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Abstract

In this article, we propose a new numerical computation scheme for Markovian back-
ward stochastic differential equations (BSDEs) by connecting the semi-analytic short-term
approximation applied to each time interval, which has a very simple form to imple-
ment. We give the error analysis for BSDEs which have generators of quadratic growth
with respect to the control variables and bounded terminal conditions. Although the
scheme requires higher regularities than the standard method, one can avoid altogether
time-consuming Monte Carlo simulation and other numerical integrations for estimat-
ing conditional expectations at each space-time node. We provide numerical examples
of quadratic-growth (qg) BSDEs as well as standard Lipschitz BSDEs to illustrate the
proposed scheme and its empirical convergence rate.

Keywords : asymptotic expansion, discretization, quadratic-growth BSDEs, Lipschitz BS-
DEs, numerical scheme, BMO-martingales

1 Introduction

The research on backward stochastic differential equations (BSDEs) was initiated by Bismut
(1973) [8] for a linear case and followed by Pardoux & Peng (1990) [39] for general non-
linear setups. Since then, BSDEs have attracted strong interests among researchers and now
exists huge amount of literature. See for example, El Karoui et al. (1997) [22], El Karoui
& Mazliak (eds.) (1997) [21], Ma & Yong (2000) [35], Yong & Zhou (1999) [42], Cvitanié
& Zhang (2013) [19] and Delong (2013) [20] for excellent reviews and various applications,
and also Pardoux & Rascanu (2014) [40] for a recent thorough textbook for BSDEs in the
diffusion setup.

In the past decade, there has been significant progress of numerical computation meth-
ods for BSDEs. In particular, based on the so-called L?-regularity of the control variables
established by Zhang (2001, 2004) [48, 47], now standard backward Monte Carlo schemes
for Lipschitz BSDEs have been developed by Bouchard & Touzi (2004) [11], Gobet, Lemor
& Warin (2005) [28]. One can find many variants and extensions such as Bouchard & Elie

*All the contents expressed in this research are solely those of the author and do not represent any views
or opinions of any institutions. The authors are not responsible or liable in any manner for any losses and/or
damages caused by the use of any contents in this research.

TQuantitative Finance Course, Graduate School of Economics, The University of Tokyo.

tQuantitative Finance Course, Graduate School of Economics, The University of Tokyo.



(2008) [10] for BSDEs with jumps, Bouchard & Chassagneux (2008) [9] for reflected BSDEs,
and Chassagneux & Richou (2016) [15] for the system of reflected BSDEs arising from optimal
switching problems. Bender & Denk (2007) [4] proposed a forward scheme free from the lin-
early growing regression errors existing in the backward schemes; Bender & Steiner (2012) [5]
suggested a possible improvement of the scheme [28] by using martingale basis functions for
regressions; Crisan & Monolarakis (2014) [18] developed a second-order discretization using
the cubature method. A different scheme based on optimal quantization was developed by
Bally & Pages (2003) [6]. See Pages & Sagna (2015) [38] and references therein for its recent
developments. Recently, Chassagneux & Richou (2016) [14] extended the standard backward
scheme to quadratic-growth (qg) BSDEs with bounded terminal conditions.

Since the financial crisis in 2009, the importance of BSDEs in the financial industry has
grown significantly. This is because BSDEs have become almost unavoidable to understand
various valuation adjustments, such as CVA, FVA, KVA etc as well as the optimal risk
control under the new regulations. For market developments and related issues, see Brigo,
Morini & Pallavicini (2013) [13], Bianchetti & Morini (eds.) (2013) [7] and Crépey & Bielecki
(2014) [16]. Despite the above background, the practical use of BSDEs has not been so
widespread in the industry. This is partly because that the numerical cost required in the
standard Monte Carlo schemes becomes prohibitively high in a practical setup. In order
to mitigate the problem, a semi-analytic approximation was proposed by Fujii & Takahashi
(2012) [23] and justified in the Lipschitz case by Takahashi & Yamada (2015) [44]. An efficient
way of implementation using an interacting particle method by Fujii & Takahashi (2015) [25]
has been successfully applied to a large scale credit portfolio by Crépey & Song (2015) [17].
This is an asymptotic approximation around a linear driver motivated by the observation
that, for the financial applications, the non-linear part of the driver is typically proportional
to an interest rate spread and/or a default intensity which is, at most, of the order of a few
percentage points.

However, the non-linear effects may grow and cease to be perturbative when one deals
with longer maturities, higher volatilities, or general risk-sensitive control problems for highly
concave utility functions. For example, the quadratic-growth terms of the control variables
appearing in the exponential utility optimization may give rise to significant non-linearity
when the risk-averseness is high. Although one may try higher-order asymptotic expansions,
the required analytical calculation soon becomes intractable since one needs very lengthy
calculation for each model setup.

In this paper, we aim to achieve the advantages of both the standard Monte Carlo scheme,
in terms of generality and scalability, and also the semi-analytic approximation scheme, in
terms of the lesser numerical cost. In particular, we follow a discretized backward approxi-
mation similar to the one used in the standard scheme and replace time-consuming Monte
Carlo simulation estimating the conditional expectation by semi-analytic approximation at
each space-time node. For each short time interval, we shall see that a simple low-order
asymptotic expansion suffices to achieve necessary accuracy.! Although it requires higher
regularities, a smaller numerical burden allows us to adopt a finer time partition, which
would be too time-consuming in the standard Monte Carlo scheme. Furthermore, we do not
have to worry about an appropriate choice of basis functions for regressions, which is a quite
delicate problem as clearly explained in [5].

The organization of the paper is as follows: Section 2 explains some important properties

'Similar ideas have been applied to stochastic filtering by Fujii (2014) [24] and to European option pricing
by Takahashi & Yamada (2016) [45].



of BMO-martingales which prove to be indispensable tools for the following analysis; Section 3
the setup; Section 4 gives the time-discretization and investigates a sequence of qg-BSDEs
perturbed in the terminal values; Sections 5 and 6 study the short-term expansion which
provides a semi-analytic approximation to the sequence of qg-BSDEs; Section 7 summarizes
the computation scheme and gives our main result regarding the total error estimate based on
the analysis in the previous sections; Section 8 explains a possible way of implementation using
a sparse grid and discusses the sufficient conditions for the convergence; and finally Section 9
and 10 give numerical examples of qg-BSDEs as well as Lipschitz BSDEs, respectively, in
order to illustrate the empirical convergence rate of the proposed scheme.

2 Preliminaries

2.1 General setting

Throughout the paper, we fix the terminal time 7" > 0. We work on the filtered probability
space (2, F,F,P) carrying a d-dimensional independent standard Brownian motion W. F =
(Ft)iefo,r 1 the Brownian filtration satisfying the usual conditions augmented by the P-zero
sets.

2.2 Spaces and notation

We denote a generic positive constant by C, which may change line by line and it is sometimes
associated with several subscripts (such as Cj k) when there is a need to emphasize its
dependency on those parameters. ’75T denotes the set of all F-stopping times 7 : Q — [0, 7.
We denote the sup-norm of RF-valued function z : [0,T7] — R* k € N by the symbol
[|2]][a,p) == sup{ |z, t € [a,b]} and write [|z||; := [|z|[jp4

Let us introduce the following spaces for stochastic processes with p > 2 and k € N.

. 5[1; 1] (RF) is the set of RF-valued adapted processes X satisfying

1/p
IXllsy , = E[IX@)IE,] " <o

S

00
s,t

[ }(Rk) is the set of R¥-valued essentially bounded adapted processes X satisfying

< 0.

‘ oo

= H sup
rels,t

|1 X [s22

eI | | Xz

o 1P (R¥) is the set of RF-valued progressively measurable processes Z satisfying

5.4
to R H
1Z 1l ::E[(/S 12, | dr) ] <.

o KP[s,t] is the set of functions (Y, Z) in the space Sf ,(R) x H, (R1*4) with the norm
defined by

1/p
szmmmﬂ:(mﬂgﬂ+”m@&) |

We frequently omit the argument R* and subscript [s,t] when they are obvious from
the context. We use (@s,s € [O,T]) as a collective argument O := (Y5, Zs) to lighten the



notation. We use the following notation for partial derivatives with respect to x € R% such
that

0o = @ 0p0) = (g og)

and we use Jg = (0y, 0;) for the collective argument O.

When there is no confusion, we adopt the so-called Einstein convention assuming the
obvious summation of duplicate indexes (such as i € {1,--- ,d} of 2") without explicitly using
the summation symbol Y. For example, 0, ,;&(X7)0,X%50, X7 assumes the summation

about indexes ¢ and j so that it denotes szzl 8zi7xj§(XT)axX%axX%.

2.3 BMO-martingale and its properties

Let us introduce BMO-martingales, the associated 7—[23 mo-space and their properties which
play an important role in the following discussions.

Definition 2.1. A BMO-martingale M is a square integrable martingale with the initial
value My = 0 and satisfying

<00,

1M r0 = SI;QTHJE[<M>T — (M).|F]

TE ]y

‘OO

where the supremum is taken over all stopping times T € 76T.

We denote the space of BMO-martingales by BMO(P) when the probability measure P
needs to be emphasized.

Definition 2.2. ’HQBMO(R]“) is the set of R¥-valued progressively measurable processes Z
satisfying

< o0 .

’ [e.o]

T
1218z, = sup [|[E [/ rZSPds\fT]
TE’7BT T

Note that if Z € H%,,,(R*?), we have

. T
H/O Z.dW, E[/T yZS|2ds)fT]

and hence Z x« W is a BMO-martingale. The next result is well-known as energy inequality.

2
= sup
BMO TE%T

=121, <o,

’oo BMO

Lemma 2.1. Let Z be in HQBMO. Then, for any n € N,

E [(/OT|ZS|2ds)n] <n(12IBs, )"

Proof. See proof of Lemma 9.6.5 in [19]. O

Let £(M) be a Doléan-Dade exponential of M.

Lemma 2.2. (Reverse Hélder inequality) Let M be a BMO-martingale. Then, (Et(M),t €
[0, T]) s a uniformly integrable martingale, and for every stopping time T € 76T, there exists
some positive constant r* > 1 such that the inequality

E|&r(M)'1F;| < Cou&, (M)
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holds for every 1 < r < r* with some positive constant C, p depending only on r and
||M][Baro-

Proof. See Theorem 3.1 of Kazamaki (1994) [30]. O

Lemma 2.3. Let M be a square integrable martingale and M = (M) — M. Then, M €
BMO(P) if and only if M € BMO(Q) with dQ/dP = Er(M). Furthermore, ||M||pyo(q)
determined by some function of || M||garow)-

Proof. See Theorem 2.4 and 3.3 in [30]. O

Remark 2.1. Theorem 3.1 [30] also tells that there exists some decreasing function ®(r)
with ®(1+) = oo and ®(oc0) = 0 such that if [|M||parow) satisfies

[[M||Brror) < ®(r)

then E(M) allows the reverse Hélder inequality with power r. This implies together with
Lemma 2.3, one can take a common positive constant 7 satisfying 1 < 7 < r* such that
both of the E(M) and E(M) satisfy the reverse Hélder inequality with power T under the
respective probability measure P and Q. Furthermore, the upper bound r* is determined only

by [|M||srvom) (or equivalently by || M| paro))-

3 Setup

Firstly, we introduce the underlying forward process X;,t € [0,7:
t t
X: =29 —i—/ b(r, Xr)dr+/ o(r, Xy)dW, , (3.1)
0 0

where 29 € R%, b: [0,T] x R? — R?, ¢ : [0,T] x R — RIxd 2

Assumption 3.1. (i) For all t,t' € [0,T] and x,2' € R?, there exists a positive constant K
such that )
lb(t,z) —b(t',2")| + |o(t,z) —o(t',2")| < K (|t —t'|2 + |z — 2']) .

