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A numerical scheme for backward doubly
stochastic differential equations
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In this paper we propose a numerical scheme for the class of backward doubly stochastic differential equa-
tions (BDSDEs) with possible path-dependent terminal values. We prove that our scheme converges in the
strong L2-sense and derives its rate of convergence. As an intermediate step we derive an Lz-type regularity
of the solution to such BDSDEs. Such a notion of regularity, which can be thought of as the modulus of
continuity of the paths in an L2%-sense, is new.
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1. Introduction

In this paper we are interested in the following backward doubly stochastic differential equations
(BDSDEs, in short):

T T T
Yt=s+/ f(s,xs,Ys,zx)dH/ g(s,xs,Yoc‘iE—f Zoaw,, (L)
t t t

where W and B are two independent Brownian motions defined on (€2, F, P), a complete prob-
ability space. This kind of equation has two different directions of stochastic integrals: standard
(forward) stochastic integrals, driven by W, and backward stochastic ones, driven by B. Initiated
by Pardoux and Peng [18], BDSDEs are connected to quasi-linear stochastic partial differential
equations (SPDEs, in short) in order to derive the Feynman—Kac formula for SPDEs. In this
setting, BDSDEs have been extensively studied in the past decade. We refer the readers to the
papers of Buckdahn and Ma [7,8], Aman et al. [2], Aman [1], Bahlali and Gherbal [3] and refer-
ences therein for more information on both theory and applications, especially in mathematical
finance and stochastic control, for such equations. In contrast, there was little progress made in
the direction of the numerical implementation of BDSDE:s. In special case of BDSDEs (g = 0)
called BSDEs, many efforts have been made in this direction as well.

Up to now basically two types of schemes have been considered. Based on the theoretical
four-step scheme from Ma et al. [15], the first type of numerical algorithms for BSDEs have
been developed by Douglas et al. [10] and more recently by Milstein and Trekyakov [17]. The
main focus of these algorithms is the numerical solution of parabolic PDEs which is related to
BSDE:s.

1350-7265 © 2013 ISI/BS


http://www.bernoulli-society.org/index.php/publications/bernoulli-journal/bernoulli-journal
http://dx.doi.org/10.3150/11-BEJ391
mailto:augusteaman5@yahoo.fr
mailto:auguste.aman@univ-cocody.ci

94 A. Aman

A second type of algorithm works backward through time and tries to tackle the stochastic
problem directly. Bally [4] and Chevance [9] were the first to study this type of algorithm with
a (hardly implementable) random time partition under strong regularity assumptions. The works
of Ma et al. [14] and Briand et al. [6] are in the same spirit, replacing, however, the Brownian
motion by a binary random walk. Recently, Zhang [20] proved a new notion of L>-regularity on
the control part Z of the solution which allowed proof of convergence of this backward approach
with deterministic partitions under rather weak regularity assumptions (see Zhang [20], Bouchard
and Touzi [5] and Lemor et al. [13]) for different algorithms. All numerical schemes provide
alternatives to construct algorithms for PDEs. To the best of our knowledge, to date, there has
been no discussion in the literature concerning numerical algorithms in the spirit of the last three
works cited above in the general case, that is, g # 0. This constitutes an insufficiency when
we know that almost all the deterministic problems in these applied fields (PDEs) have their
stochastic counterparts (SPDEs).

In this paper, to fill this void, our goal is to build a numerical scheme following the idea used
by Bouchard and Touzi [5] and study its convergence. These results are important from a purely
mathematical point of view, and also in application to the world of finance. Particularly, this
numerical scheme clears the way for a possible algorithm for determining the price of options on
financial assets whose dynamics are a solution of SPDEs.

Similarly to the special case g = 0, the main difficulty lies in the approximation of the “martin-
gale integrand” Z. In fact, in a sense the problem often comes down to the path regularity of Z.
However, in case g # 0, this regularity becomes a natural question to ask. Therefore, the first
main result in this paper is to derive the path regularity called L?-regularity for BDSDEs with
the terminal value & is the form ®(X), where X and ®(-) are, respectively, a diffusion process
and an L°°-Lipschitz functional (see Section 3 for precise definition). The proof is heavily re-
lated to Girsanov’s Transformation which exists in the BDSDEs case, only if g does not depend
on z.

The above L?-regularity result allows us to provide the rate of convergence of our numerical
scheme which is different from the one constructed in Bouchard and Touzi [5]. Indeed, since
BDSDEs have two directions of integrals, our numerical scheme needs, at each step, the condi-
tional expectation with respect to the filtration f[[_’ defined by 5’-',7!7 =0o(X 7; j<i)Vo(B; i j<
i). However, we obtain the same convergence rate.

The rest of this paper is organized as follows. In Section 2, we introduce some fundamental
knowledge and assumptions of BDSDEs. Section 3 is devoted to L2-regularity results. In Sec-
tion 4, we built our numerical scheme and prove the rate of convergence. Finally in Section 5,
we focus some ideas for the regression approximation and give it a convergence rate.

