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Abstract

In this paper, we study the discrete-time approximation of multi-dimensional
reflected BSDEs of the type of those presented by Hu and Tang [16] and generalized
by Hamadéne and Zhang [I5]. In comparison to the penalizing approach followed by
Hamadéne and Jeanblanc [I4] or Elie and Kharroubi [I2], we study a more natural
scheme based on oblique projections. We provide a control on the error of the
algorithm by introducing and studying the notion of multidimensional discretely
reflected BSDE. In the particular case where the driver does not depend on the

variable Z, the error on the grid points is of order % —€,€e>0.
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1 Introduction

The main motivation of this paper is the discrete-time approximation of the following
system of reflected Backward Stochastic Differential Equations (BSDEs)

Y) = g'(Xr) + [, SI(Xe, Y] Zds — [ ZiAW, + K - Ki, 0<t<T,
Y > maxjer{Yy — (X))}, 0<t<T), (1.1)
STy — maxjer{Y/ — ¢9(X,)}JdK{ =0, i€Z,

where Z := {1,...,d}, f, g and (c¥); jer are Lipschitz functions and X is the solution
of a forward Stochastic Differential Equation (SDE).

These equations are linked to the solutions of optimal switching problems, arising for
example in real option pricing. In the particular case where f does not depend on (Y, Z),
a first study of these equations was made by Hamadéne and Jeanblanc [14]. They derive
existence and uniqueness of solution to this problem in dimension 2. The extension of
this result to optimal switching problems in higher dimension is studied by Djehiche,
Hamadéne and Popier [9], Carmona and Ludkovski [5], Porchet, Touzi and Warin [24]
or Pham, Ly Vath and Zhou [23] for an infinite time horizon consideration. In this
last paper, the resolution of optimal switching problems relies mostly on their link with

systems of variational inequalities.

Considering deterministic costs, Hu and Tang [16] derive existence and uniqueness of
solution to this type of BSDE and relate it to optimal switching problems between one
dimensional BSDEs. Extensions developed in [I5] and [§] cover in particular the exis-
tence of a unique solution to the BSDE (|1.1)). Recently two of the authors related in
[11] the solution of to corresponding constrained BSDEs with jumps. As presented
in [12], this type of BSDE can be numerically approximated combining a penalization
procedure with the use of the backward scheme for BSDEs with jumps. Unfortunately,
no convergence rate is available for this algorithm. We present here a more natural dis-
cretization scheme based on a geometric approach. For any ¢ < T, all the components
of the Y; process are interconnected, so that the vector Y; lies in a random closed convex
set Q(X;) characterized by the cost functions (c¥); jez. The vector process Y is thus
obliquely reflected on the boundaries of the domain Q(X) and we approximate these

continuous reflections numerically.

As in [19, 1, 6], we first introduce a discretely reflected version of (1.1), where the

reflection occurs only on a deterministic grid ® = {r¢:=0,...,r, =T}



YR =V2 = g(Xr) € Q(Xr), and, for j <k — 1 and t € [75,7j41),

vR Tj+1 vR R Ti+l R
{Yt = w + [P P (X YR 2 du — [P0 23w, 12)

YA = Ypen + P(X YY) Ljeny

where P(Xy,.) is the oblique projection operator on Q(X;), for t < T'. Extending the
approach of Hu and Tang [16], we observe that the solution to interprets as the
value process of a one-dimensional optimal BSDE switching problem with switching
times belonging to . This allows us to prove a key stability result for this equation.
We control the distance between (Y®, Z%) and (Y, Z) in terms of the mesh of the reflec-
tion grid. Due to the obliqueness of the reflections, the direct argumentation of [, [6]
does not apply. Using the reinterpretation in terms of switching BSDEs, we first prove
that Y™ approaches Y on the grid points with a convergence rate of order % —&,e>0
uniformly in , whenever the cost function is Lipschitz and f is bounded in z, see The-
orem Imposing more regularity on the cost function, we control the convergence
rate of (Y;R, Zéﬁ)ggtST to (Y, Zi)o<t<T, see Theorem

We then consider an Euler type approximation scheme associated to the BSDE (|1.2)
defined on 7 = {tg,...,tn} by Y;fe’w = g(X7}) and, fori e {n—1,...,0},

Zé}jm =t — i)~ 'EY, [ tisa (Wtz+1 W) | ‘Bz] )

57}?’” = K [Y?:r \ ‘Fti] (tiv1 — ti)f(ngﬁ?’ﬂ,ng’w) : (1.3)
R, R, x R,

}/;i § = ti 1{tz¢%} + P(XLJ}/;L W)l{tiGQ?} )

where X7 is the Euler scheme associated to X. It is now well known, see e.g. [2 25],
that the convergence rate of the scheme ([1.3)) to the solution of (1.2)) is controled by the
regularity of (Y, Z) through the quantities

1+1
[Z/ ~Y*2dt| and E[Z/ |z} — Z]2dt

<n ti <n ti

)

with Zt{_%

7,+1 t

[ft’“ ZRdt | ]-'t} for i < n.

Using classical Malliavin differentiation tools, we prove a representation for Z%, extend-
ing the results of [1l [6] to the system of discretely reflected BSDEs . We deduce
the expected regularity results on (Y%, Z%) and, using the technics of [7], Chapter 3, we
obtain in a very general setting the convergence of to . However, due to the
obliqueness of the reflections, the projection operator P(X,.) is only Lp-lipschitz with
Lp :=/d > 1, leading to a convergence rate controled by |Lp|*(|x|*/* + K2 |7T|%), where



we recall that s is the number of points in the reflection grid ®. The term |Lp|® can
be very large even for small x and leads to a poor logarithmic convergence rate when
passing to the limit x — oo for the approximation of . In the particular case where
f does not depend on z, we are able to get rid of the |Lp|” term.

Our innovative approach relies on the use of comparison results to get a control of the

involved quantities:

e we interpret the solution of (1.2]) as a value process of an optimization problem,
which allows to get a control of the distance between the continuously and dis-
cretely reflected BSDES,

e we introduce a convenient auxiliary process dominating both solutions (|1.2)) and
(1.3), to get a control of the distance between these quantities.

Combining the previous estimates, we deduce the convergence of the discrete time
scheme to the solution of with a convergence rate of order % —¢g,e >0, on the
grid points, whenever = 7 and f is independent of Z. Whenever the cost functions
are constant, all the previous estimates hold true with e = 0. We want to emphasize
that all these results are obtained without any assumption on the non-degeneracy of the

volatility matrix o.

The rest of the paper is organized as follows. In Section [2, we introduce the notion of
discretely obliquely reflected BSDEs, connect it with optimal switching problems and
give the fundamental stability result. Section [3]focuses on the regularity of the solution
to this new type of BSDE. This analysis leads to precious estimates allowing to deduce
the convergence of the associated discrete time scheme, see Section [l Afterwards,
Section [o| focuses on the extension to the continuously reflected case and provides a
convergence rate of the discretely reflected BSDE to the continuously one, whenever the
driver f is bounded in the variable Z. The global error of the scheme is provided at the

end of this section. Some a priori estimates are reported in the Appendix.

Notations. Throughout this paper we are given a finite time horizon T and a prob-
ability space (2, F,P) endowed with a d-dimensional standard Brownian motion W =
(Wi)e>0. The filtration F = (F3)i<7 generated by the Brownian motion is supposed to
satisfy the usual conditions. Here, P8 denotes the o—algebra on [0, 7] x Q generated by
F—progressively measurable processes. Any element z € R with £ € N will be identified

to a column vector with i-th component ¢ and Euclidian norm |z|. For x,y € RY, 2.y



denotes the scalar product of z and y, and z’ denotes the transpose of x. We denote by
> the component by component partial ordering relation on vectors. M™@ denotes the
set of real matrices with m lines and d columns. We denotes by Cf the set of functions
from R?% to R with continuous and bounded derivatives up to order k. For a function
f € C', V., f denotes the Jacobian matrix of f with respect to z. Finally, for ease of
notation, we will sometimes write E;[-] instead of E[-|F], t € [0, T]. In the following, we
shall use these notations without specifying the dimension nor the dependence in w € 2
when it is clearly given by the context. Finally, for any p > 1, we introduce:

e the set SP of real-valued cddldgﬂ B-measurable processes Y = (Y})o<i<7 satisfying
1V lgp = Elsupocrer [¥il7] 7 < oc.

o the set H? of H?d—valued ‘B-measurable processes Z = (Z;)o<i< such that || Z]],, =
E|(Jy 1zi2ant|" < oo.

e the closed subset AP of SP consisting of nondecreasing processes K satisfying Ky = 0.
In the sequel we denote by C, a constant whose value may change from line to line but
which depends only on L. We use the notation C% whenever it depends on some other

parameter p > 0.