(i) [[b(-, 0)ll7 +[lo (-, 0)||r < K.
(iii) b and o are continuously differentiable with arbitrary many times with respect to x and
satisfy, for every m € N,

|07°0(t, 2)| + 0o (t, )| < K
|0b(t, z) — O, x)| + |0 o (t, ) — o (', x)| < K|t — [V (3.2)

for all t,t' € [0,T] and x € R
Let us now introduce a qg-BSDE which is a target of our investigation:

T T
Y: =&(X7) —i—/t for, X, Yy, Zy)dr —/t ZydWy, t€[0,T] (3.3)

where £ : RY = R, f:]0,T] x R? x R x R4 R,
2Useful standard estimates on the Lipschitz SDEs can be found, for example, in Appendix A of [27].




Assumption 3.2. (i) f satisfies the quadratic structure condition [2]:
T2
‘f(taxay’z)’ < lt + 5|y‘ + 5’2‘
where > 0,7 > 0 are constants, 1 : [0,T] — R is a positive function bounded by a constant

K, e ||l|lr < K.
(ii) f satisfies, for all t,t' € [0,T], v,y € R, 2,2’ € RY, 2,2/ € R1*,

f(t,z,y,2) — f(t,z,y,2)] < K|t—t"*
|f(t,z,y,2) = f(tz,y,2)] < Kly—y],
ftz,y,2) = ftz,y,2")| < K142+ [2])|z = 2],
[ty 2) = f(taly,2)] < K1+ |yl +[2%) |z — 2|.

(iii) € is a bounded function satisfying |&(x)| < K for all x € R? and also arbitrary many
times continuously differentiable such that

0% (@)] < K

for every m € N uniformly in x € RY.

(iv) the driver f is arbitrary many times differentiable with respect to the spacial variables
with continuous derivatives. In particular, we assume that, for all (t,x,y,z) € [0,T] x R? x
R % RIXd,

‘ayf(taxay’ Z)‘ S K
|0:f(t, z,y,2)] < K(1+|z])
02 f(t,2,y,2)] < K

and that all the higher-order derivatives involving y, z are bounded by some constant K. On
the other hand, for every m € N,

O f(t,x,y,2)| < K1+ |y + |2]%) .

Note that Chassagneux & Richou (2016) [14] assumes instead the global Lipschitz conti-
nuity for the argument z in (ii). We shall discuss some generalization of the terminal function
in Section 7.

Remark 3.1. The smoothness conditions in Assumptions 3.1and 3.2 are required only in
the later part of the discussions. The third-order differentiability for the spacial variables is
required for the error estimate of the short-term expansions given in Sections 5 and 6. At
the last step where we connect the short-term expansions in Section 7, we effectively need
(n x 2) + 1-order differentiability, where n is the number of time partitions. On the other
hand, we are not assuming differentiability in time t , the non-degeneracy of o nor uniform
Lipschitz continuity of the driver which are required in the so-called four-step scheme (Ma,
Protter € Yong (1994) [34]), the finite-difference method for a quasi-linear PDE system.

It has been well-known since the work of Kobylanski (2000) [32] that there exists a unique
solution (Y, Z) for (3.3) such that Y € 8, Z € H%,,0-

Lemma 3.1. (universal bound) Under Assumptions 3.1 and 3.2, the solution (Y, Z) of (3.3)



satisfies

Y]l < €T (II€C) gy + TllIT)
A[Y |00
1213, < g (3+ 67TV lls~ + 1)

Proof. This follows straightforwardly from the quadratic structure condition [2] which is given
by Assumption 3.2 (i). See, for example, Lemma 3.1 and 3.2 in [26]. O

4 A Sequence of qg-BSDEs perturbed in terminals

4.1 Setup
Let us introduce a time partition 7 : 0 =tg < t1 < --- < t, =T. We put h; :=t; —t;_1,
|| := maxi<i<n hj. We denote each interval by I; := [t;—1,t;], i € {1,---,n} and assume
that there exists some positive constant C such that |rjn < C as well as |7|/h; < C for
every i € {1,---,n}. In order to approximate the BSDE (3.3), we introduce a sequence of
qe-BSDEs perturbed in the terminal values for each interval ¢t € I;, i € {1,--- ,n} in the
following way:

—i ; b —i i -,

V=t (X)) + [ fr X, Yo, Z)dr —/ Z'dw, (4.1)

t t

where w1 : R — R.

Assumption 4.1. (i) Each terminal function u't(z), 2 € R? of the period I; is specified by

" z) = ()
W) = V- (2), e {ln-1)
where (?i+17ti’x,t € [ti,ti+1]) is the solution of (4.1) for the period I 1 corresponding to the
underlying process X with the initial data (t;, Xy, = x) 3. The perturbation terms §'*! : R? —
R, i€ {1,---,n} are in C;° and absolutely bounded such that, for a given integer k > 3,
~it+lg, < /
félfg}%HU (Lo may < K,
m~i+1 /
masx (|97 () ey < K
for every m € {1,--- |k} with some n-independent positive constant K' satisfying *

K’ 2 e (|10l ey + TllHlIT) -

3In other words, the underlying forward process is given by X%* = m—i—fts b(r, Xﬁi‘””)dr—i—f:‘ a(r, Xt®)dW,,

sUiHT

s € I;1+1, and hence ?:rl ¢ is a deterministic function of z € RY.

4The exact size of K’ is somewhat arbitrary if it is big enough not to contradict the true solution of (3.3).
This condition is necessary only for making errors from short-term expansions bounded independently from
each interval.



(ii) There exists an n-independent positive constant C' such that

n—1

D EH oy < C -

i=1
We use the convention §"*! = 0 and 7"“ = ¢(Xy,) in the following.

Remark 4.1. (i) in the above assumption is trivial for finite n. However this becomes a
constraint when one considers the convergence in the limit n — oo.

The classical (as well as variational) differentiability of qg-BSDEs is well-known by the
works of Ankirchner et al. (2007) [1], Briand & Confortola (2008) [12] and Imkeller & Reis

(2010) [29]. See Fujii & Takahashi (2015) [26] for the extension of these results to qg-BSDEs
with Poisson random measures. Using these results, one can show iteratively that Y;—Ht " is
in Cp° and bounded when seen as a deterministic function of x € R?. Note that the absolute

bounds on higher order derivatives m > k may depend on the number of time partitions “n
See also the proof of Proposition 4.1 given below.

4.2 Properties of the solution

Applying the known results of qg-BSDE for each period, one sees that there exists a unique
solution (?Z, 7)€ S[tl Lt X H%Mo[ti_l,ti]' Applying Lemma 3.1 for each period I;, one also
sees

1V smeft, -yt < 1Pl := €27 (K + [mlltllr) (4.2)
which is bounded uniformly in ¢ € {1,--- ,n}, and so is ||Z HHQBMO[Q_MJ.

Proposition 4.1. Under Assumptions 3.1, 3.2 and Assumpt;’on 4.1 (i), there exists some

positive (i,n)-independent constant C' such that the process Z,t € I; of the solution to the
BSDE (4.1) satisfies

Zi] < CO+1Xi)), te L
uniformly ini e {1,--- ,n}.
Proof. We use the representation theorem for the control variable (Theorem 8.5 in [1]) and
follow the arguments of Theorem 3.1 in Ma & Zhang (2002) [36]. Let us introduce the

0t

parameterized solution (X%% Y ,Zi’t’w) with the initial data (¢,z) € [t;_1,t;] x R%:

S S
Xbr = x—i—/ b(r, Xﬁ’”)dr—i—/ o(r, XL")dW,, (4.3)
t t
Vi = @t (xh) + / flr, X0 V0 20 dr ‘/t Z,""aw (4.4)
S
€ [t, t;] where the classical differentiability of (4.3) and (4.4) with respect to the position
is known [1]. The differential processes ((%Xt’x,@xﬂ’t’x 8, 2" ) are given by the solutions



to the following forward- and backward-SDE (FBSDE):
S S
QBXzzx =1 -|-/ 8£b(r, Xﬁ,x)axxﬁ,xdr +/ (9350'(7”, Xﬁ’x)axXﬁ’IdWT,
t

8$?i»t,w :8$ﬂ’+1(Xttf)8zXffdr+/ {8 f(?" Xtoc Ztm)a th
t

+Opf(r, X1 O, @””” dr —/ 0, 2o AW, (4.5)

—1,t,x

where I is the d x d identity matrix and 0,0"
bounded and

= (0, Y""",0,Z°"). Note that |9, f] is

0. (r, X076, < K (1+[2,"7))
by Assumption 3.2 (iv). By the facts given in (4.2) and the remark that follows, one sees

z ﬂt
10:f(, X%, 07 ) g2 <C

BMO[t,t;]

with some constant C. Thus Corollary 9 in [12] or Theorem A.l in [26] implies that the
BSDE (4.5) has a unique solution satisfying, for any p > 2,

. e
1058 |y < Coa® | 101 (X170 X

.
2

dr)pq2] !
2 dr) 2pq2} 2;2)

(4.6)

t; )
+( / 10 f (r, X502, ©,"7) 9, X0t
t

t,
2 72 1 7.7t’
< CpEll0. x| (1+||Y Wiy + B | ([ 122

where ¢ is a positive constant satisfying ¢, < ¢ < co. Here, ¢, = T[il > 1 is the conjugate
exponent of * the upper bound of power with which the Reverse Holder inequality holds for
E(0.f * W). We have used Assumption 3.2 (iv) and Holder inequality in the last line.

