:
6ian(S,w) = / ( )g(P(w(h—) —w(0)7... 7w(fk—) _w(tkfl_),Zh +w(s) —w(tk—),
RdX(n—k
(y1-ei)(y1 - €j) n—k
164 1°€j
Ctnek) )T - ® e du.
Y2, » Yn k)) (thrl — 8)2 (yhtk—i-l S) ll;[2 (11175)dy1 dyn &

The horizontal differentiability of F), can be proved similarly. Consider the following map:

w(h)Fn<s+h,ws>E[g<nx<ws o BT»}, h>0
s+h

The objective is to show that w is differentiable at 0+.

We assume again that ¢t < s < tx41 for some 0 < k < n — 1, and we take an A > 0 small
enough such that s + h < t541. Using the same argument and the fact that ws(s + h) = w(s),
we have:

WX ® Br) = plo(tim) —w(0),-+ w(tim) = w(te1=), Bltisn) = Bls +h) + w(s) = w(tim),
Bltirz) = Bltrsr), -, B(tn) = Bltn-1))

Let y = (y1,- , Yn—k) € Man—x(R) with each y;, € R? for 1 <1 < n—k. We calculate
explicitly w(h):

w) = E[ouXr(e. © B0)

E[g(p(w(ti=) = w(0), - w(te=) = wlty-1-), Bltrs1) = Bls +h) +w(s) — w(te—),
Bltis2) = Bltisr), - Bltn) = Blta)))]
= [ a(pleltin) — 0] i) el ) - i),

RdX (n—k)

n—=k

Y2, ayn))q)(yhtk—&-l —s—h) [T ®w,0)dyidyz - - - dyn-», (15)
=2
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Again the only term which depends on A in the integrand of is ®(y1, tx+1 —s—h), which
is a smooth function of h. Therefore F,, is horizontally differentiable with:

DF,(s,ws) = / ( )g(p(w(tl—) —w(0), - ,w(tp—) —w(tk—1—), 41 + w(s) — w(tx—),
Rdx n—k
d [y E=
... _ ) _ I | ) . 3
Y2, 7yn)> <2(tk+1 — 8) 2(tk+1 — 8)2 (y17tk+1 S) e (yl76)dy1 dyn k
with
—d |x\2 d
O(x,t) = (27t)” 2 exp ) eR

O

The following result shows that the functional derivatives of F), satisfy the necessary regularity
conditions for applying the functional It6 formula to F,:

Theorem 4.2. Under Assumptions @ and@ F, € C}? (A7).

loc,r

Proof. We have already shown in Theorem that F, is horizontally differentiable and twice
vertically differentiable. Using the expressions of DF,,, V,F, and V2 F,, obtained in the proof
of and the assumption that g has at most polynomial growth with respect to || « [loo, We
observe that in each interval [ty, ¢4 1) with 0 < k < n — 1, DF,, V,F, and V2F, satisfy the
boundedness-preserving property. We now prove that F,, is left-continuous, V,F, and ViFn
are right-continuous, and DF,, is continuous at fixed times.

Let s € [t,tpq1) for some 0 < k <n —1 and w € D([0,T],R?). We first prove that F, is
right-continuous at (s,w), and is jointly continuous at (s,w) for s € (tg, tx+1). By definition of
joint-continuity (or right-continuous), we want to show that: Ve > 0,3n > 0,V(s',w’) € A (for
the right-continuity, we assume in addition that s’ > s),

doo ((s5,w), (8", ")) <) = |Fn(s,w) — Fu(s,w')| < e

Let (s',w') € Ar (with s’ > s for the right-continuity). We assume that du.((s,w), (s',w’)) <
n with an 7 small enough such that s’ € [ty, 1) (this is always possible as if s = t;, we are only
interested in the right-continuity, thus s’ > s). It suffices to prove that |F,(s,w) — F,(s',w")] <
C(s,ws,n) with C(s,ws,n) a quantity depending only on s, ws and n, and C(s,ws,n) 7:6 0.