2 Discretely obliquely reflected BSDE

In the beginning of this section, we define and study discretely obliquely reflected BSDESs
in a general setting. In particular, we show how their solutions relate to the solutions of
one-dimensional optimal switching problems, where the switching times are restricted to
lie in a discrete time set. This allows to prove a stability result for obliquely RBSDEsS,

which will be use several times in the paper.

2.1 Definition

A discretely obliquely reflected BSDE is a reflected BSDE where the reflection is only
allowed on a discrete time set.

We thus consider a grid ® := {ro =0,...,7, = T} of the time interval [0, 7] satisfying

L
x| = — ] < = 2.1
R/ = o i~ ri 1| < © (21)

We also consider a matrix valued process C' = (Cij)lgm-gm such that C% belongs to S

!French acronym meaning right continuous with left limit.



for i,j € {1,...,d} and satisfies the following structure condition
Ci =0, for1<i<d and0<t<T;
infogtST th > % s for 1 <i,5 <d, withi# j; (22)
infocicr C4+CI—Cil >0, for 1 <i,j,1 <d, withi#j, j#L.

We introduce a random closed convex set family associated to C":
Qy = {yERd]inmax(ijZj), 1§i§d} , 0<t<T,
J
and the oblique projection operator onto Q;, denoted P; and defined by

PoiyeR? — (max{yj — Czj})
jer 1<i<d

which is P ® B(R?)-measurable.

Remark 2.1. (i) It follows from the structure condition (2.2|) that P is increasing with
respect to the partial ordering relation >, where y = ' means y* > ()’ for all i € T.

(ii) An easy calculation leads to
Pe(y1) — Pely)l < Vd |y — pal for any y1,y2 € R?.

We observe that the constant v/d is optimal in our setting taking for example y; :=
(max; ; C’Zj,O,...,O) and yp = (max;; C’Zj + 1,0,...,0). Thus P; is Lp- Lipschitz
continuous with Lp := v/d.

Finally, we are also given a random variable ¢ € [L%(Fr)]? valued in Qp, representing
the terminal value of the BSDE and a random function F': Q x [0, T] x R? x M®4 — R4
which is P ® B(R?) ® B(M®%?)—measurable and satisfies the Lipschitz property:

|F(t,y, 2) = F(t.y',2)] < L(ly = /| + |2 = 2]),
for all (¢,y,%/,2,2") € [0,T] x (R%)? x (M%9)2, P—a.s. We shall also assume that
(HF)  The component i of F(t,y,z) depends only on the component i of the vector

y and on the row i of the matrix z, i.e. Fi(t,y,2) = Fi(t,y’, 2%).

Given this set of data (R, C, F, ), a discretely obliquely reflected BSDE, denoted D(R, C, F, §),
is a triplet (}7%, Y% Z%) € (82 x 82 x H?)? satisfying VX = 37753 =& € Qr, and defined

in a backward manner, for j <x—1and t € [rj,7j41), by

T+l

vr o= VI [P0 R Y 20 du — [ ZRaw, (2.3)
Y't% = Y;%l{tggcg} —|—'Pt(Y;j§R)1{tE§R}'
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This rewrites equivalently for ¢ € [0, 7] as

VR = e+ [P YR Z0du - [ ZRaw, + (K - K)
Kl = Semop AKF Ly with AKF = YR =V = (V7 - ¥]),
(2.4)

Observe that K% € (A2)T, since C'¥ is non-negative and valued in S2, for any i,j € Z.

We shall also use the following integrability condition for some p > 2:

T

(©) e sw AP+ [ IFG0.0s < 5,
te[0,7) 0

where [ is a positive random variable satisfying 3] < Cp. Importantly, 8 does not

depend on R.

The proof of the following a priori estimates is postponed in Section [6.1]of the Appendix.

Proposition 2.1. Assume that (Cp) holds for some given p > 2, there exists a unique
solution (?%,Y%, Z®) to [2.3) and it satisfies

YR gy + 2%, + IIEF] L < CF.

[

2.2 Corresponding optimal switching problem

In this subsection, we interpret the solution of the discretely obliquely RBSDE (2.4))
as the value process of a corresponding optimal switching problem, where the possible
switching times are restricted to belong to the grid R. Our approach relies on similar
arguments as the one followed by Hu and Tang [16] in a framework with continuous

reflections.

A switching strategy a is a nondecreasing sequence of stopping times (6;);en , combined
with a sequence of random variables () jen valued in Z, such that o is Fp, —measurable,
for any j € N. We denote by A the set of such strategies. For a = (0}, a;)jen € A, we

introduce N® the (random) number of switches before T™:
N*=#{keN" : 6, <T}. (2.5)

To any switching strategy a = (6}, a;)jen € A, we associate the current state process

(at)tefo,r) and the compound cost process (Af);c(o,7 defined respectively by

N@ N@
—— a . __ Qj—1Q
ap = aol{ogt<9o}+Z%—11{ej71§t<9j} and A} := ZCej "Lig,<i<Ty
j=1 j=1



for 0 <t <T. For (t,i) € [0,T] x Z, the set A;; of admissible strategies starting from i
at time ¢ is defined by

.Am’ = {(l = (Hj,aj)j cA |00 =1, ag = ’i, E“A%F] < OO} R
similarly we introduce Afi the restriction to 8=—admissible strategies
Al = {a=05,0))jen€ Ay | 0, €R, Vi< N},

and denote A% := Ui<a .A&.
For (t,7) € [0,T] xZ,and a € Afi, we consider as in [16] the associated one dimensional
switched BSDE defined by

T T
Ua = gor +/ Fo (s, U%, Va)ds — / VOAW, — A%+ A% t<u<T. (2.6)

Theorem 3.1 in [16] interprets each component of the solution to the continuously re-
flected BSDE ((1.1)) as the Snell envelop associated to switched processes of the form
, where the switching strategies a are not restricted to lie in the reflection grid R.
The next theorem is a new version of this Snell envelop representation adapted to the

context of discretely obliquely reflected BSDE ([2.4)).

Theorem 2.1. Assume that (C2) is in force. For anyi € Z andt € [0,T], the following
holds:

(i) The process Y® dominates any R-switched BSDE, i.e.

Ug < (}Z%)Z P—a.s., foranyaé€ A?ft . (2.7)

(i1) Define the strategy a* = (07, ) >0 recursively by (05, ap) == (t,1) and, for j > 1,

o = inf{s W TINR | (T < max {7 - C?;‘lk}} ,
aj_y
X * VRV A%t vR\E _ %51k
a; = min {E#aj_l‘ (Ye;) —CG;J 1 _k;naz}xl{(y; ) *C’e;i 1 }} .
Then, we have a* € A??i and
Y™ =U" P—as. . (2.8)

(i1i) The following “Snell envelop” representation holds:

(Y™ = ess sup U?, P—a.s. . (2.9)
aeAfi



Proof. Observe first that Assertion (iii) is a direct consequence of (i) and (i7). Let us
fixte€[0,T) and i € Z.

Step 1. We first prove (7).
Set a = (O, ag)k>0 € A‘f‘i and the process (Y, Z%) defined, for s € [t,T], by

V&= (V) g copyyy + 6T ooy and Z8 = " (Z1)* 15, <oc,,,) - (2.10)
k>0 k>0

Observe that these processes jump between the components of the discretely reflected
BSDE (3.5) according to the strategy a, and, between two jumps, we have

" Ok+1 " Ok+1
%=Oﬁf&éFWM@W#@%M%(ﬁWM%W&J%ﬂ@W
k k

va Or1 as va r7a B+t a R ag R \ag
k

O
+ (Yo, )™ = (Ygr, )+1) k>0. (2.11)
Introducing
Ne—1
e D R apo
K? = Z / d(K®)yor + 1{9k+1§s} <(Y9k+1)ak —( 9k+1)ak+1 + Cekk+1k+1) ,
k=0 (ek/\5,0k+1/\8)

for s € [t,T], and summing up (2.11)) over k, we get, for t <u < T,

T T
Yo —gor 4 / Fos(s, Y2, Z%)ds — / Z0dW, — A% + A + K& — K® .
u u

Using the relation Y;: = ng(%f) for all £ € {0,..., N®}, we check that K¢ is increas-
ing. Since U® solves (2.6), we deduce by a comparison argument (see Theorem 1.3 in
[22]) that US < Y. Since a is arbitrary in .Afi, we deduce ([2.7)).

Step 2. We now prove (ii).

