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In this paper, we study the discrete-time approximation of multidimen-
sional reflected BSDEs of the type of those presented by Hu and Tang
[Probab. Theory Related Fields 147 (2010) 89-121] and generalized by
Hamadeéne and Zhang [Stochastic Process. Appl. 120 (2010) 403—-426]. In
comparison to the penalizing approach followed by Hamadene and Jean-
blanc [Math. Oper. Res. 32 (2007) 182-192] or Elie and Kharroubi [Statist.
Probab. Lett. 80 (2010) 1388-1396], 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 vari-
able Z, the error on the grid points is of order % —&,e>0.

1. Introduction. The main motivation of this paper is the discrete-time ap-
proximation of the following system of reflected backward stochastic differential
equations (BSDEs)

. . T . . . T
vizdXn+ [ v Zhas - [ ziaw,
. 1 t
+ Ky — K, 0<1<T,
DV ] = max{y! — e (x)), 0<r<T,
jeT
T . . . )
/ [Ytl —max{Y,J —cY (Xz)}] dK; =0, iel,
0 JjeT

where 7 :={1,...,d}, f, g and (c"j)i,jez 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, aris-
ing, for example, in real option pricing. In the particular case where f does not
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depend on (Y, Z), a first study of these equations was made by Hamadeéne and
Jeanblanc [13]. They derive existence and uniqueness of solution to this prob-
lem in dimension 2. The extension of this result to optimal switching problems
in higher dimension is studied by Djehiche, Hamadene and Popier [9], Carmona
and Ludkovski [5], Porchet, Touzi and Warin [23] or Pham, Ly Vath and Zhou
[22] 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 [15] derive existence and unique-
ness of solution to this type of BSDE and relate it to optimal switching problems
between one-dimensional BSDEs. Extensions developed in [14] and [8] cover, in
particular, the existence of a unique solution to the BSDE (1.1). Recently two of the
authors related in [11] the solution of (1.1) to corresponding constrained BSDEs
with jumps. As presented in [12], this type of BSDE can be numerically approx-
imated combining a penalization procedure with the use of the backward scheme
for BSDEs with jumps; see [2]. Unfortunately, no convergence rate is available
for this algorithm. We present here a more natural discretization 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;) char-
acterized 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 contin-
uous reflections numerically.

As in [1, 6, 18], we first introduce a discretely reflected version of (1.1),
where the reflection occurs only on a deterministic grid R = {rg :=0,...,r¢ :=
T):Y} =Y :=g(Xr) € Q(X7), and, for j <« — L and 7 € [}, 7j+1),

PR _ yo +/’-"“ FX TR 2% du _/rf'“ ZNaw,
(12) z’ ri+| / u u p u
Y =Y g + P(Xe, YD) ey

where P(X;, -) is the oblique projection operator on Q(X;), for t < T. Extending
the approach of Hu and Tang [15], we observe that the solution to (1.2) 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 N 7" and (Y, Z) in terms of
the mesh of the reflection grid. Due to the obliqueness of the reflections, the di-
rect argumentation of [1, 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 % — ¢, ¢ > 0 uniformly in R, whenever the cost function
is Lipschitz and f is bounded in z (see Theorem 5.2). Imposing more regular-
ity on the cost functions, we control the convergence rate of (Y;“, Z?t)ostsr to
(Yt, Zt)o<i<t1 (see Theorem 5.3).
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We then consider a Euler type approximation scheme associated to the BSDE
(1.2) defined on 7w = {1, ..., 1,} by Y;™ := g(XT) and, fori € {n — 1,..., 0},
Z0 = (i — ) BT (W, — W) | Fi

(1.3) Y =BT | Fl o+ (i — ) X T, 20,

i+1

N, v, v,
Y, ™= Y,l.‘ nl{tig;m} +PXT, Y, n)l{t,-em}’

where X7 is the Euler scheme associated to X. It is now well known (see, e.g.,
[4, 24]), that the convergence rate of the scheme (1.3) to the solution of (1.2) is
controlled by the regularity of (Y, Z) through the quantities

li+1 \ " li+1 L =
E[Z f |y — Y;]‘|2dz] and E[Z / |zZM — Z}f|2dt}
1, 1

i<n ' i<n®li

t

with Z)' = (B[ [;" Z} dr | F, 1, for i <n.

Using classical Malliavin differentiation tools, we prove a representation
for Z", extending the results of [1, 6] to the system of discretely reflected BS-
DEs (1.2). We deduce the expected regularity results on (Y™, Z") and, using the
techniques of [7], Chapter 3, we obtain in a very general setting the convergence
of (1.3) to (1.2). However, due to the obliqueness of the reflections, the projection
operator P(X, -) is only Lp-Lipschitz with Lp := +/d > 1, leading to a conver-
gence rate controlled by |Lp|* (|| 14 4 k1/2|711/2), where we recall that « 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 k — oo for the approximation of (1.1). 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 us to get a control of the distance between the continuously and
discretely 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 (1.3) to the solution of (1.1) with a convergence rate of order % —¢e,e>0,
on the grid points, whenever )i = 7 and f is independent of Z. Whenever the
cost functions are constant, all the previous estimates hold true with ¢ = 0. We
want to emphasize that all these results are obtained without any assumption on
the nondegeneracy 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
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problems and give the fundamental stability result. Section 3 focuses on the reg-
ularity of the solution to this new type of BSDE. This analysis leads to precious
estimates allowing us to deduce the convergence of the associated discrete time
scheme (see Section 4). Afterward, Section 5 focuses on the extension to the con-
tinuously 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.

Notation. Throughout this paper we are given a finite time horizon 7' and a
probability space (2, F,P) endowed with a d-dimensional standard Brownian
motion W = (W;),>o. The filtration I = (F;);<r generated by the Brownian mo-
tion is supposed to satisfy the usual conditions. Here, 3 denotes the o-algebra
on [0, T'] x Q generated by F-progressively measurable processes. Any element
x € R¢ with £ € N will be identified to a column vector with ith component x and
Euclidean norm |x|. For x,y € R, x - y denotes the scalar product of x and y,
and x’ 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 denote by C,’j the set of functions from R? to R with con-
tinuous and bounded derivatives up to order k. For a function f € C!, V, f denotes
the Jacobian matrix of f with respect to x. For ease of notation, we will sometimes
write [E;[-] instead of E[-|F;], ¢ € [0, T]. In the following, we shall use the notation
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 the following:

o the set S? of real-valued cc‘zdlc‘zg2 B-measurable processes Y = (¥;)o<;<r satis-
fying [Y |5, = E[supp<; <7 1Y |1P1VP < o0.

o the set HP of R%-valued B-measurable processes Z = (Z;)p<;<r such that
1Z11yp :=EL(fy 1Z:]? dD)P/211/P < o0,

e the closed subset A” of S” consisting of nondecreasing processes K satisfying
Ko=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 BSDEs in a general setting. In par-
ticular, 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 us to prove a stability result for obliquely RBSDEs
which will be used several times in the paper.