By the standard estimate of SDE °, one can show that [[0;X""||gs,2 < C with some
positive constant C' that is independent of the initial data (¢,z). The boundedness of Y

in (4.2) and the following remark on Z' together with Lemma 2.1 show that the right-hand
side of (4.6) is bounded by some positive constant. In particular, one can choose a common
constant C' for every ¢ € {1,--- ,n} such that

AR a2
0.V, < 10:Y " | sope) < C

uniformly in (¢, ) € [t;_1,t;] x RZ. By the representation theorem [1, 36], we have

Zi = 0,0 (t, X¢)o(t, Xy), t € [ti—1,t;]

5See, for example, Appendix A in [27].



i,t,x

where the function 0,@" : [t;_1,t;] x R* — R4 is defined by 0,u'(t,z) := 9,Y, " . Now the
Lipschitz property of o gives the desired result. OJ

Let us now define a progressively measurable process (7,5, t €0, T]) by

Zy = Zjil{ti,lgtqi}v te[0,T] (4.7)
i=1

so that

T [ 2
/ |Z,| dt:Z/ |Z})2dt .
0 i=1 7 ti-1

Proposition 4.2. Under Assumptions 3.1, 3.2 and 4.1, the process (7t7 t €0, T]) defined

by (4.7) belongs to H%Mo[o 1) satisfying ||ZHH2BMO[O,T] < C with some n-independent positive
constant C. 6

Proof. Applying It6 formula to 627717 one obtains for ¢t € I; that

t; — . — — t; — L
/ 62'7yr2’72|Zi|2d7“ = 2y _ oY 4 / @2'7Yr2'yf(r’ X, Y:,, Z;)dT
¢ t

t; — .
— / Ve oy 7 AW,
t

The quadratic structure condition in Assumption 3.2 (i) gives

ti i _ 5 i t
/ eQ'yYT,y2|ZT|2dT < eZ'thi o eQ'sz + /
t t

i —i ) 123 — .
Y r2y (1, + BIY,|)dr — / Yoy 7 dW, .
t
Since ?;, =utHXy,) = ?ZH — §1(Xy,), one obtains
Y 29 (V=541 (X0,))
e i, = e t; t

—i+1 —i+1 in1
2V Y (672752+ (Xe;) _ 1) '

Since [|6"F1(+)| |00 (rey < C uniformly in i € {1,---,n}, there exists some positive constant C
such that

1 —i+1 —i+1 3
MV <PV 4 oM |57 (X))
It follows that, with the choice t = t;_1,

L2V 27 2y < (Y0 2V ooV |5t (X
ez, Fdr < (e —e +Ce (6T (X))
ti—1

t; — . t; — .
+/ e r2y (1, + B|Y;Lﬂ|)dr — / Ve oy 7 dW,..

ti—1 ti—1

= . . . . - —i
57 ¢ ’H,QBMO[O,T] is obvious for finite n since HZH?“QBMO[@T] <>tz ||?{%Njo[ti—l»ti].

10



Thus for anyT€76Tandj::min<j€{1,~-- ,n}:TStj),

/ V270 2y + Z / V27 Pdr

i=j+1
—n+1 —J i+l
< 2 iy, _62“1YJT —l—CZe}yyti ‘52+1(Xti)|
i=j

+/ 27Yr27(l + BV )dr + Z / 2’YYTzfy(l + BV dr

T i=j+1

/ Wrmzjdw Z / WrQyZ dw,

T _j+]-

. v .
Since €27Y7 > 0 and 6"*! = 0, one obtains

E / V270 2dr + Z / V2 Z, \er‘}'
T

i=j7+1

< E |e2¢(n) +CZ€2’YYt 51+1 (X,.) HZ/ 27?127(lr+/3‘ﬁ‘)dr’f7
i=j 1VT

By Assumption 4.1 (ii) and (4.2), the above inequality implies that there exists some n-
independent constant C such that

/ \Z | d’r‘}"

ti—1

T
E[/ |Z,1|2d7"’]-}}:]E / |Z]]dr+z
49[|Y | 500 o n—1 .
ST L+ 29T (|17 + BI[Y s ) + C Y N6 (Nlpoo(ray | < C

i=j+1
i=1

and hence the claim is proved. O

4.3 Error estimates for the perturbed BSDEs in the terminals
Let (Y, Z) be the solution to the BSDE (3.3) and (?,Zi) to (4.1). Let us put

§Yi =Y, ~ Y, 6Z:=2 -7,
6fl(t) = f(ta Xta Y%? Zt) - f(thta?;?;) ’

fort € I,i € {1,--- ,n}. Then (§Y* §Z%) follows the BSDE
§Y) =6yt 46 (X / Sfi(rydr — / §ZLdW, | (4.8)

for t € I;.
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Theorem 4.1. Under Assumptions 3.1, 3.2 and Assumption 4.1 (i), the inequality
noorti A e ozt
> [ Bz <, max B [sup \mr?”] o D BT X
— Jii_ 1<i<n |rel; || 4
=1 v ti—1 g i=1
holds for any p > 1 with some n-independent positive constants C' and C,,.

Proof. For each interval I;, let us define new progressively measurable processes ( ir e Ii)
and (%E, re Ii) as follows:

7 f(r7XT7K’727”) _f(nX’l‘??:'“aZT)
Br = % lsyizo

) f(7’7 Xra?:w ZT) - f(ra er?:wz)

i\ T
Vr = |5Zi’2 162};#0(5271*) .
r

Then, |3¢| < K is a bounded process by the Lipschitz property, and by Proposition 4.1, there
exists some (i, n)-independent positive constant C' such that

el < K(1+1Z:] +1Z,]) < C(1+ X ) (4.9)

for r € I, i € {1,--- ,n}. The BSDE (4.8) can now be written as
5Y; = §Y;H 4 5 (X)) + / (8i6v; +52in1)dr - / SZidW, (4.10)
t t
A simple application of It6 formula gives

ti .
ElsYy  [? +/ E|6Z¢ [dr

ti—1

t;
— B|5Y T + 6 (X[ + / IE[%Y,? (BisY! + 523;7:;)} dr .

ti—1

By Holder inequality and (4.9), one obtains with some positive constants C, C), that

1 [t 4 . . . .
= / E[6Z}[2dr < (Eléi’t?*l\Q—E!él@’.1!2)+C7THE!M“|2+ﬁEW“(Xti)Q
ti71 (3 7 7 T
ti . .
+C [ E[6VP+ i) dr
ti—1
i+12 7 2 14112 C i+1 2
< (BIOYEH? —BIOY_ ) + ClnlBIOYH P + I8 (X))
i2p 1/p 2% 1/q
—i—Cp\ﬂE[sup\éY}] ] <1+E[sup|Xr\ } >
rel; rel;
< (BIOYEH? — IOV, ) + ClnlBIOYHP + IO (X,

91/
+Cyl[E [sup oY,
rel;

12



where p is an arbitrary constant satisfying p > 1 and ¢ (> 1) is its conjugate exponent.
Summing up for i € {1,---,n}, one obtains

I [hi :
= / E|6Z%|2dr
2 i—1 Yli—1

n
<E|5Y, " ? — El§Y, > + Cln| Y E[oYH?

i=1
1/p
] 2 ZEWH (Xt,)|? + Cp|r| Z]E [sup |6YZ|2p} .
=1 rel;
Since (5Y"+1 §"*t1 =0, one gets the desired result. O

Theorem 4.2. Under Assumptions 3.1, 3.2 and 4.1, there exists some n-independent positive
constants ¢ > 1 and Cp, g such that

1/q
(S|

E [max sup |6Yl\p] < CpgE

1<i<npey;

for any p > 1.
Proof. Let us use the same notations 3%,~% defined in Theorem 4.1. We also introduce the

process <7T,r € [O,T]) by

n
T = Z’Yﬁl{ti_lgrﬁti} .

=1

With Z defined by (4.7), it satisfies
7l < K+ 2] + Z,]) -
By Lemma 3.1 and Proposition 4.2, both of Z and Z are in HQBMO, and so is 7;
—112 2 2 =12
s <EXT+1|2I3;  +I[ZIR; ) <C
where, in particular, the constant C' is n-independent.

From the remark following Definition 2.2, one can show that 7« W € BMO(P). Thus
the new probability measure Q can be defined by dQ/dP = &, where £ is a Doléan-Dade

exponential & = & ( fo TdVV ) The Brownian motion W@ under the measure Q is given
by

t
w2 :Wt—/ 7, dr
0

for t € [0,T]. Furthermore, it follows from Lemma 2.2 that there exists a constant r* satisfying
1 < r* < oo such that, for every 1 < ¥ < r*, the reverse Holder inequality of power 7 holds:

;TE[EJ;VT] e
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Here, 7 € 7E)T is an arbitrary F-stopping time, Cr is some positive constant depending only
on 7 and the ’HQBMO—norm of 7. We put ¢ > 1 as the conjugate exponent of this 7 in the
following. By the last observation, all these constants can be chosen n-independently.

Under the new measure Q, the BSDE (4.10) is given by
. . . ti ) t; )
v = oV 5 ) + [ gieviar— [oziawg,
t t
which can be solved as
. ti ni ) .
8} = EQ |:eft Brdr (5YZ‘+1 + 5Z+1(Xti)> ‘ft} :
for all ¢ € I;. Since |3!| < K, one obtains
0] < eFMEQ |84 4 |54 (X)) || 7]
and also
n .
: _ j :
67| S B | F Moy 4 3 R B 57 (X )| |
j=i
by iterating the first inequality. Since 5Yt:+1 = 6"1(X;, ) = 0, one concludes
n—1 )
. j .
6V < BY | 3 N Tttt (x,,) | 7,
j=i
fortel;,;ie{l,--- ,n}.

The reverse Holder inequality gives

n—1 KT n—1
Y] < TS SOOI A = S e 16 ()|

j=i
1/q

< CpefTE (ZWH (Xt;) )q‘ft ;

and hence

max sup |[6Y}| < C; sup E
1<i<n e, et

Fomenoys]
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Using Jensen and Doob’s maximal inequalities, one finally obtains

e[S ]

E [max sup |0Y} \p} < CpqE sup

1<i<n e, cl0.7]
I n—1 p1/a

< CpgE | sup E (Z |6 (X, ) ’]—"t (Jensen’s inequality)
| t€[0,T] i—1

[ n—1 ql/a
< CpqE <Z \(5i+1(Xti)\)pq] (Doob’s inequality)

which proves the claim. O
From Theorems 4.1 and 4.2, we obtain the following corollary.

Corollary 4.1. Under Assumptions 3.1, 3.2 and 4.1, there exist some n-independent positive
constants ¢ > 1 and Cp g such that

E\‘H

E Y’L 2p E Z’L ‘7
Dax Lsﬂ.gﬂd |] —I-Z |6Z%|2dr <

ti—1

| Emenar)”]”

for any p > 1.

5 Short-term expansion: Step 1

In the following two sections, we approximate the solution (Y*,Z") of the BSDE (4.1) semi-
analytically and also obtain its error estimate. We need two steps for achieving this goal,
which involve the linearization method and the small-variance expansion method for BSDEs
proposed in Fujii & Takahashi (2012) [23] and (2015) [27], respectively.

Standing Assumptions for Section 5

We make Assumptions 3.1, 3.2 and Assumption 4.1 (i) (but not (ii)) the standing assumptions
for this section.

Let us first introduce the following decomposition of the BSDE (4.1):
ol _ =i " il
Vi =ati(xy,) - / Z; AW, (5.1)
t
t; ti .
vyl = / £(r, X, Yo 7500 gy / z:Waw, (5.2)
t t

for each interval t € I;, i € {1,--- ,n}. They are the leading contributions in the linearization
method [23, 44].

Lemma 5.1. For every interval I;,i € {1,--- ,n} < C, there exists a unique solution
(YZ’[O],7’[O}) to the BSDE (5.1) satisfying, with some (i,n)-independent positive constants

15



C and C,, that

—i,[0] +1,[0]
Y lsoopts ) + 127 Mz, otioat) < C
and
—i,[0
12" soft,_100 < G
for any p > 2.

