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ABSTRACT. We propose a quantization-based numerical scheme for a family of decoupled FBSDEs.
We simplify the scheme for the control in|Pages and Sagnal (2018) so that our approach is fully based on
recursive marginal quantization and does not involve any Monte Carlo simulation for the computation
of conditional expectations. We analyse in detail the numerical error of our scheme and we show
through some examples the performance of the whole procedure, which proves to be very effective in

view of financial applications.

1. INTRODUCTION AND MOTIVATION

In this paper we introduce an efficient scheme for the numerical approximation of the solution
(Y,U,V) of a family of Forward-Backward Stochastic Differential Equations (FBSDEs hereafter)

{Yt = yo+ [fb(Ye)ds+ [0 (V)| dW,, yo€ R

1.1
(11) U = €+ [ f(5YUs,Vi)ds— [T Vaw,, te0,T],

where W is a Brownian motion, T" > 0 is a deterministic terminal time and the functions b,0, f, &
satisfy some conditions specified in the sequel in order to grant that the solution of is well defined.
FBSDEs of the form are particularly popular in financial mathematics: in typical applications
the (forward) process Y describes the evolution of a financial asset, while the (backward) SDE for U
is related to the value of the portfolio that hedges the terminal payoff £ through the trading strategy
V. BSDEs allow for the treatment of non-linear pricing problems and this originated their popularity
in finance. More recently, in the aftermath of the 2007-2009 financial crisis, the valuation of financial
products has been revisited in several aspects, often by means of advanced BSDEs treatments. The
possibility of a default of both agents involved in the transaction and the presence of multiple sources of
funding are represented at the level of valuation equations by introducing typically non-linear FBSDEs
for value adjustments (xVA), see e.g. Bichuch et al.| (2018]). Value adjustments are further terms are to
be added or subtracted to an idealized reference price (computed in the absence of the afore-mentioned
frictions), in order to obtain the final value of the transaction. For example, the computation of Credit
Value Adjustment (CVA) requires the knowledge, at each time s € [t,T] (between today, t, and the
maturity 7') of the future probability distribution of the contingent claim. The numerical cost of such
computations becomes even more pronounced when considering the whole portfolio of claims between
the bank and the counterparty.

The history of BSDEs goes back to Bismut| (1973) and originates from the theory of stochastic
optimal control. First existence and uniqueness results have been obtained in the seminal paper of
Pardoux and Peng| (1990) and have been further extended in several directions, including the presence
of jumps, see Tang and Li| (1994) and reflection El Karoui et al.| (1997a), Cvitani¢ and Karatzas (1996)),

2010 Mathematics Subject Classification. 65C30, 65C40, 60H20. JEL Classification C02, C63.
Key words and phrases. FBSDEs, Quantization, Numerical Scheme.
Acknowledgements. The authors are grateful to Blanka Horvath for fruitful discussions.

1



2 GIORGIA CALLEGARO, ALESSANDRO GNOATTO, AND MARTINO GRASSELLI

Bouchard and Chassagneux (2008), Chassagneux (2009), Chassagneux et al.|(2011). Applications in
mathematical finance are abundant. We refer the reader to El Karoui et al. (1997b),|Gobet et al.| (2005)
and the surveys in Crépey et al. (2014)), Crépey| (2013) for numerous references and several applications
in finance, both in complete and incomplete markets. In view of applications, an important issue
concerns the approximation of the solution of a BSDE: the most relevant contribution is based on the
dynamic programming approach, introduced by Briand et al| (2002)) in a Markovian setting. In this
case, the rate of convergence for deterministic time discretization has been studied by |Zhang| (2004},
who transformed the problem to computing a sequence of conditional expectations. This opened the
door to several approaches to attack the problem, as significant progress has been made in computing
the conditional expectations: |Bouchard and Touzi (2004) adopted the Malliavin calculus approach,
while |Gobet et al.| (2005)) proposed the linear regression method based on the Least-Squares Monte
Carlo approach in [Longstaff and Schwartz| (2001). The approach of Bally and Pages (2003) and Bally
et al.| (2005) was based on quantization, a technique that will be treated in the sequel as it represents
the main source of inspiration for our work. Since then, the literature on BSDE flourished and attained
high level of generality, including the non Markovian setting. In the case where the terminal condition
is not necessarily Markovian, [Briand and Labart| (2014)) proposed a forward scheme based on Wiener
chaos expansion, for which conditional expectations can be efficiently computed through the chaos
decomposition formula.

The problem of finding numerical approximations for the solution of (coupled) FBSDE:s is difficult
and requires additional care. The first relevant result is due to Douglas et al. (1996) and is based
on the four step scheme of Ma et al. (1994). Later, several papers were devoted to the numerical
approximation of FBSDEs with reflection, such as Bouchard and Elie (2008]), |Crépey and Matoussi
(2008) and equations of McKean-Vlasov type, see e.g. (Chassagneux et al.| (2019) for a numerical
method based on the Picard iteration, where the motivation comes from the theory of mean field games.
Despite the charm and mathematical beauty of these very general frameworks, what is interesting in
view of financial applications to pricing and hedging is the case of decoupled FBSDEs like (1.1)) (that
is, when the forward SDE for Y does not exhibit a dependence on U) in a Markovian setting. In this
apparently simpler setting, many challenges still remain. First, the curse of dimensionality, namely
the problem becomes immediately untractable for dimensions greater than one. Moreover, even in
the one dimensional case, the numerical procedures described above require a lot of computations
together with Monte Carlo simulations, which leads to algorithms that are too time consuming in
view of concrete applications. Needless to say, any improvement in the efficiency of the procedure
represents an extremely useful result in terms of computational time if we have in mind portfolios that
include thousands of positions.

The aim of our study is to provide a new numerical scheme for the solution of FBSDEs that allows
to improve the approximation of the solution of (L.I). We follow the spirit of Bally and Pages| (2003)
and Bally et al.| (2005), where Pages and coauthors applied the optimal quantization technique to
compute the conditional expectations. We extend their approach by considering an algorithm that
is entirely based on fast quantization: in particular, our procedure does not rely on Monte Carlo
simulation in any step of the algorithm.

We now give a brief picture on quantization, that can be seen as a compression technique for ran-
dom variables and stochastic processes and has been widely used in many fields, including information
theory, cluster analysis, pattern recognition. We refer to |Gray and Neuhofl (1998) for the history of
the first fifty years of quantization and to |Pages| (2015]) for a more recent survey focusing on numerical
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probability. Quantization of random vectors provides the best possible discrete approximation to the
original distribution, according to a distance that is commonly measured using the squared Euclidean
norm. Many numerical procedures have been developed to obtain optimal quadratic quantizers of the
Gaussian (and even non-Gaussian) distribution in high dimension, mostly based on stochastic opti-
mization algorithms, see Pages (2015) and references therein. While theoretically sound and deeply
investigated, optimal quantization typically suffers from the numerical burden that the algorithms
involve. Indeed, the procedure to be performed to obtain the optimal grids is highly time-consuming,
especially in the multi-dimensional case, where stochastic algorithms are necessary. The recursive
marginal quantization, or fast quantization, introduced in [Pages and Sagna; (2015) represents a very
useful innovation in order to overcome the computational difficulties. Sub-optimal (stationary) quan-
tizers of the stochastic process at fixed discretization dates (hence, of random variables) are obtained
in a very fast recursive way, to the point that recursive marginal quantization has been successfully
applied to many models for which a (time) discretization scheme is available, see e.g. the non exaus-
tive list of papers: |Callegaro et al| (2017), Callegaro et al.| (2018) and [Fiorin et al.| (2019), Pages and
Sagnal (2018)) for the multi dimensional case. We also mention McWalter et al.| (2018]) where recursive
quantization has been applied outside the usual Euler scheme.