We use the expression of F;, obtained in the proof of Theorem Let y = (y1, - ,Yn—k) €
Mg n—k(R) with each y; € R? for 1 <1 < n — k, we have:

Fn(sv w) = /Rdx(nik) g(p(w(tl_) - w(0)7 o ’w(tk_) - w(tkfl_% Y1+ w(s) - w(tk_),
n—k

Y2, ,yn)>‘p(y1,tk+1 — ) [] @, 0)dyrdys - - dyn
=2
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and

Fn(slawl) - /d ( k)g(p(w/(tlf) 7&)/(0),"' vw/(tki) 7w/(tk—17)7y1+w,(sl) 7w,(tk7)7
R X(n—
n—k
Y2, 7yn))q)(y17tk+1 - ) H P (y1, 0)dy1dys - - - dyp—x
=2
with

2
O(x,t) = (27rt)_% exp (—';) , reR?

To simplify the notations, we set:

f)(w’ Svy) = p(w(tlf) - w(O), e ’w(tkf) - w(tk—lf)a Y+ w(s) - w(tk7)7y2’ T 7y7l)

and

ﬁ(w/’ Slvy) = p(w,(tl_) - w'(O), e ’wl(tk_) - W/(tk—l_)vyl +w/(sl) - w/(tk_)ay% U

Similarly p;(-) will be the path of p(-) stopped at time ¢.
As ||ws — wsr]joo <M < J, by Lemma we have:

”ﬁ(wa S, y) - ﬁ(wlv Slv y)HOO < C(wsv Y, Olip, T)77
Actually we have the following better estimate of ||p(w, s,y) — p(w’, 8", y) | so:

Lemma 4.1. We have:
n—k
||p(w S y) (w s’ y)”oo < C wsvo'lwa H 1 + |yl‘0-l7,p
=1

for some constant C' which depends only on ws, oy, and T

Proof. By Lemma we know already that:

Hﬁtk (w7 S, y) - ﬁtk (w/a 8/7 y)HOO S C(ws, Olips T)T]
Now we prove by induction that, for any k+ 1 < j < n,

j—k
||ﬁt]' (W,S,y) pt (W s’ y)”oo < C Wsaalzp7 H 1 + ‘yl|0'lzp
=1

for some constant C' which depends only on wj, oy, and T'.
Consider first the case where j = k + 1. We have:

ﬁ(w7 S8, y) (tk-i-l) = ﬁ(wv 5, y)(tk) +o (tk7ﬁtk (wa S5, y)) (W(S) - w(tkf) + yl)

and
ﬁ(wlv S/a y)(tk+1) = ﬁ(wlv Slv y) (tk) +o (tk’ﬁtk (w/7 8/7 y)) (w/(sl) - w,(tk_) + yl)

19

»Yn)

(16)



As o is Lipschitz continuous with respect to d.., we have:
o (e, ey (Wi 5,9)) — 0 (b, Br, (W', 8", 9)) | < 015pC(ws, 013, T

In addition, we have |w(s) — w'(s')] < n and |w(tx—) — W' (txr—)] < N as [|ws — Wolleo < 7.
Thus we have:

[p(w, 5,y)(tks1) — D', 8", y) (Ergr)]

p(w, s, ) (tk) — B, 8", y) (tw)] + llo (tk, Be (w. 5,9)) 1200 + 015p C(ws, Oui, T)n - (2l|wi oo + [y1])
C(ws, a1ip, T)n + C(01ip, T) (1 + [|Pry (W, 8, Y) lo0) 2 + 01ip C(ws, Ttip, T)1 - (2l|ws [|oo + 20 + |y1])
C'(ws, 01ip, T) (1 + |y1lowp)n

IA A IA

with C” a constant which depends only on ws, oy;, and T
Assume now that holds for some j > k + 1. We have:

ﬁ(wv S, y)(t_]'i'l) = ﬁ(w7 S, y)(tj) +o (tj?ﬁtj (wa S, y)) Yj—k+1
and
ﬁ(wlv 8/7 y)(tj+1) = ﬁ(wlv S/, y)(tj) +o (tjaﬁtj (wl7 SI7 y)) Yj—k+1
Thus

p(UJ, S, y)(t_]-‘rl) - ﬁ(w/7 Sl) y)(t]+1)|

S ‘ﬁ(wa S7y)(t]) _ﬁ(w/7 S/a y)(tj)| + ||U (tj’ﬁtj (W7 S7y)) — 0 (tj7ﬁtj (wl7 Sl7y)) || : ‘yjfk+1|
j—k
< Cws, 01, T) [T+ lwnlotip)n - (1 + 1y -k 11l01p)
=1
j—k+1
é C(WmalipaT) H (1+ ‘yl|o-lip)77
=1