Proof. The boundedness H?i’[o}Hsoo < C follows easily from Assumption 4.1 (i), which then

implies H?’[O HH% wo = C. The second claim follows from the similar arguments used in
Proposition 4.1 . O
Lemma 5.2. For every interval I;, i € {1,--- ,n}, there exists a unique solution (7@[1]77’%[1])
to the BSDE (5.2) satisfying, with some (i,n)-independent positive constant Cp, that

i—1,ti

—i[1 —i,[1
VMgt + 112 ot < Co

for any p > 2.

Proof. Since the BSDE is Lipschitz, the existence of a unique solution easily follows. The
standard estimate for the Lipschitz BSDEs (see, for example, Appendix B in [27]) and As-
sumption 3.2 (i) implies

p

< C,E

KPlt;—1,ts]

b —i —i, p
([ o+ s+ 2220 ar)
i—1

4,0 1,0
< (I + 17" B + 12 W) -

bi —i,[0] i, p
U’umxmdﬁamwﬂ]

ti—1

< C,E

Sp[tifl,ti SQp[ti—lati]

Thus one obtains the desired result by Lemma 5.1. OJ

~1 ~1
We now define the process (Y, Z ) for each interval ¢t € I;, i € {1,--- ,n} by

7o o g
7 = 70 g

The following property is the main conclusion of this section.
Proposition 5.1. There exists some (i,n)-independent positive constant C, such that the

inequality

B ||V -7

P 7T < o nr
[ti_1,ti] + < tiil‘ r r‘ 7’) = Yplly;

holds for every interval I;, i € {1,--- ,n} with any p > 2.
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Proof. For notational simplicity, let us put

T I _—
sy O =y v s2h 0 =7 Z,
i1 ) ~
vy =y v,  szWN.=7 7
for each interval t € I;,i € {1,--- ,n}. Then, they are given by the solutions to the following
BSDEs respectively:
10 t;
;O = [ X, Y07 dr—l/ 5Z-0qw, |
t

) t; PR — — t; .
5}/?7[1] = / (f(ra Xra Yrv ZT) - f( XT'7Y & Z [0] d’l" - / 5Z7Z‘7[1]dWT '
¢ t

By the stability result for the Lipschitz BSDEs (see, for example, Lemma B.2 in [27]), As-
sumption 3.2 (i), (4.2) and Proposition 4.1, one obtains

(/ "L+ BT+ ;\Ziﬂdr)p]

i—1

< C,E

wamazmwMML}

< Cphf ( HZHI% + H?Zpr[tiflt + HZ H32p[t1 1,ti ]> = Cth’ (5'3)

with some (7, n)-independent positive constant C), for Vp > 2. Similar analysis for (sy sl 5z50)
using Assumption 3.2 (ii) yields

H@wm5ymw

< C,E
KPlti—1,ti] P

t; ) . . . P
( [ [oviensa iz + rZ’[O]DwZﬁ[OH}dr) ]
ti—1
t; ) P
(hi/ \5Zf,’[0]\2dr>
t.

i—1

[NIE

1
i —i 0 2
<Gy | ANOY O, 0+ E L+ Z + 127 R

By applying Proposition 4.1, Lemma 5.1 and the previous estimate (5.3), one obtains the
desired result. O

6 Short-term expansion: Step 2

In the second step of the short-term expansion, we obtain simple analytic approximation for
the BSDEs (5.1) and (5.2) while keeping the same order of accuracy given in Proposition 5.1.
We use the small-variance expansion method” for BSDEs proposed in [27] which renders all
the problems into a set of simple ODEs. Furthermore, we shall see that these ODEs can be
approximated by a single-step Euler method for each interval I;. This allows us to skip lengthy
Monte Carlo simulation for estimating the conditional expectations at each space-time node.

"Note that the small-variance asymptotic expansion has been widely applied for the pricing of European
contingent claims since the initial attempts by Takahashi (1999) [43] and Kunitomo & Takahashi (2003) [33].
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Standing Assumptions for Section 6

Similarly to the last section, we make Assumptions 3.1, 3.2 and Assumption 4.1 (i) (but not
(ii)) the standing assumptions for this section.

6.1 Approximation for (7@[0]77@[0])

For each interval, we introduce a new parameter € satisfying € € (—c, ¢) with some constant
¢ > 1 to perturb (3.1) and (5.1):

t t
Xf= X+ / b(r, XO)dr + / co(r, XV, . (6.1)
ti_1 ti—1
vyl — it (xs) — / 70 g, (6.2)
t

fort € I; = [ti—1,t;], i € {1,--- ,n}. Notice that the way e is introduced to X¢, by which
we have a different process for each interval I;.% In the following, in order to avoid confusion
between the index specifying the interval and the one for the component of z € R?, we use
the bold Gothic symbols such as {i,j,---} for the latter, each of which runs through 1 to d.

1,[0],€e

Lemma 6.1. The classical derivatives of (X€,Y ,Zi’[o}’e) with respect to €

o Silole  OF o) —ifole  OF _ijo)e
k k k
XS = 8k)g, oY —akyt , Oz =57 7

for k ={1,2,3} are given by the solutions to the following forward- and backward-SDEFEs:

t
0 Xy A / b (r, X0 XS dr + / [0 (r, X5) + €(0: X )0 (1, X5) | dW,
ti—1 ti—1
02X = / (0,30 (r, X0)O2 X + 025 b (r, X5) 0 X0 X 05 dr
ti—1 '

t . .
+/ [2(0eX59) 0,507 (1, X5) + €(02 X79) D0 (r, X)

ti—1

+6(0: XN (0. X5") 0% o (r, XE)]dW, |

. t
PBX = / (0,30 (r, X5)O2 X3+ 30%; b (r, X5) 02 X0 X K
ti—1

t
+025 e g (r, X)X A0 X M0 X ™ dr + / [3(02X )00 (r, X§)

ti—1

+3(0 X9 (0 X902 e (r, X5) + €(D2X79)D50 (r, X))

By

+3e(D2X9) (D XY D25 0 (1, Xf) + (0 X5) (DX M) (0 X ™) e gm0 (1, X0)] AW,

€

8Tt would be more appropriate to write X/ to emphasize the dependence on the interval ¢ € I;, but we
have omitted “i” to lighten the notation.
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and

0.7y = @t (X5 ). X — "0z 70 g,
t
. . . . t; 0l
OV = 0,5 T (XE)O2XE + 0% i (XF X0 XK / 2z, aw,
83Yt ;[0],¢ 6xj@i+1(X§i)6§Xt’J +382 Az—i—l( )(82 ,J)(a Xe k)

00 KON O 0™ — [ 07w,
t

fort € I; = [ti—1,t;]. Einstein convention is used with {i,j,---} running through 1 to d.

Proof. The classical differentiability can be shown by following the arguments of Theorem
3.1 in [36]. See Section 6 of [27] for more details. O

Lemma 6.2. For k = {1,2,3}, there exists some (i,n)-independent positive constant Cy,j,
such that the inequality

E |[Jorxe]f,

kp/2
ti— 1¢]} S;(%Lkhi

holds for every interval I;, i € {1,--- ,n} with any p > 2.

Proof. This can be shown by applying the standard estimates for the Lipschitz SDEs given,
for example, in Appendix A of [27]. For k =1,

(/ti o(r. x02ar)"
t

i—1

€ 2
E[l0X, ] < GE < Cn?”

For k = 2, one obtains

t .

ti i
(/t 0. Xdr)’ + (/t

i—1 1—1

[||82X6|\ ]<CIE

ya
(19X + o] ] dr ) ]
<G (th[HanfH?ﬂ + WPE[J0XC|, + H&Xﬂ@f’]) < GphY

as desired. One can show the last case k = 3 in a similar manner. O

Let introduce the following processes, with k € {0, 1,2},

0" il 0" ol a0l 0" ol
xH .= 7 xe yuloblH . _ 9yt ZH O _ 9 7
t Oek =0’ ! = Oek =0 ¢ = Oek e=0
and also
z [0] =4,[0] 21 —i,[0],[k

Z Z, =Y Hzt[ blE] (6.3)
k= k=0

for each interval t € I;, 1 € {1,--- ,n}.
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Lemma 6.3. There exists some (i,n)-independent positive constant C,, such that the inequal-
ity

e[ 7o - <"

£ .
P Logilo) S0, \P/2
[tifl,ti} + </ti_1 ‘ T - Z’r ‘ d’l")

holds for every interval I;,i € {1,--- ,n} with any p > 2.

Proof. We can use the residual formula of Taylor expansion thanks to the classical differen-
tiability of @z,[o},e with respect to e;

<o) =bl0) e ) b0, \p/2
HY -Y ‘ [tihti]—’_(/til| r _ZT | d'f’)

1 /! —i 0] p ti 1 i i 5 \P/?
< C,E |sup 2/0 (1— €203, ’ede‘ + (/ /0 (1—€)202Z; ’Ede‘ dr)
ti—1

E

rel; 2

t ‘ p/2
AR (/ \afzj;m]’e}zdr> de .
i—1,U4 i1

Applying the standard estimates of the Lipschitz BSDEs (see, for example, Appendix B of
[27]), the boundedness of O¥u*! as well as Lemma 6.2, one obtains

1 .
g@/ E |||0s7 00|
0

—ijo] =60, b ) b0l g \p/2
BT -y L+ ( 77, %ar)
1—1
1
€ € € € 3p/2
< Cp/o (E [IIBS’X 17+ 102X (T 10X |1 + 110X |I§f’]> de < CyhY
as desired. ]

~i,[0] =4,[0]
The last lemma implies that it suffices to obtain (Y ,Z ) for our purpose, which is the

second order approximation of (?’[O],Zi’m). Furthermore, as we shall see next, the solution
of these BSDEs can be obtained explicitly by simple ODEs thanks to the grading structure

introduced by the asymptotic expansion. The relevant system of FBSDEs is summarized
below:

t
x=x  + / b(r, X' Ddr

ti—1

. t . . Lo
X = 0yt (r, X100 x [y +/ o' (r, X\ W,

ti—1 ti—1

. t . .
X = [ (0, X0 +

xd,x

b (r, X[ XX 1)

ti—1

t
+ [ axtio,oi xPhaw,

ti—1
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and

. ) t; .
Ol _ givt x oy / 700 gy (6.4)
t
. . . t; —
??[O],[l] — 8zJaZ+1(Xt[?])Xt[zl]7J _ / ZT’[O]’[l]dWr (65)
t

717[0]7[2] _ 8zj az—l—l(Xt[?])Xt[?]d + 8§j7xkaz+1(Xt[?])Xt[il],JXt[il],k . / Zr’ [0],[2] dW, ’
t
(6.6)

for t € I;,i € {1,--- ,n} with Einstein convention for {i,j,--}.

Definition 6.1. (Coefficient functions)
We define the set of functions x : I; x R - R? ¢ : I; x R4 - R, yll: [, x R? - R,
vy L xRS RY, GE L xR R, B LGRS R by

x(t,x) == +/ b(r, x(r,x))dr

ti—1

y(t7$) = aH_l(X(tzax)) )
t;

v (t, 2) i= 0,50 (x(ti, ) + / 0,56 (1 x(r, )yl (1, 2)dr |
t

G 2) = 0 T ()
« 2]

+ /tti { ([(%b('r’, x(r,z)) |G (r, x)) O ™ x(r )y m)} v

Js

y([)z] (t,z):= /tti Tr(G[Q] (r,z)[oo "] (r, x(r, m)))dr ,

and y2 =y for (t,2) € I; x R%, i € {1,--- ,n}. We have used Einstein convention and
the notation ([0b(r,x)]ij = 0,6 (r,z),i,j € {1,---,d}). We denote the symmetrization by
A = A+ AT for a d x d-matriz A °.