Here, we propose a scheme for that is similar to the one in |[Pages and Sagnal (2018), based
on recursive quantization, with a crucial difference: in a nutshell, we introduce a new discretization
scheme for the control process V that we express in terms of U and Y instead of U and the Brownian
motion W (details will be provided in the sequel). This apparently small difference leads to a simpler
numerical procedure, as there will be no need to discretize the Brownian motion increments. This
reduces the computational time required to solve the FBSDE. In fact, in the approximation of the
conditional expectations required in our scheme, we only need the transition probabilities of the quan-
tized process }7, while [Pages and Sagnal (2018]) need to additionally compute a conditional expectation
involving the Brownian increments, that they have to estimate (they use Monte Carlo simulation).
Such procedure implies an additional numerical effort which is not required in our case. In other words,
once the process Y has been discretized in space via recursive marginal quantization to get 1/}, we apply
our backward approximation scheme in order to get an explicit and fully quantization-based algorithm.

We provide two numerical experiments. The first involves a linear BSDE, so that we can test our
approximated solution in a case where there exists a closed form for the control. Here our procedure
reveals to be fast and accurate. The second example focuses on a non-linear BSDE, with unknown
closed-form solution, corresponding to a pricing problem where lending and borrowing rates may be
different, as in Bergman| (1995). We compare our solution with the one in [Pages and Sagna, (2018])
that we take as a benchmark. Results are very promising insofar we get accurate estimates even tak-
ing a very small number of quantizers and time discretization points (20 quantizers and 50 time steps).

The rest of the paper is organised as follows: in Section [2] we briefly introduce the FBSDE and we
recall the main existence and uniqueness results in order for our working setting to be well-posed. In
Section |3| we illustrate our new scheme for the control U. Section 4] provides the essentials on recursive
marginal quantization that we apply in Section [5| to the computation of conditional expectations. In
Section [6] we study the error, while in Section [7] we illustrate some numerical test. Section [§|concludes.
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2. FORWARD-BACKWARD STOCHASTIC DIFFERENTIAL EQUATIONS

We start by fixing some notations. Vectors will be column vectors and, for z € R?, |z| denotes
the Euclidean norm and (z,y) denotes the inner product. Matrices are elements of R7*?, with |y| =

TracefyyT] and (z,y) = Trace[zy']. Let (2, F,P) be a probability space rich enough to support
an R%-valued Brownian motion W = (Wy),co,7]- Let F = (Ft)icpo,1) be the filtration generated by W,
assumed to satisfy the standard assumptions. We consider the following spaces:

e L2 is the space of all Fp-measurable R%valued random variables X : Q — R¢ such that
IXI? =B [|1XP] < .

o H27%? is the space of all predictable R7*%-valued processes ¢ : Q x [0, 7] — R7*? such that
E [fOT |¢ty2dt} < .

e S? the space of all adapted processes ¢ : 0 x [0, 7] — R?*¢ such that E [supg<,<7 |¢¢|*] < 0.

Let Y = (Y%)tE[O,T} be an R%-valued process solving the stochastic differential equation (henceforth
SDE):

t t

(21) Yi—wt [ b(ds+ [ o()Taw, wer
0 0

and let us consider the following standing assumption:

Assumption 2.1. The vector fields b : R — R% and o : R — R9*? satisfy the following conditions

(2.2) b(y) — b(2)| < L]y — 2],
(2.3) lo(y) —o(2)] < Laly — 2|,
(2.4) lo()| < Ls(1+1yl), [b(y)] < Ls(1+[yl),

for some positive constants L1, Lo, L3.

It is well known that under such regularity conditions there exists a unique adapted right continuous
with left limits (henceforth RCLL) strong solution Y% = (Y/**),c(o.1] to which is a homogeneous
Markov process. It is also well known that the solution Y% satisfies the following: for all couples
(t,90), (t,94) € [0,T] x R? and p > 2 we have

(2.5) E [ sup [V —yol”| < La(1+ [yolP) T,
0<t<T
1P
(2.6) E | sup ‘Ytyo -V | < L5 (lyo — wol?) ,
0<t<T

where L4, L5 are positive constants. To alleviate notations we will simply write Y for the solution,
omitting the dependence on the initial condition yo. We investigate a backward SDE with a terminal
condition and a generator that depends on the state process solving the forward SDE . More
precisely, we consider the backward stochastic differential equation

T T
(2.7) Ut:§+/ f(s,YS,US,VS)ds—/ V.law,, teo,T],
t t

where V' = (Vi)¢c[o,7] is a process in H29%!, We will also work under the following:

Assumption 2.2. (i) The function f:[0,T] x R x R x RY — R is Lipschitz continuous, uniformly
intel0,T]:
Ftr,0) = F (68 s08,0) | < Lo (ly— o) + =] + o — o]
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for a positive constant Lg.
(i) The terminal condition & is of the form & = h(Yr), for a given Borel function h : R — R.

The system formed by the forward SDE (2.1) and the backward SDE ({2.7)) is a decoupled forward-
backward SDE. Decoupled here means that the forward SDE for Y does not exhibit a dependence on
U. The following result for FBSDE is standard, see e.g. Delong (2013) Theorem 3.1.1, Theorem 4.1.3.

Theorem 2.3. Under assumptions and there exists a unique solution (Y,U,V) € S*(R?) x
S%(R) x H?9*! to the FBSDE ([2.1))-(2.7)).

3. A GENERIC SCHEME FOR FBSDESs

In the following subsections we will introduce the proposed numerical scheme to approximate the

solution of the FBSDE (2.1)-(2.7). To do so, we fix a time discretization: let n € N, A = A, = L

n

and set t; = % The scheme, given below in (3.10)), is defined as a backward induction and reads as
follows:

;. ~

U, = h(Y;) andfor k=0,...,n—1
0, = E[ﬁtk“ ]—"tk} +A f(tk,?tk,E[ﬁtkH

7171 ~ _ —
Vi, = % [U (Ytk> ] E |:Utk+1 (Ytk+1 - Ytk)
_ 171 ~ _
\ ~ e ()] BT | Fu| b (V)
where U and V are approximations of U and V' (that will be properly introduced in Subsection
and where Y denotes a suitable (time) discretization of Y that, at this point, is left unspecified.