ZFrench acronym meaning right continuous with left limit.
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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 % :={rg =0, ...,r, = T} of the time interval [0, T']
satisfying

L
2.1) M| := max |rx —rp—1| < —.
I1<k<k K
We also consider a matrix valued process C = (C i )1<i,j<m such that C iJ be-

longs to S% for i, j € {1, ...,d} and satisfies the structure condition

Cli =0, forl <i<dand0<t<T,;
2.2) OsntléT c/ > R for 1 <i, j <d withi # j;

inf C/4+c/'—ci'>0, forl<i, jl<dwithisj, j#l.
0<t<T

We introduce a random closed convex set family associated to C:
O ={yeR! |y > max(y/ — ). 1<i<d}.  0<1<T,
J
and the oblique projection operator onto Q;, denoted P; and defined by

. d j_ Al
Pr:yeR H(r;lg;{y c'})

1<i<d’

which is P ® B(R?)-measurable.

REMARK 2.1. (i) It follows from the structure condition (2.2) that P is in-
creasing with respect to the partial ordering relation >, where y > y’ means
yi > (y") foralli e T.

(i1) An easy calculation leads to

1P (y1) — Pi(»2)| < Vd|y1 —y2|  forany yi, y» € RY.

We observe that the constant Vd is optimal in our setting taking, for example,
y1 = (max; ; C;’,0,...,0) and y, := (max; ; C;/ + 1,0, ...,0). Thus P, is Lp-
Lipschitz continuous with Lp := +/d.

Finally, we are also given a random variable & € [Lz(fr)]d valued in Qr, rep-
resenting the terminal value of the BSDE and a random function F: Q x [0, T] x
R? x M%4 — R which is P ® BRY) @ B(M9-9)-measurable and satisfies the
Lipschitz property

|F(t9 Y, Z) - F(tv y,’ Z/)| =< L(Iy - y/l + |Z _Z/D

forall (r,y,y',z, 7)) €[0, T]x (R%)? x (M%2)? P-a.s. We shall also assume that
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(HF) The component i of F(z,y,z) depends only on the component i of the
vector y and on the row i of the matrix z, thatis, F'(t,y,z) = F'(t,y', 7").

Given this set of data (N, C, F, §), a discretely obliquely reflected BSDE, de-
noted DR, C, F, £), is a triplet (Y, Y™ Z%) € (8% x 8% x H2)T satisfying
Y})‘ = Yql := & € Or, and defined in a backward manner, for j <« — 1 and
telrj, rj+1) by

TR R as SR % rj+1 %
(23) { Y Yr j+1 +/l‘- F(u’ YM ’ Zu)dbt _/t‘ Zu dWMa
Y = Y g + P (V) Lemy.

This rewrites equivalently for ¢ € [0, T] as
- T — T .
=gt [ TN Zhdu- [z aw, + k- KD,
t t

24 (KM= >0 AKMp<y,
ref\{0} N
with AR =Y — VM = (¥ - 7)V).

Observe that K™ € (A%)Z, since CV is nonnegative and valued in 82, for any
i,jel.
We shall also use the following integrability condition for some p > 2:

T
(C)) 617+ sup G174 [ 1F(5,0.0017ds <,
1€[0,T] 0
where B is a positive random variable satisfying E[8] < Cp. Importantly, 8 does
not depend on .

The proof of the following a priori estimates is postponed until the Appendix.

PROPOSITION 2.1.  Assume that (C ) holds for some given p > 2, there exists
a unique solution (Y, yh, y™ , 7" 10 (2.3) and it sansﬁes

o0 Bl p
1Y  lgp + 1275, + 1Ky ., =<Cpr.

2.2. Corresponding optimal switching problem. In this subsection, we inter-
pret 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 M. Our approach relies on similar arguments as the
one followed by Hu and Tang [15] in a framework with continuous reflections.

A switching strategy a is a nondecreasing sequence of stopping times (6;) jen,
combined with a sequence of random variables () jen valued in Z, such that o
is Fy;-measurable, for any j € N. We denote by A the set of such strategies. For
a=(0j,ua;)jen € A, we introduce N the (random) number of switches before 7'
as

(2.5) N =#{k e N*:0, <T}.
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To any switching strategy a = (0, @) jen € A, we associate the current state pro-
cess (a;):efo,r] and the compound cost process (A{);c[0,7] defined, respectively,
by

N4 N4
._ _ a._ @j-10;)
ar := aolio<i<qy) + X; aj-1lip; 1 <i<p;) and A} := X; Co_,- Lig;<i<1)
j= j=

for0 <t <T.For (t,i) € [0, T] x Z, the set A; ; of admissible strategies starting
from i at time ¢ is defined by

Ai=la=0;,a)); €Al =t,a0=1i,E[|A%|*] < co}.

N

Similarly, we introduce A;";,

the restriction to Ji-admissible strategies
Al i={a=0j.a))jen € Ari | 0; € R, Vj < N

and denote A™ :=J; -, Agf ;-
For (t,i) €[0,T] xZ and a € A?{i, we consider as in [15] the associated one-

dimensional switched BSDE deﬁned’by

T T
Ulf =£9T +/ F% (s, US”, Vs“)ds —/ VS” dw;
(2.6) ! !
— AT + AY, t<u<T.

Theorem 3.1 in [15] interprets each component of the solution to the continu-
ously reflected BSDE (1.1) as the Snell envelope associated to switched processes
of the form (2.6), where the switching strategies a are not restricted to lie in the
reflection grid 9. The next theorem is a new version of this Snell envelope repre-
sentation adapted to the context of discretely obliquely reflected BSDE (2.4).