Note that the above coefficient functions are given by the ODEs for a given € R in
each period. The solution of the BSDEs are expressed by these functions in the following

way:

Lemma 6.4. For each period t € I;,i € {1, -+ ,n}, the solutions of the BSDEs (6.4), (6.5)
and (6.6) are given by

?i’[O]’[O] = y(t7Xti71)’ 7?[0]7[0] =0

for the zero-th order,

vy, X0

7 =y X, )t x(t Xe, )

9Hence, G is symmetric matrix valued.
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for the first order, and

??[0]7[2] = y.gﬂ (t’ Xti71)Xt[2]’j + Gfl}((t’ Xtifl)XPLth[l]’k + y[[)Q] (t’ Xtifl) )
708 _ 2(ng21 (t, Xe, )X 0008 (1, X (8, Xe, ) + G, X ) X8, 1 (2, XtH))) 7

for the second order, where Einstein convention is used.

Proof. This is a special case of the results of Section 8 of [27]. The existence of the unique
solution to the BSDEs (6.4), (6.5) and (6.6) is obvious. The expression can be directly checked
by applying It6 formula to the suggested forms using the ODEs given in Definition 6.1, and
compare the results with the BSDEs. OJ

Since each interval I; has a very short span h;, we expect that we can approximate the
above ODEs by just a single-step of Euler method without affecting the order of error given
in Lemma 6.3.

Definition 6.2. (Approzimated coefficient functions)
We define the set of functions; ¥ : I; x R - R%, 5 : I; xR - R, yU: I; xRY — RY, g2 .
LxRI5RE, G xR R, gl x RE S R by

X(t,z) = =+ A@)b(ti—1,x),

y(t,l’) = az—i_l(Y(tiv‘r)) ;
Vi (ta) = Ot (Xt ) + S(8)D0% (b, X (1, 2)) Ot (R (1, 2))

j
—[2 ~i . . ~i . —
Cilta) = 0% i (X(ts)) + 61 { (1020t X1 2105, (XC11,2)))

07, b (b, X5, ) Dot (X1, 2) |
g (to) = o) (GP s, @)oo ] (1 X, 2)) )
and 2 =y for (t,z) € I; x RY, i € {1,--- ,n}. We have used Einstein convention and

the notations A(t) ==t —t;—1, 6(t) :=1t; —t.

The above functions provide good approximations for the coefficient functions in Defini-
tion 6.1 in the following sense:

Lemma 6.5. There exists some (i,n)-independent positive constant C), satisfying

P _ p
+ SUF y(t, Xtifl) - y(t, Xtifl)
tel;

E | sup X(t’ Xtifl) - X(tv Xtifl)

tel;

2
p — p
+ E sup y[k} (t7Xti—1) - y[k] (t7Xti71)‘ + Sup‘Gh] (t7Xti—1) - Gm (t7Xti—1)
k=1

— tel; tel;
2 _[2 p 3p/2
+ Su%) y([) ](tv Xti—l) - y[[)}(u Xt¢—1) < Cphip/ )
tel;
for every interval I;,i € {1,--- ,n} with any p > 2.
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Proof. See Appendix A. O

We now introduce the processes (21‘,[0]7 ZZ’[O}) for each period t € I;. They are defined by

~i,[0] ~3,[0]
(Y, ,Z, )of (6.3) with the coefficient functions in Definition 6.1 replaced by the approxi-

mations in Definition 6.2, i.e.;

1//\Vti’[o] = g(t7Xti—l) + (Xt[l})—ry[l] (t7th‘71)
1 _
+ 5 (T x )+ (T X)X+ X)) (6.7)
Zti’[()] = y[l}T(thti—l)U(uY(tﬂ Xti—i))

2)

+ ((Xt[l])Tawo'(t? Y(tv Xtifl))yp] (t7 Xtifl) + (Xtm)—ré[ (tv Xtifl)o-(t7Y(t7 Xtifl))) )

(6.8)

where we have used Matrix notation for simplicity. The details of indexing can be checked
from those given in Lemma 6.4.

Lemma 6.6. There exits some (i, n)-independent positive constant Cy, such that the inequality

B |V - 70 < "

~=4,[0]
0
[t“t}}rE[Hz ZZH‘ [ti1.t:]
holds for every interval I;,i € {1,--- ,n} for any p > 2.
Proof. Tt can be shown easily from Lemmas 6.2 and 6.5. O

Corollary 6.1. There exits some (i,n)-independent positive constant C, such that

. . ti . . p/2
T+ (12 =200 )] < g
i—1
holds for every interval I;,i € {1,--- ,n} with any p > 2.
Proof. Tt follows directly from Lemmas 6.3 and 6.6. O
Since X, S = X 2 _ = 0, we have a very simple expression at the starting time ¢; 1 of

each perlodI —[Z 1,t]

217_[?] = y(tifl’th 1)+2y£)2](ti*17Xt¢71)7
2;7[,01 = y[l]T(ti—hXtifl)o'(ti—hXtiq)'

We have the following continuity property of the approximated solution (f”"[o}, Zi’[o]):
Lemma 6.7. There exists some (i,n)-independent positive constant C,, such that the inequal-

ity

E [sup YZ (0] 2{,[0]
tel ot

0] _ 70 p 2
}+E[§SIPZ” ti[_H]<Cphf/,
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holds for every interval I;,i € {1,--- ,n} with any p > 2.

Proof. Since 3(t,z) = 7(ti_1, ) for (t,x) € I; x R?, we have
~; ~; . 1 - _
yA - x T ) + 5 (XTI X ) + XETTE 0 X)X Y

1/ p2 _[2
+ i(yé](taXtiq) _y([)](ti*17Xti71)) .

The bounds in (A.3), (A.5) and (A.7) as well as the estimates in Lemma 6.2 imply
|

as desired. Similarly we have

IN

E [sup ﬁi’[o} N CpE

ti—1
tel; !

XU, + X + XU 2 1+ |Xt“|2p)]

< C,n?

1ZA0 — ZPO < g, X, ) — (i, X )lo (6 X(E X, )]
+|y[1] (ti_la Xtifl ) | |U(t7 Y(E Xtifl)) - U(ti—h Xtifl)‘
X ar X X, TP Ko y) + G X o (X Ko, )|

< AW (1+ X, ,]) +C(ABY2 + AW +1X, ) + X (141X )

0]

- - P
with some positive constant C. Thus, we obtain E [Supte IZ,‘ZZ’[O} — thzf[_l ] < Cphf /2 as

desired. 0

6.2 Approximation for (?i’[l]’?»[l])

We now want to approximate the remaining BSDE (5.2) appeared in the decomposition of
(7l,7). We shall see below that this can be achieved in a very simple fashion. We define
the process (YU, Z501) by

)

R L (R R ) (6.9)

T
|

for each period t € I;,i € {1,--- ,n}. Here, §(t) = t; — t as before.
Lemma 6.8. There exists some (i,n)-independent positive constant C,, such that the inequal-

ity

E HV@U] _ }7@[1” < Cphf’p/Q

t.
p bl P2
[tiflati] + (/t;_l | r | dT)

holds for every interval I;,i € {1,--- ,n} with any p > 2.

Proof. Let us put
i1 —=i[1] il i,[1 —i,[1]
(ﬂt[]::}t _1t[]7 5215[]::275
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for t € I;. Then, (8Y*[1 5251 is the solution of the following 0-Lipschitz BSDE:

t; ti )
11:/ 5f(r)dr—/ szbWMaw,
t t

where
i,[0]

5i,0] 54,0
5f( ) = f("f’ XT’7Y 0 7 Z ) f(ti—lﬂXtifu}/ti,[l]?Zti[,b :

From Assumption 3.2 (ii), it satisfies with the positive constant K that

1,|0] —1,[0 0] —=i,[0
6F) < 1frn X, VOO 200 oy x, TR 200,
i X V20 = gt X, TR0, 2000
+[f(ti-1, XtFl’YTz,[O]’ Zﬁ»[o}) — f(ti-1, Xtifl’Yt ,[(i]v Zzz[01)‘
1,|0 —1,[0
K (A0 + 0+ 70+ 12X, - X )

IA

+K‘?i,[0] }/}17[0]’ —I—K(l + ’71[0]’ + ’Z\i,[O ’)‘Zr 1,(0] Zz 0]‘
K[V 9O (1 200 1 230y ZE 0 20

From Lemma 5.1, we know that H?i’[o} ‘ ‘Soo[ti—lati} + HZZA’[O]HSP[“?IM < C)p for any p > 2.

From (6.7), (6.8), Lemma 6.2, and the boundedness properties of (7, y[i],ém) shown in
Appendix A , a similar inequality HYL[O]HSP[t-,lt-] + HZZ’[O}HSp[t',lt'} < C, holds. The
following continuity property of the Lipschitz SDE is also well-known to hold for any p > 2:

E {Sup | X — Xti_1|p] < C'/phf/2 .
tel;

Using the above estimates, Corollary 6.1 and Lemma 6.7, one obtains

] t; . 2 ti
lovitilg + ([ ozitipar)” (/ \6f<r>\dr)p]
ti—1 tia

L L 1 3
<G { R+ W[+ [T+ 12 R [sup X - Xr}
tel;

< C,E

+h? < [HYZ 10) }A”"[O]H’I’J +E [sup‘?ti’[o] - i;ﬂ”ﬂ)
tel;

ti — .
(hl/ |Zr7[0] _ Z’:‘v[o] |2d’f')p]
ti—1

. . L . 3
+ WE[1+ 1290 4+ 230 | 'R Eup\z’ o _ Z;“’Hﬂ } < Ch¥?
el

N

. 1
+E[1+[Z" +1120 ] R

as desired. ]
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6.3 Summary of short-term expansions

Since there are many steps to follow, let us summarize the result of the short-term expan-
sions. In the last two sections, we have been trying to approximate a BSDE (4.1) i..,

Y =t (Xy,) + ft (r, X, Y, A dr — ft Z dW,. We have obtained the approx1mated
solution (YZ, 2’) by

for every interval ¢t € I;,i € {1,--- ,n}, for which the exact expressions can be read from

(6.7), (6.8), (6.9) and (6.10). We have the following error estimate:

Theorem 6.1. Under Assumptions 3.1, 3.2 and Assumption 4.1(i), the process (Yl Zl)

defined by (6.11) and (6.12) is the short-term approzimation of the solution (Y',Z') of the
BSDE (4.1) and satisfies, with some (i,n)-independent positive constant Cp, that

t; . . p/2
B\IV -+ ([ 2= ZiPar)"| <
ti—1
for every period I;,i € {1,--- ,n} and Vp > 2.
Proof. Tt follows directly from Proposition 5.1, Corollary 6.1 and Lemma 6.8. O

Remark 6.1. If o is non-degenerate, one may first approzimate the density of Xi, and then

Yt[] by integrating the terminal W' with the estimated density, which is the standard
method for the pricing of European contingent claims proposed in [43, 33]. Although one may
significantly relax the smoothness assumptions, it introduces a numerical integration at each
space-time node as in the standard Monte Carlo scheme. Thus, we have pursued a much less
numerically costly scheme by assuming the higher regularities in this work.