And we conclude by induction that
n—k
15,5, ) — 5 5", 9)low < Cless 01ipn T) [[ (1 + lytlorsp)
=1
for some constant C' which depends only on wy, oy, and T'. O

Now we can control the difference between F),(s,w) and F,(s",w").

|Fn(8aw) - Fn(slaw/”

n—k
< /Rd () ‘g(ﬁ(W,Syy))q)(yl,tkﬂ — s) _g(ﬁ(w/aslvy))q’(yl,tkﬂ - s/)l H (yl75)dy1dy2 dyn_k
v =2
< /R o (Ig( p(w,5,9) — 9B, s, )| @Y1, trr1 — )
n—k
Ho(plw, 59 - [P, trrr = 5) = Dy, L —S')|) < [T @i, 6)dyrdys - - - dyn -« (17)
=2
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Observe that |®(y1,tks1 — 8) — P(y1,ter1 — )| < |s—&'| - p(y1,m) < p(y1,n) - n with

p(y1,m) = sup |0 ®(y1,1)]
te[tk+17877],5]

and we have:

ply1,n) — sup |0 ®(y1,t)| =  sup
n—0 tE[t;H,l—s,(S] te[tk+1—s,§]

1| d
(ID(yl,t)<2t2 ~ 5 < 0

So the second part of can be controlled by:

n—k
/Rd o 9w, 5, 9) | @1, trr1—) =@ (y1, thar—5)| [ @(w, 6)dyndys - - - dyn—i < C(s,w4,7)
e 1=2
with
C(s,ws,m) — 0.
n—0

For the first part of , we use the continuity of ¢ and Lemma As g is continuous at
p(ws,y), we have:

|g(ﬁ(w7 S, y)) - g(ﬁ(w/a 8/7 y))| < C(S7w87 Y, 77)
with

C(S,Ws,yaﬁ) m 0

and

D(yp,tprr — ') < sup D(y1,t) < co.
tE[tr41—5—m,0]

Thus the first part of can also be bounded by C(s,ws,n) with

0(57 Ws, 77) — 0.
n—0

We conclude that |F,(s,ws) — F,(s",wl/)| < C(s,ws,n) with C(s,w,n) depending only on s, ws
and n, and C(s,ws,n) —6 0, which proves the right-continuity of F;, and the joint-continuity of
n—

F, at all (s,w) € Ap for s £t, 0 <k <n-—1.

The right-continuity of V, F,, VUQJF,L and the continuity at fixed times of DF;, can be deduced
as above using the expressions of V,F,, Vf,Fn and DF,, obtained in Theorem Now it
remains to show that for 1 < k < n and w € D([0,T],R%), F, is left-continuous at (t,w). Let
(s',w') € Ap with 8" < ¢, such that deo((t,w), (s,w")) < 1. We choose an 7 small enough in

order that s € [t_1,tx), and we want to show that |F,(ty,w) — F,(s',w’)| < C(tg,ws,,n) for
some C(tg,ws, ,n) depending only on t, wy, and n with C(tx, ws, ,n) — 0.
n—

We first decompose |F), (tg,w) — Fy,(s',w")| into two terms:
|Fn(th,w) = Fo(s', ) < [Fo(th,w) — F(s',wsr)| + [Fa(s,ws) — Fr(s',0')]|

For the second part, as F), is continuous at fixed time s’ by the first part of the proof, and
lws' — whi |l <, we have |F,(s',ws) — F,(s',w")| < C(tg,wy,,n) with C(tg,wr,,n) 1:6 0.
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For the first part |F),(tg,w) — Fo(s',ws )|, the difficulty is that s’ and t; no longer lie in
the same interval, thus we need to perform one more integration for F,(s’,ws ) compared to
Fo(tg,w). Let y = (Y1, ,Yn-k) € Man—i(R) with each y; € R? for 1 <1< n—Fk, and
y' € RY. Using again the expression of F,, we have obtained in the proof of Theorem u we
have:

Fn(tkaw) - /Rdx(nik)g(p(w(tlf) 75‘](0)3 7w(tk7) *w(tk—lf)ayl +w(tk) 7w(tk7)7

n—k
v, ) TT @ O)dyndye - dyns
=1

and
Fo (s we) = / g(p(w(tl—) —w(0), -,y +w(s) —wtp—1—), 41, - ,yn)>
RAX(n—k+1)
n—=k
oy tr— &) [] @, 0)dy'dyy - - - dyn
=1
= [ ([ o) =), l) —ltioa=) s )
Rd RdX(n—k)
n—k
H q)(ylv 5)dy1 e dyn—k)é(ylv tk - Sl)dy/
=1
with