2. Preliminaries

Let (2, 7, P) be a complete probability space and 7 > 0 be fixed throughout this paper. Let
{W;,0<t <T}and {B;,0 <t < T} be two mutually independent standard Brownian motion
processes, with values, respectively, in R? and R, defined on (2, F,P). Let N denote the class
of P-null sets of F. For each ¢t € [0, T'], we define

- _ W B
Fe=F"VFr,
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where for any process (n;: 0 <s <T), .7-';7J =o{n —ns,s <r<t}VvN, .7-;7 = ]:(;]z'
We note that since the collection (F;);>0 is neither increasing nor decreasing, it does not
constitute a filtration. Therefore, we define the filtration (F;);>0 by

Fi=F"VFT,

which contains F;, and play a key role in the building of our numerical scheme.

For any real p > 2 and k € N*, let S”(R¥) denote the set of jointly measurable processes
{X:}ter0,11, taking values in R, which satisfy:

@ 1 Xllsp =E(supo<;<r 1X:[P)VP < +o0;

(i) X, is F;-measurable, for any 7 € [0, T'].
We denote similarly by M? (R¥) the set of (classes of dP ® dr a.e. equal) k-dimensional jointly
measurable processes which satisfy:

@ I1Xlrr = E[(fOT X, 2 d)P/2P < too:
(i) X, is F;-measurable, for a.e. t € [0, T].
We denote by:

. W1’°°(Rk) the space of all measurable functions ¥ :RF = R, such that for some constant
K > 0 it holds that | (x) — ¥ (y)| < K|x — y|,Vx, y € R¥;

e D the space of all cadag functions defined on [0, T'];

o C}'([0,T]x R¥) the space of all continuous functions (not necessarily bounded) ¥ : [0, T'] x
R — R, such that ¢ has uniformly bounded derivatives with respect to the spatial variables
up to order m. We often denote C}' = Cp' ([0, T'] x R¥) for simplicity, when the context is
clear.

Let

b:[0,T] x R — RY,

o :[0,T] x R - R4,

f:00,TI xR x R x R >R,

g :[0,T]x R x R— R*
be the functions satisfying the following assumptions: there exists constant K > 0 such that for
alls,s’ €[0,T],x,x’ €R?, y,y eR,z,7 e RY,

(H1) [b(s,x) —b(s,x)| + llo(s,x) — o (s, x")|| < K|x —x].

H2) () [f6s.x,9,20)— " X Y DP<K(s—s'P+1x —xP+1ly—yP+lz—2P),
(i) Ig(s,x,y) —g(s. x", Y)P<K(s—s'P+x—x'P+ |y — .

(H3) supg—,<7{Ib(t,0)| + |o(t,0)| + | f(2,0,0,0) +1g(t,0,0)|} < K.

Given &€ € LZ(Q, ]?T, P; Rd), denote (X, Y, Z) be the solution to the following FBDSDE:

t

t
X,:x—i—/ b(s,Xs)ds—i—/ o(s, X;)dWy, 2.1
0 0
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T T T
Y,=§+/ f(s,Xs,YS,Zs)ds—i—/ g(s,Xs,Ys)aE—/ Zs dWs. (2.2)
t t t
Let us now recall some standard results that appear in the SDEs and BDSDEs literature.

Proposition 2.1 (Karatzas and Shreve [11]). Assume (H1) holds. Then for any initial condition
x € RY, FSDE (2.1) has a unique solution (X1)o<t<T that belongs to SP (RY).

Moreover, for any p > 2, there exists a constant Cp, > 0, depending only on T, K and p, such
that

T
E( sup Ilef’) < Cp<|x|” +/ [1b(z,0)|” + Ia(t,O)l"]dt>
OSIST 0

and

ElIX, — X,|"1 < C,E(IxI7 + sup [b(t,0)I" + sup o (t,0)I7)lr 5|2
0=t=<T 0<t<T

Proposition 2.2 (Pardoux and Peng [18]). Under assumption (H2), BDSDE (2.2) has a unique
solution (Yy, Z;)o<i<1 in SP(R) X MP(RY).

Moreover, for any p > 2, there exists a constant Cp, > 0, depending only on T, K and p, such
that

T p/2 T

E[ sup |Y|P + </ IZslzdS) }SCpE<I€I”+/ [If(t,0,0,0)|p+Ig(t,O,O)Ip]dt>
0<t<T 0 0

and

E[IY;—XYIP]SC,,E{[IEI’W sup |£(¢,0.0,0)1” + sup [g(¢.0.0)[" it =517~

0<t<T 0<t<T

([}

Remark 2.1. In Proposition 2.2, the existence and uniqueness result needs only a Lipschitz con-
dition on f and g, with respect to variables y and z, uniformly in 7 and x.