7 Connecting the sequence of qg-BSDEs

7.1 Connecting procedure

In this section, we complete the approximation procedure by connecting the sequence of qg-
BSDEs perturbed in the terminals (4.1). Notice that under the condition X;, , = =,z € RY,
the approximated solution

BT ST e B
is given by
TR = glta,a) + 57 ()
+ hif<ti71,$,?(ti71,ﬂf) + %@E] (tiflal‘)ay[l]—r(tifhx)o'(tifl, $)) , (7.1)
Zp et = Tt 2)o(tiog, @) (7.2)
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where

Y(ti, a;) =+ hib(ti_l, .%') R
y(tio1, x) = a1 (x(ti, x))

vl (tiog,x) = <H + hy [02b(t:, X (ti, x))}) D (X(ti, 7))

Yo (tiot, o) = hiTr (&%,ﬂAliH(X(tivx)) [o07] (ti’X(ti’x))> ’

where I denotes d x d-identity matrix.
We connect the sequence of qg-BSDEs by the following scheme:

Definition 7.1. (Connecting Scheme)

e N
(i) Setting u"*'(z) = £(x), » € RL

(ii) Repeating from i =n to i =1 that
e Calculate the short-term approzimation of the BSDE (4.1) by using (7.1)
and store the values {f/;f’l_w }x’EBi for a finite subset B; of R?.

e Define the terminal function u'(x),z € R? for the next period I;_1 by
~i . Viti—1,3
u'(z) == Interpola‘mom({Y?F1 o }x’EBi> (x)

where “Interpolation” stands for some smooth interpolating function satisfying
the bounds in Assumption 4.1 (i) .

- J

From the definition of 6’ in Assumption 4.1, we have

I )

= Ohp(a) + Ri(a)

where
7 hti—1,T Gitio1,T
dsp(a) = (VAT -T0) (7.3)
i Uhti—1,T o~
Ri(z) = <Y;Hl —u(m)). (7.4)

Here, (5@ g denotes the error of the short-term approximation, and R the interpolation error

as well as the regularization effects rendering the approximated function }A/tiflflx into the
bounds satisfying Assumption 4.1 (i).

Remark 7.1. As we have mentioned in Remark 3.1, repeating the above connecting procedure
effectively introduces higher order derivatives through the short-term expansions. This is why
we need the smoothness conditions given in Assumptions 3.1 and 3.2.

7.2 'Total error estimate

Before going to give the main result, we need the following lemma:
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Lemma 7.1. Under Assumptions 3.1 and 3.2, the solution Y, t € [0,T] of the BSDE (3.3)

satisfies the continuity property E [ sup |Yu — Ys‘p] < Cp}t . s’p/Z forany 0 <s<t<T
s<u<t
and p > 2 with some positive constant Cp.

Proof. Using the Burkholder-Davis-Gundy inequality and Assumption 3.2 (i), one obtains

/2
E[sup |Yu—Ys|p] ngE[ / \f(r, X0, Yy, Z0) \dr /yz 2ar) ! ]

s<u<t

SCPE[(/:[lr—i—ﬁ|ﬁ|+g|Zr|2}dr> +(/ 12, 2dr) /] .

The boundedness of [, Y| and the fact that |Z;| < C(1 + | X|) with some constant C' prove
the claim. O

Let us now provide the main result of the paper:

Theorem 7.1. Define the piecewise constant process (Y;", Z[),t € [0,T] by

Y[ o= ai(Xy, ), (7.5)
ZZF = y[l]—r(ti—lvXtifl)o-(ti—letFJ7 (76)

forti1 <t <ty i€ {l,---,n} and Y] = {(Xy,), Z[ = 0, where the @' and 3 are
those determined by the connecting scheme in Definition 7.1. Then, under Assumptions 3.1,
3.2 and 4.1, there exist some n-independent positive constants ¢ > 1 and C), 5 such that the

equality
1/2
i 1,t] Z/ ‘Zt ‘ ]dt>
, T
(Z‘RZ(Xti—l)‘ )
i=1

1<i<n

<max E|[[y - v=[[

< Cp gV 7| + Cpgv/nE

holds for any p > 1.

Proof. One obtains, by simple manipulation, that

l/p n t; 12
e +Z/t__ E|Z, — ZT|"dt

Scp <max E[‘Y}/l ) _?’; 1‘2p:|1/p+2

1<i<n

max E [||v - v=[[?

1<i<n

ti—1
+Cp <1I£1221<)§1E[‘Yt T Ul( ti—l)‘Qp:| p+ Z/tl E}Z - Z\;|2dt>
i=1 7/ ti-1
9 1/p n t; ~. ~. 2
+Cp | max [sup\Yt Y| p] +Z/ E|Z; — 2 _,['dt] .
s j=1 Jti-1

tel;

E|Z; - 7, dt)
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It follows, by applying Corollary 4.1, Theorem 6.1, Lemmas 6.7 and 7.1, and expressions (7.3)
and (7.4), that

max E [||v - v7|[?

D ht] Z/ E|Z; — Z7 |*dt

1<i<n
Coi | (N it 2\P9 E
< —=E X,
< TR (X1 )F)
i p &
+Cp <ma<xE[|5( D] +z;h§> + Gyl

1

(ZW ) ) ] i
<C |7r|+ { pi- 1ZED5SE qu}
(Z Ri(Xt“n?)pq] ,

which proves the desired result. O

B~

(o))

EI‘H

< Cpglm| + CpqnE

Remark 7.2. One may want to replace the {X;,} in (7.5) and (7.6) by their Euler approzi-
mation:

XF = XF | +b(tiot, XF_hi +o(tioy, XF_ )Wy, — Wy, ), i€ {1,--- ,n}

with X[ = Xy, = wg. Using the well-known results (see, for example, [31])

E XTIP| < E X, — X Pl < p/2
[JE&’%’ \] Coo pax B sup|X, = X[, [7) < Gyl

for any p > 2, one can show that the same estimate in Theorem 7.1 holds also in this case.

Remark 7.3. Comments on the Lipschitz BSDEs and the terminal function

The proposed scheme can be equally applicable to the standard Lipschitz BSDFEs with the
smooth driver f and also with the smooth terminal function &(x) of linear growth. FExcept
Proposition 4.2, which is not necessary anymore (and so is Assumption 4.1 (ii)), all the
relevant results can be shown with slightly sharper estimates by following the arguments similar
to those of Theorem 8.1 in Bouchard & Touzi (2004) [11] with additional perturbation terms
in the terminals.

In financial applications, the terminal function may depend on the average of the security
price. This situation can be put in the current framework by adding another underlying
process defined by X| = %fg Xydr, t>0 and X{:= Xo. The situation with multiple payoffs
such as £ = Z;n:1 §(X1;),0 <Th <+ <Ty <T can easily be handled by making the time
partition m contain {Tj}1<j<m and modifying the connecting procedure given in Definition 7.1
at these points accordingly.
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8 An example of implementation

8.1 Initial preparation by truncation

In this section, using a specific scheme of implementation, we discuss the interpolation error
and the associated conditions for the convergence. In order to make the interpolation-step
easy to handle, it is useful to limit the relevant space for X to some compact subset of R?.
This procedure is involved implicitly or explicitly in many of the existing numerical methods
at the stage regressing the conditional expectations by a given set of basis functions.

Let us introduce a smooth truncation function ¢, : R — R such that

x for |z| <M
QOM(x) = . )
sign(z)(M 4+ 1) for |z|> M +2

bounded |pps| < M + 1 and has derivatives of all orders absolutely bounded by 1. We then
consider the truncated BSDE:

T T
vM =y (Xr) +/ far(r, X, YM ZM dye —/ ZMaw, , t€[0,T] (8.1)
t t
with the definitions
Em (@) = &(pm(z))
fM(r7xayvz) = f(ra @M(x)ﬁyaz) ’

for all (r,z,y,2) € [0,T] x R x R x R4, Tt clearly satisfies Assumption 3.2 and hence also
Lemma 3.1. With regard to the difference relative to the solution (Y, Z) of the original BSDE
(3.3), we have the following result:

Theorem 8.1. Under Assumptions 3.1 and 3.2, there exists some positive constant q (> 1)
and C, g such that the inequality

T P
B I = v i+ ([ 12 - 22Par) | < g+ ottt

holds for any p > 2 and [ > 0.

Proof. Let us put the processes

ovyM .=y, —yM 5zM .=z, - zM
f(ra XTaK%ZT) - f(ra XT?K'Ma Z’r’)

BTM = 6YM 16YTNI#O ’
r
f’I“,X aYMaZ —fT‘,X,YM,ZM
'77]«\/[ — ( ry Ly 7252M|(2 ry Ly T )16Z£V1750(5Z£\/[)T ’
r

6fM(T) = f(r, XTa}/rM7ZTM) - f(rv SOM(XT)vy;Ma Zy) )

for r € [0,7] and 6¢M(z) := &(x) — £(enr(x)) for € RY. Then, (6YM,6ZM) is a unique
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solution to the following BSDE:
T T
oYM = 6eM(Xr) +/ {5%1/}4 +0ZMAM 4 6fM(r)}dr — / sZMaw, .
t t

Here, || is bounded and v ¢ H% mo Whose norm is bounded independently from M.
Thus, with some constant ¢ > 1 depending only on ||y | |HQBMO, one obtains from Lemma 2.1
and Theorem A.1 [26] that

T
E [IéYMH’} + (/ !5Z,M|2dr)p/1
0
T 21 1/3?
< CpqE [\5£M(XT)|PC72 + ( /0 15 fM(r)|dr)pq ]

2
T M M2 P P2 1/
< gl | (1 ([ [+ 1+ 122 Jar) ™ ) 1% = e ()l

2
- 1/252 o2 HXHT 2162 1/2q
< CpqE [||X1{|$|>M}||qu } < CpgE HXHqu <7)

< Cpg(1+ ot/ Mt
for any p > 2 and [ > 0 as desired. O

From the last theorem, one can make the difference (Y — Y™ Z — ZM) arbitrary small
easily by taking large enough M. Thus we may treat the z-truncated BSDE (8.1) as the
target of analysis. In this case, u™ : [0,7] x R? — R defined by uM(t,z) := Y;M’t’x must
satisfy

u(t, ) = uM (¢, o (2)) (8.2)

for all (¢t,z) € [0,T] x R%. Since the solution of (8.1) must be equal to the solution of (3.3)
with the forward process X;,t € [0, 7] replaced by ¢ar(X:),t € [0,T]. Therefore, in this case,
one can concentrate on the interpolation in the compact set || < M and smoothly connect
to the constant function outside.