2

O(z,t) = (21t) " % exp (‘Z) , zeR

We now define ¢ : RY — R by: for 4/ € R?,

n—k

C(y/) = / g(p(w(tl—)—w(0)7 e ay/_H")(S/)_w(tk*l_)a Y1, ?yn)) H (I)(yl’ 6)dy1 T dynfk
RAX (n—k) e

By Lemma and the continuity of g with respect to || - ||, the map
y' = g(pw(ti—) —w(0), ¥ +w(s) —wlth-1=),y1, . Yn))

is continuous. As g has at most polynomial growth with respect to || - ||oo, by the dominated
convergence theorem, ( is also continuous. Moreover, ¢ has at most polynomial growth. And as
ty — s <, we have

Fo(s'wy) = » CyHe(y' tr — s")dy'

= | (€)= o)t = )y +(0).

with

Rd(C(Z/) = C(0)®(y', te — 8")dy'| < C(tr, wi.,n)
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and C(tg,we,,1n) 7:6 0.

It remains to control the difference between F,, (¢, w) and ¢(0). We remark that:
n—k
¢0) = /Rd . g(p(w(ti=) = w(0),-- ,w(s) —wte-1=) g1, yn) [] @ws)dys -~ dyns
e =1

— B oo Xr(ew § Br)| = Fultion)
k

As lws — wiylloo < [Jws — Wi lloo + [lwt, — wiv|loo < 27, again by the continuity of F, at fixed
time tj, established in the first part of the proof, we have:

|Fn(tk7w) - <(0)| < C(tkthwn)

with C'(tx, wy,,n) — 0.
n—0

We conclude that
|Fo(tr,w) — Fr(s',w')| < Cltr,we,,n)

with C'(tx, ws, , 1) — 0, which proves the left-continuity of F,, at (tx,w). O
n—

Corollary 4.1. Under Assumptions|[1], [3 and[3, for any t € [0,T) we have:

T
F,(T,Wrp) — F,(t,W;) = / VoI (s, Ws)-dW(s), P—a.s. (18)
t
Proof. As F,, € C};i,r(AT% we can apply the functional It6 formula Proposition and we
remark that the finite variation term is zero as ,Y (s) = F, (s, W) is a martingale. O

Remark 4.1. We can also verify using directly the expressions we have obtained in Theorem[].]]
for DF,, and VZ)Fn that the finite variation terms in cancel each other. By the functional

1
1té formula, the finite variation term in equals to DF, (s, W)+ Qtr(ViFn(s, Ws)). And for
(s,w) € Ap with s € [tg,trt1), we have:

d
tr (V2E,(s,w)) = Z@an(s,w)
= /Rdx(nik) g(p(w(tl_) - w(O), e 7w(tk_) - w(tk—l_)v Y1+ w(s) - w(tk_)’ Y2, ’yn))

(1)’ 1 P
>, ( — > O(y1,ter — 5) [ [ @(ui, 8)dys - dynx

P (tk+1 - 5)2 tkr1 — S 1—2

= /Rdx(nik) g(p(w(tl—) - w(O), e 7w(tk_) - w(tk—l_)vyl + w(s) - w(tk_)’y27 T ,yn))

n—k
|y1|? d
N Q(y1, thtr — &y, 0)dyy - - - dy,,—
((tk+1 — 5)2 tk-‘rl — s (y17 k+1 s) g (yl, ) yl y k
= _2DFn<S7WS)
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which confirms that F, is a solution of the path-dependent Kolmogorov equation [{], Sec. 5]:

1
DFH(Sa W@) + §tr(ViFn(5, Wg)) =0.

5 Convergence and error analysis

In this section, we analyze the convergence rate of our approximation method. After having
constructed a sequence of smooth functionals F;, ( Theorem and Theorem , we can now
approximate VxY by:

Zﬂ(s) = t(a_—l(& XS))Van(Sa Ws)

which, in contrast to the weak derivative VxY', is computable as a pathwise directional derivative.
In practice, V, F, (s, W) can be computed numerically via a finite difference method or a Monte-
Carlo method using the expression of V,F,.

