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We design a numerical scheme for solving a Dynamic Programming equation with Malliavin
weights arising from the time-discretization of backward stochastic differential equations with
the integration by parts-representation of the Z-component by (Ann. Appl. Probab. 12 (2002)
1390-1418). When the sequence of conditional expectations is computed using empirical least-
squares regressions, we establish, under general conditions, tight error bounds as the time-
average of local regression errors only (up to logarithmic factors). We compute the algorithm
complexity by a suitable optimization of the parameters, depending on the dimension and the
smoothness of value functions, in the limit as the number of grid times goes to infinity. The
estimates take into account the regularity of the terminal function.

Keywords: backward stochastic differential equations; dynamic programming equation;
empirical regressions; Malliavin calculus; non-asymptotic error estimates

1. Introduction

1.1. Setting

Let T >0 be a fixed terminal time and let (Q, F, (F;)o<i<7,P) be a filtered probability
space whose filtration is augmented with the P-null sets. Let 7 = {0 =:tp <t; <--- <
tn—1 <tn:=T} be a given time-grid on [0,7] and A; :=t,+; — t;. Additionally, for
a fixed ¢ € N\ {0}, we are given a set {HJ@: 0<i<j<N} of (R9)T-valued random
variables in Ly (Fr,P) (i.e., square integrable and Fp-measurable) that we call Malliavin
weights. Here T stands for the transpose.
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In this paper, we introduce the Malliavin Weights Least Squares algorithm, abbreviated
MWILS, to approximate discrete time stochastic processes (Y, Z) defined by

N—-1
Yi=Ei ¢+ > fi(Yi1,Z)4,], 0<i<N,

Jj=t

o | (1.1)
Zi=E; [eHY + > fi(Vip, Z)HPA; |, 0<i<N -1,

j=it1

where E;[-] :=E[- | F4,], € is a R-valued random variable in Ly(Fr,P), and (w,y,z) —
fi(w,y,2)is Fr, @ B(R)@ B((RY) " )-measurable. This system is solved backward in time in
the order Yy, Zn—1,YnN_1,... and it takes the form of a dynamic programming equation
with Malliavin weights. We call it the Malliavin Weights Dynamic Programming equation
(MWDP for short).

The main application of (1.1) is to approximate continuous-time, decoupled Forward—
Backward SDEs (FBSDEs) of the form

T T
Y,}=£+/ f(s,XS,YS,ZS)ds—/ ZsdWs, (1.2)
t t

where (W;)s>0 is a Brownian motion in R?, (X;)s>0 is a diffusion in R? and ¢ is of the
form ®(Xr). Indeed, the MWDP (1.1) was inspired by [18], Theorem 4.2, which states
that there is a version of the continuous-time process (Z;)o<t<T given by

T
Zt:Et |:€H’1(f)+/ f(S)X87Y97ZS)H§t) d8:|) (13)
t

where the processes (Hs(t))ogt<ng are Malliavin weights defined by

s T
% (/ (07 (r, Xr)DtXr)TdWr> , 0<t<s<T, (1.4)
§— t

H® =
for (DX, ) being the Malliavin derivative of X, and o(-) is the diffusion coefficient of X.
The representation (1.3) is obtained via a Malliavin calculus integration by parts formula,
see [19] for a general account on the subject. A discretization procedure to approximate
the FBSDE (1.2)—(1.3) with (1.1), including explicit definitions of the random variables
H J(-i) based on (1.4), is given in [21, 22], where the author also computes the discretization
error in terms of N. In honour of the connection between (1.1) and (1.2)—(1.3), we call
the random variables H j@ Malliavin weights, £ the terminal condition, and (i,w,y,z) —
fi(y,z) the driver. We say that the pair (Y, Z) satisfying (1.1) solves a MWDP with
terminal condition £ and driver f;(y, z).
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1.2. Contributions

In this paper, we are not concerned with the discretization procedure, but rather with the
analysis of the MWDP equation (1.1) itself and its numerical resolution via the MWLS
algorithm, in which one uses empirical least-squares regressions (approximations on finite
basis of functions using simulations) to compute conditional expectations. Since the sys-
tem (1.1) may be relevant to problems beyond the FBSDE system (1.2)—(1.3), we allow
the framework and assumptions to accomodate as much generality as possible. However,
MWLS is, to the best of our knowledge, the first direct implementation of formula (1.3)
in a fully implementable numerical scheme. For other applications of Malliavin calculus
in numerical simulations, with different perspectives and results to ours, see, for instance,
1, 3, 4, 8,12, 16, 17].

We adapt the recent theoretical analysis of the Least Squares Multi-step forward Dy-
namical Programming algorithm (LSMDP) of [13] for discrete BSDEs (without Malliavin
weights) to the setting of MWDP. As in the aforementioned reference, we consider a lo-
cally Lipschitz driver f;(y,z) that is locally bounded at (y,z) = (0,0) — see Section 1.4.
This allows the algorithm of the current paper to be applied for the approximation of
some quadratic BSDEs and for some proxy /variance reduction methods. For more details
on these applications, see [13], Section 2.2. Moreover, we make use of analogous stability
results and conditioning arguments in the proof of the main result, Theorem 3.10, as
in the proof of [13], Theorem 4.11. However, the Malliavin weights lead to significantly
differences in the main theorem and stability results, both in the technical elements of
the proofs and the results. We develop seemingly novel Gronwall type inequalities to
handle the technical differences; these results are outlined in Section 2.1 and proved in
Appendix A.1. Furthermore, the stability results are more powerful and the complexity
of the MWLS is better than the LSMDP, as will be discussed in what follows.

We would like to mention that the class of quadratic problems we can treat with
these assumptions is quite different to the recent [5]. Here we are treating the non-
degenerate setting where the terminal condition may be Holder continuous, whereas the
other reference allows degeneracy at the expense of requiring locally Lipschitz terminal
conditions.

We prove stability results on the MWDP in Section 2. Much effort is made to keep the
constants explicit. These results are instrumental throughout the paper. The stability
estimates on Z are at the individual time points (coherently with the representation
theorem of [18]) rather than the time-averaged estimates of [13], Proposition 3.2. This
allows for finer and more precise computations. The time-dependency in our estimates
also takes better into account the regularity of the terminal condition, similarly to the
continuous-time case [7].

Section 3 is the core of the paper: it is dedicated to the MWLS algorithm in the Marko-
vian context Y; = y;(X;) and Z; = z;(X;) for some Markov chain X; in R? and unknown
functions (y;(-), z:(+)). In MWLS, the conditional expectations in (1.1) are replaced by
Monte Carlo least-squares regressions. For each point of the time-grid, we use a cloud
of independent paths of the Markov chain X and the Malliavin weights H, and some
approximation spaces for representing the value functions (y;(+), z;(-)). The algorithm is
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detailed in Section 3.2, and a full error analysis in terms of the number of simulations and
the approximation spaces is performed in Sections 3.3 and 3.4. The final error estimates
(Theorem 3.10) are similar to [13], Theorem 4.11, in that they are the time-averaged local
regression errors of the discrete BSDE, but the results are in a stronger norm and the
time-dependency is better. The constants are completely explicit. Although the norms
are stronger than in [13], the estimates do not deteriorate; instead, they are significantly
improved. This is intrinsically due to the MWDP representation, which avoids the usual
1/A;-factor in front of all controls on Z. This improvement can be tracked by inspecting
the a.s. bounds (compare (2.10) and [13], equation (14)) and the statistical error bounds

(compare the K]\jk" -terms in (3.10) of Theorem 3.10 and the AKkZA’/}"k -terms of [13], Theo-
rem 4.11). These error estimates are optimal with respect to the Convergence rates (up
to logarithmic factors) under high generality regarding the distribution of the stochastic
model for X and H, even if the constants may be conservative. This is because the local
regression errors are optimal under model-free estimates (Proposition 3.9).

With the error estimates of Theorem 3.10 in hand, we perform a complexity analysis
in Section 3.5. We propose a choice of basis functions and use it to calibrate the number
of simulations in order to achieve a specified error level. This then allows us to compute
the complexity of the algorithm for that error level. The methodology for doing this is
analogous to [13], Section 4.4, in that we use the same basis functions — which also en-
able us to study the benefit of smoothness properties of the underlying Markov functions
(yi(+),2i(-)) — and also in that we set the ensure the global error level by calibrating
the local regression errors. However, the conclusion of this section is that MWLS yields
better performance in terms of complexity than LSMDP. The main reason for this is
the improved time-dependancy of the error estimates, which is a systemic improvement
that allows one to make generate fewer simulations to obtain certain error levels. Un-
fortunately, the complexity reduction does not reduce the dependence on the dimension
compared to the LSMDP. The curse of dimensionality still appears, and the rates de-
pend on the dimension of the Markov chain X (i.e., d). Nevertheless, the reduction of
complexity is substantial and, since one is able to make fewer simulations to obtain the
same error level, will help alleviate the pressure on memory resources that is typical with
least-squares Monte Carlo algorithms.