Ftk:| 7‘7tk)
.Ftk}

The scheme is similar to the one proposed in [Pages and Sagna) (2018), the novelty being a new
discretization scheme for the control process. More precisely, TN/tk,k = 0,...,n — 1, is no longer a
function of ﬁtk+17Wtk7Wtk+l7 but depends here only on ﬁtk+1’?tk’?tk+l' This leads to a simpler
numerical procedure, which is faster to implement. Indeed, since Y is approximated indipendently
from U and V, there will be no need to discretize the Brownian motion increments and this will result
in a speed-up of the computational time required to solve the FBSDE. More details on this will be
given in Remark From a practical point of view, once the stochastic process Y has been discretized
in space via recursive marginal quantization to get 37', the scheme reads as in Equation and the

backward recursion results to be explicit and fully quantization-based.

3.1. Scheme for the value process U. Following [Zhao et al.| (2006) we provide a step by step
derivation of the numerical scheme for the process U. Let (Y,U, V) be the adapted solution to the
FBSDE (2.1)-(2.7). Restricting ourselves to two consecutive points in time tx; and tx, we write

tet1 trt1
(3.1) Uy, = U, +/ f(s,Ys,Us,Vs)ds—/ V" AW,

123 tg

and taking J, -conditional expectations on both sides we get
trt1
Utk :]E[Uthrl’]:tk] +/ E[f(S,YS,US,‘/S)LFtk}dS.
ti

Let us first concentrate on the integral term, using 6, € [0, 1] we write

Tt
/ E [f(S,YS, Us, Vs)| ‘Ftk] ds = (tk-H - tk) {(1 - 91)E [f(tk+la Ytk+1v Utk+17 Vtkﬂ)‘ ]:tk]

tg

+01f(tk7 Y;fka Utka Wk)} + RU
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where the error term RV is defined as

tet1
RU = / (E [f(S,YS, Us, V:?)’ ]:tk] - (1 - HI)E [f(thrl:Y%kH? Utk+17‘/tk+1)‘ ]:tk]

tg

+91f(t/€7 }/tkv Utkv ‘/tk)) dS.
Hence we arrive at
Uy, =E [Utk+1 ‘ ]:tk] + (trt1 — tr) {(1 —6)E [f(tk-Hv Yoo Utk+17%k+l)‘ ]:tk]
+91f(tk’7 Ytk, Utka V;fk)} + RU‘

Remark 3.1. In most situations, we do not have an exact simulation scheme for the solution of the
forward SDE (2.1)). This means in general that we are not able to simulate Y (i.e. the exact solution
of ), and we need to introduce a suitable discretization Y, such as the Euler-Maruyama scheme,
the Milstein discretization or higher order scheme as presented e.g. in Kloeden and Platen| (1992).

For the moment, let Y be a discretization scheme for Y, which is still left unspecified. We write
Uy, =E [Uspr| Fro] + (trea — 1) {(1 —61) (E [ttt Yt Ut Vi) | For] + Rfl)
61 (£t Vo U Vi) + B?) } 4 RY,
where
RIV=E [ f(tis1: Yiesr» Unesrs Vi) Fie) = B [F Grtts Yo Ut s Virs) | P
R = F(tr, Yoo, Us, Vi) = (s Yo, Uty Vi ).
Setting R/ := (1 — 61)R/! + 6, R/? we finally arrive at
Uy = E [Upey | Fro] + (trer — 1) {0 = 0DE [ f(tar1, Yeyrs Unsrs Viess)| i
+01f (tr, Vi, U Vi) } + RV + RY.

We observe that in (3.2]) the discretization error is due to the time discretization and the choice of the
numerical scheme for the forward process Y. Further sources of error will arise in the space dimension

(3.2)

as we will approximate the conditional expectations appearing in (3.2)).

3.2. Scheme for the control. We derive the newly proposed scheme for the numerical approximation
of the control process V. What is tipically done in the literature is obtaining a discretization scheme
for V' which involves the increments of the Brownian motion. This is done by multiplying Equation
by (Wi, — W4,) and then taking as usual conditional expectations and truncating the error
terms. We will proceed here in a different way, which is new, up to our knowledge. Our objective,
indeed, is to derive an update rule for the control that only involves Y (i.e. the process that we will
quantize in the sequel) and not W. To this end we consider again the BSDE and multiply both
sides by fti’““ o (Ys) TdW:

tht1 bkt tht1
Utk/ a(Ys)TdWs:UtkH/ O'(Y;)TdWS—i-/ f(s,YS,US,Vs)ds/ o (V) Tdw,
tg tk ty tg
(33) tht1 trt1
—/ V" AW, o(Yy) T dWs.
7%

tg

tr4+1



QUANTIZATION-BASED SCHEME FOR FBSDES 7

We take then F, -conditional expectations on both sides, thus obtaining the following identity

tkt1 tra1
U, E [/ o(Ys) " dWy ]-"tk} =K [Utkﬂ/ o(Ys) TdW, }"tk]
tk tk
() (B)
[ [tk tht1
+E / f(S>Y:9>USaV:9)d3/ U(Y;;)TdWS ]:tk:|
(3.4) e "
©)

lkt1 tkt1
~E / V., AW, o(Yy) TdW,

LJ Ly tr
~

(D)

7

We now analyze every conditional expectation in (3.4)) starting from (D):

e (D) Via Ito6 isometry we find E [ft'““ V,hdW, ftt:“ o (YS)T dW,

ty

Fio| =E[ [ 0 (V) Vids| 7|

and using 02 € [0, 1] we have

trt+1 T
E [ / o (Ys)' Vsds

ty

Fou| + 020 (i) V2, }

Fo| = =0 {1 = 0008 [0 (40) Vi

+ RVY,

ty
now take into account the impact of the numerical scheme to approximate Y, namely we

where RV :— [jt'f“ [a (V) Vi — (1= 6o (Vi) Vi, — oo (Vi) " Vtk] dS‘ ftk] We

insert Y:

teaa T
E [/ o (Ys)' Vsds

ti

]:tk] + 020 (?tk)—r Vtk}

—  \T
]:tk:| = (tk’—i-l - tk) {(1 - 92)E [U (Ytk+1) Vtk+1
+ RV 4 RVY

with RV ™Y = (tk+1_tk) {(1 — 62) (U (Y;fkﬂ)—r -0 (?tk+1)T> ‘/’tk+1 + 02 (U (}/%k+l)—r -0 (?tlﬂ—l)—r) %k}
e (C) We clearly have:

tea1 tet1 T
E[/ f(s,Ys,Us,vsms/ o (v,)T W,

tr tk

7| 0.
e (A) Here, too:

lkt1 T
UK [/ o (V)T dw,

173

Fu| 0.

e (B) A distinctive feature of our numerical scheme is based on the following simple observation:
we can exploit the dynamics (2.1)) to express the stochastic integral in (B) as follows

trt1
) s e [0 )

tg

tet1 T
(3.5) E[Ut,m / o (v,)T dw,

ty

Splitting the conditional expectation on the right hand side, we obtain two simple conditional
expectations that can be suitably estimated, once we have an approximation for the transition
probabilities of the forward process Y. We write