For t € [0,T), the quantity we are interested in is the integral of VxY — Z,, along the path
of X between t and T, i.e.

T T T
/ (VxY — Z,) - dX = / VxY(s) - dX(s) - / Vo Fo(s, W,) - dW (s)
t t t
By the martingale representation formula Proposition and Corollary we have P-a.s.
T
/ (VxY = Z,) - dX
t
Y(T)-Y(t) - (Y(T) —nY (1)

9(Xr) = 9o X7 (W) = B |g(Xr) = g(u X2 (Wi © Br)) |7

where ,, X is the path of the piecewise constant Euler-Maruyama scheme defined in . Remark
that by definition of the concatenation operation and using the fact that B and W are two
independent Brownian motions, we have:

E [ XV, & Br)) |

= E [g(nXT(Wt ? WT))U:tX]

Corollary 5.1. Under Assumptions[1}, [4 and[3,

T
vt € [0, 7], / (VxY — Z,)-dX — 0, P-as.
t

n—oo

Proof. We have already shown that:

/t (VxY = Zy) - dX = g(Xr) — g X1) — E [9(X7) — g(u X7)| F]
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As g is continuous with respect to || - ||, by Corollary we have:

g(X7)—g(nX7) — 0, P-as.

n—oo

Moreover, g has at most polynomial growth with respect to || - |0, which, together with Propo-
sition ensures the uniform integrability of g(, X 7). And thus

E [g(XT) - g(nXT)|-7:tX] njgo 0, P-a.s.

Corollary 5.2. Under Assumptions[1}, [4 and[3,

vt € 0,7, — 0, Wp>1

n—oo
2p

T
/ (VxY — Z,) - dX
t

Under a slightly stronger assumption on g we can obtain a rate of convergence for our ap-
proximation:

Theorem 5.1 (Rate of convergence). Let p > 1 and assume g : (D([0,T],R?), ||.le0) — R is
Lipschitz-continuous:

giip >0, Yw,w' € D([O,T],Rd), lg(w) — g(w")] < giip sup |w — w'|.

Under Assumptions @ the L*P-error of the approzimation Z, of VxY along the path of X

between t and T is bounded by:
2
! 1+ logn
S C(ZCO,]L T7 Ulip7glip) Ta Vp Z 1

where the constant C' depends only on xo,p,T, 015 and guip. In particular:

T
E ‘/ (VxY — Z,)-dX
t

2 n— o0

T
Ya € [0, 1), n® </ (VxY - Z,)- dX) — 0, P-as.
t

Proof. This result is a consequence of Proposition [3.2] since

T
‘ /t (VxY(s) = Zu(s)) - dX(s) < lg(Xr) = X 7)ll2p + IE[9(X7) — 9 X 7) | F¥ 29
< 209(X7) = 9(nX 1) ll2p
< 2g1pll sup [X(s) — nX(8)|l2p-

s€[0,T]

O

The following example how our result may be used to construct explicit approximations with
cotnroled convergence rates for conditional expectation of non-smooth functionals:

25



Example 5.1. Let

g(w) = P(w(T), sup [lw(@)])
te[0,7

where ¢ € CO(R? x Ry, R) is a continuous function with polynomial growth, and set Y (t) =
Elg(X7)|F:]. Then g satisfies Assumption@ and our approximation method applies. Moreover,
if ¥ is Lipschitz-continuous, then Theorem yields an explicit control of the approximation
error with a 1/+/n bound.

6 Comparison with approaches based on the Malliavin cal-
culus

The vertical derivative V xY (t) which appears in the martingale representation formula may be
viewed as a ’sensitivity’ of the martingale Y to the initial condition X (¢). Thus, our method is
related to methods previously proposed for ’sensitivity analysis’ of Wiener functionals.

One can roughly classify such methods into two categories [2]: methods that differentiate
paths and methods that differentiate densities. When the density of the functional is known,
the sensitivity of an expectation with respect to some parameter is to differentiate directly the
density function with respect to the parameter. However, as this is almost never the case in a
general diffusion model, let alone a non-Markovian model, alternative methods, are used: these
consist of differentiating either the functional g or the process with respect to the parameter
under the expectation sign, then estimating the expectation with the Monte-Carlo method. To
differentiate process, one required the existence of the so-called first variation process, which
requires the regularity of the coefficients of the SDE satisfied by X.