This paper is theoretically oriented, and is aimed at paving the way for new such
numerical approaches based on Malliavin calculus. Future works will be devoted to a
deeper investigation about the numerical performance of the MWLS algorithm compared
to other known numerical schemes.

1.3. Notation used throughout the paper

e |z| stands for the Euclidean norm of the vector x, T denotes the transpose operator.

e U], := (E[|U|P]))"/? stands for the L,(P)-norm (p > 1) of a random variable U. The
Fi,-conditional version is denoted by |U|, x := (Ex[|U[?])*/P. To indicate that U is
additionally measurable w.r.t. the o-algebra Q, we may write U € L, (Q,P).

e For a multi-dimensional process U = (U;)o<i<n, its Ith component is denoted by
U= (Uii)o<i<n-
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e For any finite L >0 and = = (z1,...,2,) € R", define the truncation function
To(x):=(-=LVaxy AL,....,—LVx, AL).
e For finite x > 0, log(z) is the natural logarithm of x.

1.4. Assumptions

First set of hypotheses

The following assumptions hold throughout the entirety of the paper. Let R; >0 be a
fixed parameter: this constant determines which time-grid can be used. The larger R,
the larger the class of admissible time-grids. All subsequent error estimates depend on
R,
(Ag) f is in LQ(.FT,P).
(Ar) () (w,y,2) > fily,2) is Fr, @ B(R) @ B((R?)T)-measurable for every i < N,
and there exist deterministic parameters 67, € (0,1] and Ly € [0,+00) such
that

L
|fi(y,z) — fily',2")| < ! )/Q(Iy—y’|+|z—z’|),

(T — t;)0—0

for any (y,v',2,2') ER xR x (RY)T x (R)T.
(ii) There exist deterministic parameters 6. € (0,1] and Cy € [0, 400) such that

(iii) The time-grid m:={0=1t¢ <--- <ty =T} satisfies

JAVER]
max i
0<i<N—-2 A

< R,.

(Ag) For all 0 <i< j <N, the Malliavin weights satisfy

])1/2 - Cu

() — (i)2

for a finite constant Cps > 0.

Comments. We remark that assumptions (Ag¢) and (Ag)(i)—(ii) are the same as their
equivalents in [13], Section 2. The usual case of “Lipschitz” BSDE is covered by 01 =
0. =1. As explained in [13], the case of locally Lipschitz driver (6, <1 and/or 0. < 1) is
interesting because it allows a large variety of applications, such as solving BSDEs using
proxy methods or variance reduction methods, and solving quadratic BSDEs. We refer
the reader to [13], Section 2.2, for details.

Assumption (Ay)(iii) is much simpler compared to [13]. If R, > 1, (Ay)(iii) is satisfied
by any time grid with non-increasing time-step, such as the grids of [9, 11, 20]. This may
be valuable for future work on time-grid optimization.
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Assumption (Ag) is specific to the dynamic programming equation with Malliavin
weights. It is satisfied for the weights derived in [18], and this can remain true after
discretization (see [21] or [12]). Tt is also satisfied if X takes the form X; = g(¢t,W;) (like
multi-dimensional geometric Brownian motion), by a simple change of variables one can
(WS;V:/Q)T (

use the Malliavin weights Hs(t) = note the process X may be degenerate).

Second set of hypotheses: Markovian assumptions

The following assumptions will mostly be used in Section 3. (Ax), (Af), and (Afy) give
us a Markov representation for solutions of the discrete BSDEs (see equation (3.1) later).
(A%) is used for obtaining (model free) estimates on regression errors. We also include
additional optional assumptions, (Ag ), on the terminal condition to obtain tighter esti-
mates on Z; (see Corollary 2.6 and subsequent remarks).

(Ax) X is a Markov chain in R? (1 < d < +o00) adapted to (F3,);. For every i < N
and j > i, there exist G; ® B(R?)-measurable functions Vj(l) :Q x R4 — RY where

G; C Fr is independent of F;,, such that X; = Vj(i) (X5).
(Az) (i) €is a bounded Fr-measurable random variable: C¢ := P — esssup,, [{(w)| <
+00.
(i) ¢ is of form & := ®(X ) for a bounded, measurable function P.

(AZ) In addition to (Ag), for some fg € [0,1] and a finite constant Cp > 0, we have
|£ - Eiﬂgyi < Cq;.(T - ti)eq’/2 for any i € {0, . ,N}

(A%) For every i < N, the driver is of the form f;(w,y,2) = fi(Xi(w),y,2), and
(z,y,2) = fi(x,y,2) is B(RY) @ B(R) ® B((R?) " )-measurable and (Ag) is satis-
fied.

(A%) In addition to (Am), for every i < N and j > i, there is a function HJ@ (O xRY—
(R?) T that is G; ® B(R?)-measurable, where G; C Fr is independent of F;,, such
that H\"” == A" (X).

Comments. (Ax) is usually satisfied when X is the solution of SDE or its Euler scheme
built on the time-grid .

The statement of (Ag) is inspired by the fractional smoothness condition of [11],
although somewhat stronger.

It is satisfied, for instance, if the terminal function @ is 63-Holder continuous and if the
Markov chain satisfies E;[| Xy — X;|?] < Cx (T —t;). This is a reasonable assumption on
the Markov chain, since it is satisfied by a diffusion process (possibly including bounded
jumps) with bounded coefficients and also by its Euler approximation. Indeed, we have

€~ Eila < [@(Xn) — B(X:)]y,; < Ca(Ox (T — 1))/, (1.5)

(A%y) is satisfied by the Malliavin weights (1.4) under various conditions. It is valid
for the example X; = g(t, W;) mentioned before. Consider now the more complex case of
the SDE with (deterministic) coefficients b(¢,z) for the drift and (o1 (t,x),...,04(t,2))
for the diffusion (¢ = d) both having first space-derivatives that are uniformly bounded.



Approximation of BSDEs using Malliavin weights and least-squares regression 7

Recall the relation for the Malliavin derivative of a SDE given by
DX, =VX, VX 'o(t,Xt)li<, = Vo X oox, o(t, Xi) i<y,

where X% denotes the SDE solution starting from x at time ¢, and VX, := VIX?’I for
VmX? * solving the (d x d)-dimensional, matrix valued linear SDE

T d i
Vo X0% =1+ / Vab(u, X))V X0 du+ ) / V.0 (u, X BV, X0 AW .
t j=1 t

Then, it is an easy exercise to prove that if o and its inverse are uniformly bounded, then
(A%y) is fulfilled.

2. Stability

2.1. Gronwall type inequalities

Here we gather deterministic inequalities frequently used throughout the paper. These
inequalities are crucial due to novel technical problems caused by the Malliavin weights.
They show how linear inequalities with singular coefficients propagate. They take the
form of unusual Gronwall type inequalities. Their proofs are postponed to Appendix A.1.
We assume that 7 is in the class of time-grids satisfying (Ag)(iii).

Lemma 2.1. Let o, 3 >0 be finite. There exists a finite constant B, g > 0 depending
only on Ry, a and B (but not on the time-grid) such that, for any 0 <i <k <N,

k—1
Aj
S < Bt — 1),
; (tk — t5)1 =
Aj -
(te =) = (ty — ) =7

e
|
—

Bayﬂ(tk — ti)aJrﬂil.

Jj=i+1
Lemma 2.2 (Exponent improvement in recursive equations). Let a >0, € (0, %]
and k €{0,..., N —1}. Suppose that, for a finite constant C,, > 0, the finite non-negative
real-valued sequences {w;}i>r and {wi}i>k satisfy

N—-1
w .
up Sy +Cu 3 T4 2B )i SIS (21)
=741 J
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Then, for two finite constants C(2.2a) >0 and C(2_2b) >0 that depend only on Cy,T,a, 3
and R,

N—-1 wlAl
w < Conwi C.2) D TR )
l—]+1 J
(2.2)
c wd E<j<N
+ (22b)z (T — 1)1/~ SJ= 4

= ]Jrl

Lemma 2.3 (Intermediate a priori estimates). Let o > 0,8 € (0,3] and k €
{0,.. —1}. Assume that the finite non-negative real-valued sequences {u;};>x and
{wl}lzk satisfy (2.2) for finite constants C(2 %) =0 and C(2 2y = 0. Then, for any finite

~ >0, there is a finite constant C((%)S)> 0 (depending only on C9 9,), C2.9,), T, o, B,

R+ and 7) such that

3 g
=~ T — ) 2Bt —t;)' -
(2.3)
™ ES wi A
J < 4§ <N.
(23 Z _tl 1/2 'B(tl—t) k<j<N

Plugging (2.3) with v = % + « into (2.1) gives a ready-to-use result.

Proposition 2.4 (Final a priori estimates). Under the assumptions of Lemma 2.2,
(2.1) implies

' | p(1/2+a) wi .
uj Swj+Co 30 Cu Z T — ) /2B (t, —t;) /2o k<j<N.