E [Utk+1 (Y;Jkﬂ - Ytk) ‘ ]:tk} =E [Utk+1 (Ytk+l - ?tk)‘ftk] + RV,
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where RVTY :=E [Uy, ., (Yioy — Yoo )| For] —E [Ubiy| Fri] (Ye, — Y, ), while for the sec-
ond expectation in we have

th+1
E |:Utk+1/ b(Ys)ds

ty

ftk] = (tk+1 - tk)(l - 92)E [Utk+1b (?tk+l)}ftk]

+ (tk-i-l - tk)02E [Utk+1 ‘ ftk] b (?tk)
+ Rb*@ _*_RbfY

where

R :=E [UW / () ds — (e — 1) {1 =02)b (Y,) + sz%)}) ’ ftk}

Ly

RCY = (tg+1 — tr)(1 — 62)E [UtkH (b (Ytk+l) —b (?tkﬂ)) ‘ ‘Ftk]
+ (tes1 — tr)02E [U, | Fo] (0(Ye,) — 0 (Ye,)) -

By regrouping all terms (A), (B), (C) and (D) we obtain the following relation, providing an implicit
update rule for the control process V' (the explicit rule for the control V' will be specified in the next
subsection):

0=E [Utk-‘-l (?tk-H B ?tk) ‘ ftk] + RU?Y - (tk+1 - tk)(l - 02>E [Utk+1b (?tkﬂ) ‘ ‘Ftk]
(3.6) — (tis1 — th)0:E [Uy,,, | Fi ) 0 (V) — R — R*Y
- (tk—i-l — tk) {(1 - 02)E [U (?tk+1)—r V;fkﬂ

3.3. The truncated scheme. Starting from Equations (3.2)) and (3.6)) and by truncating all error
terms, we obtain the following system of two equations (for each k) for the couple (U, V'), where (U, V)

Fie] + 020 (V1)) Vie} = RVO— RVY,

are approximations of (U, V) where we recall that Y is a suitable discretization of YV’

. U, =E [ﬁtk+l ]-"tk} + (teg1 — tr) {(1 —01)E [f(tk+1’7tk+1’ﬁtk+l’ Vit ]:tk}
0T (1,V 0, Vi) )
0=E [Ty, (Virs, — Vau)| Fu
58 = (te41 — te)(1 — 62)E [ﬁtk+1b (Yerin) ]:tk}

— (thg1 — tg)2E [(thkﬂ ftk] b(Y+,)
~ (trar = t0) { (1= 0)E [0 (Vi) Vi

Remark 3.2. The second equation above (which is the truncation of Equation (3.6)) provides an
approximation scheme for V;, as a function of Vi, ,,, Us,, 1, Y, Y,y

Fie| +020 (V) Vi ).

In particular, if we set 81 = 62 = 1, we obtain the recursive scheme (which is not yet fully explicit):

ﬁtk =E |:fjtk+1 Ek] + (tk+1 - tk)f(tk7?tk’ fjtk’ ‘7%)
- Tl _ _

Vi = m [U (Ytk) } E |:Utk+1 (Ytk+1 - Ytk)
_ T —1 ~ o

e ()] BT B0 (7).

1 _
denotes the (¢ x d) left-inverse of the matrix o (Ytk)—r

J-“tk}

where [a (Ye,) T}

Remark 3.3. In Section [0 focusing on the error analysis, we will for simplicity consider the case when
q = d and we will work under Assumption [6.1} which will guarantee the invertibility of o.
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Remark 3.4. In Pages and Sagna/ (2018) the scheme is made fully explicit by performing a conditioning
inside the driver, which results in the following

U, = h(Y,) andfor k=0,...,n—1

(39) ﬁtk - FE [ﬁthrl ftk] + (tk+1 — tk)f(tk)?tkaE [ﬁthrl ]:tk] "ka)
V;‘/IZS - mE [Utk+1 (Wtk+1 o Wt’“) }_tk} '

So, borrowing this idea, we are now in a position to finally state our proposed scheme as (recall
that (tx+1 —tx) = A for every k =0,...,n —1):

U, = and for £=0,...,n—1
Oy = [Utkﬂ’}'tk} +Af(tk,Ytk, ZMEA RS
(3.10) Vi = %[0 (u) } E [Tes (Vi = V)| P
[ (V1) } [Utk“ ]—“tk]b(Ytk).

We stress that, for the moment, we obtained a general, yet original, discretization for the FBSDE
(2.1)-(2.7). The role of recursive marginal quantization will become apparent as we approximate the
conditional expectations appearing in the scheme above.

4. A PRIMER ON RECURSIVE PRODUCT MARGINAL QUANTIZATION

We provide some background on recursive marginal quantization. We consider a diffusion process Y’
as in and its discretized version Y over a given time grid. Quantizing the diffusion process Y via
recursive marginal quantization (henceforth RMQ) means the following: we consider the discretized
analog Y of Y and, for each given point in time, we project every single random variable ?tk Loona
finite grid of points by exploiting the fact that the conditional law of Y7, ., given its value at time #
is known. When the discretization Y is chosen to be the Euler scheme the conditional law of ?tk .
given

Y,
is Gaussian. This technique was first introduced in |Pages and Sagna/ (2015)) and was further developed
in Fiorin et al.| (2019)) and applied in different settings, such as Callegaro et al.| (2017) among others.

Let us now provide a minimum insight on RMQ. The Euler scheme of Y, solution of , is defined

via the recursion
= = —= — T _
(4.1) Vio,=Yy, +Ab(Yy)+o(Yy) Wiy, —Wi), o€R%
for A=A, = % and t = % For notational simplicity, in this section we set Y, := Ytk.

Remark 4.1. Some extensions are possible:

a) The results presented here can be extended without any technical issue, yet with additional
notational burden, to the case when the coefficients b and ¢ are no longer time homogeneous
(this is the setting in [Pages and Sagna/ (2018))).

b) It is possible to consider higher order schemes such as e.g. the Milstein discretization as in
McWalter et al| (2018). This has an obvious implication on the shape of the conditional
distribution of Y1 given Y.

We define the Euler operator, which allows one to express the distribution of Yi 11 given {7i =y},
with £ =1,...,d

(4.2) Sy, 2) =y +Aby)+VAo(y) z, yeRzeRY.
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Our target is discretizing Y1 via a finite grid, 'y, 1, under the constraint that the resulting approx-
imating error has to be minimal. Namely, using the Euler operator, we consider the L2-distortion at
time t31, Dg,1, which is defined as the square of the L2-distance between the random variable Y
and the grid I'g4q

(4.3) Ek+1 (Fk+1) =E [(dist (?k+1rk+1)2:| =E |:diSt ((‘:k (?k, ZkJrl) ,Fk+1)2]

for Zpy1 ~ N (0,1,;), and we aim at finding a grid T}, that minimizes the distortion function. For
a given size of the grid, it is known that an optimal quantizer exists (see e.g. |Graf and Luschgy
(2000)). Moreover, in the one-dimensional case, if the density of the random variable to be discretized
is absolutely continuous and log-concave, then the optimal quantizer is unique.

Remark 4.2. The conditional distribution of the Euler process Y is Gaussian. Also, each component

of a Gaussian vector is Gaussian.