Consider the strategy a* given above as well as the associated process (Y%, Z%") defined

as in ([2.10). By definition of a*, we have

k+1 k+1

R ar TR %k OR ol aRog
O )% = (Po,, (G ) = (T ) = Gt k>0,

which gives

ok e % - R a* O‘ZO‘Z-H _
/(‘9;;79}:_’_1) d(Ks ) k=0 and (%Z+1) k (YbZJrl) k C@Z+1 0, (212>



for all k € {0,...,N% —1}. We deduce from (2.2 that

¥ * T * ¥ * T * * *
A 5aT+/ F%(s,y;l,zg)ds—/ ZTAW, — A% + A%, t<u<T.

u
Hence (Y, Z%") and (U*", V") are solutions of the same BSDE and (Y;?)! = U#". To
complete the proof, we only need to check that a* € A%, i.e. E\AGT* |2 < co. By definition
of a* on [¢,T] and the structure condition on the cost || we have |A?"| < maxy; leA |
which gives E[|A¢"|?] < C. Combining

T T
A = VE -V 4 / F (s, Y, 28 )ds — / Z$ AW+ AY
t t

with the Lipschitz property of F and the fact that (Y®,Z%) € (82 x #2)Z, recall
Proposition we get the square integrability of A%* and conclude the proof. O

Remark 2.2. Although the optimal strategy a* depends on the initial parameters ¢

and i, we omit the script (¢,4) for ease of notation.

Combining the previous representation with the a priori estimates of Proposition
and the structure condition ([2.2]), we deduce the following estimates, whose proof is
postponed to Section in the Appendix.

Proposition 2.2. Assume that (C,) holds for some given p > 2, then

T 5
| sup 027+ ([ Ve Pau) gl v < o
t

s€t,T)

for the optimal strategy a* € Afi, (t,i) € [0,T] x Z.

2.3 Stability of obliquely reflected BSDEs

We now study the dependence on the solution with respect to the parameters of the
BSDE. In the ‘abstract’ setting considered, we obtain precious estimates for the analysis
of the regularity of the solution to the discretely obliquely reflected BSDE as well as the

convergence of the discrete-time scheme.

We consider two discretely reflected BSDEs, with the same reflection grid R but different
parameters. For ¢ € {1, 2}, we consider an Fp-measurable random terminal condition te,
a random L-lipschitz continuous map (y, z) — ‘F(.,vy, 2), satisfying (HF), and a matrix

of continuous cost processes (ECij)lgi,jgd satisfying the structural condition ({2.2)).

10



We suppose that the coefficients satisfy the integrablity condition (Cy). For ¢ € {1,2},
we denote by (‘YR (YR £7%) € (82 x 82 x H2)T the solution of the obliquely discretely
reflected BSDE D(R, ‘C, ‘F, ¢).

Defining 6Y® = 1y® — 2y R gy® — 1yR _2yR 7% — 17% _27R 5¢ .= ¢ _ 2¢
together with

0Cs|oo :=max |'CY —*CY|(s), [6F|e :=max sup ['F' =2F'|(s,y,2),
1,J€T €L y,2ERAx Mdsa

for s € [0,T], we prove the following stability result.

Proposition 2.3. Assume that (Cy) holds. Then, we have, for any t € [0,T],

_ 1 T T
E[|53@%|2]+E[|5n%\2]+1a/ 1627 2ds ch(E/ |6F, |2 ds+|6€]2| +E|sup [6C, |2, )
K t t reR

Proof. The proof divides in three steps and relies heavilly on the reinterpretation in
terms of switching problems. We first introduce a convenient dominating process, and
then provide successively the controls on the §Y™® and §Z® terms.

Step 1. Introduction of an auxiliary BSDE.

Let us define F :=1F V?2F, ¢ :=1¢Vv2¢ and C by CY := 1C% A2C%. Observe that F
satisfies (HF'), C satisfies the structure condition and that (Cy) holds for the data
(C,F,€). We denote by (Y%, YR Z®) the solution of the discretely obliquely reflected
BSDE D(R,C, F,§), recalling .

Using (HF), the definition of F' and the monotonicity property of P, see Remark (1),
we easily obtain by a comparison argument on each interval [rg, rx4+1), k € {0,...,k—1},
that

YRy Ry 2y R (2.13)

Recalling Theorem , we introduce the switched BSDEs associated to Y%, 2Y® and
Y® and denote by a = (9j,aj)j20 the optimal strategy related to Y® starting from a
fixed (i,t) € Z x [0,T]. Therefore, we have

~ . - - T - - - T ~ ~ ~
(YR) = U = gar 4 / Fis(s, U2, VE)ds — / VAW, — A% + A (2.14)
t t

Step 2. Stability of the Y component.
Since a € Afi, we deduce from Theorem (iii) that

~ . ~ - T - ~ -~ T - ~ ~
(TR = 0 = g [ U Vs - [ VWL - g ag e (1),
t t

11



where “A% is the process of cumulated costs (‘C% )ijez associated to the strategy a.

Combining this estimate with (2.13) and (2.14)), we derive
(YR = CYN| < |uf = Uf| + |Uf - 2Uf (2.15)

Since both terms on the right hand side of (2.15) are treated similarly, we focus on the
first one and introduce the continuous processes I'* := U% + A% and 'T'? := 1% 4 1 A%,

Applying Ito’s formula, we compute, for all t < u < T,
~ ~ T ~ ~
B0 = TP+ [ v = tvapas] < (2.16)
u
~ ~ T ~ ~ ~ ~ ~ ~ ~ ~
B0 T4+ 2 [ (0 T (5 U V) < (s U2 Vs
u
Since F = 'F Vv 2F and 'F is Lipschitz continuous, we also get
|F1aS (S’ Ug’ 1Vsa) - 1Fas (87 lUg’ 1Vsa)| <
|0 Fsloo + LT = 'Tel+H[AL = TAY + VI = 1V7]), 0<s<T.

Using classical arguments, we then deduce from the last inequality and (2.16)) that
~ ~ ~ T ~ ~
¢ — 11“g|2 < Cr Et|:|6£aT’2/ |5Fs\gods} + EupTEt“Ag _ 1AZ]2] (2.17)
t t<s<

Moreover, using the inequality |2V y — y| < |z — y| for x,y € R and the convexity of

the function = — 22, we compute

G 2
N(L
E{IA5 = 1ASP] =B | [POU M AT ONn L OB ] (B g, <
k=1
< Et[lNdl sup I5Crlio] ,  t<s<T. (2.18)
reR

Plugging in (2.17) and recalling the definition of I'* and 'T'?, we get
T
U~ WP < Cum|INIsuploc B+ [ 16F s + P
reR t

The exact same reasoning leads to the same estimate for |U# —2U2|2. Therefore, we
deduce from ([2.15) and Cauchy Schwartz inequality that

~n ~ | 3 T
E[ICTEY - CTE] < o (BINP) Bsuploc ] B [ o s + o] ).
re t

(2.19)

12



Using Proposition we compute, since i is arbitrary,

N|=

. . T
IE[]Qth—lthF]g CL(EM |5Fsgods+]5§|2]+E[81€1£|5Cr|§0] ) (2.20)

Step 3. Stability of the Z component.
Applying Ito’s formula to the cadlag process |61~/§R]2 and noting 6K = 1K® — 2K® we

obtain

. T _ . T T ~
E yayg"*\%r/ 6Z7Pds + ) |ASKEP :E@ayjﬂ?\?m/ 51@3?5F5ds+2/ mﬁdaKﬂ :
t t<r<T t t

where we used the fact that [6Y®|2 — [6YR|2 — 26y R(5Y R — 6Y®) = |AGK®|2. Since

0K is a pure jump process, we compute

T
- 1 -
E[/ 53@%51{2‘*] < Ela Y VP += YT JASKTP| , a>o0,
t t<r<T,reR @ o<r

which, for « large enough and using standard arguments, leads to

T T
IE/ 02T Pds+ ) [ASKR?| < Cp IE[|6§2]+IE/ 6FZds+ >[5V
¢ t<r<T t t<r<T,reR

Since ([2.20]) holds true for any ¢ € [0, 7], we deduce

T T z
E / 162%2ds+ Z |IAGKR?| < Ok (EU(5§|2] _|_]E[/ ]5Fs|gods] +E[sup léCT]f‘)O] 2) ,
t t refR

t<r<T

which concludes the proof of the proposition. O

3 Regularity of discretely obliquely reflected BSDEs

This section is dedicated to the derivation of regularity properties for the solution of
discretely reflected BSDEs. These results are obtained in a Markovian diffusion setting.
This means that the randomness of the parameter (C, F, ), is due to a state process X,
which is the solution of a Stochastic Differential Equation (SDE). In this framework,
we focus on the H2-regularity of the Z® component of the solution of the BSDEs. The
main results are retrieved by means of kernel regularization and Malliavin differentiation
arguments. Finally, we extend this result to the case where the diffusion X is replaced

by its Euler scheme.
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3.1 A diffusion setting for discretely RBSDEs
Let X be the solution on [0, 7] to the following SDE:
t ¢
X = Xo +/ b(Xs)ds +/ o(X)dWs, 0<t<T, (3.1)
0 0

where Xy € R™ and (b,0) : R™ — R™ x M™94(R) are L-Lipschitz functions.
Under the above assumption, the following estimates are well known (see e.g. [18])

te[0,7

E| sup |X¢?
s€[0,T u€[0,T],|lu—s|<h

P
< C7 and  sup <E[ sup | X — Xup]> <C?Vh, (3.2
]

for any p > 0. In the sequel, we shall denote by % a positive random variable, which
may change from line to line, but which depends only on sup,cjo ) |X¢| and which
satisfies EUBX\”] < C7 for all p > 0. Importantly, BX does not depend on R.