2.2. Stability of discrete BSDEs with Malliavin weights

Suppose that (Y1,Z271) (resp., (Ya,Z2)) solves a MWDP with terminal condition/driver
(&1, f1,i) (resp., (&2, f2,i)). We are interested in obtaining estimates on the differences
(Y1 —Ys,Z1 — Z5). To give a notion of how stability estimates are used, the processes
(Y1,Z;) are typically obtained by construction. For example, in Section 2.3, they are
(0,0), whereas in the proof of Theorem 3.10, they are a set of processes determined from
a series of arguments based on conditioning w.r.t. the Monte Carlo samples. One then
applies the stability estimates based on a priori knowledge that what stands on the right-
hand side is beneficial to the computations. In Corollary 2.6, for example, the right-hand
side yields almost sure bounds for the processes (Y, 7). We note that the assumptions



Approximation of BSDEs using Malliavin weights and least-squares regression 9

on the drivers in this section are somewhat weaker than the general assumptions of
Section 1.4. The driver f1 ;(y,z) does not have to be Lipschitz continuous, but we assume
that each f1 (Y1541, Z1,) is in Lo(Fp) so that Y7 ; and Z; ; are also square integrable for
any ¢ (thanks to (Am)). The driver fs;(y,2) is locally Lipschitz continuous w.r.t. (y, 2)
as in (Ap)(i), which is crucial for the validity of the a priori estimates. Additionally,
we do not insist that the drivers be adapted, which will be needed in the setting of
sample-dependant drivers. Define

AY ==Y - Yo, AZ =71 — Zy, A =& — &,
Afii= f1.:(Y1i41, Z15) — f2,i(Y1,i41, Z1,1)-

Let k€ {0,...,N — 1} be fixed: throughout this subsection, F;,-conditional Lo-norms
are considered and we recall the notation |Uls  := \/Eg[|U|?] for any square integrable
random variable U. For j > k, define

195l2.6 == [AYj11 2,k + [AZjl2,k-

Using (Am), we obtain E;[A¢HY] = B, [(A¢ — E,A)H] and

[ ACHY)P < B (1A¢ - B,
1 (2.4)
[Eiz[Af; HYIP < GRENIALT j>i+1.

=~ tj_ti )

Combining this kind of estimates with (Ap)(i) and the triangle inequality, our stability
equations (for k <1) are

N—-1 N—-1 I |(_) |
2 i12,k
|AYilok < [ALlak+ Y [AS |20 + Z WAJH (2.5)

j =1

|AZ]ap < Cu]

Ag — EAEI2k+ Z CM|Afg|2k
\/T— j=i+1 \/tT

. (2.6)
+ Y Ly, Cm|Ojl2,k AL
Sy (T =) =02 =

Proposition 2.5. Taking o = O B=0r/2 and C, = Ly,(Car +VT) in Lemmas 2.2
and 2.3, recall the constant C(2 3) Assume that & is in Lo(Fr). Moreover, for each

i €{0,...,N — 1}, assume that f1,;(Y1,+1,2Z1,) is in Lo(Fr) and fo,(y,z) is locally
Lipschitz continuous w.r.t. y and z as in (Ag)(i), with a constant Ly,. Then, under
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(Agn), we have

N—
|AYi |26 < CV|AE 2y + CP) Z IAfjl2,k A, 0<k<i<N,

j=i
AL —E; ALk IAfjl2,k

AZ; <C(1)|—’ 02) 12J512.k A

N, = g; L2k,

+ OO AL o (T —1;)"*2,  0<k<i<N,
where the above constants can be written explicitly:
cM =1+ szc(2 3 <CMBQL/2 L+ Bijaros /e, 1\/_) T0L/2,
C® =1+ Lf2c(<§?3)(cM +VT) By, j21 T2,
Cl) = Cn (1 + Lf2c((é{§§CJWBGL/?J/?T&L/Q))
C? :=Cy (1 + Lf2c(%./§§(CM + \/T)BoL/mmTGL/Q) ;
c® = CMLfQC(z 3)31/2+9L/2 1/2-

Proof. Using (2.5) and (2.6), we obtain

|AE—E; A2k s [Af1l2,60
925 < O === L |Alloy + (Crr +VT) =R
! VT —1; l_%;l Vi —1;
. (2.7)
+(Cu +VT) Y Ly, 012, £ A j>k.

Sy (T =) =002 =T -

Upper bound for (2.7). We apply Lemmas 2.2 and 2.3 under the setting uj = |@ il2, ks

AE—E;A N—-1 |A A
wy; = Cju% + |A§|2,k + (CJVI + \/T) I=j+1 ‘flfllﬁ - 0 ﬁ Cu -

Ly, (Cym + VT ). To make results fully explicit, we first need to upper bound quantities
of the form (v >0)

N-1

A
I(’Y) wy
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Using that |A¢ — E;A€|2 i is non-increasing in [ and Lemma 2.1, we obtain

N—-1 N—-1
o) |AE — B Aok |Afrl2, kA
V= — "7 4 A T — |A
i+l l:§j+1 <CM N |AL|2,1 + (Car + v )gp;l V-4 )7

ST = 1) 202 — 1))

|AE —Ej 1ALk |AE]2 &

< CmBy, /2 (T — t)1=0e/2= +B1s2ton 2 (T —t;)1/2= 0 /2=
N-1
IA fil2,6 A
+(CJVI+\/T)B0L/27'Y Z (t _t,)l*eL/2*'Y.
I=jt2 VT

Upper bound for |AYj|s . Starting from (2.5) and applying Lemma 2.3, we get

N—-1
|AY;|2,I@ < |Af|27k + Z |Afj|2,kAj +Lf2c(%)3)11(1)’

j=i

then using the estimate (2.8) and |A{ — E; Aok < |Af|2k, we obtain the announced
inequality.
Upper bound of |AZ;|a, . Starting from (2.6) and applying Lemma 2.3, we have

Cu|AE —EiAl|ax . Nz_zl OmlAfil2k 5
\/T— t; j=itl \/tj —1; !

(1/2) (1/2),
+ Ly, CMC(2,3)IH-1 ;

|[AZ;|2.5 <

therefore using the estimate (2.8), we derive the advertised upper bound on |AZ;|s ;. O

2.3. Almost sure bounds

In order to obtain error estimates for the Monte Carlo scheme, we use the model-free es-
timates of Proposition 3.9. Typically, these estimates require that the object one is trying
to approximate is bounded. Therefore, the following almost sure bounds are crucial.

Corollary 2.6. Assume (Ag)(i), (Ar) and (An) and recall the constants Cg(,') and CY)
from Proposition 2.5 where Ly, is replaced by L¢. Then, we have

Y;| < Cyii=CNCe + CPCy By, 1 (T —13), (2.9)

1y esssup,, | —Eifla; CEQ)CfBOC,lﬂ

) . (3) _+.\0L/2
1Zi| <C.i:=C T (T—ti)1/2*9u+cz Ce(T — ;)52 (2.10)
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The above upper bounds a valid for terminal values ¢ admitted by (A'E)(i), which is
quite general. Without any further information on &, we can derive the simple bounds

il + VT = ;| Zi| < Cy. (2.11)

for an explicit, time uniform constant C,, .. It may, however, be useful to take advantage
of additional information on &, to obtain finer estimates on C, ; and C; with the aim
of better tuning the parameters of the MWLS method (see Section 3.5). Two situations
are of particular interest.

e For zero terminal condition, Y and Z get smaller and smaller as ¢; goes to T as
expected: |Y;| + /T —t;|Z;| < C(T —t;)% for a constant C' depending only on 0352),
C§2), Cy¢, 0. and R,. This result is useful for variance reduction methods like the
proxy method of [13], Section 2.2, the method of Martingale basis [2], and the mul-
tilevel method of [21].

e Under (AZ), we have [§ — Ei&l2; < Co(T — t;)%¢/2 which leads to an improved
estimate for Z: | Z;| < C(T — t;)~'/?10:A92/2) for some constant C' depending only
on 0, ¢ ¥ Cy, 0., Re, T, C¢ and Co.

This is why in the subsequent analysis, we keep track on the general dependence on ¢ of
the constants Cy; and C, ;.