8.2 Interpolation and discussions on convergence

Since we cannot explicitly estimate the effects of the regularization step in Definition 7.1, let
us first assume that the bounds of Assumption 4.1 (i) are satisfied by 172 ’fjlfl’x for every j €
{i,--+ ,n} and concentrate on the interpolation problem at the time ¢;_; within a compact set
|x| < M. There exists a very interesting result on high dimensional polynomial interpolation
on sparse grids. By Theorem 8 (as well as Remark 9) of Barthelmann et al. [3], it is known
that there exists an interpolating function satisfying the following uniform estimates on the
compact set:

[Tt = ard (T || < Cual s log(Nig)) * 0D (8.3)
Here, A%%(f) : R? — R is an interpolating polynomial function of degree q (> d) for the
function f : R¢ — R based on the Smolyak algorithm. The interpolating function is uniquely

31



determined by the values of f(x;),z; € H(q,d) where H(q,d) is the sparse grid whose number
of nodes is give by N, 4. The power k on the right-hand side of (8.3) comes from the fact

that f(z) = Yti "i=1% has bounded derivatives up to the k-th order. Cyq,a is some positive
constant dependlng only on (¢,d) and ||0" f||ec of m = {0,---,k}. The sparse grid H(q,d)
is the set of points on which the Chebyshev polynomials take the extrema. For details, see
[3, 41] and references therein. The sparse grid method looks very attractive since (8.3) has
only weak dependency on the dimension d.

Unfortunately, however, we do not know the error estimate similar to (8.3) regarding
on its derivatives, and hence we cannot be sure that if A%9( tz tll ") satisfies the bounds
in Assumptlon 4.1 (i) when the derivatives are calculated analytically from it. Thus, let us
write IrAP4(Y, ifll ") and 03 A%4 (Y, Zt’ ") as approximated the first and the second order
derivatives using the finite difference method with central difference scheme of size A, which
is also numerically more efficient. Then, using (8.3), we have

—k k1)(d—1)
0,V = ga AP (P <C<M+CWMWN%@%WN ( >
i—1 I~

1 A )
(8.4)
i o CyaN ") (log(Nig q))) DD
82 tz 1 82 Aqd( tzl 1 ) N <C (AQ—F (g,d) A2 7
(8.5)

where C is some constant depending only on the bounds K’ since }A/tz’fil_l’z is assumed to
satisfy the bounds in Assumption 4.1 (i).

From the shape of the relevant BSDEs (6.4), (6.5) and (6.6), and also from the standard
estimate for the Lipschitz BSDEs (see, Lemma B.2 of [27], for example), we can show that the
same error size of Corollary 6.1 (and hence also of Theorem 6.1) for the next period ¢t € I;_;
is maintained as long as the following inequalities are satisfied:

Nk (log(Nig ) 06D < on}

NGk (log(Ng ) 080
(A” R W < o

A 1—1
b (10g(N(g.a))) FHDE1)

with some positive constant C'. Note that the factors h; 1/2 77 and h;_1 in the last two inequalities
come from the norms of X! and (X)? in the BSDEs (6.5) and (6.6). The above conditions

can be achieved, for example, by choosing A and the order of sparse grid H(q, d) such that
A = Clr|'/?
N(q,d) > CTLB/(2k) .

Ztl 1,)
)

Once this is done, we can perform the short-term expansions based on A% d( Y, t’ 1), Oa AT d( o
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and 93 A24(Y, 1), 10

In each period, thanks to the assumed regularities given by Assumptions 3.1 and 3.2,
we know that the approximated solution by the short-term expansion (7.1) is smooth and
bounded for each period in the set |z| < M. ' The difficult problem that still remains is
that if the uniform bounds of Assumption 4.1 (i) is maintained as the limit n — oco. As long
as this non-divergence condition holds true, the above discussions using the sparse grid imply
that one obtains ||R?||s < C|7|*/? and hence also ||6?]|s < C|7|>/2. Since Assumption 4.1
(ii) is now satisfied as the limit n — oo, one can get the converging result of the order of
|7|'/2 by Theorem 7.1.

One can expect from the approximation scheme in Section 7, the issue of bounded deriva-
tives as n — oo is closely related to the stability of discrete solution technique of PDEs.
As long as the numerical experiments we tried, we have not encountered the divergence of

derivatives by choosing
A =CH/|r| (8.6)

where C is the constant of the order of X’s volatility. When a derivative blowups, a slightly
bigger factor C' makes it bounded in every example. However, getting the sufficient conditions
for the non-divergence in a general setup (and also with different ways of estimating the
derivatives) seems quite involved. We leave this problem for further research.

9 Numerical examples (qg-BSDEs)

In the remainder of the paper, we demonstrate our computation scheme and its empirical
convergence rate using illustrative models. For simplicity, we use a full grid (instead of a
sparse grid) at each time step so that we can approximate all the relevant derivatives by the
central difference scheme. In this case, since there is no interpolation involved, the numerical
solution is guaranteed to converge the true solution as long as there is no blowup of the
derivatives (Assumption 4.1 (i)).

9.1 A solvable qg-BSDE

Let us first consider the following model with d = 2 similar to those studied in [14]:

t 1 t 1
b X / <01X 0 ><1 0 >
+ : d + ’ dWS; 91
0 /0(62Xs2> ST U0 ax2)p, yicpe (9.1)

TCL T
Vi = )+ [ §lzias- [ zaw., 92)
t t

Xy

where b;,04, i € {1,2}, p € [-1,1] and a are all constants. For this example, by using a
exponential transformation (ant,t € [0, T]), we obtain a closed form solution:

Y, = élog (E [exp(af(XT)) ‘]—"tD . (9.3)

10T he interpolation function may not necessarily be smooth as discussed above, since we only need sufficient
accuracy to calculate the derivatives based on the finite difference method. Hence, one may adopt a simpler
sparse-grid interpolation using piecewise linear functions. See [46] and also [37] for interesting applications.

"By the linear growth property of o, the approximated solution (7.1) has a quadratic growth in z from
hif(--+) term. Thus we need to scale, at least, |7|M? = O(1).
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The expectation can be evaluated semi-analytically by integrating over the density of X. We

use 5
r) =3 sin®(a') (9.4)
i=1

as the terminal value function, and set 2o = (1,1)7, T =1, by = by = 0.05, p = 0.3. We have
tested the following five sets of parameters o; and a:

set; = {01 — 0y =0.5,a = 1.0}, sety = {01 — 09 =0.5,a=2.0

sets = {01 — 0y = 0.5, = 3.0}, sety = {01 — oy =1.0,a= 3.0}

sets = {01 — 0y =05,a= 4.0} (9.5)
by changing the number of partitions from n = 1 to n = 300. In Figure 1, we have plotted
log,o(relative error) against the log;y(n) for set;,i € {1,---,5}, where the relative error is
defined by

estimated Yy by the proposed scheme — the value obtained from (9. 3)
the value obtained from (9.3)

We scaled A of the central difference scheme according to (8.6). One observes that the
convergence is more stable for smaller a. Interestingly, for all the results, the empirical con-
vergence rate is close to or slightly higher than 1. This faster than expected convergence may
be due to the following reasons; for the converging cases, the quantity in Assumption 4.1 (ii)
is not only bounded by some constant C' but rather bounded by decreasing sequence C,,
which is expected to make the constant in Theorem 4.2 also decreasing sequence with respect
to n.

Log_10 (n)
0.0 ——T—

1.0 1.5 2.0 2.5
-0.5

~
=<z ’ .
-1.0 \ e -
T \\ =€ << \'
N N
-2.0 m\~ e

NN N
\ /( /IS ) T
-3.5 \A%\ = \_
\
\
|4

o
\
\
2

Log_10 (relative error)

-4.0

—%-set_1 -A-set 2 -B-set_3
-4.5

- set_4 -e-set 5

-5.0

Figure 1: Empirical convergence of the proposed scheme for (9.2) with set;,i € {1,---,5}.
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9.2 Stochastic quadratic coefficient

As a next example, let us make the coefficient of the quadratic term |Z|? stochastic as

T T
Y; = &(X7) +/ gsin(XSl + X2)|Z,|?ds —/ ZsdW | (9.6)
t t

while keeping the same dynamics for X. We have chosen zg = (1,1)", T = 1.0, by = by = 0.05,
p = 0.3, 01 = 09 = 0.5 as the common parameters and tested the two cases; set; := {a = 1.0}
and sety := {a = 3.0}. The terminal function ¢ is the same as the one used in the last model.
In Figure 2, we have plotted the estimated Yy by changing n = 1 to 300. As expected, we
observe that the setup with the bigger “a” needs a finer partition to converge.

3.5 /Q/Lv — o DD —c
34
M -©-set 1
3.4
g 'B/ S-set_2
33 N\ T
3
g!i
w32 o -
3
3.2

0.0 0.5 1.0 Log_10 (n) 15 20 2.5

Figure 2: Empirical convergence of the proposed scheme for (9.6).

9.3 A truncation of the driver

As we have emphasized, it is crucial to have bounded derivatives given in Assumption 4.1 (i)
for the proposed scheme to converge.'? For the qg-BSDE (9.2), if we increase the coefficient
“a” while keeping the factor C' in (8.6) unchanged, we have observed that these derivatives
(and hence the estimate of Y') diverge. In the remainder, instead of making C larger, let us
study the truncation of the driver f so that it has a global Lipschitz constant N following
the scaling rule ( see Section 2.1 of [14] )

Nxn® 0O0<a<l. (9.7)

The error estimates for the qg-BSDEs under this truncation have been studied by Imkeller
& Reis (2010) [29] (Theorem 6.2) and applied to the backward numerical scheme by Chas-
sagneux & Richou (2016) [14]. This truncation does not affect the theoretical bound on the
convergence rate of Theorem 7.1, which is also the case for the scheme studied in [14].

We have chosen the constant C' of (8.6) so that it marginally works for the sets in (9.5)
without any truncation and tested the following four cases;

a=6, a=8, a=10, a=12, (9.8)

12 At the moment, we do not have an explicit estimate of errors arising from the regularization that becomes
necessary when the bounds of derivatives are breached.
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with the other parameters are set equal to zo = (1,1)7, T' = 1, by = by = 0.05, p = 0.3,
o1 = o3 = 0.5 and the same terminal function (9.4). We have adopted the scaling factor
a = 1/4 for the truncation, which is the one used in the numerical examples given in [14]. In
Figure 3, we have plotted the logq(relative error) against the log;q(n) changing the number
of partitions from n =1 to n = 500.
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Figure 3: Empirical convergence of the proposed scheme for (10.2) with a truncated driver
so that the Lipschitz constant scales as N o nl/4.

Except for coarse partitions n < 30, the truncation of the driver yields quite stable
convergence even for these extremely large quadratic coefficients. If there is no truncation,
the calculation fails to converge in every example with the scaling factor C' of (8.6) fixed as
explained. We find no significant change in the empirical convergence rate, and it is close
to one. All of these findings look consistent with the results implied by [14]. There seems a
deep relation among the non-divergence of derivatives (Assumption 4.1 (i)), the scaling rule
of central difference scheme (8.6), the scaling rule of the Lipschitz constant (N o« n%), and
the stability of the proposed scheme. This interesting problem requires further research.