THEOREM 2.1. Assume that (Cy) is in force. Foranyi € T andt € [0, T], the
following hold:
(1) The process Y™ dominates any N-switched BSDE, that is,
2.7 Ut < M, P-a.s. for any a € A},

(i1) Define the strategy a* = (0%, (x;’f) j=0 recursively by (65, ap) := (t,i) and,
Jor j =1,

0* = inf[s cl6* ,, TINR

~ * ~m ()["f_ k
; 1 (FH9- < max (7)) - ¢,
k;éot];l

J

) L ~ * K
ot = min{g;,goﬁ_] | (Y.Vi)z_coz_: 1" max {(YS‘)k—Ca,{ 1 }}
J j 9] k;éO[3<71 N 9/

Then, we have a* € A;Ri and

(2.8) YN =vu®,  P-as.
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(iii) The following “Snell envelope” representation holds:

(2.9) (f/dm)i =esssup U/, P-a.s.

bl
acAy;

PROOF. Observe first that assertion (iii) is a direct consequence of (i) and (ii).
Letusfixte[0,T]andi € 7.

Step 1. We first prove (i). ~
Set a = (6k, ok )k=0 € A?fl- and the process (Y¢, Z¢) defined, for s € [, T], by

Yo=Y (YN Ng<s<0p0) +ET1s=1y and
k>0

Z¢ =Y (ZH™ =5 <001)-
k>0

(2.10)

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

Sa _ uR ok Ot o e M . Ot oy
Yek = (Y, )+ ; F*% (s, (Y™, (Z,))ds (ZH)™ dW,
k

0
k+1 O

+ (K%\ )Olk . (Kg]i)olk

Opsq—
2.11) .
~ Ok+1 ~ Ok+1 %
—7 o+ / Fo (s, 79, 2% ds — f Z8 W, + (K, )™
Ok Ok
— (KGD™ ()™ =~ B ™). k20,
Introducing
N4—1
K=Y [/ d(K
k=0 (Ok NS, Ok+118)

Ok+1

+1(g =0y (Vg ) — (), )@ 4+ Colo! )}
for s € [t, T], and summing up (2.11) over k, we get, fort <u < T,
Y =g +/T F%(s, Y%, Z%) ds —/ngdws — A%+ AY+ K4 — KO,
u u
Using the relation Y”}j = 739,(()79”:) for all k € {0, ..., N%}, we check that K¢ is

increasing. Since U“ solves (2.6), we deduce by a comparison argument (see [21],
Theorem 1.3) that U/ < Y. Since a is arbitrary in A?}i, we deduce (2.7).

Step 2. We now prove (ii).
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_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

" ~ % ~op # afey
Ym o Y%\ o Ym Yy C k k+1’ k > 0’
¥ ) (Pog,, Ygr, ) T ) o, >

which gives

(2.12) / dKMH% =0 and (Y] )% — ¥ )% 4 Cg*kakﬂ —0
500 ' k+1 k+1 k+1

forall k € {0, ..., N — 1}. We deduce from (2.2) that

Y/ :gaT+A Fas(s,Ysa,Z?)dS—‘/; Zy dW, — AT + A7, t<u<T.

Hence, (17“*, Z%y and (U%", V%) are solutions of the same BSDE and (}N’lm)i =
U t“* To complete the proof, we only need to check that a* € A", that is, E| A“T* 1> <
00. By definition of a* on [¢, T'] and the structure condition on the cost (2.2), we
have |A§‘*| < maxy |Cf’k| which gives E[|A?* |?] < C1.. Combining

* ~ % ~ % T * ~ % * T * *
@t _ ja _ ja +/ Fa.v<s,yg,zg)ds—/ 74" AW, + A®
t t

with the Lipschitz property of F and the fact that (YR, Z%) e (8% x HH)T (recall
Proposition 2.1), we get the square integrability of A“T* and the proof is complete.
O

REMARK 2.2. Although the optimal strategy a* depends on the initial param-
eters ¢t and i, we omit the script (¢, i) for ease of notation.

Combining the previous representation with the a priori estimates of Propo-
sition 2.1 and the structure condition (2.2), we deduce the following estimates,
whose proof is postponed until the Appendix.

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

* T * p/2 * *
E[ sup U |"+</ Ve |2du) AL 1P 4 [N ﬂscg’
selt,T] t

for the optimal strategy a* € A??i, (t,i)el0, T] xZ.

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.
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We consider two discretely reflected BSDEs, with the same reflection grid 9t
but different parameters. For £ € {1, 2}, we consider an Fr-measurable random
terminal condition Eé , arandom L-Lipschitz continuous map (y, z) — tp G,y,2),
satisfying (HF) and a matrix of continuous cost processes (‘C/)| ;. j<d satisfying
the structural condition (2.2).

We suppose that the coefficients satisfy the integrability condition (C4). For
2 € {1,2}, we denote by (‘Y™ (Y™ £7%) € (82 x §2 x H?)T the solution of the
obliquely discretely reflected BSDE D(R, ¢C, ¢ F, ¢¢).

Deﬁning 8Ym — IYm _ ZYm’ 8?}“ — 1}79’{ _ 2?%’ 5Z§)t — IZER _ ZZm, 85 —
leg _2¢ together with

18C |0 := max |\C —2CU|(s),

i,jeZ

6F oo :=max  sup |'F'=?F'[(s,y.2)
1€y - cRdx Mda

for s € [0, T'], we prove the following stability result.
PROPOSITION 2.3. Assume that (C4) holds. Then we have, for any t € [0, T],

— 1 T
E[8Y 1?1+ E[18Y ] + ;E[/ |522‘|2ds}
t

r 2 2 4 11/2
SCL<E|:/ |8 F |5, ds + |8&| }+E[sup|5cr|oo] )
t

ref

PROOF. The proof is divided into three steps and relies heavily on the rein-
terpretation in terms of switching problems. We first introduce a convenient dom-
inating process and then provide successively the controls on the §Y™ and §Z™
terms.

Step 1. Introduction of an auxiliary BSDE.

Letus define F:='FVv?F, &:=1£v2£and C by CY :=1CU A2C'J. Observe
that F satisfies (HF), C satisfies the structure condition (2.2) and that (C4) holds
for the data (C, F, £). We denote by (Y Ny Z%) the solution of the discretely
obliquely reflected BSDE D(, C, F, ), recalling (2.3).

Using (HF), the definition of F and the monotonicity property of P [see
Remark 2.1(i)], we easily obtain by a comparison argument on each interval
[Fk, rk+1), K € {0, ...,k — 1}, that

(2.13) yo s 1phy 2pR,

Recalling Theorem 2.1, we introsiuce the switched BSDEs associated to Y™,
2y™ and Y™ and denote by & = (9}, ;) j>0 the optimal strategy related to Y™
starting from a fixed (i, t) € Z x [0, T']. Therefore, we have

e T B T .
2.14) YN =vUf =g +/ Fé(s,U%, v ds — / VEAW, — A% + A2,
t t
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Step 2. Stability of the Y component.