Remark 3.1. Observe that, as in [Il [7] and contrary to [19], we make no uniform
ellipticity condition on ¢. This allows us to treat the case of non homogenous diffusion
by setting e.g. X} =t, t €[0,T].

In this context, we are given a matrix valued maps c := (¢”) where ¢ : R™ — RT | are

L-Lipschitz continuous and satisfy:
A()=0, for1 <i<d;
infegrm ¢ (z) >0, for 1 <i,j <d, withi# j; (3.3)
infyepm {c¥ (z)+c(z)—cl(x)} >0, for 1 <i,jl<d, withi#j, j#IL

We then introduce a family (Q(x))zerm of closed convex domains:
Qx) == {y eR? |yl > ma%(yj —c(x)), Vie I} , where Z:={1,...,d}. (34)
jE
We introduce the oblique projection operator P(z,.) onto Q(z) defined by

P:(z,y) €ER™ x R? s <max {y/ - c”(x)})
jez 1<i<d

Finally, we are given
- an L-Lipschitz function g : R™ — R such that g(z) € Q(z) for all z € R™,
- a generator function, i.e. an L-lipschitz map f : R™ x R? x M%7 — R,

From now on, we shall appeal to the following assumption:
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(Hf)  the component i of f(.,y,z) depends only on the component i of the vector y

and on the column 4 of the matrix z i.e. fi(.,y,2) = fi(., 4", 2%).

We denote by (YR, YR, Z%) the solution of the discretely reflected BSDE D(R, ¢(X), f(X,.,.), g(X))

which reads on each interval [rj,7;y1), for j < & :

{ vr = ml + (X YR 2 du — [ 23w, (3.5)

YR = Ypem + P(Xe, YY) 1peny

Or equivalently on [0, 7] as

(3.6)

YR = g(Xp)+ [ f(X0, YR, ZD)du — [ ZRdW, + (K} - KJ}), 0<t<T,
KR = Y epmqoy AKR 1oy and AKR =VR VR = -V -V}), 0<t<T

From (3.2), it follows that the data (c(X), f(X,.,.),9(X)) satisfies the integrability
condition (C,) for all p > 2. We thus deduce from the proof of Proposition and
Proposition the following estimate on (YéR,fﬂR, Z§R) and their associated optimal
switched BSDEs, recalling Theorem

Proposition 3.1. There exists a unique solution (37%, YR, Z%) to (3.5) and it satisfies

. T
Et[ sup |[YJP + (/ 1Z%%ds)% + K — Kiﬁlp] <pX wt<T. (3.7)
s€,T) t

Moreover, for all (t,i) € [0,T] x Z, the optimal strategy a* € Afl- satisfies

We shall sometimes use the following regularity assumption on the coefficients:
(Hr) The coefficients b, o, g f, and (c);; are O in all their variables, with the
Lipschitz constants dominated by L.

D
2

2ds)

T
Et[ sup |U§*|”+(/ v (3.8)
t

s€[t,T)

3.2 Malliavin differentiability of (X, Y", 17%, Z%)

We denote by IDM2 the set of random variables G which are differentiable in the Malliavin
sense and such that ||G”%31,2 = |G} + fOT |D;G||2,dt < oo, where D;G denotes the
Malliavin derivative of G at time t < T'. After possibly passing to a suitable version, an
adapted process belongs to the subspace L£L? of H? whenever V, € IDY2 for all s < T
and ||V||21172 = ||V||$_[2 + fOT ||DtV||?_L2dt < 00. For a general presentation on Malliavin

calculus for stochastic differential equations, the reader may refer to [20].
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Remark 3.2. Under (Hr), the solution of (3.1)) is Malliavin differentiable and its deriva-

tive satisfies

[['sup [Ds X{|[s, < o0, (3.9)
s<T

and we have

sup | Ds Xt — DsXullp, + | sup [DeXs — DuXs| ||, < CLJt - U|1/2 , (3.10)
t<s<T

s<u

for any 0 <u <t < T. Let G € ID"?(R%). Since X belongs to L4 under (Hr), and P
is Lp-lipschitz continuous, we deduce that P(X;,G) € IDV3(R?). Using Lemma 5.1 in

[1], we compute

Ds(P(X, @) = (3.11)
d

> (DG = Dyci (X)L —eii (X)>max < (G-t (X))} L{GI -3 (X0) Zmavsen (GE—cit (X))}
j=1

Combining (3.11), Proposition 5.3 in [I0] and an induction argument, we obtain that
(Y% YR Z%) is Malliavin differentiable and that a version of (Du?%, D,Z%) is given
by

~ ) d . rriv ) Ti+l ~ A
Du(yfR)Z :DU(Y% ) - Z/ j DU(Z?)deWf +/ ] Va (X, (Yts%)la (Zg%)")Dquds
1/t t

Ti+1

T4l - ~ Ti41 ~
VX (R (28 ) DT s / V. F (X, (VRY, (ZR)1) D, (23)ds

(3.12)

for 0 <u <t <741 and j < k. Here, V, f* denotes Zgzl Ve f%, recalling (Hf).

3.3 Representation of 7

For a € A®, we introduce the process A% defined by

s ~
A?,s ‘= €xp { / vzfaT(erY?Ra Zq??)dWr
t
°(1 a v a v
[ (GIV-F TR 2D P (X, TR 2 Jark L (313)
for0<t<s<T.

For later use, we remark

sup || sup AfSngng, 0<t<T, p>2, (3.14)
a€AR  t<s<T
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and deduce from the dynamics of A that

sup (HA?t = Afuller + || sup JAG o — Af ] ”Cp) <CWt—u, u<t<T, p>2.
ac AR t<s<T

(3.15)
Proposition 3.2. Under (Hr), there is a version of Z® such that,
T
(Z]) = Et[VIgQT(XT)AZTDtXT + / Vo f% (X, YR, ZM) AL Dy X ds
t

N

=) Va1 (Xps )AL (DiX ) |, (3.16)

)

j=1

for (t,i) € [0, T], with a* = (05, a})j>0 € Afi the optimal strategy given in Theorem
and recalling (2.5)).

Proof. We fix j < x and, observing that the process a* is constant on the interval
[6?;, 0 +1), we deduce from (3.12)) and Ito’s formula that

A?,ZDU(?;%)@ =E; ;:1,*9*.

J+1

* 6;4—1 * ~ *
Du™) S, + [ Vap (X TR ZDAL DX |
t

for 07 <wu <t < 0j,,. Combining (3.11)) and the definition of a* given in Theorem
(ii), we compute

Ag;;+1(Du(Y§R)a3 )0;+1 = AZ;;+1(DU(Y§R)01]'+1 )9;+1 — chaj O‘j+1(X9;_<+1 )A?:;;+l (DtX)@

X
J+1’

for j < k. Plugging the second equality into the first one and summing up over j

concludes the proof. O

We conclude this section by providing a ’weak’ regularity property of Z® in the general
Lipschitz setting. In order to get rid of the previous Assumption (Hr), we make use of
kernel regularization arguments. Since this procedure is very classical, we do not detail

it here precisely, see e.g. the proofs of Proposition 4.2 in [7] or Proposition 3.3 in [I].