Proposition 2.3 (Stability). Ler (X, Y?, Z®) be the solution to the perturbed FBDSDE (2.1)
and (2.2) in which the coefficients are replaced by b®, o ¢, ¢, g°, with initial state x° an terminal
value £¢. Assume that the assumption (H1) and (H2) hold for all coefficients b®, 0%, f¢, g¢ and
assume that limg_, o x° = x, and for fixed (x, y, z),

T
lirr(l)E{/ (65 (t, x) — b(t,x)|> + |65(t, x) — o (¢, x)lz]dt} =0,
£—> 0

T
Elig})E{IEE —&? +f0 OFE,x,y,2) — flt,x, v, 2D + 185t x, y) — g(t, x, y)ﬁdr} =0.
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Then, we have

lim E{ sup |XE— X, >+ sup |YF—Y,>+ sup |ZF — Z,|2} =0.
e=>0 lo<r<r 0<t<T 0<t<T

3. L2-regularity result for BDSDEs

In this section we establish the first main result of this paper, which is L2-regularity of the
martingale integrand Z, and which can be thought of as the modulus of continuity of the paths
in an L? sense. Such a regularity, combined with the estimate for X and Y, plays a key role for
deriving the rate of convergence of our numerical scheme in Section 4. We shall consider a class
of BDSDEs with terminal values which are path dependent, that is, of the form & = ®(X), where
a deterministic functional @ :D — R satisfies:

(H4) (L°°-Lipschitz condition). There exists a constant K such that

(X)) —P(X2)| <K sup [X(r) — Xa(1)] VX1, X2€D. (3.1
0<t<T

(HS) @(0) is bounded by K, where 0 denotes the constant function taking value 0 on [0, T'].

This approximation, due to Ma and Zhang [16], for L°°-Lipschitz functional, will be useful in
the sequel.

Lemma 3.1. Suppose (H4) and (HS) hold. Let T1 = {rr} be a family of partitions of [0, T]. Then
there exists a family of discrete functionals {h™: 7 € 1} such that:

(1) for each w € 11, assuming w: 0=ty <t <th <--- < t, =T, we have that h™ €
C; RACTD) "and satisfies

n
DA @I <K Vx=(xo.x1,... %) €RIHD, (3:2)
i=1

where K is the same constant as that in (3.1);
(i) for any X €D, it holds that

Tim T (K, Xy X) = @OO1=0, (3.3)
T|—

where || = max|<ij<p |t; — ti—1].
Our main result in this section is the following theorem.

Theorem 3.1. Assume (H1)-(HS). Let mo: so < ..., sn be any partition of [0, T], and for each
1 <i <m, let us define

~ 1 Si
70— E / sts‘]—'si_l . (3.4)
s —sicr LUy

i—1
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Then there exists a constant C depending only on T and K, such that

m S B
E[ max sup |Y,—Y, >+ Z/ 1Zy — Z7_ |2ds:| < Clmol. (3.5)
i=1"YSi-1

I<ismg;_j<t<s

In the sequel, let 7: 0 =1g,...,t, = T be any partition of [0, T'], finer than [Ty, and, without
loss of generality, we assume s; =, for i = 1, ..., m. Since  satisfies the L°°-Lipschitz con-
dition (3.1), by virtue of Lemma 3.1 one can find 4™ € C! (RA(+1D)) satisfying (3.2) and (3.3).
Let (Y™, Z™) be the solution to the following BDSDE:

T
Yt”:h”(X,O,...,X,n)—i—/ f(s, X5, YT, Z7)ds
! (3.6)

T T
+f g(s,XS,YS”)aE—/ Z7 dW.
t t

Moreover, setting ®7 = (E7, Z7), with E" = (X, Y7), let (VX, VY™, VI Z7) be the unique
solution of the following FBDSDE:

t t
VX, =1d+/ by(r, X,)VX, dr—i—/ oy (r, X))V X, dW,,
0 0

, )
ViyT = Z W,(X’O’ L XV X
J=i
T . .
+/ [ (®DVX, + fL(@ONHV'YT + f,(O)V' Z dr (3.7)
t

T
+/ (8 (ET)VX, +g,(E")V'Y™)]dB,
t

T
_f V'ZTdw,, telt,T],i=0,....,n—1.
t
We denote
g T
SO:/ f"@f)VXer]err/ ¢ (ENVX,N ' dB,;
0 0

£ =h"Xys-. Xy )VX; Ny ', i=1,...,n,

where
t t 1 t 5
N,=exp(/0 fy(®7:>dr+/O gy(af)@r—ifo 18y (B dr),

, L gt (3.8)
Mt=exp{f0 fz(@)i’)dWr—E/O |fz(®7>|2dr}.
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The following technical lemma is the building block of the proof of Theorem 3.1.

Lemma 3.2. Let us consider the partition 7w defined above and h™ given by Lemma 3.1, and
assume o, b, f, g, € Cg. Thenforalli=1,...,n

. t t
V’Y,”:(Eto+§ 5,1>M,—1N,—/ fx(®f)VX,Nr_ldrN,—/ ¢ (BN VX, N dB,.N,,
. 0 0
Jj=i

where £ =E(Mr&1|F,), j=0,...,n.