Since a € Al“l, we deduce from Theorem 2.1(iii) that

— . y T . . T . ; .
‘YN =tuh =ter +/t CF (s, UL, TV ds —/t VAW, — AT + A7,
tefl,2},

where A% is the process of cumulated costs tci )i,jer associated to the strat-
egy a. Combining this estimate with (2.13) and (2.14), we derive

Since both terms on the rlght hand side of (2 15) are treated 31m11arly, we focus on
the ﬁrst one and introduce the continuous processes I'? := U4 4+ A% and 'T'¢ :=
1Ua + 1A%, Applying Itd’s formula, we compute, forall t <u < T,

. . T .
E,[|rg—lrg|2+f IVS“—IVS“|2ds]

u

(2.16) 5E,[|r5;—1r§|2

+2fT(F§ — T [Fé (s, Uud, v = TF (s, 1U4, leé)]ds]
Since F ='F v 2F and ! F is Lipschitz continuous, we also get
|Fas(s’ Usa’ lvsa) _ 1pas(g, lUsa’ IVsa)|
< [8Fsloo + LATY = 'TY | + A = "AS| + [V = "V{)),
0<s<T.
Using classical arguments, we then deduce from the last inequality and (2.16) that

Ty =T
(2.17) .
<cu(B 1057 [ 19F R ds|+ sup 14T - 1a7P)).
t t<s<T
Moreover, using the inequality [x V y — y| < |x — y| for x, y € R and the convexity
of the function x > x2, we compute
E/[1A] - 'AS]
N4 2
Z[Zc&kflﬁlk /\1 C&kflak 1 Cotk lak](gk)l i|
k=1

{0 <s}

(2.18) =E,|:

<E|IN%sup|sC, %], r=s<T.

refn
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Plugging in (2.17) and recalling the definition of I'% and 'T%, we get
. . . T
Ui ='Ut < CLEZ[|N“| sup [8C, |3, + f |8F |5, ds + |8s|2].
reg t

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

E[CYY — 7Y
(2.19)

i (291/2 4 7172 4 2 2
< o (BN 2E[supioc, 1]+ B [ o Rds + e ).
t

rei
Using Proposition 2.2, we compute, since i is arbitrary,
EHZ?;H _ 117tm|2]
(2.20)
r 2 2 4 1172
< CL<E|:/ |8 F |5, ds + |8&| } +E[sup|8cr|oo] )
t

refn

Step 3. Stability of the Z component. _ N
Applying It6’s formula to the cadlag process |8Y™|? and noting K = K™ —
2KM we obtain

~ T ~
E[|5Y;“|2+/ 8Z0 P ds + Y |A51<j"|2]
t

t<r<T
o T T
:]E[|5Y}‘|2+2/ 8Y2‘8Fsds+2f 5Yﬂ‘d51{§“],
t t

where we used the fact that |§Y"2 — [sY™|2 — 26 (Y — sY™) = |ASK™)2.
Since K 1is a pure jump process, we compute

T N - ! 1 ~
E[/t 5Y2‘d31(§“]51€[a > |5Y2*|2+E > |A5K;“|2], a >0,

t<r<T,ref t<r<T

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

T ~
E[/ 8Z) Pds + ) |A5Kj"|2]
t

t<r<T

T
scL(EnasFHEUt B ds+ Y |6Y?‘|2]).

t<r<T,reft

Since (2.20) holds true for any ¢ € [0, T'], we deduce
T ~
IE[/ 18Z0 2 ds + ) |A8Kﬁ“|2}
t

t<r<T

T 12
scLK(EnasFHE[/ |8Fs|§ods]+1@[sup|8cr|io] )
t

ren
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which concludes the proof of the proposition. [J

3. Regularity of discretely obliquely reflected BSDEs. This section is ded-
icated to the derivation of regularity properties for the solution of discretely re-
flected 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 dif-
fusion X is replaced by its Euler scheme.

3.1. A diffusion setting for discretely RBSDEs. Let X be the solution on [0, T']
to the following SDE:

! t
3.1 Xt=X0+/ b(Xs)ds-i-/ o (Xy)dWs, 0<t<T,
0 0

where Xo € R™ and (b, o) : R™ — R™ x M"™4(R) are L-Lipschitz functions.
Under the above assumption, the following estimates are well known (see, e.g.,

[17]):

E[ sup |Xt|p]§C£7 and
1€[0,T]
3.2)

1/p
sup (IE[ sup |X; — XM|P]) <ClVh
s€[0,T] uel0,T],|lu—s|<h

for any p > 0. In the sequel, we shall denote by 8% a positive random variable,
which may change from line to line, but which depends only on sup, g 77 |X¢|
and which satisfies E[|8X|P] < C f for all p > 0. Importantly, 8% does not depend
on N.

REMARK 3.1. Observe that, as in [1, 7] and contrary to [18], we make no uni-
form ellipticity condition on o . This allows us to treat the case of nonhomogenous
diffusion by setting, for example, X tl =t,te[0,T].

In this context, we are given a matrix valued maps ¢ := (c”/) where ¢/ : R" —
R, are L-Lipschitz continuous and satisfy

) =0, forl <i <d,;
hg c(x) >0, for1 <i, j <d withi # j;
(3.3) ] xR

inf () +ct(x) = ')y >0, forl<i,jl<d
xe m
withi # j, j #1.
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We then introduce a family (Q(x)),er» of closed convex domains:

Q) = [y e R |y’ >maIx( c'l(x),vi T

(3.4)
where 7 :={1,...,d}.

We introduce the oblique projection operator P(x, -) onto Q(x) defined by
P:(x,y) e R" x R? (max{yj — (x)})
jeT

l<i<d’
Finally, we are given:

(i) an L-Lipschitz function g:R™ — R¢ such that g(x) € Q(x) for all x €
R™,

(ii) a generator function, that is, an L-Lipschitz map f:R” x RY x M%4 —
RY,

From now on, we shall appeal to the following assumption:

(Hf) the component i of f(-,y,z) depends only on the component i of the
vector y and on the column i of the matrix z, thatis, f'(-, y,z) = f'(-, ', Z").