Proposition 3.3. There is a version of Z® satisfying
t
IE[/ |Zf|2du} <Cplt—s|, s<t<T,. (3.17)
S

Proof. Combining (3.9), with (3.14), (3.16) and Doob’s inequality, we observe that

SU.p HZ?%HLP S Cga p 2 2 9
te[0,7)
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holds under (Hr). Therefore (3.17) is satisfied under (Hr). As in the proof of Propo-
sition 4.2 in [7], the stability results of Proposition allow us to use classical Kernel
regularization arguments. Since the previous estimate holds uniformly for the sequence

of approximating regularized BSDE, the proof is complete. O

3.4 Regularity results
We consider a grid = := {tp = 0,...,t, = T} on the time interval [0, 7], with modulus
’7T’ = maxp<i<n—1 |ti+1 - ti‘, such that & C 7.

We want to control the following quantities, representing the H2-regularity of ()N/, Z):

T " T B
E[/O Y;%—Yfft)ﬂdt} and E[/O 2} = Z)yPdt ] (3.18)

where 7(t) := sup{t; € 7; t; < t} is defined on [0,7] as the projection to the closest
previous grid point of = and

5 1 tit1 2

zZ) = ——F [/ Z, ds|]:t2.] , 1€40,...,n—1}. (3.19)
fo bt t;
Remark 3.3. Observe that (Z%),<7 := (Zf(s))ng interprets as the best H2-approximation
of the process Z% by adapted processes which are constant on each interval [tiytiv1),

for all 7 < n.

Proposition 3.4. The following holds

1 /7 SR SR 2 ] <p SR 2
—E Yy, -Y dt| < sup E(|Y;" —Y |“| < CLlml.
1 [ 0 ‘ ! (t)‘ t€[0,T [’ ! ® } ‘

Proof. Observe first that

‘ 2

t o~
/ FX, TR, Z%)ds + / 28w,
w(t) m(t)

E“i%—ﬁﬁt)y?}gl@ . 0<t<T.

The proof is concluded combining this estimate with (3.2]), Proposition and Propo-
sition 3.3 O

We now turn to the study of the regularity of the process Z%.

Theorem 3.1. The process Z® satisfies

T
EU \Zf—ZiRFds} < Cp(ln|z +xlx]) . (3.20)
0
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Proof. A regularization argument as in proof of Proposition [3.3| allows us to work

under (Hr). From Remark [3.3] it is clear that

T T
EV |Z?—Z§R|2ds} < E[/ |ZR — ﬂ(s|ds} . (3.21)
0 0

For s <T and a = (Ozk, ek)kzo c A?Z’ lc I, we define (V;L?t)sgth by

s

T

Vi =By [vngXT)Az,TDSXT + / Vo " (X, V.1, Z3)AS D X ydu
S

NG.

- Z chaj_1,ocj (XGk )Ag,ek (DSX)Gk
k=1

We now fix £ € 7 and denote, for u < T, by a* € A" u¢ the optimal strategy associated
to the representation of (Y?)!, recalling (ii) in Theorem [2.1] .
Observe that, by definition, we have

Nat:Nauandat:a“, ri<t<u<riy, Jj<kK. (3.22)
Fix i < n, and deduce from Proposition and (3.22]) that

Bz - (zR)'12] = BIves - Vi 2] < 2 (BIvey - vesl?] + v - v )

for t € [ti,ti+1). Combining (Hr), (8.9), (3.10), (8.14), (B.15) and Cauchy-Schwartz
inequality with the definition of V¢, we deduce

. . 1
BV - VSl < Culnld, b <t<tin, i<n. (3.24)
Since Vgil is a martingale on [t;, t;1+1], we obtain

123 ti t; ti
E ’Vg,t B VZ’,ti’z} < E[‘Vta tit1 Vg,ti‘Q]

i
< E“ t1+1, z+1| - |Vz,ti| } +E[‘Vatz+1| | tz+l7t1+1’ ]
t; 1
<EVEL P - VEL P+ Culnly . ti<t<tin, (325)

where the last inequality follows from (3.24]). Combining (3.23), (3.24]), (3.25) and

summing up over ¢, we obtain

rk—1

T
T 0 ri_ T
B [ 128~ (25 Pa] < Culrlt + (el BV P VGG + (v P v,

Jj=1

Combined with (3.9)) and (3.14)), this concludes the proof since ¢ is arbitrary. O
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3.5 Extension

We shall approximate the process X by its Euler scheme X™ with dynamics

t t
0 0
Classically, we have the following upper-bound, uniformly in :
1/p
E| sup Xf]p] < CY ., p>2. (3.27)
0<t<T

The control of the error between X and its Euler scheme X7 is well understood, see e.g.

[17], and we have

1/p
E[ sup |X; — er|p] < 7 |7T|% , p>2. (3.28)
0<t<T

In this context, we denote by (Y, 176“, Z*) the unique solution of the reflected BSDE
D(R,e(X™), f(X7,.),g(X™)). Our main result here is the counterpart of Proposition
[B-4] and Theorem [3.I] when X is replaced by X™.

Proposition 3.5. The following holds
T _ _ T _ 1
EU Y = Y Pdt| < Cplx|  and E[/ |z — Z¢2ds| < Op(|7|2 + k|x]) .
0 0

Proof. We only sketch the main step of the proof since it follows formally exactly the
same arguments as the one used to obtain Proposition [3.4] and Theorem

Step 1. We use a kernel regularization argument which allows us to work under (Hr).

In this case, we observe that X™ belongs to L% and satisfies
DXT = o(XZ ) + / Vab(X7 () Ds X7 dr + / > Va0 (X)) Ds X F iy dWF
s s =1

for s <t. One then checks, see Remark 5.2 in [I] for details, that
[sup [Ds XT|||sp < 00, (3.29)
s<T

<Pt —ult?, 0<u<t<T.

[ llen

sup [ DoXT = DXl + || sup [DiXT — D XT
s< t<s<T

It is also straightforward that (Ye“,};e“,Zeu) is Malliavin differentiable and satisfies
(3.12) with X™ instead of X.
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Step 2. In order to retrieve the results of the Proposition, one then follows exactly the
same steps and arguments as the one used in the previous Section [3.3] and Section [3.4]
O

4 A discrete-time approximation for discretely reflected BS-
DEs

We present here a discrete time scheme for the approximation of the solution of the
discretely obliquely reflected BSDE (3.5]).

Recall that 7 := {top = 0,...,t, = T} is a grid on the time interval [0, 7], such that
R C 7 and |r|n < L. In the sequel, the process X is approximated by its Euler scheme
XT™, see Section [3.5] for details.

4.1 An Euler scheme for discretely obliquely reflected BSDEs

We introduce an Euler-type approximation scheme for the discretely reflected BSDEs.

Starting from the terminal condition
YRT = TR = g(XF) € C(XF)

we compute recursively, for ¢ <n — 1,

ZY = (i — )T E [V W, - W) R
VT = BV R+ (e — )XY 20T, (4.1)

? =% =%
V,'T = Y, M lgewy + P(XE Y ) L eny-

(3

This kind of backward scheme has been already considered when no reflection occurs,
see e.g. |2], and in the reflected case, see e.g. [I, 19, [7]. See also [4] for a recent survey

on the subject.

Combining an induction argument with the Lispchitz-continuity of f, g and the projec-
tion operator, one easily checks that the above processes are square integrable and that

the conditional expectations are well defined at each step of the algorithm.

Remark 4.1. (i) This so-called "moonwalk* algorithm is given by an implicit formula-
tion, and one should use a fixed point argument to compute explicitly YR at each grid
point.

(ii) In the two dimensional case, Hamadene and Jeanblanc [14] interpret Y — Y? as
the solution of a doubly reflected BSDE. It is worth noticing that the solution of the
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corresponding discrete time scheme developed by [7] for the approximation of doubly
reflected BSDE exactly coincides with (Y%7™)! — (Y®7)2 derived here.

For later use, we introduce the piecewise continuous time scheme associated to the triplet
(YR”,?%’“, Z%™). By the martingale representation theorem, there exists Z%™ € H?
such that

tit1
YT =B V| + / ZpTAW, , i<n—1,
t;

i1 tiy1

and by the ItAZ isometry, for i <n — 1,

B 1 tit1
i [ / ZR7ds | J—"ti] : (4.2)
: tiv1 — t; t;

We set Z,0" = Zf(’g for t € [0,T], define Y™™ by

- - B tiv1
YT = YT 4 (tin — ) F (XY, 20T - / Z0TAW, . ti <t <t i€,
t

tit1
(4.3)
and introduce Y™™ on [0, T] by Y, := fft%’ﬂl{t@%} + P(XT, i%’ﬂ)l{teg%} .
This can be rewritten as
R, T R, SR T >R, R, R,
R, R, R . vR7 R oR,T R,
K™ = Yenqoy AKX 1<y and AKT =Y =V = (V7 - Y TT),
Y = Y gy + POXE Y ey, 0<t<T.
(4.4)

We finally provide a useful a priori estimate for the solution of the discrete time scheme

whenever f does not depend on z, whose proof is postponed Section[6.2]of the Appendix.