Proof of Corollary 2.6. (0,0) is the solution of the MWDP with data ({; =0, f1,;, =0).
Applying Proposition 2.5 with (Y7, 2;) = (0,0) and (Y2, Z2) = (Y, Z) yields

N—-1
Yilok < CSV [k + CF D T 1£5(0,0)],,.4,

j=i

CI e —Eitlon = 1£5(0,0)|
|Zilop < =228 4 0P N ML LEEN 4 gl i (T — ;)72
VI =t i VBT

for i =0,...,N — 1. Taking k = 4, plugging in the almost sure bounds on |£| from
(Az)(i) and |f;(0,0)] from (Ar)(ii), and using Lemma 2.1 then yields the result. O

3. Monte Carlo regression scheme

Throughout this section, the Markovian assumptions (Ax), (A;), (Ag) and (Ag) are
in force. The notation and preliminary results used in this section overlap with [13],
Section 4, and we recall and adapt them to the setting of MWLS in Section 3.1 for
completeness.
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3.1. Preliminaries
An elegant property of the Markovian assumptions is there are measurable, deterministic
(but unknown) functions y;(-):R? — R and z;(-):R? — (R?) T for each i € {0,...,N — 1}
such that the solution (Y;, Z;)o<i<n—1 of the discrete BSDE (1.1) is given by

(Y3, Zi) = (yi(Xa), 2i (X)) (3.1)

In this section, we estimate these functions. One needs to apply Lemma 3.1 below com-
bined with G = G; — defined in the assumptions (Ax) and (Ag) - U =X;, and

N—-1
Fz) =0V (@) + > AV (@) s (VL (2)), 2V (@) Ak for i),
k=1

and

F(z) =0V ()4 (z)

N-—1
+ 3 AP @)y (VO @), (VO @) ED () Ay for zi(-).
k=i+1

Lemma 3.1 ([13], Lemma 4.1). Suppose that G and H are independent sub-o-algebras
of F. For1>1, let F:QxR? — R be bounded and G @ B(R?)-measurable, and U : Q) — R?
be H-measurable. Then, E[F(U)|H] = j(U) where j(h) =E[F(h)] for all h € R

Least-squares regression has its traditional implementation in nonparametric statis-
tics and signal processing [15]. In the traditional setting, the random object is a pair of
random variables (O, R) termed the “observation” O and the “response” R. R is con-
sidered to be some function of O, with the possible addition of noise, and one needs
recover this function. There are three important differences in the use of least-squares
regression methods in our setting, and for this reason we give a definition of (ordinary)
least-squares regression (OLS) that enables us to approach our problems. First, the re-
sponse we consider is a nonlinear transformation of the paths of the Markov chain X
and the Malliavin weights H. We are able to simulate observations and responses (ac-
tive learning) and we know the nonlinear function; what is unknown is the regression
function, that is, the conditional expectation. Therefore, OLS is defined in a way that
easily enables path-dependence and joint laws by defining the path of the Markov chain
and Malliavin weights as a single random variable, X', with law v. Secondly, since we
are in a dynamical setting, least-squares regressions will be computed using independent
clouds of simulations on each point of the time-grid. This causes a dependence on an ad-
ditional source of randomness in the observations, namely the cloud of simulations from
the preceding computations. Therefore, OLS is defined to depend on two probability
spaces: one for the preceding clouds (Q, F, P), and one for the current cloud distribution
(R, B(RY),v). Finally, we will make use of both general probability measures (associated
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to the joint-law of the Markov chain and Malliavin weights) and empirical measures.
The use of simulations to generate the empirical measure creates dependency issues that
are avoided when using laws, whence we make two distinct definitions depending on
which measure is in use. We recall the general notation of [13], Section 4.1, for ordinary
least-squares regression problems.

Definition 3.2 (Ordinary least-squares regression). For 1,I'>1 and for proba-
bility spaces (0, F,P) and (R, B(R"),v), let S be a F @ B(R')-measurable RY -valued
function such that S(w,-) € La(B(RY),v) for P-a.e. w €, and K a linear vector subspace
of Ly(B(RY),v) spanned by deterministic R' -valued functions {px(-),k > 1}. The least-
squares approzimation of S in the space K with respect to v is the (P x v-a.e.) unique,
F @ B(RY)-measurable function S* given by

§*(wy) = arg juf /|¢(a:) — S(w,)Pr(da). (3.2)

We say that S* solves OLS(S,IC,v).

On the other hand, suppose that vy = ﬁ Z%:l Oxmy 1S a discrete probability measure
on (RY,B(RY)), where &, is the Dirac measure on x and XM xOQ S R are
i.i.d. random wvariables. For an F ® ﬁ(Rl)—measurable RY -valued function S such that
|S(w, X (w))| < oo for any m and P-a.e. w € Q, the least-squares approzimation of S
in the space K with respect to vy is the (P-a.e.) unique, F @ B(R')-measurable function
S* given by

M
8wy = arg Juf. 72 D 1AV (@) = S(a, A ) (3.3)
m=1

We say that S* solves OLS(S,K,vpr).

From (3.1), the MWDP (1.1) can be reformulated in terms of Definition 3.2: taking

for ICgll) any dense subset in the RY -valued functions belonging to Ly (B(R?),Po (X;)~1),
for each i € {0,...,N — 1},

yi(+) solves OLS(Sy,i(g(i)),ngl),l/i),
N—1

for Syi(x) = ®(xn) + Y fr(@r o1 (@rs1), 25 () A,

O i @ (34)
zi(+) solves OLS(Sz;(h" ,g(l)),lCi Vi),
N-—1
for Sz;(h™,x) := ®(zx)hy + > fe(@e v (zren), ze(en)) i Ag,
k=i+1
vii=Po(H ... .HY, X;,..., Xn) ",
(3.5)

xD = (2;,...,25) € RHN T

b = (hiy1,..., hn) € (R)HV
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However, the above least-squares regressions encounter two computational problems:

(CP1) Ly(B(R?),Po (X;)~!) is usually infinite dimensional;
(CP2) the integrals of the OLS in (3.4) are presumably computed using the un-
tractable law of

HD,,. . HY X;,... Xy).

+1

Therefore, the functions y;(-) and z;(-) are to be approximated on finite-dimensional
function spaces with the sample-based empirical version of the law, as described in the
next subsection.

3.2. Algorithm

The first computational problem (CP1) is handled using a pre-selected finite-dimensional
vector spaces.

Definition 3.3 (Finite-dimensional approximation spaces). For i€ {0,....N —
1}, we are given two finite functional linear spaces of dimension Ky ; and Kz ;

Kyi:= span{pg/l’)i, ... ,pg,lzy’i)}, for pgfz ‘R SR s.t. E[|p§f2(Xl)|2] < 400,
Kzi=span{py),....p57" Y, forp):RY = (RY) " s.t. E[lply)(X:)]%] < +oc.

The function y;(-) (resp., zi(-)) will be approzimated in the linear space Ky,; (resp., Kz, ).
The best approximation errors are defined by

op.i3= [yt EI6C) 5 X €= [, Il B — (X0

The second computational problem (CP2) is solved using the empirical measure built
from independent simulations with distribution v;. The number of simulations is large
enough to avoid having under-determined systems of equations to solve.

Definition 3.4 (Simulations and empirical measures). For i € {0,...,N — 1},
generate M; > Ky,; V Kz ; independent copies C; := {(H(“m),X("vm)): m=1,...,M;}
of (H®, X®) .= (Hvz(-?ly . ..,H](G),Xi, ...y XN): C; forms a cloud of simulations used for
the regression at time i. Denote by v; pr the empirical probability measure of the C;-
simulations, that is,

1

Vi M = M Z 5(H’Ei;n)7.“7H](\’]i.7n)7X/§'i,7n)7“.7X1(\?.7n)). (3.6)
m=1

Furthermore, we assume that the clouds of simulations (C;: 0 <1i < N) are inde-

pendently generated. All these random wvariables are defined on a probability space
(QUMD) | F(M) p(M)),
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Observe that allowing time-dependency in the number of simulations M; and in the
vector spaces Ky,; and Kz ; is coherent with our setting of time-dependent local Lipschitz
driver.

Denoting by (€, F,P) the probability space supporting (H©) ..., HN=1 X), which
serves as a generic element for the clouds of simulations, the full probability space used
to analyze our algorithm is the product space (Q, F,P) = (Q, F,P) @ (QM) | F(M) p(M)),
By a slight abuse of notation, we write P (resp., E) to mean P (resp., E) from now on.

In what follows, extensive use will be made of conditioning on the clouds of simulations.
This is much in the spirit of the proof of [13], Theorem 4.11, and the arguments are based
on the following definition of o-algebras.

Definition 3.5. Define the o-algebras

F .= 0(Cit1,...,Cn-1), FM) . ]:7:(*) Vv U(Xi(i’m): 1 <m < M;).

For every i €{0,..., N — 1}, let EM[] (resp., PM ) with respect to ]:i(M)

We now come to the definition of the MWLS algorithm: this is merely the finite-
dimensional version of (3.4) plus a soft truncation of the solutions using the truncation
function 7.(-) (defined in Section 1.3).

Definition 3.6 (MWLS algorithm). Set y(M)() :=®(-). For each i =N —1,N —

(M

2,...,0, set the random functions vy,

i )() and zi(M)(-) recursively as follows.

1. First, define zi(M)(-) = Tcz(w(zﬂ/f)()) where C, ; is the almost sure bound of Corol-
lary 2.6 and where

(Z]jf) (+) solves OLS(S(Z{\? (h(i) , g(i)), Kz, Vi)

N-1
for 8PP (D x) = @(an)hn + Y fulwn, yii (wren), 26 (@) A,
k=i+1
. (3.7)
where h(l),g(i),yi,M are defined in (3.5) and (3.6).
2. Second and similarly, define ng)(-) =Tc,.( g,kf)()) where
g,kf)() solves OLS(S}(,AjI)(_ l)),/CY“I/l M)
Nl (3.8)
for S)(/Af (x® )+ Ii( a:k,ykﬂ (Trg1), (M)(a?k))Ak-
k=i

Before performing the error analysis, we state the following uniform (resp., con-
ditional variance) bounds on the functions Sl(,]\;[)() (resp., the [lth coordinate of

S(ZI)ZI)(H(i’m), X @m)y for each m and [). These bounds are used repeatedly in Section 3.3
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in conjunction with Proposition 3.11 in order to obtain estimates on the conditional
variance of the regressions. The proof is postponed to Appendix A.2.