Proof. Foreach 0 <i < n, we recall (VX, viyw, ViZ”), the solution of the linear FBDSDE
(3.7). Let (%, z% and (y/,¢7), j =1, ..., n, be the solution of the BDSDEs

T
yo = / (@)X, + £,(O7)y0 + £.(0T) ] dr
t

T T
+/ [gx<37>vxr+gy<Ef)y,01&_Br—f &) dW,;
t t

o . ' ' (3.9)
= —Xigo - X )VX 4 | LAODY + £(07)¢! 1dr
V[ 8x~ ( 10 s Aty l‘J y r Vr 4 r r
J '
T . T
+/ g,(EN)y! dB, —/ & AW,
1 t
respectively; then we have the following decomposition:
. n .
ViYE=yd+> v seliinn). (3.10)

j=i

Recall (3.8), and, since fy, f; and gy are uniformly bounded, by Girsanov’s Theorem (see,
e.g., Karatzas and Shreve [11]), we know that M is a P-martingale on [0, 7], and W, =

W, — fé fz(®©F)dr,t €[0, T],1is an J;-Brownian motion on the new probability space (2, F, P),
where P is defined by g—}; = Mr.
Now for 0 <i < n, define
~i

=y N =N, telo,T].

Then, using integration by parts and equation (3.9) we have
. . T ~ 7 ~
%lzgz_f & dw,, te[0,T].
t

Therefore, by the Bayes rule (see, e.g., Karatzas and Shreve [11], Lemma 3.5.3) we have, for
te[0,T],

vl =i Ne =EMre' | FOM7 N = 6] M,
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where fori =0, ...,n,
& =E{MT§’|E}=E(MT€’)+/ 1y dWj. (3.11)
0

Recalling (3.18), M7 € L?(Fr) and VX € LP(F) for all p > 2.
Therefore for each p > 1, (3.2) leads to

0<t<T

n p
E{DMM} = CE{IM71” sup |VX,I7}. (3.12)

In particular, for each j, M7&/ e L2(Fr), thus (3.11) makes sense. Finally the result follows
by (3.10). O

Proof of Theorem 3.1. Let us recall the partition 7y defined above, and consider |g/, its mesh,
defined by

|l = max |s; —s;—1].
0<i<m
Applying Proposition 2.2, we get
E(Y, - Y, ) <Clmol,  r€lsici,s),i=1,....m,

which, together with Burkolder—Davis—Gundy inequality, implies

E[max sup |Yt—YS,.71|2]§C|no|. (3.13)

I<i<mg;_y<t<s;

The estimate for Z is a little involved. This part will be divide in two steps.
Step 1. First we assume that b, o, f, g€ C g. It follows from Lemma 3.1, together with Propo-
sition 2.3, that

T
lim E{ sup |Yt”—Yt|2+/ |z,”—z,|2dt}=o. (3.14)
0

lmol=0  lo<r<T

On the other hand, according to (3.4), Z;j(i] € LZ(Q, Fsi_1). Then since Z;Ll € LZ(Q, Fsi1), it
follows from Lemma 3.4.2 of Zang [19], page 71, that

[Z/ 1Zy - 710 | ds} <E[Z/ 7 lzds]

m Si
< 2E|:Z (1Zs = Z7 P+ 127 = 2], |2)dsj| (3.15)

i=1"%-1

<CI7T0|+E[Z[ 127 —z7 Pd }
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By (3.14) and (3.15), it remains to prove that

m Si
ZE[/ |z§—zgl|2ds]gcm|, (3.16)
i=1 Si

i—1

where C is independent of 7 or mp. Now we fix iy. For t € [s;,—1, 5;,), it follows from Proposi-
tion 2.3 of Pardoux and Peng [18], together with Lemma 3.2,

. t .
Z;T = |:(‘§IO+Z§[]>MI_1 _‘/0 fx(®f)VXrNr_1 dr—/(; gx(Ef)VXrN:laE]

=i
x N (VX1 Lo (X,).
Therefore,
Z7 -2 <1+ P+ 1+ 1 (3.17)

where (recalling that ;1 = tlio—l)

I = ‘[Eto + ZEZ’} - [Eﬁo_l + > S!,-OIH X IM;, 1 Ny (VX 17 o (X)),

j=i J=lig-1+1
It2 = 5;04-25%/ |M171Nt[VXt]7IO'(Xt) _1‘45701_1]\'75:'0—1[VXSio—l]710()(”0‘1)'7
jzi
I} =14},
I} = | A2
with
t
Al = </ fx(G)f)VX,Nr_ldr>N,[VX,]_1<T(Xt)
0
Si071 . 1 —1
=) HODVXNr Ny [V 70 (X )
and

t
A2 ( [ sEmvnont é‘B,)Nl[vx,]lo(X,)
0

lsofl
- (/ gX(Ef)VXrNr_l aﬁr>NSi0_1 [VXS,'O_] ]_IO—(XS[O_l )
0
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Recalling (3.8), and noting that f, f; and g, are uniformly bounded, one can deduce that, for
all p > 1, there exists a constant C}, depending only on T, K and p, such that

E( sup NI +INTP) =i E( sup (1,17 + 1M1 171) = Cp
O0=<t=<T 0<t<T

E(IN; — Ny|? + [N D = N7 P) < Cple — 5177 (3.18)
E(IM, — My|P + M7 — M7 P) < Cplt — 5|72
Thus, applying Proposition 2.1 and 2.2, one can show that
E(11%) < Clnol, (3.19)
and
E('1%) =< Clnol. (3.20)
Recalling (3.11) and (3.2) we have

£+ ¢

Jj=i

SCE{ sup VXI|TI}
0<t<T

Thus by using again Propositions 2.1 and 2.2 together with (3.18), we get

E(II71%) < Clmol. (3.21)
As proved in Zhang [20] (see the proof of Theorem 3.1), we have

E(1/'[*) < Clmo). (3.22)

Combining (3.19), (3.20), (3.21) and (3.22), we deduce from (3.17) that (3.16) holds, which ends
the proof for the smooth case.