Proposition 4.1. If f does not depend on z and |7|L < 1, the following bound holds

E[sup |ff£*’”|p] < opxo (45)

0<i<n

recall that C% neither depends on R nor on 7.

4.2 Convergence Results

The next proposition provides a control on the error between the discrete-time scheme
(4.1) and the solution of the discretely reflected BSDE (3.5]).
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Proposition 4.2. The following holds

T
sup B 77" = TP ¥ - ¥+ E[ | 125 = 27| < CulLp Pt + i),
tel0,T 0

(4.6)
where we recall that Lp = \/d is the Lipschitz constant of the projection operator P.

Proof. Asin Section we consider (Y, }76“, Z") the unique solution of the reflected
BSDE D(R,c(X™), f(X™,.),g(X™)). Using Proposition [2.3 the Lipschitz property of
f, g, c and (3.28)), we obtain

~ ~ 1 T
sup B[[FP - T4 02 - v o o) [ 122 - 2pas| < culel.
t€[0,7 K 0

Using the same arguments as in the proof of Proposition 3.4.1 Step l.a in [0] e.g., we

get the following inequality:

-~ -~ tit1 _
sup B[[Te = TR - v ml [z - 20| <
tE[ti,ti+1) t;

tit1
R,m iyt gt ~
ou (Bl —viip e [T - TRz - 2P ) - s
There are two differences with the proof of Proposition 3.4.1 in [0]. First, P here depends
both on # and y: but this is not a problem since (Y, Y, Z¢%) and (Y ®7, yRr zRm)
are parametrized by the same forward process X™.

Second, P is not 1-Lipschitz but only Lp-Lipschitz, with Lp > 1, in its ¥ component.
This explain the term |Lp|?® in ([£.6). Indeed, we have, for i < n,

2= [P(XT YY) = POXE, LY < LY, - YT

tiv1) ~ i1 tiv1? “tig1 tit1 tit1

|Yeu _ Ymﬂr

tit1 tir1

This leads, using an induction argument (see e.g. Step 1.b in the proof of Proposition
3.4.1 in [6]), to

sup BJ|V = Y,MT7 + |yt = ¥,0T
te[0,7)

T —
2} +E[/ ]Zf“—Z;R’”\st} <
0
T ~ ~ —
Cultnf (1l + [ (T2t T P4125" - 23, P)as).

Combining the last inequality with Proposition and (4.7)) completes the proof. O

The term |Lp|?®, even when & is small can be very large. Moreover, we shall see in the

next section that it yields to a poor convergence rate for continuously reflected BSDEs.
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This term is due to the “geometric” approach, used in the proof of Proposition and
the fact that P is only Lp-Lipschitz with Lp > 1. We obtain below a better control,
using the stability results proved at the end of Section [2] but unfortunately under the
assumption that f does not depend on z. The optimal choice for x in terms of |r| is

discussed in Section [5.3] below.

Theorem 4.1. If f does not depend on z, the following holds

< oR,T R,
sup E||V;? = VP 4 VR - v
t€[0,T]

IA

Cplr|,

T
E[/ ]ZER — Zt%’ﬁpdt] < Cr(k|r| + "R”%> ,
0

for || small enough.

Proof. We use here the stability results of Proposition setting (1Y§R, 117%, 12%) =
(YR YR Z®) with1F : (s,y,2) = f(X,, Y®) and CYR 2y R 27%) — (yR7 yRr g
. SR . " . :
with 2F : (s,9,2) f(X;r(S),YW(S). Combining (4.5) and Prop051t10nW1th the Lip-
schitz property of f, it is clear that (C4) holds. Applying Proposition and ((3.28)),

we derive, for t € [0,T],

~ ~ 1 (T
E|Y§R—th%’ﬂ-|2—|-/€/ E|ZiR_Z§E,7r|2dS§
t
T vR VR |2 T R v
CL(|7T|—|—/t E[YE -V 2 ds + |, E]Yﬁ(;)—yﬂﬂ‘gs)|2ds). (4.9)

Applying the discrete version of Gronwall’s lemma to estimate (4.9) rewritten at time

t =t; € m, we deduce
BV - V12 < Cu(In +/t BV -V, Pds), 0<t<t;<T. tem (410)
Plugging this estimate into (4.9)), we compute
~ ~ 1 T T ~
E[Y — Y2 +/ E|ZX — 7% 2ds < CL(W +/ E|Y® - Yﬁs)ﬁds) ,0<t<T,
KJt t
which combined with Proposition leads to the first claim of the theorem.

Observe from the representations (3.19)) and (4.2) that

T T T
EU |z} — Zf‘*v”\z‘dt] <Cr (E[/ |z} — Zf?y?dt] + E[/ |z} — ZéRﬂZdtD .
0 0 0

Plugging ([3.20)), estimate (4.9) written at time ¢ = 0 and the first claim of this Theorem

into this expression concludes the proof. O
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5 Extension to the continuously reflected case

In this section, we extend the convergence results of the scheme (4.1]) to the case of
continuously reflected BSDEs. To this end, we show that the error between discretely

and continuously obliquely reflected BSDEs is controled in a convenient way.

5.1 Continuously obliquely reflected BSDEs

In the sequel, we shall use the following assumption on f:

- (Hz)  The function f is bounded in its last variable : sup,caqaq |£(0,0,2)] < Cr.
and the following assumption on the cost c:

- (He) Fori,j € Z, the function ¢ is equal to ¢ —2 %, with 1¢¥ is C? with bounded
first and second derivatives and 2¢¥ is a convex function with bounded first derivative.
This last assumption is needed to retrieve some regularity on the reflecting process K
(see Lemma [5.1| below).

We denote by (Y, Z,K) € (8% x H? x A?)? the solution of the continuously obliquely
reflected BSDE C([0, T, ¢(X), f(X,.),9(Xr)) defined by

Yi = g'(Xr) + [ FU(Xs, Vi, Z)ds — [ ZidW, + K — K |
Vi > maxjer{Y/ — ¢9(X;)}, 0<t<T, (5.1)
ST — maxjer{Y) — ¢ (Xy)}JdK} =0, ieZ.

Under the assumption on f, g and ¢, the existence and uniqueness of such a solution is

given in [I5], 16].

The solution of (5.1) has also a representation property in term of switched BSDEs,
recalling (2.6). Here of course the switching times of the strategy are not restricted to

take their values in . We refer to [§] for more details.

Theorem 5.1. There ezists, for any fixed initial condition (t,i) € [0,T] xZ, an optimal
switching strateqy a := (Gk, A)k>0 € A, such that

Y} = U = ess sup U}, P—a.s. . (5.2)
aGAt,i

We deduce from ([5.2)), Theorem (iii), the monotonicity property of P and (j5.1):

Yy =yR=y®, for any grid ® . (5.3)

Moreover, most of the estimates presented in Section [2| for discretely reflected BSDESs
hold true for continuously reflected BSDEs. For reader’s convenience, we collect them in

the following proposition. The proof itself is postponed to Section [6.3| of the Appendix.
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Proposition 5.1. The following a priori estimates holds. For any p > 2,

T £
(/ |ZS|2ds>
t

and, for all (t,i) € [0,T] X Z, the optimal strateqy a € A, satisfies

V[P + Ey +E{Kr - K] SE[BY] . 0<t<T,  (54)

E| sup (U2

+E[|NP] < Ey[BF]. (5.5)
s€[t,T)

5.2 Error between discretely and continuously reflected BSDEs

We first provide a control of the error on the grid points of & between the solutions of
the obliquely discretely and continuously reflected BSDEs (3.6)) and (5.1)).

Theorem 5.2. Under (Hz), the following holds
E[sup {m ~ YR+, - Yﬁ\?ﬂ < C5RPE, e>0. (5.6)
refR

Moreover, if the cost functions are constant, the last inequality holds true with ¢ = 0.