Lemma 3.7. For all i € {0,...,N — 1}, there are finite constants Cy; >0 and C,; >0
such that

ISP (x| < Cyay v,

va{l,,Mz}

ZZ’

ZVar (S (H ), x @)y | 7] < ¢
=1

We can write a precise time-dependency of the constants C_’W and C_'zﬂ;:
C'yﬂ‘ = Clcg + CQCf(T — ti)g,

: (3.9)
0271' = CgC&(T — ti)*l/Q 4 C4Cf(T _ ti)0cfl/27

where (¢;)1<;<a depend only on (Lf,CM,q,Cél),CgSQ),C 2 0(2 ,C: (3) T, R,01,,0.) (com-
puted explicitely in the proof).

The above time-dependency is to be used to derive convergence rates for the complexity
analysis.

3. Main result: Error analysis
We precise the random norms used to quantify the error of MWLS.

Definition 3.8. Let ¢: QM) xR %R or (RY) T be FM) @ B(RY)-measurable. For each
i€{0,...,N — 1}, define the random norms

M’.

2 _ 1 - i,m)y 2

ol = [ oo XM a0) lollarim g Dol
"' m=1

The accuracy of the MWLS algorithm is measured as follows:

EV, M) = EI O -0 2] EZ M0 = EN=00) - 2012 .

M 2 M 2
VM) = Ey () =02 0), M0 = ENCD () — 212 .

In our analysis, we will have to switch from errors in true measure E(:--) to errors in

empirical measure E(---), and vice-versa: this is not trivial since (yEM)( ), Z(M)(-)) and

the empirical norm || - ||;,as depend on the same sample. However, the switch can be
performed using concentration-of-measure estimates uniformly on a class of functions
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[15], Chapter 9. We directly state the ready-to-use result, which is a straightforward
adaptation of [13], Proposition 4.10, to our context.

Proposition 3.9. Recall Definition 3.3 and the constants Cy; (resp., Cs ;) from Corol-
lary 2.6, and define the interdependence errors

v 2028(Ky.; + 1)log(3M;)
gDep i qu M. ?

z 2028(Kz,; + 1)qlog(3M;)
gDep g Cz,i M .

For each i€ {0,...,N — 1}, we have

E(Y,M,i) <V2E(Y, M,i)+ &by iv E(Z,M,i) <V2E(Z,M,i) + Efep -

The aim is to determine a rate of convergence for (Y, M, k) := (E[||yx — y£1||i7M])1/2
and E(Z, M, k) := (E[||z — ,z,]ﬂ‘/[Hi’M])l/2 using the local error terms (£(k))y defined below.

Theorem 3.10 (Global error of the MWLS algorithm). For 0 <k <N —1, define

Y, k41

- | K
g(k) = ngp.,k-l—l + Cy7k;+1 m + gApp k
(3.10)
Cor | 25 1 (e, £
+ 2,k M + f( Depk+1+ Dep,)
For every k€ {0,...,N —1},
-1 .
M2 1/2 Yy A Ky (M) OAY

Elllye —vr lxa) "™ < Eappoie + Cu M, +Cy jgk mv (3.11)

1/2 ~ Kz,

Elll2, = 2 Npa) " < E e+ Cany | 52
(3.12)

A
C(M) ( ) J ,

where, recalling the constant C(2 3) from Lemma 2.3 (with a =0, =%, v {3,1} and

C, = Li(v2Cy +4VT)),
CM) = 24 4LCy) 3 (1+ By, ;o1 T/ (Car +2VT)),

CM = Cas + V20M LyClY/3) (1 + Bo, 2.1 /sT%/*(Cos +2VT)).
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Discussion. Observe that owing to Proposition 3.9, similar estimates (with modified
constants) are valid for E(Y, M, k) = (E[||lyr — y{yHim])l/Q and E(Z, M, k) = (E[||zr —
zfyﬂim])l/? The global error (3.11)—(3.12) is a weighted time-average of three different
erTors.

(1) The contributions Erpp.,. are the best approximation errors using the vector spaces
of functions: this accuracy is achieved asymptotically with an infinite number of simula-
tions (take My — 400 in our estimates).

(2) The contributions 4/ % are the usual statistical error terms: the larger the number

of simulations or the smaller the dimensions of the vector spaces, the better the estimation
error.

(3) The contributions &, . are related to the interdependencies between regressions
at different times. This is intrinsic to the dynamic programming equation with N nested
empirical regressions.

However, due to Proposition 3.9, the latter contributions are of same magnitude as the
statistical error terms (up to logarithmic factors). Therefore roughly speaking, the global
error is of order of the best approximation errors plus the statistical errors, as if there
were a single regression problem [15], Theorem 11.1. In this sense, these error bounds are
optimal: it is not possible to improve the above estimates with respect to the convergence
rates (but only possibly with respect to the constants). An optimal tuning of parameters
is proposed in Section 3.5.

In comparison to [13], where a different Monte Carlo regression scheme is analyzed, the
upper bound for the global error has a similar shape, but with two important differences.

e Norm on Z.In [13], one uses the time averaged squared Lo-norm Y, E[|| - [|7 ,/]A; to
estimate the error in Z, whereas here the norm used is time-wise. This leads to more
informative error bounds. This is an advantage of the discrete BSDE with Malliavin
weights against the MDP of [13].

e Time-dependency. The MWDP yields better estimates on y(-) and z(-) w.r.t. time
in the local error estimates, which allows better parameters tuning and therefore
better convergence rates (see Section 3.5).

3.4. Proof of Theorem 3.10

8.4.1. Preliminary results

The following proposition lists standard tools from the theory of regression. They will
be used repeatedly in the proof of Theorem 3.10. This proposition was also used in
[13], and we refer the reader to that paper for the proof. The two first properties are of
deterministic nature, the two last are probabilistic. Item (iv) is stated in high generality;
this readily allows its further use in other regression-based Monte Carlo algorithms.

Proposition 3.11 ([13], Proposition 4.12). With the notation of Definition 3.2, sup-
pose that K is finite-dimensional and spanned by the functions {p1(-),...,px(-)}. Let S*
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solve OLS(S,IC,v) (resp., OLS(S,K,var)), according to (3.2) (resp., (3.3)). The follow-
ing properties are satisfied:

(i) Linearity: the mapping S+~ S* is linear.

(ii) Stability property: ||S*||lL,Brt),u) < 1SlLoBRY) 1), wWhere p=v (resp., p=uvar).

(iii) Conditional expectation solution: in the case of the discrete probability measure
v, assume additionally that the sub-c-algebra Q C F is such that (p;(X™M),... p;j (X))
is Q-measurable for every j € {1,...,K}. Setting Sq(X(™) :=E[S(X(™) | Q] for each
me{l,...,M}, then I~E[S* | Q] solves OLS(Sqo, K, vr).

(iv) Bounded conditional wvariance: in the case of the discrete probability mea-
sure vy, suppose that S(w,x) is G @ B(R!)-measurable, for G C F independent of
o(XW . XD there exists a Borel measurable function g:R' — £, for some BEu-
clidean space &, such that the random variables {pj(X(m)): m=1,....M,j=1,..., K}
are H:=o(g(X"™): m=1,..., M)-measurable, and there is a finite constant o> > 0 that
uniformly bounds the conditional variances E[|S(X (™)) —E(S(X™) |GV H)]? |GV H] <
0% P-a.s. and for all m € {1,...,M}. Then

i = K
B[5*() = EIS*() | GV HlLys(e) wan) |9V HI 0P

Intermediate processes and local error terms. Another technique we borrow from [13] is
to introduce intermediate, fictional regressions based on the true solutions: one replaces
the full Lo space for the approximation space and the true measure for the empirical
measure in (3.4).

For each k € {0,...,N — 1}, recall the functions Sy (x®) and Sz ;(h™,x®) from
(3.4), the linear spaces Ky and Kz from Definition 3.3, and the empirical measure
v v from (3.6), and set

Yy r(-) solves OLS(Syr(x), Ky k, vk,
Yz k(-) solves OLS(SZ,k(h(i),X(i)),’Cz,k,Vk,M)-

Note that these regressions are not numerically accessible, because they require knowl-
edge of the true solution to be applied. After a series of conditioning arguments, based on
Lemma 3.12 below, the fictional regressions will eventually allow the use of the stability
estimates of Section 2.2, and (after a somewhat complex application of the Gronwall
inequalities of Section 2.1) this will yield final result.