Step 2. Let us consider the general case, that is, b, o, f, g are only Lipschitz. For¢ = b, o, f, g,
it not difficult to construct via a convolution method, for any & > 0, the function ¢° € C }], be
the smooth mollifiers of ¢ such that the derivatives of ¢f are uniformly bounded by K and
limg_,0¢°® = ¢. Let (X?,Y%, Z%) and (X%,Y™%, Z™?) denote the solution to corresponding
FBDSDE replaced ¢ by ¢?, and set

t t 1 t
v =exo( [ rieroars [z, - [eerotar).

t l t
M¢ :exp{/o FE@©FF)dW, — 5/0 |f;(®f’8)|2dr}.

Then one can derive, since the function fY, /7 and g5 are uniformly bounded by K, with the
standard calculus about BSDE:s, that, for all p > 1, there exists a constant C;, independent on &
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(depending only on 7', K and p), such that
B sup INFIP+IV) 1) =€ E( sup IMEIP +1M9);171) <€,
0<t<T 0<t<T
E(INf — NEIP + (N1 = (NO)T1P) < Cplt — s17/%;
E(IMf — M{)P + (M) = (MO[1P) < Cplt — s|P/2.

1 Si
Zf”oziE/ Z:ds| |
Uosi—sion Lsi

Then it follows from Step 1 that

m si
Zf 1Z; — Z;* 1P ds < Clmol.
i=1"v%-1

Therefore using again Lemma 3.4.2 of Zang [19], page 71, we obtain

Next, define

m

m si _ si
ZE[/ |Z;’—Z;0_l|2ds] Z [/ |ZT — Z70f ) ds}
i=1 Si—1 -

Z [/s [1Z, — ZE P+ 128 — ZF| ]ds] (3.23)

T
< E[/ |Zs — Z?lzds} + Clmol.
0

Applying Proposition 2.3, we have

T
lim E[/ |Zs — Zf|2ds:| =0,
e—0 0 :

which, combined with (3.23), proves the theorem. O

4. Numerical scheme and rate of convergence

In this section, we consider the BDSDE (2.2) in the special case ®(X) = h(Xr), where
h € W (R?), such that £(0) is bounded by K. The goal of this section is to construct an
approximation of the solution (X, Y, Z) by using the “step processes.” Let us recall : 79 < 1] <

.- < t, =T the partition of [0, T'] and |7 | = max;<;<, |AT|, with AT =1 — ;1. We set also
NW; =W, —W,,_,,AN"B; =By, — B;,_, and for all 0 <i < n define

f;n :a(Xl]s.] Sl)vf[fg’
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the discrete-time filtration. Let us briefly review the Euler scheme for the forward diffusion X.
Define 7 (t) =t;—1, for ¢t € [t;—1, ;). Let X be the solution of the following SDE:

t t
XT—x+ / b((s). X7 ) ds + / o ((s), X7 ) AW, (“.1)
0 0

and we define a “step process” X7 as follows:

A

X7 =Xx" te[0,T]. 4.2)

(t)?

The following estimate is well known (see, e.g., Kloeden and Platen [12]).

Proposition 4.1. Assume b and o satisfy the assumptions (H1) and (H3). Then there exists a
constant C depending only on T and K, such that

max E[ sup |XT — X, P+ sup |Xt—X,,._,|2] <Clr|.

I<i=n Lo<t<T ti_1<t<t;
Moreover, we get the following estimate involving the step process X7 due to Zhang [20].

Proposition 4.2. Assume b and o satisfy the assumptions (H1) and (H3). Then there exists a
constant C depending only on T and K, such that

sup E[|XT — X,*] < C|n|;

0<t<T

) 1
E[ sup K7 —X,|2] < C|n|10g<ﬁ).
s

0<t<T
The backward component (Y, Z) will be approximated by the following numerical scheme:
Y[ =h(X7), Zr =0,

1 i
Zy = B AT W, (4.3)
1

Y =E Y1+ f(tion X7 YT

Li—1’ " i1

ZT AT, (4.4)
where ET[[] =E[-|F7] and YT = Y[ + g(t;, XT, YT)A" B;.

Remark 4.1.

(i) Our approximation scheme differs from the one appearing in Bouchard and Touzi [5].
Indeed, actually we use the conditional expectation with respect the enlarged filtration
o(Xj,j<i)Vv .7-',?, which is necessary to extend It6’s representation theorem for back-
ward doubly SDE (see Pardoux and Peng [18]).
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(i) The backward component and the associated control (Y, Z), which solves the back-
ward doubly SDE, can be expressed as a function of X and B, that is, (¥, Z;) =

(u(t, By, X;), v(t, By, X;)), for some deterministic functions u and v. Then, the condi-

tional expectations, involved in the above discretization scheme, reduce to the regression
of ¥ and Y,’l_T(th. — W;,_,) on the random variable (X;f_1 B ).