Sensitivity estimators for non-smooth functionals may be computed using Malliavin calculus:
this approach, proposed by Fournié et al. [I7] and developed by Cvitanic, Ma and Zhang [§],
Fournié et al. [I6], Gobet and Kohatsu-Higa [18], Kohatsu-Higa and Montero [24], Davis and
Johansson [10] and others, uses the Malliavin integration-by-parts formula on Wiener space in
the case where g is not smooth. These methods require quite demanding regularity assumptions
(differentiability and ellipticity condition on o for example) on the coefficients of the initial SDE
satisfied by X.

By contrast, the approximation method presented here allows for any continuous functional g

with polynomial growth and requires only mild assumptions on o: Lipschitz continuity and non-
singularity. It is thus applicable to a wider range of examples than the Malliavin approach, while
being arguably simpler from a computational viewpoint. Our method involves discretizing then
differentiating, as opposed to the Malliavin approach which involves differentiating in the Malli-
avin sense, then discretizing the tangent process which, as argued in [2], has its computational
advantages.
In our setting, we have F,, € (Cll(ﬁﬂ,(AT) which is sufficient for obtaining an approximation of
martingale representations via the functional It6 formula. One can ask if the Euler approximation
n»X can also be used to obtain a Clark-Haussmann-Ocone type formula, and in this case, whether
the pathwise vertical derivative V,F,(t,W;) leads to the same representation as the Clark-
Haussmann-Ocone formula.
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For n € N, define H,, = g(, X7 (Wr)) with ,, X the weak piecewise constant Euler-Maruyama
scheme defined by @ By the definition of ,, X, the random variable H,, actually depends only
on a finite number of Gaussian variables: W (t1), W(ta) — W(t1), -+, W(tn) — W (tn—1), thus it
can be written as:

Hy, = ho(W(t1), W(ta) = W(t1), -, W(tn) — W(tn-1))
with A, : Mg, (R) = R (hy, is actually g o p with p defined by (g)).
Clearly if h,, is a smooth function with polynomial growth, then H, € D'? with Malliavin

derivative [26]:
D:H, = (DFH,,1 <k <d) € R?

with
n—1
DfHp =Y Okjha(W(t1), W (t2) = W(t1), -+ . W (tn) = W(tn-1))1, 0,50 (1), t€[0,T)
7=0

In this case, assume that ¢ € [t;,¢;41) for some 0 < j <n —1, we have: for 1 <k <d,

E [D} Hn| 7]

= B [Okjhn(W(t2), W(ta) = W(t1), -+, W(tn) = W(ta—1))| "]

= E[Okjhn(w(tr),w(ta) —w(t1), - ,w(t;) = w(tj—1), W(tjr1) = W(t) + w(t) — w(ty),
W (tjyo) = Wi(tjs1), s W(tn) = W(tn-1))]lw=w,

= E[%hn(w(tl)’ w(ta) —w(tr), -+, wlt;) —w(tj-1), W(tjt1) — W(t) + w(t) — w(t;) + hex,
W(tg2) = W(tin)s o s W(tn) = W(tnm1))lnmo | o=,
= 6% (E[hn(w(tl)»w(tz) —w(ty), - w(ty) —wltj), W(tjn) = W(t) + w(t) —w(ty) + hex,

Wts12) = W(tgan), -, Wtn) = W (k1) _yp, ) In=o
which is none other than

Fo(t, W, + hewlp 1)) — Fult, W,
O Fn(t, Wr) = }llin% (t, Wi + hey, }[:vT]) (t, Wh)
—

So in the case where h,, are smooth, our method provides the same result as given by the Clark-
Haussmann-Ocone formula applied to h,,. However, in our framework, as the functional ¢ is only
assumed to be continuous with polynomial growth, the function h,, may fail to be differentiable.
So, even in the cylindrical case, it is not clear whether the random variable H,, is differentiable
in the Malliavin sense, and even if it is the case, it is difficult to obtain an explicit form for
E [D.H,|F}"] using the Malliavin calculus.

The reason our approximation method works even in the cases where H,, is not differentiable
in the Malliavin sense is that our regularity assumptions are not on the terminal variable H,,
but on the martingale ,Y (t) = E [H,|F}"]; as shown in Section 4] ,Y is differentiable in the
pathwise sense even when H,, is not differentiable in the Malliavin sense.
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