From Lemma 3.1 and our Markovian assumptions, observe that

(EM [Syp(X B EM S 50 (HE™, X Em]) = (4 (X ™), 2. (X ™))

for each m € {1,..., My} where (yx(-),zx(:)) are the unknown functions defined in (3.1).
Proposition 3.11(iii) implies the first statement of the following lemma. The second state-
ment results from a direct interchange of inf and E, and from the identical distribution
of (X,gk’m)) for all m.
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Lemma 3.12. For each k€{0,...,N —1},

E{y[z/}y,k(-)] solves  OLS(yx (), Ky i Vi, 01),
E%[¢Z,k(-)] solves  OLS(zi(+), Kzk, Vi, 0)-

In addition, recalling the local error terms EKpp"k and Sfpp.,k from Definition 3.5,

EJIEY Wy = N2 =E[ inf [160) = 0Ol ae] < (EXpp.t)’s
ENEY [ ()] = 5Ol arl =B, inf 100) = 50l ar] < (i)™

8.4.2. Proof of Theorem 3.10

Step 1: decomposition of the error on Y. Recall the soft truncation function 77, (x) :=
(=LVaxiAL,...,—LVx, ANL) for x € R™. From the almost sure bounds of Corollary 2.6,

Tc, « (Yx) = yx- Then, the Lipschitz continuity of 7¢, , yields |lyx(-) — y,(CM)(-)Hk,M is less

than or equal to ||yx(-) — wg,l_\i) ()||%,a - Using the triangle inequality for the | - ||, ar-norm,
it follows that /

() = 9" Ollns

(3.13)
<y () = EM Wyl ar + IEM [y ()] = 980 Ol

Because S}(,Ai)() depends on z,(CM)(-) computed with the same cloud of simulations Cj

as that used to define the OLS solution wg,l\/,?(-), it raises some interdependency issues
that we solve by making a small perturbation to the intermediate processes as follows
(compare with (3.4) and (3.8)): for x*¥) = (2y,...,2x), define

N—-1
SV (™) = @(an) + fulwn, vy (rsn), 2 (@) Ak + Y Ffilwn gl @ien), 20 (20)) A,
i=k+1

1;§/Mk)() solves OLS(Sl(/A;CI( Y, Ky by Viet)-

This perturbation is not needed for the Z-component, because S (M (h(k) x(k)) depends
only on the subsequent clouds of simulations {C;,j >k +1}. Applymg the Lo-norm |- |2,
the triangle inequality in (3.13), and the first part of Lemma 3.12 yields

E(Y, M, k) < EXop i + NEM DD () = Dyl a2
F PP ) = EMDEY Ol el (3.14)

+|||¢<M><> S Ol aglo-

Let us handle each term in the above inequality separately.
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> Term [[|EY[$44) () — by ()] llk,ar |2 Set
. i .
& (@) = E(SUD(XE) — Sy (X W) | X = o, FOD),

Recalling that 5’3(/]\? (x*)) — Sy 1 (x*)) is built only using the clouds {C;,j >k + 1}, it
follows from Lemma 3.1 that EM [gl(/Mk) (X Bm)) — Sy (X Fm))] s equal to é;}k(X(k’m))
for every m € {1, ..., My }. Then, using Proposition 3.11(i) and (iii), E}[ (M)( )=y k()]
solves OLS(gi",?k(-),le’k, v, ). By Proposition 3.11(ii),

E[IEY (5% () = ¥ve Ol ar) < EUER RO 0] = EIE 4 (X)),

where the final equality follows from the fact that é;k( -) is generated only using the

simulations in the clouds {C;: j >k} and {X, X (k 1 ..,Xlgk’M"')} are identically dis-
tributed. Defining

& u(@) = EISP) (X D) — Sy (XB) | XM = 2, FON], (3.15)
the triangle inequality yields

165 1 (Xn)ly < 18P (XR) — S (X W), + (€5 1 (X,

< Xy (), 2 (X)) = Fr (X ySN (X)), 2 (X)) o A

+ 1€y 1 (Xk)l2
LfAk

< izt G MR I (Xl

> Term |||¢(M)() EMW(M)( M, azl2. Since g)(/Mk)() depends only on the clouds
{Cj,j > k+ 1} and is bounded from above by Cy (like S}(,%)(-), see Lemma 3.7), it
follows from Proposition 3.11(iv) that |||1;§%)() —EM [i@Mk)()]Hka is bounded from
above by Cy ;\/Ky,k/Mj. This is similar to the statistical error term in usual regression

theory.
> Term |[[d4°) () — 37 ()[kar]2. Owing to Proposition 3.11(i) and (ii), |03} () -

g,l\;?( )||k s is bounded from above by ||S(M)( ) — S%)()IliM, which equals

A2

km k,m k,m k,m k,m k,m
MkZIf L) 20 () = ey (), s ()

’ k+1 k+1

L2A2 ) zk() — 28 )12
- (T—tk)l_eL
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Collecting the bounds on the three terms, substituting them into (3.14) and applying
Proposition 3.9 yields

| Ky

5(YM k) <€App k+|£Yk(Xk)|2+Cyk Mk
+ Lf—A]l

(T — ty) /2 0/2

(3.16)
{Q+V2)E(Z, M, k) + EE., 1.}

Step 2: decomposition of the error on Z. Analogously to (3.14), one obtains the upper
bound
E(Z, M. k) < L s+ NEX WEY () = 0z Ol

atls F DG~ EM S Ol arlo-

Since S(Z])i) (-) depends only on the clouds {C;,j > k+ 1} and the F, éM)—conditional vari-
ance of S(M) (H®m) X (km)) is bounded from above by C2 . for all m (see Lemma 3.7),
it follows from Proposition 3.11(iv) that |||1/J(M)( ) —EM]| (ZNQ()H i

above by C’z7k\/KZ7k/ k- Defining

& x(2) =E[SYDHW, XP) — 5, (H®, x®) | X =, FOD], (3.17)

|2 is bounded from

it follows that EM [1#(2%)() —Pz,k ()] solves OLS(E7 ;. (+), Kz ks vk, nr). Therefore,

KZk

E(Z,M,k) < EXpp ik +1E56(Xi)|o + Can L

(3.18)

Step 3: error propagation and a priori estimates. Observe that (&5, (Xk),&7 1. (Xk))
defined in (3.15), (3.17) solves a MWDP with terminal condition 0 and driver
fer i (:2) = Fe(Xiyi ) (Xin) 20" (X)) = fo(Xi yisr (Xier), 26(Xi)). - Applying
Proposition 2.5 with (Y2, Z5) =0 (so that Ly, =0) and using the Lipschitz continuity of
£3(-) yields

e YM]+1)+€(Z M, j)
= fZ —t,)1/2-0:2 Aj,

1€y (X )5

M

N-1 & . & .
EY,M,j+1)+&(Z,M,j)

€50 (Xp)ly <CuLyp Y - e D9

Z.k 2 fj:kJrl (T — t;)1/2=00/2 /T — 1, J

Next, introducing the notation ©; :=E(Y, M, j+ 1)+ E(Z, M, j) and applying Proposi-
tion 3.9, it follows that

N-1

65 1 (Xi)ly < V2L Y
j=k

NZ gDep j+1+gDep j)AJ

1/2 0,/2

SIAY]
(T — 75],)1/2—(9L/2

=k
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N-1 O
1€5.1(Xk)lo < V20w Ly S
Zk 2 jzk—:i_l tj)1/279L/2\/tj_—tk

= (gDer) j+1+gDep j)AJ

+CumLy Z (T — ) 202 T, — 1y,

Jj=k+1

Substituting the above into (3.16) and (3.18), and merging together the terms in Z, it
follows that

N-1 Y Z
- K (& +& A,
Y Y.k Dep.,j+1 Dep.,j J
ey, Z\/.l,k)ggApquwLCyM/—Mk +2Ly E (T —£;)1770/2

j=k
N-1
+4Ly Z 1/2 0./2
=k
! N (3.19)
-1
- [ K E(A,;
Y Y.k J j
< Eapp.k T Oy 3, —|—2j:Zk —(T_tj)1/2—oL/2
N-1
ejAJ
+4Ly Z (T — )1/2 0r,/2’
j=k
1 .
Kz LAY
E(Z, M, k) < EZ C.. =4+ C
( ) App.k T Czk M, + Mj — (T — t;)\/2=0L /2 Jt; — 8,
(3.20)
SHAY
+V2C0M Ly Z

120 2 [F.—
Jk+1 /L/t t

Step 4: final estimates. Now, summing (3.20) and (3.19), one obtains an estimate for
@k:

Ok < E(k)+ (Cyr +2VT) Nif E(A;
) j=k+1 (T — t5)V/2=00/2 fE—T),
5~ 0,4,

+ Li(V2Cy +4VT) .
j§1 (T — )20 /2 T =Tk

Thus, using Lemmas 2. 2 and 2.3 with a =0, 8= 2 , Cy = Lf(\/_CM +4VT), wy

E(k)+(Cpr +2VT) EJ k1 T )1/52(J9)LA/2\/t , we can control weighted sums 1nv01v1ng

(Ok)k using weighted sums of (wy, )k, which is exactly what we need to complete the upper
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bounds (3.19)-(3.20) for £(Y, M, k) and £(Z, M, k). Namely, let v > 0:

N-1

3 WA
(T — )20 /2ty — b))t =

j=k+1
N—1 .
> A (T _ tj)1/2—0L/2(tj _ tk)177
N-1 -1
E()A, A;
+ (Car +2VT) j
l:EkJ:rz (T _ tl)l/z—eL/Q Pt (tl _ tj)l—aL/Q(tj _ tk)l_'y
N—1
E()A,
S (1 +BGL/27’YT9L/2(C]W + Qﬁ)) Z (T ¢ )1/279L/2(t —¢ )1777
I=k+1 . 1=t
where we have applied Lemma 2.1. Thus,
j=k+1 (T —tj)1/27002(t; — )=y
N—-1
00) 0L/2 EA,
<Cio.3) (Lt Bow oo T (Cu + 2VT) ) s a5y
I=k+1 :

and plugging the above inequality into (3.19) and (3.20) yields (3.11) and (3.12).