To quantize the vector Y}, € R?, [Fiorin et al.| (2019) consider each component of the vector sepa-
rately: they quantize ?f; over a grid Ff; of size N,f for £ = 1,...,d and then they define its product
quantization }Afk, i.e., the quantizer of the whole vector, on the product grid I'y = ®?:1 Fi of size
N = Nix.ox Nitas B = (V1. 00).

More precisely, for any &k = 0,...,n and any given ¢ € {1,...,d}, ?,f denotes the quantization of
7;; on the grid 't = {yi’i‘, iv=1,... ,N,f}. The idea of [Fiorin et al. (2019)) is as follows: assume we

. A
have access to Fi, an N,f—quantlzer, for £ =1,...,d, of the ¢-th component Y, of Y. They define a
componentwise recursive product quantizer I';, = ®Zl:1 Fi of size N, = N,i X ... X N,‘;l of the vector
= —t
Y= (Y ) via
K ko=t .a

(4.4) Iy = {(y,i’il,...,y;f’id), yi’i" € Fi for £ € {1,...,d} and iy € {1,...,N£}}.

To leverage the conditional normality feature, suppose now that Y} has already been quantized
and that we have the associated weights P <§A/k = y{(), i€ Iy, where yl = (y,i’“, . ,yZ’”) L=
(i1,...,1q) € I, and

(4.5) I = {(il,...,id),ig c {1,...,N,§}}, ke{0,...,n).

By setting Vi = E,f (ffk, Zk+1>, one can approximate each component of Dy 1 (I'x11) via Eiﬂ (Fﬁﬂ),
=1,...,d where

DL (T = |aist (V. 10 )| = E |aist (€ (T, 2 e )’
k1 \Lkg1) = st (Y1, lpn) | = ist (&, (Ye, Zit1 ), g
. 2 —~ .
-V E {dist (5,5 (yi(, Zk+1> ,Ff;H) ] P (yk - yi() .
i€l

Such approximation allows [Fiorin et al.| (2019)) to introduce the sequence of product recursive quanti-
zations of ¥ = (i}k) ,fork=0,...n—1, as

=U,--n

(4.6)

?@ = PI‘Ojl—‘(l@C (}7]5) and }7/54-1 = Elg (}/}k, Zk+1) ,E = ]_, c. ,d
Efly,2) =y + AV (y) + VA (0™ (y) ]2) ,2 = (21,...,29) e R
Yy = (yl,...,yd) b= (bl,...,bd) and (05' (y) ]z) =>4 atm (y) =™

(4.7)
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where for every matrix A € M(d, q),a"® = g1

We conclude this section by providing some information about the computation of transition prob-
abilities. In [Fiorin et al. (2019) three methods are proposed: the first one, in their Proposition 3.1,
concerns the computation of transition probabilities of the whole vector Y , the second covers the case
where the diffusion matrix is diagonal and the third is a corollary to their Proposition 3.1 for the case
where we are interested only in one component of the whole vector. We refer the reader to this paper
for all the details on how to instantaneously compute these probabilities once the quantization grids

have been obtained.

5. COMPUTING THE CONDITIONAL EXPECTATIONS

Our numerical scheme (3.10)) has been conceived in such a way that computing the conditional

expectations, with respect to (F3,),_o ,,» only requires the knowledge of the stochastic process Y.

,n’?

We will see that this results, from the practical point of view, in a handy, easy to understand and
ready-to-use numerical scheme.

Before proceeding, we now rigorously prove that for every k =0,...,n—1
U, = uk(?tk) and Vi, = vk(?tk)

for given Borel functions uy : R* — R and vy, : R — RY.

Proposition 5.1. For every k € {0,...,n — 1} the update rule for the control satisfies ‘Zk = vp(Yy,)
and for every 1 € {0,...,n} we have Uy, = ul(?tl), where vi, : R4 — RY and u; : R — R are

{ ve) = L)) loa®) + A gor@b @), k=0,...,n—1
un(y) = h(y)7 and Ul(y) = 93’l(y)+A'f(tl,y,g&l(y),vl(y)), ZZO,...,Tl—l

with g1 R — R, 92k - R? - R and g3, R? — R as follows

gik(y) = Elug (Ex—1(y, Z1)) [Ex—1(y, Zk) — y]
Gr(y) = Elup(Er1(y, Z))]
93.(y) = Elu1(&(y, Zi41))]

and for Z;’s i.i.d., Z; ~ N(0,I,).

Proof. First of all notice that, by definition of Uy, , we immediately have U, = h(Yy,) =: un(Yy,).
We now work on the control at time ¢,_;. By recalling (cf. Section that (tg+1 —tr) = A we find:

Voo = A 0] B[O (Vo -V )| Fud] [0 ()] B[] 7] 5 (7))
= o) E V) (Vi - Vo) P ]

+ [a (?tm)T} e [un(V0,)| Foo 1] (Ve ) -

Now, from Equation (4.2), we have Yy, , = E(Yy,, Zrt1), where Zpyy ~ N(0,1;) and the Zp’s,
k=0,...,n—1 areii.d., and so

~ r__ 1—1 _ _ _
Vs =~ [0 (Vo) | E{un (Eat (Vo Z0) [Eart (Viss Za) = Vi) 1Py}

[0 (Ve )] E [0t (Voo Za))| For ] B (V)

-1

[glyn(?tn—l) +A 92,71(?%71)[) (?tn—l)] = Unfl(?tykl%
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where we have used the fact that (Y7, )j:O,...,n is a Markov process (see e.g. [Pages and Sagnal (2018,
Section 3.2.1)) measurable w.r.t 7, , and Z, is independent of F;, , and, for y € R?, g ,(y) and
g2.n(y) are defined as in the statement.

We now proceed by induction (notice that the values of k and [ for which the claims hold are
shifted): we assume that ﬁtk“ = up41(Ye,,,) and ‘Zk = v (Yy,) and we prove that this implies that
ﬁtk = Ug (?tk) End ‘7%71 = Uk_l(?tk—l)' _

The proof on V;, , is analogous to what we have just done for V;, ,, so we omit it. It remains the
ﬁtk—part, which we develop now:

ﬁtk = E[ﬁtk+1

Fu| + 8 F (06 Vi B[O | 7] V)

= E (w1 (Ve )| Fo] +A F (b Yo E Jupr (Vi )| Fo ] oe(Yey))

= E [ups1 (& (Ve Zuos1))| Fo) + A F (b6, Yoo E [usr (S (Ve Zrwr)| Fii] s on(Ye)
= e3u(Ve) + A F (e Vi 936 (V) 06 (V) = ur(Yey),

where we have used the functions g3 ;, introduced in the statement. O

In summary, we can compute the conditional expectations in the discretization scheme (3.10) as
follows, by exploiting Proposition and the Markovianity of the discrete time stochastic process

(?tk)kzo,...,n
_ - E[@kﬂ‘}—tk] = E[uk—i-l(ftkﬂﬂfik] = E[ﬁk-i-l(?tk-kl”?tk]
E[Utk+1 (Ytk+1 - Ytk) “Ftk] = E[uk‘i’l(ztk-o-l) (Ktk-u - Ktk) ’ftk]
E[uk-i-l (Ytk+1) (Ytk+1 - Ytk) |Ytk]'