We denote by (Y™, Y™, Z™) the solution of the discretely reflected BSDE
DN, c(X), f(X, -, ), g(X)) which reads on each interval [r;, 1), for j <«

Yﬂ'i _ Y?“ +/r_i+l f(Xu Y&)t Z?)’t) du — /rj+1 Zﬂ'iqu
(3.5) o e -
Y[.)l - Yz'hl{t¢fﬁ} + P(Xtv Y['h)l{teﬁf}»

or equivalently on [0, T'] as

~m T ~9 M
P = g(X1) + f F X, TN, 20 du

(3.6) _/, Z;dW,+ (K7 — K, 0<1<T,
K':= > AKM{y<y and
reM\ {0}
AK;“=Y;“_th:_(?tm_?zgi)’ O0<r=T.

From (3.2), it follows that the data (c(X), f(X, -, -), g(X)) satisfies the integra-
bility condition (C,) for all p > 2. We thus deduce from the proofs of Propositions
2.1 and 2.2, the following estimate on (Y™, Yqh 7" and their associated optimal
switched BSDEs, recalling Theorem 2.1.

PROPOSITION 3.1. There exists a unique solution (fm’ YR Z% 1o (3.5) and
it satisfies

) T / ) N
(3.7) IE,[ s[ltlpT]|Ys”*|P+ (/, |Z§“|2ds> + K — K}‘|P} <BX  Vvi<T.
self,



APPROXIMATION OF MULTIDIMENSIONAL REFLECTED BSDES 985

Moreover, for all (t,i) € [0, T] x Z, the optimal strategy a* € A?}l. satisfies

(3.8) Et[ s[upT]|U;* |f’+</t Ve |2ds) + A% 1P + [N |P} < p~.
SE[t,

3.2. Malliavin differentiability of (X, Y™, Y™, Z"). We shall sometimes use
the following regularity assumption on the coefficients:

(Hr) The coefficients b, o, g f and (c' f) are C-? in all their variables, with
the Lipschitz constants dominated by L.

We denote by D''? the set of random variables G which are differentiable in the
Malliavin sense and such that ||G||11D)’22 = ||G||i2 + fOT ||D,G||i2 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 Ll 2 of H? whenever
Vs € D2 for all s < T and ||V||2‘12 = ||V|| + ||DtV|| dr < oo. For a
general presentation on Malliavin calculus for stochastic dlfferentlal equations,
the reader may refer to [19].

REMARK 3.2. Under (Hr), the solution of (3.1) is Malliavin differentiable and

its derivative satisfies

(3.9 < 00,

sup| Dy X|‘

s<T

SP
and we have

sup | Dy X, — Dy Xull,, + | sup 1D/ X, —

s<u t<s<T

(3.10) '
<Cllt—ul"

forany 0 <u <t <T.LetGe ]D)LZ(R‘I). Since X belongs to E}l’z under (Hr)
and P is Lp-Lipschitz continuous, we deduce that P(X,, G) € D"2(R?). Using
Lemma 5.1 in [1], we compute

Dy(P(X:, G))
3.11) = Z(Dst — Dycij (Xl‘))l{Gj—cif(X,)>maX[<j(GZ—CM(Xt))}
=1

X LG —cii (X zmaxe- ;(GE—cit (X))

Combining (3.11), Proposition 5.3 in [10] and an induction argument, we obtain
that (Y™, Y™, Z") is Malliavin differentiable and that a version of (D, Y™, D, Z")
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is given by

~o s m . d Tj+1 W
D, (¥} = Du(Y}) ) - th D (z!H* aw}
k=1
T i SR\ i
+f Ve £ Xy, (F0Y (2% Dy X, ds
t
3.12) - . o . o
+ / Vi £ (X, (TN (2D (TN ds

Tj+1 . ~an s , Lo
+/ V. i (Xs, ¥, (2D, (2 ds
t
forO<u <t <rjy1 and j < k. Here, V. f! denotes Zgzl V... f!, recalling (Hf).

3.3. Representation of Z. For a € A", we introduce the process A? defined
by

§ ~ "N
At =expl [ T2 2 aw,
(3.13) s /1
[ (G1er X T ZP = 9, g 6, T 2 o

forO0<tr<s<T.
For later use, we remark

(3.14) sup
ac AN

and deduce from the dynamics of A that
sup (1A%, = AL, llcr + | sup A% — Af]

acAM t<s<T

<ClVt—u, u<t<T,p>2.

sup A,

<cl, 0<t<T,p>2,
Lr
1<s<T

o)

(3.15)

PROPOSITION 3.2. Under (Hr), there is a version of Z" such that

(z" =E, [ng“? (X7)AY 7D X7

Sy Lg 9

T * ~ M *
(3.16) + f VoS (X, Y1, ZY AL D, X ds
t

Ne*
a%_ a* *
_ ;ch j=1%j (X@;f)A?’Gj(D;X)g;ﬁ:|
j:

for (t,i) € [0, T, with a* = (6%, oz;‘) j>0 € A??l. the optimal strategy given in The-
orem 2.1 and recalling (2.5).
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PROOF. We fix j < « and, observing that the process a* is constant on the
interval [0%, 9;-‘ +1)> we deduce from (3.12) and Itd’s formula that

AL D (T
* n * 9_)“—0—1 * ~m *
=E,[ for (DY) e+ / ’ vxf‘wxs,YS%Z?*)A?,SDuxsds}

for 0;5‘ <u<t< 9;3‘ - Combining (3.11) and the definition of a* given in Theo-
rem 2.1(i1), we compute

a* Ry __ aa* SS9 a%+l
”9f+1(D”(Y ) j)9j+| _At,eij(Du(Y ) ).9;!‘+1
ata* a*
— J%j+1
ch J (X9;+1)At’97+1 (Dl»X)e;k+l

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

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 [1]).

PROPOSITION 3.3. There is a version of Z* satisfying

t 8
(3.17) EU |ZZ‘|2du:|§CL|t—s|, s<t<T.
A

PROOF. Combining (3.9), with (3.14), (3.16) and Doob’s inequality, we ob-
serve that

N
sup 1 Z;

t€l0,T]
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 2.3 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. [J

<cl, p=>2,

3.4. Regularity results. We consider a grid m :={tg =0,...,t, =T} on the

time interval [0, T'], with modulus |7 | := maxo<;<y—1 |ti+1 — |, such that R C 7.

_We want to control the following quantities, representing the H>-regularity of
Y, 2):

T ~m ~m T - M
(3.18) E[/O v — Y;;"(t)|2dt] and E[/O |z — Z;’T‘(,)|2dt],
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where 7 (¢) ;= sup{t; € w; t; <t} is defined on [0, T'] as the projection to the clos-
est previous grid point of 7 and

—4 1 lit1
(3.19) Z}?::—EU " Z;“ds‘jf,i} ief0,...,n—1).
! tiv1— ¢ 4 ’

REMARK 3.3. Observe that (Z?{)ng = (Z}?(s))SST is interpreted as the best

H?-approximation of the process Z™ by adapted processes which are constant on
each interval [#;, tj+1), for all i < n.