10 Numerical examples (Lipschitz BSDEs)

10.1 Linear BSDE

As another consistency test, let us consider the following linear BSDE with d = 2:

Y, = £(X7) + /tT{C(XS)YS + fy(XS)Zs}ds - /tT Z,dW, (10.1)

where the process X follows the dynamics given in (9.1) and &(z) := |z|* exp(—0.1]z|?),
1
C(x) = cos(xl) + sin(z?), y(z) := <COS($ )

. 9 ) Since v is bounded, we can define the new
sin(z?)
measure Q by

R /O )T
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Under the new measure, we can show that the solution is given by

Y, = EQ [exp(/tT C(Xs)d5>€(XT)‘ft]

We have estimated Yy based on the above formula by simulating X under the measure Q with
the parameters {xg = (1,1)7, T =1, by = by = 0.05, p = 0.3, 01 = 02 = 0.5}. With 200, 000
paths (half of which are antipathetic) of the step size dt = 0.001, we have obtained Yy ~ 8.934
with the standard deviation 0.0057 from Monte Carlo simulation. We have estimated Yy by
the proposed scheme with n = 1 to 300 and plotted logq(relative error) against log;y(n) in
Figure 4. Here, the relative errors are calculated by treating Yy = 8.934 as the true solution.
One observes a smooth convergence of the estimated Yjp.
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0.0 .

qo 05 1.0 15 2.0 25
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“
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Figure 4: Empirical convergence of the proposed scheme for (10.1).

10.2 Option pricing with different interest rates

Finally, let us consider a very popular valuation problem of European options under two
different interest rates, r for investing and R (# r) for borrowing. This problem has been
often used for testing the numerical schemes for BSDEs.

Let us assume the dynamics of the security price as

t t
X = xg ~|—/ uXsds +/ o XsdWy |
0 0

where d = 1 and p, 0 are positive constants. For the option payoff ®(Xr) at the expiry T,
the option price Y; implied by the self-financing replication is given by

T w—r TN\ — T

Y, = ®(Xr) —/ {TYS Il (Y - i) (R — r)} ds — / ZydW, . (10.2)
t g g t

Although the BSDE is not smooth anymore, explicit mollifications for the payoff function

and the driver may not be necessary as long as we use a finite difference scheme to approximate
the derivatives. 13 Firstly, we study cases where the payoff function is equal to that of a call

13We have tested every case with the mollified functions. We have found no meaningful difference in the
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option: ®(z) = (z— K)T, where K > 0 is the strike price. As suggested by [28], this example
provides a very interesting test since the price must be exactly equal to that of Black-Scholes
model with interest rate R. This is because the replicating portfolio consists of the long-only
position and hence the investor must always borrow money to fund her position. We have
chosen the common parameters as {r = 0.01, R = 0.06, x = 0.06, Xo = 100} and tested the
following five sets of (T, o) 4 with n = 10 to n = 3000 in Figure 5:

set; = {T =1, K =106, o = 0.3} ,sety = {T' =1, K = 166, o = 0.3}
sets ={T'=1, K =106, 0 = 1.0} ,sety = {T'=1, K =306, 0 = 1.0}
sets = {T'=1, K =106, 0 = 2.0}.

The Black-Scholes price for each set is given by BS = {11.9999, 1.1171, 38.3459, 11.6619, 68.2964 }
respectively. Although the relative errors for OTM options are slightly higher, the conver-
gence rate to the exact BS prices is close to 1 for every case. It is a bit striking that we do
not see any deterioration in convergence rate in spite of the non-smooth functions and rather
high volatilities.
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Figure 5: Empirical convergence of the proposed scheme for (10.2) for call options.

Next, let us consider a call-spread case: ®(z) = (z — K1)" — 2(z — Ko)*. This is exactly
the same setup studied in [28] and hence we can test the consistency between our scheme and
the standard regression-based Monte Carlo simulation. Let us choose the same parameter
sets as in [28]:

{r=0.01, R=0.06, 1 =0.05, Xo=100, T =025 =02, K; =95 K,=105} (10.3)

The result of [28] suggests that Yy = 2.96 + 0.01 or Yy = 2.95 + 0.01 with one standard
deviation dependent on the choice of basis functions for the regressions. In Figure 6, we have
compared the estimated Yy from our scheme and the one in [28]. The dotted lines represent

empirical convergence.
MK =106 is close to at the money forward for T = 1 with 6% interest rate. The bigger strikes correspond
to 20 out of the money.

38



estimated Y(0)
NN

1.0 15 2.0 2.5 3.0 3.5
Log_10 (n)

Figure 6: Empirical convergence of the proposed scheme for (10.2) for a call spread.

5.5

«

o
$
8
h

»
w

estimated Y(0)
w &
w o

$

e

'U-\

|

25 L o o o . e

Figure 7: Empirical convergence of the proposed scheme for (10.2) for a call spread with
T = 1.0 and higher volatilities.

2.96 4+ 0.01 for ease of comparison. In our scheme, Yy converges toward 2.959. In fact, the
improvement of the regression method of [28] using martingale basis functions proposed by
Bender & Steiner (2012) [5] suggests 2.96 which is perfectly consistent with our result. We
have also tested the convergence with a longer maturity and higher volatilities for the final
payoff ®(z) = (x — K1)T — (x — K2)™. We have used {r = 0.01, R =0.06, u = 0.05, Xy =
100, Ky =95, Ky = 105} as before, but with longer maturity 7' = 1.0 and set; := {0 = 0.3},
sete := {0 = 0.5} and set3 := {0 = 1.0}. From Figure 7, one observes smooth convergence
for all the cases. The decrease in price for higher volatilities is natural from the fact that K5

is closer to the at-the-money-forward point and hence the short position has higher sensitivity
on the volatility.

An example with a large Lipschitz constant

Bender & Steiner [5] have tested an extreme scenario with a parameter set (10.3) replaced
by R = 3.01. In this case, the the non-linearity of the driver has a Lipschitz constant
(R—r)/o = 15. Their experiments suggest that the standard method of [28] fails to converge
for this example. Their improved method with martingale basis functions (see Table 3 in [5])
gives Yy ~ 6.47 with n = 128 and Yy ~ 6.44 with the finest partition n = 181.
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Figure 8: Empirical convergence of the proposed scheme for (10.2) with R = 3.01.

In Figure 8, we have plotted estimated Yy from our scheme with n = 10 to n = 3000. The
dotted line corresponds to the value 6.44 given in [5]. In our scheme, Yy seems to converge
6.38. In particular, with the same discretization n = 181, our scheme yields Yy ~ 6.43
showing a nice consistency. Note that the method [5] requires to change the basis functions
based on the law of X. Every result of this subsection studying (10.2) is indicating that

one may relax the smoothness conditions in Assumption 3.2, which will be studied in future
research projects.

A Proof for Lemma 6.5

In this section, we give the proof for Lemma 6.5 skipped in the main text. We make Assump-
tions 3.1, 3.2 and Assumption 4.1 (i) the standing assumptions.

Proof. Firstly, let us consider (x,%). Using 1/2-Hélder continuity in ¢, the global Lipschitz
and linear growth properties of b in x, we have

IX(t,z) = Xx(t,2)] < / [b(r, x (7, 2)) = b(ti1, x)|dr

ti—1

IN

K [ A0 4 () = X)) + A (e, )| dr

IN

t
C(t+ falnf P+ K [ x(r,2) = x(r,)ldr
ti—1
and hence by Gronwall inequality,

sup |x(t,z) — x(t,x)] < eK}”C(l + ]w\m)hf/z )
tel;

Thus
E suprx@,xti_l)—x(t,Xti_nrp} < G (14 WPE[1X P]) < b (A1)

tel;

with some (i,n)-independent positive constant C),.
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Since 0,41 < K’ by Assumption 4.1 (i),

ly(t,x) =g(ta)| = [ (x(ti, @) — @+ (x(t, @)
K/’X(tiwx) _Y(tiwx)’ :

IA

Thus from (A.1),

E Jsup ly(t Xi,-,) = 9(t, X )PP | < Cyphi?? (A.2)
el;

with some (i,n)-independent positive constant C.
Let us now consider

v (t2) = 0, (X ki, 2)) + 6(8) [0ub(t:, X (8, 2))] 00 (X (84, 7)) -
Since both |9,u'"!| and |0,b| are bounded, it is easy to see

sup |yt 2)| < C (A.3)
(t,IE)EIiXRd

with some positive constant C. For t € I; with a given € R?, we have
vt z) =yt @) = 0,07 (x(ti, @) — 0.0 (x(ti, 7))
t;
—i—/ <8xb(r,x(r,x))y[1]( x) — 0zb(ti, X(ti, )y [ (t,-,x))dr .
t
From (A.3), 1/2-Holder continuity and global Lipschitz property of 0,b, we obtain
|y[1] (tv .T) - y[l] (ta ZL‘)|

< |0, u M (x(ti, ) — D0 T ((ts, )| + /t i { \6335(7”,)((7“,:16))”3/[1] (r,z) —yH(r, z)|
+10:0(r, x (r, 2)) [[FM (r, ) — F (3, 2)] + [9:b(r, x(r, 2)) — Bub(ti, X(Ls, ))Hym(tmiﬂﬂ} dr

t;
< K'\x(ti ) — Xt 0)| + K / yU(r2) — ¥, 2)ldr
t

+C’h2+(]/ (Y2 + |x(r,z) — (Tax)l+|Y(T»$)—Y(ti,$)|>d7“

ti
< K/ W, 2) — §0(r, @) ldr + CRY (1 + |z /)
t
Thus the backward Gronwall inequality (see, for example, Corollary 6.62 in [40]) gives

sup [yU(t, ) — g, 2)| < ORI (1 + [2]v/hy) ™"
tel;

41



and hence

E {sup |y (e, X, ) =y X, )P | < CphP? (A.4)
tel;

with some (i,n)-independent constant C), as desired.

By the boundedness of [0™u't!(x)| and |07b| with m € {1,2}, it is easy to see that \@[2}]
is also bounded

sup |é[2] (t,z)| < C (A.5)
(t,l‘)e]i xRd

with some positive constant C. Similar analysis done for y! using (A.5), 1/2-Hélder and
Lipschitz continuities for d,b, 92b, the backward Gronwall inequality yields

sup |G (t,z) — G2 (t,2)| < ChY*(1 + |2|v/hi) |
tel;

and hence

E [sup \G[z](t,Xti_l) — é[z]

tel, (tv Xti—1)‘p:| < Cph?p/g (AG)

with some (i, n)-independent positive constant C), as desired.
Finally, we consider
7 (t,2) = 8T (G (1, 2) o) (1, X(01:2) )
From (A.5) and the linear-growth property of o,
76 (t.2)] < Co0) (1 + |2 (A7)

is satisfied for every (¢,z) € I; x R? with some positive constant C. We have

t;
o ()~ 7 @) = / Te (G2 (r,2) o0 )(r, x(r2) = G (b, ) o0 T |t X (s, @) ) dr

and thus
o (¢, ) — o (£ @)
t;

<[ { (16280 2) - G 0] + 167 r,2) = G (15,2 [[oo T (1, )|

+ |Gt )|l ), x(r, ) — oo Tk X, ”3))‘} ar

< Ch2 (1 + |2]) + Ch2|z>(1 + hya|)
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with some (7, n)-independent constant C'. Thus we obtain, for any p > 2,

B Jsup lyg’ (1, Xe,) =0 (0 Xouo )P | < Gl (A8)
€l;

as desired. From (A.1), (A.2), (A.4), (A.6), (A.8) and y@ = y[ we obtain the claim of
Lemma 6.5. O
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