5.1. Approximation via quantization. As a final step, now we approximate Y via }A/, which is
obtained as explained in Section [f] and we get the quantized final version of the recursive discretization

scheme (3.10) (we recall that, for every k =0,...,n, }/}tk is the quantization of Y7, ):
(U, = h(Y,) andfor k=0,....,n—1

ﬁtk = E [ﬁtk+1’2k:| + A f (tkvzkvE[ﬁtk+1|ﬁk]7‘Zk> = ak(i}tk)

. AT s . <\~
(5.1) WkZXP@@} E (O, (Vs — Vi) 1V

~ANTT7Y A o ~ -
- |:U (Y;fk> :| E |:Utk+1‘Y;fk:| b (Ytk) =: 6143(}/;%)7

with 4y, : I'y — R and 7}, : 'y, — R? Borel functions, for k = 0,...,n — 1. Namely, the conditional

expectations in (3.10)) are approximated as:

p

E[ﬁtkH’ftk] = E[uk+1 (?tk+1)’?tk] ~E |:Utk+1 D/%k:| = E[akJrl(YtkH”Ytk]

(5.2) E[fjtlle Vi, =Yoo ) [Fo) =Elupn (Vi) Ve, — Yio) Ve
B, (Vs — Vi) (V)
E

[ak+1(Ytk+1) (Ytk+1 - Kﬁk) D/tk]
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The approximating scheme is then fully explicit, since for every w € 2 such that }/}tk (w) = Y{« for a
given i € Ij, we have

(B [ (V)1 V0| @)
= Zjelk+1 ak+1(le'<+1)P (i;tkﬂ = Y1i<+1|i;tk = yi{)
E [ﬂkﬂ(ﬁkﬂ) (fﬁml - ﬁk) ’i}tk} (@)
= Sienn 1) (Vor = v4) P (Ve = vha IV = ¥4

Remark 5.2. As expected and already announced, the proposed discretization scheme is fully driven

(5.3)

\

by the process SA/, which is the quantization of the Euler scheme process Y.

In the next section, we provide a study of the numerical error associated with our scheme ([5.1)).

6. THE ERROR

The analysis of the error is divided in two steps: in Section [6.1| we study the error in time whereas
Section [6.2|focuses on the space dimension. Here Y denotes the Euler scheme relative to the stochastic
process Y and we will work under the following:

T is uniformly elliptic, namely, for everyy € RY,

Assumption 6.1. We have ¢ = d and the matriz oo
denoting by a;;(y),i,7 =1,...,d the elements of [o(y)o(y) "], there exists \g > 0 such that

d
Lo 2 d
el = > ag()&g; < Molléll?, e R
0 ij=1
Remark 6.2. a) The above Assumption ensures that for every y € R?, the matrix o(y) is positive
definite, hence invertible, and bounded. The inverse matrix o(y)~! is also bounded. More precisely,
denoting by || - ||z the Frobenius norm EI, we have that for every y € R?

_ 2
o™ WIlE < Ao

This will be crucial in Section [6.2]

b) Assumption together with a Lipschitz continuity condition on h with Lipschitz constant K, is
required by |Zhang] (2004, Lemma 2.5 (i)) to prove that the control process V admits a cadlag version.
This, in turn, is needed in |Zhang (2004, Theorem 3.1) to prove the following:

tivr1 [
i

ZE{/ ‘%_%i71|2+"/t_%i’2} dt} = C(1+|90’2)Aa
i=1 t

where C' is a constant depending only on 7" and K and we recall that A = A,, = % The results by

Zhang are contained in [Pages and Sagna (2018, Theorem 3.1). We adapt them below, in Theorem
[6.4] to our setting.

6.1. Time discretization error. Studying the error of our scheme with respect to time means
computing a proper distance between (U, V') and ((NJ, ‘7) Inspired by Pages and Sagna, (2018]), we will
adapt to our setting their Theorem 3.1.

Before stating the time discretization error result, we need to introduce, as typically done in the

literature, the continuous time extension of (ﬁtk) k—o. n» denoted by (Uy) o] We introduce the

te|

'Recall that given a matrix B := b;,i,j = 1,...,d, ||B||p := \/&r(BBT) = /3, :(bi ;).
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random variable .
My =Y Uy, — B[Oy |7, ]
k=1
and we notice that M7y € L? and so, by the Martingale Representation Theorem, M admits the
following representation:
T ~
My = / v, dws,
0

for an (Ft)te[o T}—progressively measurable stochastic process V, with values in R, such that E [ fOT |1~/5|2ds} <
00. As a consequence,

~ ~ te
(6.1) Oy — E | Uyl Py | :/ v.raw,
te—1
and we introduce the continuous extension (ﬁt)te[O,T} as follows: if t € [tg, tpt1)s

~ ~ —_ ~ o~ t o~
(6.2) Uy = Uy — (t—t)f (tk,Ytk,E [Utk+1\ftk] Vtk> +/ VIaw,.

ty

Remark 6.3. Recalling Equation (3.9) and exploiting Equation (6.1]), we get, for every k =0,...,n—1,

1 tht1
Fu] = XE M Vsdsyftk} .
k

~ 1 ~
S
VS = SE Uy (Woes = W) X
This is extensively used in the proof of Pages and Sagna/ (2018, Theorem 3.1), which we mimic here,

to prove the error bounds with respect to time.

Theorem 6.4. i) Under Assumption let f:]0,7] x R x R x R? — R be Lipschitz with respect
to time and let h : R* — R be Lipschitz. Then there exists a real constant C > 0 only depending on
b,o, f,T such that, for every n > 1

T T
max E [|Utk - ﬁtﬂ +/0 E [|v; - 17t|2} it <C (A +/0 E[|Vi - Vil ds> ,

where s =ty if s € [t, tkt1)-

i1) Assume moreover that b,o and f are continuously differentiable in their spatial variable with
bounded partial derivatives and that f is %—H&lder continuous with respect to time. Then the pro-
cess V admits a cadlag modification and

T
/ E[|[Vs — Vi?] ds < C'A,
0

for a real positive constant C' (only depending on b, o, f,T), so that we have

~ T o~ ~
max E [\Utk - Ut,ﬂ +/ E [\Vt - Vtﬂ dt < CA,
=0,...,n 0
for a real positive constant C (only depending on b,o, f,T).

Proof. Part ii) is a consequence of 7) and it is obtained via Zhang| (2004, Lemma 2.5 (i) and Theorem
3.1).

The proof of 7) is the same as the one in |Pages and Sagna (2018, Theorem 3.1 a)) relatively to Steps
2 and 3, while something has to be made precise relatively to Step 1. Indeed, the two schemes
and differ in the control discretization. Nevertheless, since here Y is the Euler scheme of Y,
namely Yy, ,, — Yy, = Ab(Yy,) +0(Ye,) Wy, — Wa,), k=0,...,n— 1, also Step 1 in Pages and
Sagnal (2018}, Theorem 3.1) can be retraced straightforwardly. O
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Remark 6.5. Despite the fact that the time error bounds for our proposed scheme are the same as
in [Pages and Sagnal (2018), our recursions only require the discretization of the process Y and this
results in an increased numerical efficiency, namely in the speed-up of the computational time. What
is more, in the approximation of the conditional expectations required in our scheme, we only need
the transition probabilities of the quantized process 17, ie., forie I,je€ Ixi:

P (Ytk+1 = y‘lli—&-l’}/;k = yi() .