PROPOSITION 3.4. The following holds:

1 TN.W‘ ‘R S0 m 2
N B

PROOF. Observe first that
t t .
FX TRz ast [z
7 (t)

Y Wl < E|:
[| n(t) ] — x()

The proof is concluded combining this estimate with (3.2), Propositions 3.1
and 3.3. [0

2
}, 0<t<T.

We now turn to the study of the regularity of the process Z".
THEOREM 3.1. The process Z" satisfies

T
(3.20) EU |Z§‘—zg‘|2ds] <Cr(m|'? + k).
0

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 g
3.21) EUO |Z§"—Z§“I2ds]§E[/ Z0 —Z2 ) dS}

Fors < T and a = (o, Ok )k>0 € AS ¢» L € T, we define (V)s<;<T by

T ~ 'y
Vi =E [ngar (XT)AS 7 Ds X7 +/ Ve f9 (X, Y;’*, ZZ‘)Af’MDSXu du
N

Na
— Y VaCaj_y.a;(Xg ) AY gk(DsX)ek].
k=1

We now fix £ € 7 and denote, foru < T, by a* € Azt , the optimal strategy associ-
ated to the representation of (173{)‘, recalling (ii) in Theorem 2.1.
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Observe that, by definition, we have
(3.22) N = N® and a =a", ri<t<u<rjy1,j <k.
Fix i < n, and deduce from Proposition 3.2 and (3.22) that

E[l(ZM — @z P1=ENVe - v P
(3.23) , 5 , -
<2(IE[|V,”, — Vta | ]—i—IE[IV,l,“t thlt,| D

fort € [¢;, tj+1). Combining (Hr), (3.9), (3.10), (3.14), (3.15) and Cauchy—Schwarz
inequality with the definition of V¢, we deduce

(3.24) BNV - VR Colr? < <tipi<n
Since V,f’f is a martingale on [¢;, t;11], we obtain

ali 2
E[lVy, =V ;,| ]

1 2
=< E“V; tit1 - Vtia’[l- | ]
(3.25) ) - )
al al
<E[lV, ll+1 tz+1| - |Vli,fi| 1+E[ |Vl tz+1| IV, lz+1 tz+1| |
i i 1/2
<E[VS P = IVE P+ CLinl 2 <t <t

where the last inequality follows from (3.24). Combining (3.23), (3.24), (3.25) and
summing up over i, we obtain

Toomne % 2
E[./o (ZH" = (Zzw) | d’}

k—1
The— 0 1
<Crln|'? + |n|<E[|Vﬁ,T = VT AV R = v >>.
j=1
Combined with (3.9) and (3.14), this concludes the proof since £ is arbitrary. [

3.5. Extension. We shall approximate the process X by its Euler scheme X7,
with dynamics

t
(3.26) Xf:XoJr/O b(X7 (s ds—i—/ X7 (s)) dWs, 0<t<T.
Classically, we have the following upper-bound, uniformly in 7:

1
(3.27) E[ sup Ix717]""<cp. p22
0<t<T

The control of the error between X and its Euler scheme X7 is well understood
(see, e.g., [16]) and we have

1
(3.28) E[ sup X, — X]|"] "<clim)'2, p>2
0<t<T
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In this context, we denote by (Y, Y e Z°") the unique solution of the reflected
BSDE D(R, c¢(X7™), f(X7,-), g(X™)). Our main result here is the counterpart of
Proposition 3.4 and Theorem 3.1 when X is replaced by X7.

PROPOSITION 3.5. The following hold:

T .
B [ 17— Tty Par| < ot

and

T -
E[/O |Ze" — Zf“leS} < Cr(n|'"* +kIm).

PROOF. We only sketch the main step of the proof since it follows exactly the
same arguments as the one used to obtain Proposition 3.4 and Theorem 3.1.

Step 1. We use a kernel regularization argument which allows us to work un-
der (Hr). In this case, we observe that X” belongs to E;’Z and satisfies

D X —O—( JT(S) +/ V b JT(V))DSX;TT(V) dr

+[ ZV o/ (X3 ) Ds X7 ) AW/

for s <t. One then checks (see [1], Remark 5.2, for details) that

sup | Dy X”'H o0,

s<T

(329) supllDyXT — DX, + | sup IDXT — D, X7

s<u t<s<T

)4 12
<Pt —ulV
LP

O<u<t<T.

It is also straightforward that (Y ¢*, yeu, z €Y is Malliavin differentiable and satis-
fies (3.12) with X” instead of X.

Step 2. In order to retrieve the results of the proposition, one then follows exactly
the same steps and arguments as the ones used in the previous Sections 3.3 and 3.4.
O

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

Recall that 7 :={r9 =0, ...,t, = T} is a grid on the time interval [0, T], such
that X C  and |7 |n < L. In the sequel, the process X is approximated by its Euler
scheme X7 (see Section 3.5 for details).
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4.1. A Euler scheme for discretely obliquely reflected BSDEs. We introduce a
Euler-type approximation scheme for the discretely reflected BSDEs.
Starting from the terminal condition

Y‘R T _ Yh . _ g(X ) e C(XT)
we compute recursively, fori <n — 1,

Zﬁ)ﬂ g — (tl—l-l - tl) [ ;)iiT(WtH»l th)/ | Ftl]
. T =BT L R+ i - tl)f(X’T, 7Tz,

tl+1

Yt?‘ = Yﬂ" Lipemy + PXT. Y D1 emy.

This kind of backward scheme has been already considered when no reflection
occurs (see, e.g., [4]) and in the reflected case (see, e.g., [1, 7, 18]). See also [3]
for a recent survey on the subject.

Combining an induction argument with the Lispchitz-continuity of f, g and
the projection operator, one easily checks that the above processes are square in-
tegrable 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 im-
plicit formulation, and one should use a fixed point argument to compute explicitly
Y™ at each grid point.