Next, for all 0 < i < n, on can show that th belongs to Lz(Q, Fi), thus an obvious exten-
sion of Itd martingale representation theorem yields the existence of the (Fs)se[s;_,,;)-jointly
measurable and square integrable process Z” satisfying

i _
Ytj,-T ZE[Ytﬁj:in—]] +/ Z;T dw;. 4.5)
li-1
Therefore we define the following continuous version:

Yr=Y" —@—ti-)fti-1, X5 Y]

ti—1’> Ttiop?

Z;f_l - g(th X;-’[a Y;IT)(BZ - Bt,'_])
4.6)

t
+/ ZT dwg, i1 <t=<t.
ti—1

Note that the process Z7 is given by the representation theorem; thus it is useful and even nec-
essary to find a relationship with Z7, defined by (4.3). We have:

Lemma 4.1. Assume b, o, f and g satisfy the assumptions (H1), (H2) and (H3) and let h €
W0 (RY) such that h(0) is bounded by K . Then for all 1 <i < n, we have

1 i _
zZ7 =—E", |:/ zZr ds:|.
o A? l ti—1 ’
Proof. Let us recall
1
AT Zi = 7 B[] + 8, XT YD AT B AW ],
i
Then it follows from (4.5) that
1 i _
T T g T
zr = FEi_l[A Wi/ 77 dWX:|.
i ti—1
The result follows by Itd’s isometry. (I

We also need the following, which is the particular case of Theorem 3.1.



106 A. Aman

Lemma 4.2. Assume b, o, f and g satisfy the assumptions (H1), (H2) and (H3), and let h €
Wl’oo(Rd) such that h(0) is bounded by K . Let define, for each 1 <i <n,

5 1 i
ot = —Ef.f_l[f z ds].
o A? ' ti—1

Then there exists a constant C depending only on T and K, such that

n li B
E| max sup |Y,—Yti_]|2+2/ |Zg — Z]_ |*ds | < Clx|. (4.7)
I<isng_y<t<g =i -
We are now ready to state our main result of this section, which provides the rate of conver-
gence of the numerical scheme (4.3)—(4.4).

Theorem 4.1. Assume b, o, f and g satisfy assumptions (H1), (H2) and (H3), and let h €
WL (R4 such that h(0) is bounded by K. Then there exists a constant C depending only
on T and K, such that

T
sup E|Y, — YT |? +EU |Zs — Zf|2ds:| <C|n|.
0<t<T 0

Proof. The proof follows the steps of the proof of Theorem 3.1 in Bouchard and Touzi [5], so we
will only outline. In the sequel, C > 0 will denote the generic constant independent of i and n,

and may vary line to line. For i € {0, ...,n — 1}, we set
Y, =Y, =Y,  §Zi=Z -7, §fO)=f0 X0, Y, Z)— [, X7,V ZT)
and

Mgt =g(t, X1, Yy,) —gltip1, Xy LY ), t et tin).

By It6’s formula, it follows from a Lipschitz condition on f, g and A, together with the inequality
ab < Ba® + b*/B, that

_ b4 2 i+l T 2 8T 2
Vi =E|6"Y;|“+E |67 Zs|“ds — |8" Yy, |
t

ti+1 fit+1
_2E / (57 Yy, 87 £(s)) ds + / 157 g(s)[2ds
t t

lit1

<3 E{lm|” + X, — X7 P+ 1Y, — Y[ P +1Z — Z] P} ds (4.8)
t

*}ds

fit1 Tit1

tiyl ) )
+/ CE{|m|” + Xy = XT |+ |Ys =Y
t

lit1
+,3/ E|87 Y,|*ds, telt, tiv).
t
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Proposition 2.1, Proposition 2.2 and Lemma 4.1 yield that

E|X, - X7 *+E|X, - X]_|* <C|n|,

lit1

E|Y, — Y] |> < 2(E|Y, — Y, | + E|§" Y, |?) < C(|| + E[8"Y;, ),
ElY, — Y[ [P <2E[Y, — Y, > +EI8"Y;, ) (4.9)