3.5. Complexity analysis

As usual in empirical regression theory, appropriately tuning numerical paramaters is
crucial for finding the right trade-off between statistical errors and estimation errors.
This analysis allows to express the error magnitude as a function of computational work
(complexity analysis). We discuss the complexity in different cases according to the
regularity of the value functions (y;(+),2;(-)) and the choice of the grid w. In order to
have a fair comparison with other numerical schemes, we revisit the setting of [13],
Section 4.4, which we partly recall for completeness, and extend the analysis to include
more general settings.

e We perform an asymptotic complexity analysis as the number N of grid times goes
to +00. We are concerned with time-dependent bounds: thus in the following, the
order convention, O(-) or o(-), is uniform in ;.

e The grids under consideration are of the form (=) .= {t; =T — T(1 — £)'/%=} for
0 € (0,1] (inspired by [9, 11]). Observe that their time-step A, is not-increasing in
i, hence they all satisfy (Ap)(iil) with the same parameter R, = 1.
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e The magnitude of the final accuracy is denoted by N ~fenv for some parame-

ter Ocony > 0. This is usually related to time-discretization errors between the
continuous-time BSDE and the discrete-time one, 0.on, may range from 07 (for
non-smooth data [11], Theorem 1.1) to 1 (in the case of smooth data [10], Theorems
7 and 8).

The approximation spaces are given by local polynomials of degree n (n > 0) defined
on hypercubes with edge length § > 0, covering the set [~ R, R]? (R > 0): we denote it
by Pi=%%. The functions in P[=>" take values in R for the y-component and in (R?)T
for z (using local polynomials component-wise), but we omit this in the notation.
The best-approximation errors are easily controlled (using the Taylor formula):

inf (X)) = u(X)]y < [uoo (P(|Xiloo > B)Y? + o[ D" 1uf 0™+ (3.21)
peP>

loc.

for any function u that is bounded, n + 1-times continuously differentiable with
bounded derivatives, and where the constant ¢, does not depend on (R,u,d). The
dimension of the vector space Pfj"c‘sfp” is bounded by ¢,(2R/5)? where ¢, is the
number of polynomials on each hypercube (it depends on d and n).

A significant computational advantage of local polynomial basis is that the cost of
computing the regression coefficients associated to a sample of size M > dim(Pf;’ffR)
is O(M) flops. The cost of the regression in the Ith hypercube is of order M ") x &
using SVD least squares minimization [14], Chapter 5, where M () is the number of
simulations that land in the hypercube. Therefore, the total cost of the regressions
at any time-point is of order &2 3>, M) =& M = O(M).

On the other hand, the cost of generating the clouds of simulations and
computing the simulated functionals (Sl(,{\;[) (X m))y, S(ng) (Hm) Xm0 s
O(Zi]if)l N M;), which is clearly dominant in the computational cost C of the MWLS
algorithm. To summarize, the computational cost is

C:O<NX_:1NM7;>.

i=0

Another advantage of the local polynomial basis is that there is substantial potential
for parallel computing.

To make the tail contributions (outside [~ R, R]?) small enough, we assume that X;
has exponential moments (uniformly in i), that is, sup s, supg<;<y E(eM¥il=) <
400 for some A > 0, so that the choice R := 2900nv)\_115g(N —l—_l)_ is sufficient to
ensure (P(|Xi|oo > R))Y/? = O(N~Feconv).

To simplify the discussion, we assume 0, =6, =1.

Smooth functions

Assume that y;(-), zi(-) are, respectively, of class C; ™! (R4, R) and C}(R?, (R?)T) (bounded
with bounded derivatives) for some I € N\ {0}: this is similar to the discussion of [13],
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Section 4.4. In fact, this is usually valid for the continuous-time limit (a priori estimates on
the semi-linear PDE, see [6, 7]) provided that the data are smooth enough. In particular,
we may assume (Ay) with ¢ = 1. This leads to time-uniform bounds on the quantities
Cy,iv Cz,iv Cy,i; \% T— tzczv

Set

Oy i= N—9couv/(l+1)’ 8,4:= N_econv/l’ M; := (log(N + :l))dJrlJ\[9com;(2-i-(i/l)7

1,644, 1-1,6:,R
take Ky ; := P> R and Kzi=Pg.

the inequality (3.21), it is easy to check that

. From Proposition 3.9, Theorem 3.10 and

70COIIV —_ 7900[)\'
EKpp.,i = O(N )a ggep.,i - O(N )a

_ Ky
Gy Xt — ot/ Tog (W T)),
M;
ggpp, i O(N econv)’ gDZep.’i = O(NiOCOnv)v
_ K,
C.i ﬁ:(T 1)~ 1/20(N <o /\/Tog(N 1))

Consequently, using Lemma 2.1, we finally obtain
2 1/2 _
(E[”yl_yiw”l’M]) / :O(N 9couv),

(Elllzi — 217 )" = O(NV = >(1+ 10guv+1>)'

For any time-grid = = n(%"), we get supO<l<NE[||yl — yM|? M] + ZN A, Ell|zi —

212 y] = O(N %) The computational cost is C = O(log(N + 1)4+1 NOeonv(24d/+2)
Ignoring the logarithmic factors, we obtain a final accuracy in terms of the computational
cost:

C—1/((24+d/D)+2/0conv)

It should be compared with the rate C—1/((2+d/D+3/0conv) wwhich is valid for the Least
Squares Multi-step forward Dynamical Programming algorithm (LSMDP) [13]. This
shows an improvement on the rate, although there is no change in the dependence on
dimension. The ratio d/I is the usual balance between dimension and smoothness, arising
when approximating a multi-dimensional function. The controls of MWLS are stated in
stronger norms than the controls of LSMDP, and despite that, the estimates improve.
The convergence improvement is due to better MWDP-intrinsic estimates on Z, which
avoid the 1/A;-factor of the LSMDP. This results in better local error bounds, whence
better global estimates. The reader can easily check that this happens already in the
simple case with null driver.
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Hoélder terminal condition

We investigate the case of non-smooth terminal condition, where nevertheless there
is a smoothing effect of the conditional expectation yielding smooth value functions
(yi(+), zi(+)). Namely, assume that ® is bounded and fg-Hdolder continuous (in particular
with (Ag)), and that, for all i, the function y;(-) (vesp., 2(-)) is (I + 1)-times (resp.,
[-times) continuously differentiable with highest derivatives bounded by

IDe il SO =)@ =D2 [ Dizi| o < O(T — ) e~ D20 (3.22)

These qualitative assumptions are related to the works of [6, 7], who have determined
similar estimates for the gradients of quasi-linear PDEs under quite general conditions
on the driver, terminal condition and differential operator. Their estimates cover the case
1 =0 ([7], Theorem 2.1) or 6 =0 and [ > 1 ([6], Theorem 1.4), but the Holder continuous
setting with high order derivatives is not investigated. We therefore extrapolate these
results in the assumptions (3.22) for the purposes of this discussion.

In this setting, we have time-uniform bounds on the quantities Cy, ;, (T'—t;)(1=%¢)/2C, ;,

C_'yﬂ', \/T — tic_'zﬂ'. Set
5y,i — /T — tiJ\[—G(-,onv/(l—i-l)7 5271. — /T — tiN—9mm,/l’

M; := (log(N + 1))d+1Noconv(2+d/z)(T )2,
take Ky, 1= Pyor™™ and Kz, = Pl 0"
(3.21), we eventually obtain

. Similarly to before, using in particular

ngp,’i = O(N_econv)’ Egep"i = O(]\f_econv)7

= Ky _
Cyin| 7 = o(N = /\/log (N +1)),

Ef i = (T — 1) Pr " DRO(N o) E8 = (T —1,) P2 DI2O(N o),
= Kz, _ _
C..q ﬁ:(T—ti) 12Q(N e /\/log(N +1)).