(i1) In the two-dimensional case, Hamadene and Jeanblanc [13] interpret Yyl —
Y2 as the solution of a doubly reflected BSDE. It is worth noticing that the solution
of the 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 (Y?7, Y"7 Z%7) By the martingale representation theorem, there
exists Z™7 € H? such that

q‘n_Eh[Ylnn]-"_/ mnqus lEn_ls

li+1

and by the Itd’s isometry, for i <n — 1,
- 1 litl
4.2) Zh = 715[/ ZMT ds ‘ ]—",l}.
' tit1 — 4 4

We set Z7 = Zg‘(g for 7 € [0, T, define Y7 by

9,7{ ‘)?71 err SN,
YZ1 = 1‘+1 +(tl+l_t)f(Xn7 ; 5Zl‘i‘ )

4.3)
[ .
—/ ZT dw,, i <t=<tiy,i€l,
t
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and introduce Y™ on [0, T'] by th’” = Y,m’nl{tggm} + P(XT, IN’tm’”)l{;em}.
This can be rewritten as

T
P _ o (xE )+/ X7 ﬂ“t(;‘r)’z‘hn u_/, ZM aw,
+(K‘R7r _K;RTF),

(4.4) KM= Y AKM 1,y and
reM\{0}

ARy g (it _ iy
=1t Lygny + P(XT, ?tm’”)l{tem}, 0<r<T.

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 until
Appendix A.2.

PROPOSITION 4.1. If f does not depend on z and \w|L < 1, the following
bound holds:

(4.5) E[ sup |77 | ]gcf, p>2.

0<i<n

Recall that C f neither depends on N 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).

PROPOSITION 4.2.  The following holds:

SR N T ¢ =, ¢
sup E[|Y) — ARLIEE he — Y2 +IE|:/ |z — Z'S“’”|2ds]
46 te[0,T] 0
(4.6) 2 1/2

= CLILp|™ ([~ + k],

where we recall that Lp = /d is the Lipschitz constant of the projection opera-
tor P.

PROOF. As in Section 3.5, we consider (Y ¢, Y e, Z°") the unique solution
of the reflected BSDE D(N, ¢(X™), f(X™, ), g(X™)). Using Proposition 2.3, the
Lipschitz property of f, g, c and (3.28), we obtain

i o : LT
sup B[V — V22 + v — vf )Pl + —EU 1z} - fo”|2ds}
t€[0,T] K 0

(4.7)

<Crl|m|.



APPROXIMATION OF MULTIDIMENSIONAL REFLECTED BSDES 993
Using the same arguments as in the proof of Proposition 3.4.1, Step 1.a in [6],
for example, we get the following inequality:

sup ]E[lyteu_ ‘hrr| +|Yeu_Y‘Hn|]

Z‘G[Zi,lH.l)

flivt eu N, 72
+E| [ ize - 20 R

s) 2
scL( [IY”‘ — )

lit1

(4.8)

litl  ~
el >R

+ (7o =T [P+ 12 = 73| )dSD

There are two differences with the proof of Proposition 3.4.1 in [6]. First, P here
depends both on x and y: but this is not a problem since (Y, Y*", Z") and
(Y% yhr 70Ty are parametrized by the same forward process X7 .

Second, P is not 1-Lipschitz but only Lp-Lipschitz, with Lp > 1, in its y com-
ponent. This explains the term |Lp|*€ in (4.6). Indeed, we have, for i < n,

N, " SR,

|Ylle - Yfz+?| |7D(Xl+1’ Ylgil) - P(Xl i1’ le?” =ILp | |Y;JL:1 - thjl :
This leads, using an induction argument (see, e.g., Step 1.b in the proof of Propo-
sition 3.4.1 in [6]), to

~ ~on T .
sup E[|7 — V72 + v — )P + E[ / 1z — Z';"”|2ds}
tel0,T] 0

T S s
scL|Lp|2“(|n|+f0 (175 = 7t [+ 120 = 23| )dS>

Combining the last inequality with Proposition 3.5 and (4.7) completes the
proof. [J

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. This term is due to the “geometric” approach, used in the proof of
Proposition 4.2, 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 k in terms of || is discussed in Section 5.3 below.

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

Sup EH?;H _ ?tm,n|2 + |th _ g)l 7T| ] < CL|7T|
t€l0,T]

T .
EU 1z — Z;’"”Fdr} < CL(kln| + |7 2)
0
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for || small enough.

PROOF. We use here the stability results of Proposition 2.3 setting (' Y™, ! Y,
lzm) _ (Yﬂi 79{ E)'i) with IF. (s, y, 7) > f(Xs, Ys‘)i) and (ZYm 2?.‘“ 22?“) —
(YW yhr zRTy with 2F (s, y, 2) > f(Xn(s), 7:‘(37;) Combining (4.5) and
Proposition 3.1 with the Lipschitz property of f, it is clear that (C4) holds. Apply-
ing Proposition 2.3 and (3.28), we derive, for 7 € [0, T'],

~ ~p 1 rT N
Elth _ Ytgl,ﬂlz + ;/ Elz;h _ Z;R,T[|2 ds
t
4.9) - .
~p = 2 SR 9 2
< CL<|7T| +/t E|Y —Yn%(s)| ds"‘/t E|Yn1(s7§ Y;rn(s)| ds)-

Applying the discrete version of Gronwall’s lemma to estimate (4.9) rewritten at
time  =t; € w, we deduce

T
SR TN, yh _y?
I[“E|Ytjl — Y,jl 71|2 <CL (lﬂ'l +/t E’Ys‘h nt(s)‘ ds)

0<t<tj<T,tjem.

(4.10)

Plugging this estimate into (4.9), we compute
st o, LT oo g2
ElY, =Y, """+ p E|Z; — Z" |7 ds
t

T SN )
§CL<|n|+ft E|Y — ;*(S)\ ds) 0<t<T,

which combined with Proposition 3.4 leads to the first claim of the theorem.
Observe from the representations (3.19) and (4.2) that

T -5
EU |Z§“—Z;"”|2dt}
0
T % = L %
ch(E[/ |Zf‘—Z;“|2dt}+IE[/ |Z?‘—Z;’”|2dt]>.
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. [l

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 BSDE:s is controlled in a convenient way.
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5.1. Continuously obliquely reflected BSDEs. In the sequel, we shall use the
following assumption on f:

(1) (Hz) The function f is bounded in its last variable: sup, r4a.4| £ (0,0, 2)| <
C1, and the following assumption on the cost c.

(ii) (He) Fori, j € Z, the function ¢/ is equal to ' ¢/ —2 ¢/ with !¢/ 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 pro-
cess K (see Lemma 5.1 below).

We denote by (Y, Z,K) € (S? x H? x A%)? the solution of the continuously
obliquely reflected BSDE C([0, T'], c(X), f(X, ), g(X7)) defined by

. . T . . T . .
% =gl(XT)+/ f’(Xs,YS’,Z;)ds—/ ZidW, + Ki — K,
t t

.y {0z max(y) - ), 0<t=<T,

T. o .
/ [Ytl —max{Y; —c" (Xr)}] dK; =0, iel.
0 JjeT

Under the assumption on f, g and c, the existence and uniqueness of such a solu-
tion is given in [14, 15].