Proof. The proof of this result relies mainly on the interpretation in terms of switched
BSDEs provided in Section[2.2] For a fixed (t,) € [0,T] x Z, we associate to the optimal
strategy @ = (ék,o'zk)k € A not restricted to lie in the grid R, the corresponding
"discretized’ strategy a := (0, ag)r>0 € A??i defined by

0, = inf{rZék; re?)?} and  qp = ¢y , k>0. (5.7)

Step 1. We first derive two key controls on the distance between A% and A®.
We fix p > 2 and, since ), < ), k > 1, we compute

P
T £ T | N* 2 :
‘ ) _y .y
</t 4 — 4 ds) N /t Do (X L — e (X, )L, <| ds
k=1
TN o P
< 0 [ I3 [t - e, 1e s
b k=1
b
T | N¢ 2 :
+CF /t D et (X )1 o | ds | (5.8)

k=1
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Using the convexity inequality (3"p_; |zx|)? < nP~1Y 7 , |x|P, we obtain

b
T|N* ? ’
. . : P
/ Do (X L g | ds | < CR(LE sup [ X P)INPIR|Z . (5.9)
t|p=1 te(0,7)

Using once again the same convexity inequality with p = 2, the Lipschitz property of

the maps (¢¥); jer and the definition of 05 and 6y, we get

p

T | N Né
/ D7 e (X,) — 18X )1, ds < CRINPTET X, — X, 1P
b k=1 k=1
< CpINtE T
where %P .= S _ SUD ey 1 re] | X7 — X [P

Plugging this estimate and (5.9)) in (5.8]), we deduce

T g .
(/ |Ag_Ag\2ds> < c§|NW<<1+ sup |Xs|p> |&e|’z’+xl?ﬁvp> . (5.10)
t s€[0,T]

Observe also that, for r € R, we have le-k < = lo<r which gives

p
lg,<r | < CLINPxRP - (5.11)

Né,

Ap — AP < (D
k=1

(X, ) — I (X,)

Step 2. We now prove the main result of the theorem.
We introduce the processes I := U% — A% and I := U% — A%, so that

U —U% < |I —T|+|A* — A4|. (5.12)

Applying Ito’s formula to the continuous process |I' — T'|? on [t,T], using Gronwall

Lemma and the Lipschitz property of f, we obtain

. LT 2 T, 2
Iy — Ty < CLIEt[/ ‘[f“s — F)(X,, U, V) ds+/ ’A‘;—Ag as| . (5.13)
t ¢
Elevating this expression to the power §, we deduce
. r, 2 p r, 2 p
[P —TulP < CPEy| (/ 1% = o)X, U2, V) ds) | </ |42 — 4z ds) |-
t t
(5.14)
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Combining the definition of § with the Lipschitz property of f and (Hz), we compute
) 2
T|N®

T
as_ pas a yray|? g a yra
/ |[foo—f](Xs, U, V| ds =/ DS UL VL, coegLon 1<s<o,)| ds
t bt g=1
< CLIN? sup (1+ |X* + USR]
s€[0,T

Plugging the last inequality and (5.10) in (5.14)), we deduce

Ty — Ty < CTE,

NP | sup (14 [ X[ + [UEP)IRIZ + X7 ) |
s€[0,T]

Restricting to the case where t € R, we deduce from (5.11)) and (5.12)) that

P 2
RS ADSOCE

v @e < e [lNﬂp sup (1+ | X.J7 + Y.P")
s€[0,T]

Using Cauchy-Schwartz inequality and Proposition[5.1] with the last inequality, we obtain
1
e G R AR

Using again Cauchy Schwartz inequality and defining M; := E; [| X|%|’p|2], we get

B supli ~ (TR | < cf | i+ B
teR

2
sup ]Mt\% . (5.15)
te[0,T

Combining Burkholder-Davis-Gundy and convexity inequalities with (3.2), we compute

1

2 2 1 4
sup ]Mt\p] < O (Imlr +E[IMrP]7) < CTE [X®o)f]" < Chlals IR
te[0,T]

Plugging this expression in (5.15]), we deduce (5.6]) from the condition x|R| < L and the

arbitrariness of 1.

E

Step 3. We finally consider the particular case where the cost functions are constant.
Following the same arguments as in Step 1., we observe that (5.10|) turns into

T £ _
(/ \Az—A;‘\st) < CONP(L+ sup [X,P)RIE
t s€[0,T7]

and that A% — A% = 0 for r € R. The same reasoning as in Step 2. then leads to

hSEIN

Yi-Ti? < O3 [‘Nﬂp sup (14 |X. P+ |Va[") | [R] -

s€[0,7
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Using Cauchy Schwartz and Proposition [5.1] concludes the proof. O

We now present the main result of this section, which allows to control the error between
the solutions of the continuously and the discretely obliquely reflected BSDE at any time
between 0 and T'.

Theorem 5.3. Under (Hz)-(Hc), the following holds
~ T 1
sup E|[V; — V) +[Y; — YSR\Z} + E[/ |2, — Z?Pds} < CiR>™, €>0.
¢€[0,T] 0
If furthermore the cost functions are constant, the previous estimate holds true for e = 0.

In order to prove this theorem, we first state the following lemma discussing the regu-
larity of K.

Lemma 5.1. Under (Hz)-(Hc), there exists some positive process n satisfying ||n||y2 <
C1, and such that, for all i € T, dK! < nsds in the sense of random measure.

Proof. We follow here the main idea of the proof of Proposition 4.2 in [I0] and divide
the proof in three steps.
Step 1. Fix i,j € Z. We first observe using It6-Tanaka Formula, that, under (Hc),

t ¢ t
(X)) = (Xo) +/0 b ds +/0 v dWy —/0 dAY , 0<t<T,
where A% is an increasing process and
167112 + [l |2 < Ci. (5.16)

We then introduce I'/ := Y* — Y7 4 ¢ (X) > 0. Using once again Ito-Tanaka Formula,

we compute

.. .. t . . . . - . ..
[rY]" =g + /0 (— (X Y, Z0) + F (X, YT, Z0) + 6L sy ds
to . ) t ) ) - 1 [/t
+ /0 (W + 25 = ZD)1 sy AW + /0 Lipusgp(—dK + dK] = dAY) + 5 /0 dLY |

for 0 < t < T, where L% is the local time at 0 of the continuous semi-martingale I,

Since I'” > 0 and AY, L% are increasing processes, we compute
M )

1 {ngo}dK; < (—fUXs, Y Z) + (X, Y, Z2) + 591 iy ds +1 {F?-:O}ng’

< Op(14 |X,| +sup |V + sup [b])ds + l{FijZO}ng , (5.17)
e L,kE€T s
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for 0 < s < T, where we used (Hz) in order to obtain the last inequality.
Step 2. We now prove that
1y dEL =0, (5.18)

in the sense of random measure. We first observe that 1

i o ) ; .
¥ = Lpa_oy Lys pi(x, va=oy Indeed, i 1oy 5ok viysoy
dom measure on [0, 7], this would contradict the minimality condition (5.1)) for K.

{ngzo}ng = ’yﬁdeg with

dK? were a positive ran-

Suppose the existence of a stopping time 7 smaller than 7', such that
'Y =0 and Y? — P/(X,,Y;) = 0. (5.19)
By definition of the projection P, we have
Y —PI(X,,Y:) =Y - Y 4 R (X)), (5.20)

where k, takes value in Z. Moreover Y — Y*r + ¢ (X)) > 0, which leads, combined

with (5.19) and (5.20)), to ¢/ (X;) 4+ ¢/* (X;) — ¢**(X,) < 0 and contradicts then (3.3)).

Thus yij = 0 for any stopping time 7 smaller than 7" and we deduce that ¥ is undis-
tinguishable from 0, which proves (5.18)).

Step 3. To conclude, using once again the minimality condition for K in ([5.1]), observe
that dK] = 35, gy KE < s with 0 = Op (14X +supyeg V7] supy ez [9)
which satisfies ||n||2 < Cpr, recalling (3.2), (5.4) and (5.16]. O

Proof of Theorem [5.3l
Fix t € [0,7] and introduce 0Y := Y — YR §Y := Y —Y® 62 := Z — Z% and
of = f(X,Y,2) - f(X, YR Z®). Applying Ito’s formula to the cadlag process |5}~/|2,

we get
o~ T ~ o~ ~ o~
|<5Yt|2+/ |6Z,2ds = ]6YT|2—2/ 0YodoY, — > |0V, —6Yi*. (5.21)
t (.17 t<s<T

Recalling that §Y,_ = 0Ys, f(t 7) §Y,dK® > 0 and the Lipschitz property of f, standard

arguments lead to

~ T T Tj+1
E[\5n|2+ / ]6Zs]2ds] < CLE[ / mdm} < CLY E / OV, dK,| . (5.22)
t t <k Tj
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Using the expression of Y and Lemma we obtain
Tj4+1 Ti+1
oY, < 6K”j+1 +/ ((SfU + nu)du —/ 6 ZydW,, r; <s<Tjy1, JI<K.
S S

Combining (Hz), (3.2)), (3.7)), (5.4) and the fact that ||n||y2 < CL, we deduce

Tj+1 Ti41 741 Tj+1
ZE/] §Y.dK,| <E Z/] /J (6fu + 10)dudKs | +E Z/] 5, dK,
T j S T