Consequently, using Lemma 2.1, we finally obtain

(Ellly: — yiM||i]V[])1/2 — O(N~eonv),

—t.)"1/2
(Ells — 22D = O (7 = e oo G ),

V0og(N +1)

The computation cost is given by (under the assumption 7 = 7(?=))

N-1 . i N-1 i\ ~/(26)
_ | = 14+0cony (2+d/1 v
c_o<z NMl> O((log(N +1))""'N )y (1 N) .

i=0 =0
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Up to possibly a log(N)-factor, the last sum is O(N% (29=)V1) Tgnoring the logarithmic
factors, we obtain C = O(N'+4/(20x)Vi+becony(2+d/1))  Equivalently, as a function of the
computational cost, the convergence rate of the final accuracy equals

Cfl/((2+d/l)+1/9com,(1+d/(207,)\/1)).

Following [11] (under suitable assumptions), two time-grid choices are possible for solving
the same BSDE.

e The uniform grid 7 = 71 gives Ocony = O /2 (at least). The convergence order
becomes (24§ + = (1+ 4V 1))~h

e The grid 7 =7 (for 6 < 0g) gives Oeony = 1/2. Taking 0 1 04, the convergence order
is (24 ¢+ 7= (0o + 2 Vo))"

The grid 7(® exhibits a better convergence rate compared to the uniform grid. This
corroborates the interest in time grids that are well adapted to the regularity of the
data. These features will be investigated in subsequent more experimental works.

Appendix
A.1. Proof of Lemmas 2.1, 2.2 and 2.3

A.1.1. Proof of Lemma 2.1

The first inequality, for o < 1, follows by bounding the sum by f:,k (t), —t)*~1dt, whence
By,1 =1/a. The case a > 1 is obvious with B, 1 = 1. For the second inequality, there are
two main cases:

> If « >1 and 3 > 1, the advertised inequality is obvious with B, 3= 1.

> Now, assume the complementary case, that is, @ <1 and/or 8 < 1, and first
consider the case t; =0 and t;, = 1. We set ¢(s) = (1 —5)* s~ and we use the integral
fol ©(s)ds (equivalent to the usual beta function with parameters («, 3)) to bound the
sum. A simple but useful property (due to a <1 and/or 8 < 1) is that ¢ is either
monotone or has a unique minimum on (0, 1), whence

tj L+t
(1-— tj)o‘_ltf_lAj < RW/ p(s)ds +/ p(s)ds.

tj—1 t;

Summing up over j and defining B, g = (1 + R;) fol ©(s)ds concludes the proof for the
simple case. For general ¢; and ), one can use the bounds on the simple case by rearranging
the j-sum which is equal to

k—1
t
th— )"y (12
(tk —ti) ( ;

j=it1 L

-1 B—1
—t\" [t —t; A, N
< Ba gty — ;)AL
) (tk—ti ot = Baslle—t)
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A.1.2. Proof of Lemma 2.2

If > %, the result trivially holds with C(2.2a) =1 and C(2_2b) =C, T2,
Now, assume a < 3: if (2.1) holds, of course we also have

N—-1
wi A\ AN

uj < wj + E 172 +Cy E .
_ B _ 1/2—a _ 1/2— _+.\1/2—«
= j+1 tl / (tl t ) / I=j+1 (T tl) / ﬂ(tl t]) /

(A1)

By substituting (A.1) into the last sum, and using Lemma 2.1 we observe

L T P (= )P

Z wi A\
B _J+1 T —t))1/2=B(t;, — t;)1/2—«
N S A AT )
I=j+1 _tl)1/2 B(tl—tj)l/Q*a

ro, Y E A AT = )25 (1, — )1/
— 2— N 2—«
I=j+1 t)Y/ ﬁ(tl t5)/
wlAl
N Z T —t)V/2=B(t — ¢, 1/2—a

N-1

wy Ay
+B()/+ﬂ 1/2—‘,—()/ Z 1/2
+B, ' _ —B(t. —¢:)1/2—2a—5
N—1
(TRYANS
+ CuBats,1/2+a Z (T —t,)1/2=B(t, —t;)1/2—2a=8"
r=j+2 r r 7

Substituting into (A.1), we observe that we have an equation of similar form to (A.1),
except that, in the sum involving u, a+— 2a+ 8 and C, — C?LBQ_H;J/HQ, and, in the
sum involving w, w i (1 4+ Cy,(14+ T B,y p1/240))w

After k iterations of the previous step, we obtain « > 2%(a + 8) — 8 =: a,. Hence,

for k sufficiently large so that «a, > %, that is, k > logQ(léf:rﬂﬂ), we obtain the bound

advertised in the lemma statement.
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A.1.3. Proof of Lemma 2.3

W.l.o.g. we can assume that C(2.2a) = 1in (2.2); if it is not, one can redefine w as C(2.2a)w.
We first prove the case v = 1. Define

® dr 2
— (1+28)/2

A
and write (j = (;; for brevity. We first multiply (2.2) by (Tjé%, then sum the out-
come equation over j € {i+1,..., N — 1}, and finally switch the order of summation on
the right-hand side as follows:

N ujecj
Z T )T
wjecj
< Z T )1p

Jj= z+1
i Z i Wi A /(T — 1) V2B (1 — 1;)1/2 )
(T —t;)1/2-F
j=i+1 J
e I— HluzAleCJA /(T —t;,)Y/2=5)
C2.20) D Fyi7p
j=i+1 J
V-l N-1
w;A; WA,
SeCT Ji"‘@ B(}+[31
j;;_%l (T —t;)1/2=F 121;2 T —))/2-B(t; — ;) B
-1 ¢
Z w A S A
22 —
b) —t) 1/2 B = (T_tj)l/Q B
= CZA
¢ a+8 wi\; we ;
SGT(]."_BQJF,B;IT )lz (T_tl 1/2 ﬁ+ Z _tl 1/2 ﬂ’
—it+1

where we have used (because ( is non-decreasing and < %)

eCJ t C(22b)e<b eCl
C2.2) Z 1/2 5 S/ T = 5)1/F ds§7.
j= z+1 tita
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By subtracting the term with factor =, the result for v =1 follows. Moreover, plugging
the result into (2.2), and returning to general C(2_2a), gives

N—-1
wlAl
U <Ca 3w +Ca3) D (T —ti)t /2B (t —t;)1 /2=
I=j+1 !

N-1 N
+CA3) Z (T —;)1/2-P
1=j+1

for a constant C 4 3, := 2C<2.2a)eCT(1 + Batp1T#). Now for the general case v > 0,
observe that, for any § > 0, one obtains by change of the order of summation that

Nz:l Y J+1 WA (T — )27 (1, — t;)1/29)
(T —t;)1/2=B(t; —t;)1-

j=it+1

(A.4)
wlA;
<Bﬂ+6'}’z _tl 1/2 ﬂ(tl_t)l B—6—~"
= 7+2
Thus, (A.3) yields
N—-1
3 ujAj
j=it1 (T — )20 (t; — i)'~
N-1
wiA;
S C A 1=
A% 2 T
N—-1
wi A\
* C(A 3)Bﬁ+a K Z — )28t — t;) Py
=i+ 2 )
N-1
wlAl
+ C(A.B)Bﬁ+1/2ﬁ Z (T _ tl)l/%ﬁ(tl _ ti)1/2fﬂfv
l=i+2

N—
wiA;
o+ 1/2+ J
SC(A.S)(l""Bﬂ-mﬁT B+Bﬂ+1/2,vT/ B E: s ﬁ(t — )
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A.2. Proof of Lemma 3.7

Using the bounds C,, ; and C ; on yz(M)(-) and zi(M)(-), respectively, one applies the local

Lipschitz continuity and boundedness properties of f; given in (Ag) to obtain the bound

(M) (M) Ly(Cyji1 +Csyj) Cy
|fj(xj7yj+1 (ijrl)’Zj (xJ))| S (T _Ut;)l/g_gL/é + (T_tj)l_gc' (A5)

Substituting this into the definition SQ;[) (x()) (see (3.8)), it follows from (Ap) that

N-1
(M), (0) Ly(Cyj+1 +Cz) Cy ,
1Sy, (x"))| < Ce + ]z:; ( (T —t;)1/2-0/2 + (T —t;)—b A;.

Substituting the value of C,, ; and C. ; given in equations (2.9) and (2.10), respectively,
using the crude bound |¢ — E;{|s; < C¢ and Lemma 2.1, we obtain the bound C,, ;, with
the form (3.9).

To obtain the bound C, ;, apply first the triangle inequality on the conditional standard
deviation of Sl(_AZ/I)i(H(i’m),X(i’m)); second use the bound (A.5) on the driver, and the
bound (Ag) to obtain

\/Var[Sl(’AZ/{)i(H(i,m%X(i,m)) |]:i(M)]

< GeCu Nzél Li(Cyjn1 +Csy) Oy SN
VTt (T —t;)1/2=0u/2 (T — )10 ) T =T

j=i+1

Then, the computation of C,; follows again from equations (2.9) and (2.10), and
Lemma 2.1. The form (3.9) is also derived. We skip details.
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