< C(n|+EI6"Y,,, %),

T2 S (2 1 fi+l T 2
E|Z, - Z71" <2\ E|Z; - Z[ | + E|8"Z, |“dr ).
Ai-i—l 1
Plugging (4.9) into (4.8), we get
C [li+1 ) -0 fit+1 5
v,sgf Eflx| +[57Y, [ + |2, — ZT| }ds+c/ Eflx| +[57Y,, ) ds
t t
C [li+ iyl
+—/ E|8”ZS|2ds+ﬂ/ E|67 Y,|*ds,
ﬂ t t
which, along with the definitions of V;, provides, fort; <t <t;y1,
tit1 lit1
E|s" Y, +/ E|6™ Z,|*ds < ﬁ/ E|57Y,|*ds + A;, (4.10)
t t
where
T 2 C 2 T i+l T2
Ai=(1+CmE|s"Y,  |”+ E 71"+ |7 [ElY | —l—/ E|Z; — Z7|"ds
t
C fit1
+—/ E|57 Z,|? ds.
18 t
Next, by some calculus used in Gronwall’s lemma, we have

tiy1
E|8”Y,|2+/ E|57 Z|?ds < (1 + CB|n|)A;; 4.11)
t

hence for t = #; and B sufficiently larger than C, such that % < 1, we obtain

C lit1
E[§7Y, > + <1 — E)f E|57 Z,|* ds
t

i+l -
< +C|n|){E|8”Yfi+l|2+ |:r|2+f E[| Z, —z;:|2]ds}
4

for small |7 ]|.
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Iterating the last inequality, we get

C Liti
E[s7Y, >+ (1 - F)f E|57 Z,|? ds
14

n t; B
< (1 +Clx"/! [EIS”YT|2 + 17| + Z/ E[Z, - Z] | |2]ds}.
i=1 %1

Moreover, it follows from Lemma 4.2, the Lipschitz condition on g and Proposition 4.1 that

C Lit1
E[6"Y, > + <1 - E)/ E|87 Z,|* ds
14

(4.12)
< (L+Cla) ™ EST Y7 P + || + Cln |} < Cn|
for small |7 |.
On the other hand, summing up inequality (4.11) with r = ¢;, we get
C T
[1 - = +Cﬂ|n|)]f E|57 Z,|? ds
p 0
c b4 2
= +Cﬂ|7TI)EIJT| + 1+ CBlm)(1 + ClmDE|S™ Y|
c b4 2
+10 +Cﬂ|n|)g|n| — 1|E|§" Yol
C n—1
+ [(1 +Cﬂ|n|)<(1 +Clr)) + E'”') - 1} > EISY,
i=1
C n=loenn -
+ (1 +CBIn)— Zf E|Z;— Z]* ds.
ﬂ i—0 t;
Therefore, by inequality (4.12) and again Lemma 4.2, one derives that
T
/ E|§7 Z,|*ds < C|r|
0
and then
sup [87Y > <Clr|. 0
0<t<T

To end this section, let us give the following bound on ¥;*’s, which will be used in the approx-
imating of the discrete conditional expectation E;’ Jforall0<i<mn—1.

Lemma 4.3. Assume b, o, f and g satisfy the assumptions (H1), (H2) and (H3), and let h €
WL (RY) such that h(0) is bounded by K. For all 0 <i <n — 1, define the sequences of
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random variables by backward induction:
n=2C,  p=C,
of =(1—=Clx)~' 1+ C*x'/?
X {(1+2C DI + CIAT Bi 1 DBy + CIAT Bi1 |1+ Clr |},
BT =1 —=Clz)~ A+ C?x)'?
x {(1+ C|A™ Bii Doy + 6C*m|(1 +2C|A™ Biy|) +3C|m|}.
Then, for all 0 <i <n,
YT <ol +BTIXT I, (4.13)
ET YT + g, X, Y[ )A” Bi|

< (E7_\|Y] +g(i, X7, Y1) A" B;12)'/?

< (14 2C|mD{(1 + C|AT Bis1 DT, + CIAT Byt [} XT 2 D
+(1+ C|A™ Bii o, +6C3m|(1+2C|A™ Bi41)),
(YT + g, XTI YT AT B) AT Wiy |
<VIml(1+2C[wD{(1 + C|A™ Bi 11 DBy + CIA" By }IXT | (4.15)
+ 17 [(1 + C|A B e +6C2 || (1 +2C|A™ Biyq)).
Moreover,
hlnmliltporgai(n(ot + ) < o0 a.s.
Proof. First, since & is K-Lipschitz, 4(0) is bounded by K,
1Y, | = R(XP)| < CUXT|+1) <2C + C|XFI* = + Bul XTI*.
Next, we assume that
Yoo | <ol + BFIXT 12 (4.16)

for some fixed 0 <i <n — 1. Then by the definition of Y™ in (4.4), there exists a J;,-measurable
random variable ¢; such that

(1= ClaDIY7 | <EF[(YZ., +8(tie1. XT Y2 VAT Bio))(1 4+ G AT Wigp)]

+Clrl@+IXT])
4.17)

1/2
< (BT 1Y, +g(tis1, X7 YA Biy12) P ET | + & AT Wiy D)2

lit1’ l+1

+Clr |G+ IXT ).
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It show in Bouchard and Touzi [5] that
E7 |1+ G A" Wi <14 CP|x).
This provides, from (4.17),
)AT Bit IZ)U2