J<K I j<k T j<k I

< CLIR| + E[KT sup ](5}/7"]] .
reR

Plugging this expression in (5.22)) and using Cauchy Schwartz inequality together with
(5.6) and Proposition concludes the proof. O

5.3 Convergence of the discrete-time scheme

Combining the previous results with the control of the error between the discrete-time
scheme and the discretely obliquely reflected BSDE derived in Section [4] we obtain the
convergence of the discrete time scheme to the solution of the continuously obliquely
reflected BSDE. In the next theorem, we detail the corresponding approximation error
for different optimal choices of reflection time step |R| with respect to the discrete time

step ||

Theorem 5.4. The following holds.
(i) If (Hf)-(Hc) holds, taking |R| ~ “25L2_ for ¢ > 0, we have

—elog ||

c;
[~ log(|x[)]2~=

(ii) If f does not depend on z and |w|L < 1, taking similar grids ® = 7, we have

T
sup E[\Yt A L) Yf’”ﬂ + EU |Zs — Z?“Fds} <
te[0,7) 0

sup ||V, = Y2 + |, - VT

i<n

2} < Ciln['®, e>0,

Moreover under (Hc),

sup E||Y; -V 4V - VP < Cilnlrt, >0,
t€[0,T]

(iii) Under (Hc), if f does not depend on z and |x|L < 1, taking |R| ~ |7|?/3, we get
T _ 1
E[/ | Zs — va”des] <C§|ns™e, £>0.
0
(iv) Furthermore, for constant cost functions, (ii) and (i) hold true with € = 0.
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Proof. For ¢ > 0, setting R such that |R| ~ —1§%o§7rn|’ we obtain combining Proposition
and Theorem [B.3] that

T 1

- . I
sup E||V; — VM7 + [¥; — Yf*’”ﬂ +E[/ | Zy — Z;Rﬂ?ds] <Cs [() AN w;_a] .
tel0.7] log(|m|)

Therefore (i) is proved. Furthermore (ii), (iii) and (iv) are direct consequences of The-
orem [L.J] and Theorem [5.2] or Theorem (.3l ]

6 Appendix

6.1 A priori estimates for discretely RBSDEs

We collect here the proofs for a priori estimates given in Proposition and Proposition

Proof of Proposition 2.1
Observing that on each interval [r;,7j41), (Y%, }7%, Zm) solves a standard BSDE, exis-
tence and uniqueness follow from a concatenation procedure and [2I]. The rest of the

proof divides in two steps controlling separately Y® and (Z%, K™).

Step 1. Control of YR

As in proof of Theorem 2.4 in [I5], we consider two non-reflected BSDEs bounding Y%,
Define the R%valued random variable £ and the random map F by (£)7 := Zle 4k
and (F)7 =% |(F)f| for 1 < j <d.

We then denote by (}v/, Z) € (8? xH?)T the solution to the following non-reflected BSDE

T T
v, = g+/ F(s,ffs,zs)ds—/ Z, AW, , 0<t<T. (6.1)
t t

Since all the components of Y are similar, Y ecC.
We also introduce (°Y,°Z) the solution to the BSDE

T T
0y, — g+/ F(s,OYS,OZS)ds—/ 0ZdW,, 0<t<T.
t t

Using a comparison argument on each interval [rj, er) and the monotony property of
P, we straightforwardly deduce °Y < Y% < Y.

Since (°Y,Y) are solutions to standard non-reflected BSDEs, usual arguments lead to

sup VP < sup [OViP + sup [ViP =5, (6.2)
0<s<T 0<s<T 0<s<T
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where the positive random variable 3 satisfies classically JE[B] < (', under condition

(C,p) for a given p > 2.

Step 2. Control of (Z%, K*)
We fix t < T and applying Ito’s formula to the cadlag process |Y®[2 on [0,¢] to derive

VP = Y+ 2 fi0q YEAYE + [io 4 1Z8Pds + 2, (VP = VR - 2v R AV .
Since the last term on the right-hand side is non negative we deduce that
TR+ [ 128Pas < |FRP 42 [ VRP( TR 25
t t
~ T ~
+2 YRAKR 42 / (ZFYR)aw,.
(t,T] t

Using standard arguments, together with (6.2)) and (C,) for a fixed p > 2, we compute
T —2 —1 T ~
[ izpas < (54 pt - kB [ @A) 63)
t t
Moreover, we get from (2.4) and (C,) that
. T T 2
Br +/ | Z%2ds + </ Z;RdWs> : (6.4)
t t
Combining (6.3) and (6.4)) we obtain
T Cp -2 T T
/ 1Z8Pds < — B +a/ | ZR2ds + ¢ (/ Z;RdWS>
t t t

for any € > 0. Elevating the previous estimate to the power p/2, it follows from

KT - K[')? < Cp

2 T _
+Cu [ (ZITRaw, 65)
t

Burkholder-Davis-Gundy inequality that

T £
E, </ |Z§R|2ds>
t

Using (6.2) and (C,), we deduce, for ¢ small enough,

<C} <€_§Et[5] + egEt[(ftT |Z§R|2ds)g} +Et[(ftT |Z§i§}e|2ds)§]) ’

< C (= ER[B] + & By [sup,cpoy (VAP + 5, ()1 |28 P%ds)E ] )

sf([ 12849} < e (66)

Taking (6.4) up to the power £, and COEnbining Burkholder-Davis-Gundy inequality with
yields E,| K} — KJ*[P] < CTE(j], which concludes the proof of the Proposition,
recalling (C,). O

33



Proof of Proposition
Fix (t,i) € [0,7] x T and p > 2. According to the identification of (U%",V®") with
(?“*,ZC‘*), obtained in the proof of Theorem we deduce from Proposition the
expected controls on U and V. Writing the equation satisfied by (U a*, V“*) and
using standard arguments for BSDEs, we observe that

+ !A?*\p> :

T 3
Blag ] < o (B s 0+ ([ Ve Pas)
s€(t,T] t

By definition of a* and lb we have [A¢"| < maxy \CZ’k], which plugged in the
previous inequality leads to Et“A“T* P] < CTEy[B], recalling (Cp).
We finally complete the proof, noticing from l' that ]Et“Na* |p] < C’IIDJJEt“AEF \p]. |

6.2 A priori estimates for the Euler scheme

This paragraph provides the proof of Proposition [£.1] concerning a-priori estimates for
the Euler scheme associated to RBSDEs.

Proof of Proposition 4.1

The proof follows exactly the same arguments as in Step 1 of the proof of Proposition
above. The only difficulty is the use of a comparison argument for Euler Scheme
that we provide right below in Lemma [6.1 |

We detail here a comparison theorem for discrete-time schemes of BSDEs in the case
where the driver does not depend on the variable z.

For k = 1,2, let &, be a square integrable random variable and ¢, : R™ x R? — R? a
L—Lipschitz generator function. We suppose that & > & and ¥ > 12 on R x R<. For

a time grid 7, we denote by Y™ the discrete-time scheme starting from the terminal

condition Y;f’k := & and computing recursively, for i =n —1,...,0,
k k k
vrE = B[R]+ (e — e (X YTR) (6.7)

Lemma 6.1. For any m such that |w|L < 1, we have Ytzr’l > Yt:r’2, 1 < n.

Proof. Since the results holds true on the grid point t,, = T and follows from a backward
induction on 7, we just prove Yt:fl > Yt:’i Using 1) we compute

Yol _y™ g, [gl _ @]ftn,l} (T — ta1) Ay (Y”’l _ym2 ) 4 Any, (6.8)

tn—1 tn—1 tn—1 tn—1
where Ap,_1 := ¢y (X7 V") — o(X7 V%) >0 and

w1 T,2
v(XT Ve ) (XT Y if Yﬂ',l Y7T72 0
Y7r,1 Y7r,2 1 tn—1 - tn—1 # ’
An,1 = tp—1  tp—1 (69)

0 else .
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Since 11 is L—Lipschitz, the condition |r|L < 1, implies (T'—t,—1)A,—1 < 1. Plugging
this estimate, A,—_1 > 0 and & > & and 1 in , we complete the proof. O

6.3 A priori estimates for continuously RBSDEs
This last paragraph is dedicated to the proof of Proposition [5.1]

Proof of Proposition [5.1

The proof of is a direct adaptation of the proof of Proposition The only
difference is in Step 1: we approximate (Y, Z, K) by a sequence of penalized BSDEs
(see the proof of Theorem 2.4 in [I5] or Step 3 in the proof of Theorem [5.3)) which are
bounded by Y and Y. Estimate follows from the exact same arguments as the

one used in the proof of Proposition [2.2] O
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