This is not the case in |Pages and Sagna| (2018), where the authors, in their scheme (3.9) for v Ps ,
need to additionally compute E[ﬁkH(WtHl — Wi )| Fe ],k =0,...,n— 1. So, they have to estimate,
for i€ Iy,j € Ixy1, the weights (we stick to their notation)
Wik . _ 1 _ . e
7Tij = P(ﬁk _ yi{)E |:(Wtk+1 Wtk)l{nk+1:yi+17nk:yic}:| 9
which is done via Monte Carlo simulation (see [Pages and Sagnal (2018, Section 5)), hence requiring
additional numerical effort, which is not needed in our case.

6.2. Space discretization (quantization) error. Here we study the quadratic quantization error
induced by the approximation of (Utk, Vtk in - by Utk, Vtk in . for every k =10,...,n. We
intuitively expect both the error components ||U;, — Utk |2 and ||V;, — V}k |13 to be written as functlons
of the quantization error ||V, — Y}le fori=k,...,n

The numerical scheme relative to U is the same as in Pages and Sagna, so that the error component
Hﬁtk - ﬁtk”% for k =0,...,n reads as in Pages and Sagna| (2018, Theorem 3.2 a), Equation (31)). We
recall this result here, for the reader’s ease, in the following lemma:

Lemma 6.6. Under Assumptions and and assuming that h is [h]Lp,-continuous, we have that
for every k=0,...,n

n
(6'3) Hfjtk - ﬁtk”% < Z €(1+£6)(ti_tk)Ki(bv o,T, f)H?tz - ﬁz”%
i=k
where Ky (b,o,T, f) = [h ]Lw and for every k =0,...,n — 1 the other Ky ’s are provided in |Pagés and

Sagnal (2018, Theorem 3.2 a)).
We now hence focus on ||‘7tk - YA/tng

Theorem 6.7. Under Assumptions and and if b is continuously differentiable with bounded
derivative, there exist positive constants C and C, only depending on (No, L3, L4), such that for every
k=0,....n

~

~ ~ ~ Cc ~ ~
(6'4) HV;‘//C - Wk”% < A[ ]sz”ytk Y;ﬁkH% + (A + C) ||Utk+1 - Utk+1||%

where [Vy] Ly, is the Lipschitz constant of the function Wi(z) : R? — R, Uy (x) := Elupy 1 (Ex(x, Z)) - Z]
for Z ~ N(0,1,).

Proof. We start by noticing that

-~ Y ~ o~ ~ o~ —~ 2

IN

Vo B [FulBa] 11, + 1| [T 92| = Vil

() (1
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Let us focus on (I). By exploting Equations (4.1]), (4.2) and Proposition we find

~ 1 ~
Vi, = ZE [Utk+1 (Wi = Wey) ‘Ft’“]
1 —
T,

where we used (Wtk+1 — Wtk) = VAZy1, with Zj g ~ N (0, I,) independent of Fy,. So, we have,
being o(ﬁk) C o(Yy,) C Ft, and using the tower property of conditional expectation:

iE[ukH (5k (Y, 7Zk+1))\/ZZk+1 ’ftk]—iE [uk+1 (5k (Y, 7Zk+1))\/ZZk+1 ’f/zk]

Vi —E[7l%) I =

2
1 - N - o2

where in the second passage we defined ¥y () = Elugt1 (Ex(x, Zk+1)) Zi+1], we used the definition of
conditional expectation as best L?-approximation and exploited the Lipschitzianity of ¥}, for which
we refer to Pages and Sagna/ (2018, Prop. 3.4 (b)) (therein ¥ corresponds to zy).

Now, consider (II): since J(ﬁk) C o(Yy,) C Fi, and by recalling the definition of \N/tk and ‘Zk in

Equations and we have
~ o~ ~ 2 ~ ~ o~ 2
B [Vil¥i) = Vall, = IIE [Vo — Viel%ae] I,

1 -1~ -1

= |5 [ 00 s P Vo) = 5 |7 ()| O (B~ )

2
Y,

+ [a (?tkﬂ O b (V) - [a (ﬁﬂ B Uy, b (?;) 2

-1 2

< % E [U (?tk)T}il ﬁtk+1 (?thrl 7?tk) - {U (i}tk)T:| ﬁtk+1 (S;thrl *i;tk> |}/;tk )
(I1a)
Tl ~ _ N\T171 & ~ N\~ ]2
—|—2HE o (7,)] Utk+1b(ytk)—{a (%) ] Db (¥ ) | |||

(11b)
We are hence led to focus now on ([la) and (IIb). We start by (I1b). By exploiting again the

definition of conditional expectation with respect to f{gk we find:

1 - 2

[&{ [r )" G (7 = o (5) ] o () [ |
| [ 5)] e B o (5 [ ()] | fo () |

2
<l AN 7o (%)

where we have used the fact that ||A[|, < ||A[|p for any matrix A and Remark [6.2]on the boundedness
of the norm of o(-)~!. Now notice that the boundedness of the derivative of b implies its uniform

continuity and so, since the quantizer EA/tk takes values on a compact set, b(?tk) is also bounded.

2 2

< Xo
2

E |:Utk+1 - Utk+1

‘E |:Utk+1 - Utk+1
2
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~ N L2
Namely, there exists ¢ > 0, only depending on L3 and L4, such that ||b (Ytk> HQ < ¢ and we find

2 2
Ao ‘E |:Utk+1 - Utk+1 Y;‘/k] b (Y;fk> < Ao &||E |:Utk+1 - Utk+1 Y;‘/k]
2 2
_ . 2
= Ao & Utk+1 - Utk+1

where the error Hf]tk“ — (A]tkH } !; has already been studied in [Pages and Sagna; (2018]) and for this we
refer to Equation (6.3)).

We now move to the last term, (I7a). Using again the definition of conditional expectation with
respect to }/}tk and the fact that the Frobenius norm of the matrix o(-)~! is bounded (see Remark,

we have:

N _ _ AT o . N o~ |12
HE [U (Ytk) } Utk+1 (Ytk+1 - Ytk) - [U (Ytk) ] Utk+1 (Ytkﬂ - Ytk) ’Y;fk )
. T1-1 _ = . . . 711 R R . R 2
< ‘ |:O' <Y;fk> ] E Utk+1 (Ytk+1 - ka) ‘Y;fk - |:0 (Ytk) :| E Utk+1 (Y;fk+1 - Ytk) ‘Y;fk
2
" = - . - . . . . 2
< Ao||E [E |:Utk+1 (Ytk+1 - Ytk) |Y;5k+1:| |Ytk] —E [Utk+1 (nk+1 - Ytk) ‘Y;fki| )

where in the last equality we used a(?tk) C a(?tk +1)- Now, by definition of conditional expectation
with respect to Y3, ,, we find:

2
Aol |E [E |:Utk+1 (Ytk+1 - sz} ’Y%kﬂ) |Y;fk] —E [Utk+1 (Ytkﬂ - Ytk) D/%k:|
2
" =R - . - 2 _ . 2 - . 2
<o ‘E [(Utk+1 - Utk+1> <Ytk+1 - Ytk) |Y;5ki| <o Utk+1 - Utk+1 : ‘ Ytk+1 -V,
2 2

where in the last passage we have used conditional Cauchy-Schwartz inequality. Hence, it appears

2
o> for which we refer to Equation (6.3). It remains, then, to deal

again the error term Hﬁtk“ - ﬁtkﬂ‘
with the error H}Aftkﬂ — }A/tk ‘ ‘;

We begin this last part of the proof by recalling that, for every k =0,..., N, }A/tk is the stationary
quantizer relative to ?tk obtained via recursive marginal quantization as explained in Section
Namely, E(?tk|ﬁk) = }//\}k and so, via conditionl Jensen’s inequality and the tower property, in case
when g is convex we have ]E[g(f/tk)] < E[g(Y4,)]- So when g is the square function, we find

~ ~ .2 ~ ~ ~ ~ ~ o~
HY;kH - szHz = E [(Y;kﬂ - Ysz)ﬂ =E [(Ytkﬂ)g + (Y;fk)2 - 2Y;5knk+1]

IN

E |:(?tk+1)2 + (?tk)2 —2E |:?tk+1E [?tk’Ytk] ‘Y;ka”

= H?tk+1 —?tkH; < %’

for a positive ¢ only depending on £3 and where we recalled the L?-estimate associated to the incre-
ments in the Euler scheme. To conclude it suffices to collect all the terms. |

7. NUMERICAL TESTS

In this section, we present two numerical experiments where we implement our quantization-based
BSDE solver ad we test it. The first experiment involves a linear BSDE where the solution for the

value process and the control is known in closed-form. This first test allows us to compare our newly
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proposed numerical approximation for the control with the closed-form solution. The second example
focuses on a non-linear BSDE, with unknown closed-form solution, and we compare the initial value
of the solution according to our algorithm against a reference value available in the literature. The
implementation of the routines was performed by means of the Java programming language and it is
available at https://github.com/AlessandroGnoatto. Numerical tests were performed on a laptop
equipped with a 4 core 2.9 GHz Intel Core i7 processor with 16 GB of RAM.

7.1. A linear BSDE: hedging in the Black-Scholes model. We first consider a linear FSDE of
the form:

dY; = rYdt + oYidWy, Yo = yo > 0,

where r = 0.04, 0 = 0.25 and yy = 100. We associate to this forward process the BSDE

T T
Ut:§—|-/ f(s,Y;,US,VS)ds—/ VSTdWS, t € [0,T],
¢ t

with
E=r—K)Y, f(t,y,uv)=—rv,
for K = 100 and T' = 1. This corresponds to the well-known Black-Scholes model for the evaluation
of a Kuropean Call option. For this BSDE the solution is analytically known, namely the process Y
is given by a pathwise application of the Black-Scholes formula, whereas the control satisfies
oU
V= S (VoY = N (1 (1. ) oYy

where N is the cumulative distribution function of the standard Gaussian and
log & + <r+%2> (T — )
ov1l —t '

This example provides a validation of our proposed methodology in a simple case where a closed form
solution to the BSDE is known. The exact solution for U, given the specified data, is Uy = 11.8370. We
apply our proposed algorithm by using a quantization grid consisting of 50 points, a time discretization

dy(t,y) :==

with 20 points and a uniform mesh. The approximate initial value for the price U is 11.7548. Since
the novelty of our approach is given by the new scheme for the control, we show that the scheme
produces a reliable approximation for the control by comparing our approximation with the exact
known solution. The reader is referred to Figure[l] where we compare the exact and the quantization-
based approximation for V over the quantization grid. We observe that the newly proposed scheme
provides a very good approximation.

7.2. A nonlinear BSDE: pricing with differential rates. We consider here a non-linear BSDE
arising in financial mathematics in the context of option pricing, where we have the presence of two
different interest rates, namely a borrowing and a lending rate, denoted respectively by R and r < R.
Such setting corresponds to the model of Bergman (1995). Our example is based on [Pages and Sagna
(2018). We first consider a linear FSDE of the form:

dY; = pYydt + oY, dWi, Yo = yo > 0,

where p = 0.05, 0 = 0.2 and yp = 100. We associate to this forward process the BSDE

T T
Ut:§+/ f(saytSaU&VS)ds_/ ‘/;wasa te [OaT]v
t t
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FiGURE 1. Comparison between the exact and approximated hedging over the quan-
tization grid at different time steps. Top left panel: 20th and terminal time step. Top
right panel: 15th time step. Bottom left panel 10th time step. Bottom right panel 5th
time step.

with
E=Yr—K)" —2(Yr—K3)",
v — (R —r)min (u— B,O) ,
o o
where we set K1 = 95, Ko = 105 and T = 0.25. This corresponds to a bull-Call spread with a long

Call with strike 95 and two short Call with strike 105. We set the borrowing rate R and the lending
rate r to: R = 0.06 and r = 0.01. There is no known analytical solution in this case. So, in line

- T

f(t7y7u7lv) = —Tru— /J/

with what was done in Section 5.1 in Pages and Sagnal (2018) we benchmark our result against the
reference value Uy = 2.96 (this was indeed taken by Bender and Steiner| (2012, Section 4.2, Table
1)). We ran our algorithm by using 20 quantization points and 50 time discretization points and we

obtained an estimate of the initial price of 2.9427. However increasing the number of quantization
points and time steps shows that the price is converging towards a lower value. For 100 time steps
and 100 quantization points we obtain a value of 2.7782, meaning that we can not confirm the value
found in Bender and Steiner| (2012).
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5 10 20 50 100

5 |2.8492 3.1072 3.4420 3.9854 4.4469

10 | 2.9258 2.9629 3.0424 3.2363 3.5712

15 | 2.8957 2.8845 2.9188 3.0659 3.2421

20 | 2.8243 2.8211 2.8495 2.9427 3.0676

50 | 2.8147 2.7933 2.7870 2.7959 2.8205

100 | 2.8149 2.7880 2.7757 2.7728 2.7782
TABLE 1. Option prices in the Bergman model. Each column corresponds to different
numbers of time steps whereas each row corresponds to a different number of quanti-
zation points.

8. CONCLUSION

We provided a useful modification for the scheme of the control in |Pages and Sagna, (2018)) that al-
lows to improve the algorithm for the approximation of the solution of a family of decoupled FBSDEs.
Thanks to this simplification, we can apply a fully based recursive marginal quantization approach
that does not involve any Monte Carlo simulation in any step of the procedure. We applied the
scheme in some linear and non linear FBSDE examples and we found very good results even with a
parsimonious number of quantization and time discretization points. This opens the door to more
ambitious applications, like the computation of xVA on single and multiple positions, where our fully
quantization based method can be used as a pricing tool in the learning phase of any Neural Network
based counterparty credit risk algorithm, like the Deep VA approaches of (Gnoatto et al.| (2020) and
Albanese et al.| (2020) and Abbas-Turki et al.| (2020).
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