(1= ClaDIYF| < (1+CYm ) 2 (ET Y]

tip1

+gltip1, X7, YT

Lig1? T ligl

(4.18)
+Clr| B+ IXTP).
But it follows from the Lipschitz property of g that
EX (Y7, +glisn, XE,, YE AT By [2) 2
< (14 CIA" Bi DET Y], )2+ CIA™ B (B |X] D)2
< (1+CIA" Bipi Doy + BT [(1+2C I DIXT > + 6K 3| (1}
+ C|A™ Bi 1 |[(1+ 2C|m X |* + 6K *|]]
= (1+2C|7){(1 + C|A" Bi 11 DB, + CIA™ Bt JIXT |
+ (14 C|A™ Biy1Dafy | +6C3|m|(1+2C| A" Biji]).
Finally (4.18) becomes
Y71 <(d—=Clz)~'(1 4=/
<{(1+2C|xD[(1 + C|A™ Bi 1By + CIA™ Biyi|1+ Clr }X] 2
+A=Clrh~ 1+ P/
x {(1+ C|A" Biy1 el +6C*m|(1+2C|A™ Biy]) +3C|m |}
=aof +p]IX]|%. 0

5. Rate of convergence of the regression approximation

In this section, we try to give some ideas for a method of simulating a numerical scheme derived
in the above section. It well known that the process X7 defined by (4.1) is simulated by the
classical Monte Carlo method. We are reduced to simulate the process (Y™, Z™) defined in (4.3)
and (4.4). In practice, the main tool used to define an approximation of Y™, and then of Z7,
is to replace the conditional expectation E7 by its estimator Ef in the backward scheme (4.3)
and (4.4). We first establish the following bound on the Yt’i’ s which help us to derive this simula-
tion.
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For the regression approximation, we consider {P }o<j<x, {R”; }o<i<n and {J }o<i <, defined
by

Pr=aof +B7IX]I%,

RY =1 +2C|nD{(1 + CIAT Bir 1B + CIA”BMI}IXZI2
+ (14 C|A™ Bipi o,y +6C2 |7 |(1 4 2C| A Bi11]),

JT = Iml(1 +2C1mD{(1 + CIATBi DB + CIA”BiHI}IXZI2
+ /1 |(1+ CIAT Big1 Dol | + 6C?|m|(1 +2C| AT Bit1)).

Therefore, thanks to Lemma 4.3, we have

—PI (X[, A" Biy) < Y] <PF(X], A" Biy), (5.1)
—RT (X[, A" Biy1) <ETIY], 1< RT(XT, A" Biy1), (5.2)
—J7 (X, A" Biyy) <E[Y] A"Wi] < J7(XT, A" Biy). (5.3)

Next, for an R-valued random variable &, we define

T () = =P (X[, A"Bip1) VE API(X], A" Bity),
T/ (§) = —RT (X[, A" Biy1) VE ARG(X], A" Biy),
T (§) = —J7 (XI. A" Biyy) VE AT (XE, A" Biyy).

Given an approximation ﬁf of E7, we are ready to get the process (Y™, Z™) defined by following
backward induction scheme,

Vi =e(xD), (5.4)
Zr = A—?’E\L[(ﬁi’ + 8, XT, T AT B AT W] 5.5)
Y7 =B 07 4 g XE VAT B+ [, X2 YT 2 )AT (5.6
v =T (), (5.7)

forall 1 <i <n.

Remark 5.1. Using the above notation and replacing X7 by U™ = (X™, B™), one can state
analogously to Examples 4.1 and 4.2, appearing in Bouchard and Touzi [5].

To end this section, we derive the following L? estimate of the error Y7 — Y7 in terms of the
regression errors ET — ET.
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Theorem 5.1. Let p > 1 be given and P be a sequence defined above. Then there is a constant
C depending only on T, K and p such that

IV = Y7 Lo

C —~
S;lifjl_liaf_l{H(Ej Ej)[ [+1+g(tj+1 X7 e t,+1)A Biilller

+||(EJ_EJ)[(YIJ+1 +g(t]+l ijﬂa th)An j+1)A W]+l]“Lp}~

Proof. For 0 <i <n — 1 to be fixed, with calculus similar to that used in the proof of Theo-
rem 4.1 in Bouchard and Touzi [5], we have

(1= Cm|YT — Y| < |eil + (1 + C|A" By D(E|YT — VT |P)/P 58
X (EJT“ +§1An i1 |2k)]/2k’

where k is an arbitrary integer greater than the conjugate of p and
= B —EDIV], +8(is1. X VT YA Biy1]
+ AT (6 X YT (AT ) TEF[(VF + g1, X YT VAT Bigy) A Wigy])
— f(t X7 YT (AT D!
< ET[(¥ Yo 48, X7 t+1)Aﬂ Biy1) A" Wii1])}.

Since

leillLr < ni = C(I|(E: —E)[¥] T g, XT YT VAT Bi ]|y

+||(E E)[( l+1+g(ti+l’ tiv1’ t+1)An "H)A WH'I]”LP’
and
EF |1+ G AT Wi POV < (14 Cln)),

we get from (5.8)

A= C)| YT =Y\l <ni+ L+ ClaD YT = Y] lee. (5.9)
and thus the result follows as in Bouchard and Touzi [5]. O

Remark 5.2. With the foregoing results, it is possible, with some not very difficult adjustments,
to obtain similar results to those obtained by Bouchard and Touzi (see Sections 5 and 6 of
Bouchard and Touzi [5]).
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