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 [8] for more details.

THEOREM 5.1. There exists, for_ any fixed initial condition (¢t,i) € [0, T] x Z,
an optimal switching strategy a := (O, &) k>0 € Ay.i, such that
(5.2) Y = U =esssupU?, P-a.s.

aeA,,,-

We deduce from (5.2), Theorem 2.1(iii), the monotonicity property of P and
(5.1)
(5.3) Y > Y™ > Yo for any grid .

Moreover, most of the estimates presented in Section 2 for discretely reflected
BSDEs hold true for continuously reflected BSDEs. For reader’s convenience, we
collect them in the following proposition. The proof itself is postponed to Ap-
pendix A.3.

PROPOSITION 5.1. The following a priori estimates hold. For any p > 2,

T 5 p/2 ¥
|Yt|f’+JEt[(/t 1Z| ds) ]+Et[|KT—Kz|P]sEt[ﬂ !

5.4)
0<tr<T,
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and, for all (t,i) € [0, T] x Z, the optimal strategy a € A, ; satisfies

(5.5) E[ sup [U4P]+E NP <E(BY].
selt,T]

5.2. Error between discretely and continuously reflected BSDEs. We first pro-
vide a control of the error on the grid points of N between the solutions of the
obliquely discretely and continuously reflected BSDEs (3.6) and (5.1).

THEOREM 5.2. Under (Hz), the following holds:
(5.6) E[sup{m — P2 4y, — Y;"‘|2}] <cEm'e, e>o0.

ref

Moreover, if the cost functions are constant, the last inequality holds true with
e=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 (¢,i) € [0,T] x Z, we
associate to the optimal strategy a = (ék, ar)k € A;; not restricted to lie in the
grid N, the corresponding “discretized” strategy a := (6, otx)k>0 € .A?‘l defined
by

5.7) O ;= inf{r > O 1 € N} and oy 1=y, k> 0.

Step 1. We first derive two key controls on the distance between A% and A“.
We fix p > 2 and, since 6; < 6k, k > 1, we compute

T p/2
(/ |AG — A§|2ds)
t
T|Nt o
= (/ Z 1% (Xék)lékfs — M1 (X9k)19k§s
tolk=1
TNt o
<Cj f D L1 (X g, ) — %19 (X ) g, <
U k=1
T 2\ pl2
+ Cf (_/ ds) .
t
Using the convexity inequality (37 _; [xx|)? <n” -1 > i1 |xk|?, we obtain

i £l

<CP(1+ sup IX|P)IN%IPIORIPY2,
t€[0,T]

2 p/2
ds)
(5.8)

p

ds

N(‘l
§ Q-1 -\ -

¢t k(XQk)19k§s<9k
k=1

Na

Qk—19k (Y . V1 -
ZC ! (X9k)19k§S<9k
k=1

(5.9
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Using once again the same convexity inequality with p = 2, the Lipschitz property
of the maps (c¢'/); jez and the definition of 6; and 6, we get

T|N o P . N
[ DD () = e oy s = CEINYP Y X, = X 17
k=1 k=1

< CIIN PP,

where leﬂl,p =2 k=1 SUPre[r_1,7] 1 Xr — X |7
Plugging this estimate and (5.9) in (5.8), we deduce

T . p/2
(/t |Ad —A§’|2ds)

P arap p p/2 IR],p
< CPINY| ((1+s€s[1(1)pﬂ|xs| JIRIPP2 4 7).

(5.10)

Observe also that, for » € R, we have lék <= 19, <, which gives

N p
A — AP < (Z 1% (X ) — i <Xek>|lek5r)

(5.11) k=1

< CLIN Py PP,
Step 2. We now prove the main result of the theorem. '
We introduce the processes I' := U% — A% and I" := U? — A%, so that
(5.12) U —U% < |T =T+ |A% — AY).

Applying It&’s formula to the continuous process |I" — I'|? on [z, T], using Gron-
wall’s lemma and the Lipschitz property of f, we obtain

T, —Ty?
(5.13)

T . . . T
B[ [ It - ek Ul v as + [ 1ad - atPas |
t t
Elevating this expression to the power 4, we deduce

1T, —Ty|?
/2

T . . .
(5.14) <CPE, [( [ = pex. v, V:‘)|2ds)

T . p/2
+<f |A§’—A§|2ds> ]
t
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Combining the definition of & with the Lipschitz property of f and (Hz), we com-
pute

T . . .
ft ILFo — FO1(X,, UG, V2 ds

:ftT

< CLIN? sup (14 |X,1>+ U %) |9
s€[0,T]

2

Nc'l
Z fotk—l (Xsa Usa’ Vsa)(lék7153<ék - 19k_1§-Y<9k) ds
k=1

Plugging the last inequality and (5.10) in (5.14), we deduce
IE =P < CPE[INYP(sup (1 + [X,17 + 1081719772 + ) ).
5€[0,7]
Restricting to the case where ¢ € i, we deduce from (5.11) and (5.12) that
Y — (ftsn)ilz
p ap p PR
< CP(E[IN? sup (1+1X,17 +1%17)] "

R+ B, [N 1 M7
s€[0,T]

Using Cauchy—Schwarz inequality and Proposition 5.1 with the last inequality,
we obtain

|Yti _ (?tm)llz < Cf(,BX“}H _i_ﬁXEtHXﬁm,p}z]l/p)‘

Again using Cauchy—Schwarz inequality and defining M, := E,[|x"}7|?], we
get

S 1/2
(5.15) E[sup Y — (7 |2] < c,’j(|s,n| + E[ sup |Mt|2/”] )
ref 1€[0,T]

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

compute
S 441
E[ sup |M,*?] < (Mo +ElIMrPI'P) < CPR[|x ™[]/
1€[0,T]
< CPlc| VP2

Plugging this expression in (5.15), we deduce (5.6) from the condition x || < L
and the arbitrariness of i.

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

T r/2 .
(f |A?—A?|2ds) <CIINP(1+ sup |X,17 )17,
t s€[0,T]
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and that A% — A% = 0 for r € R%. The same reasoning as in Step 2 then leads to

. . . . 2/p
Y] - VP < CIE[ 1N sup (1+ 1,17 + Yo17)] 191,
s€lo,

Using Cauchy—Schwarz and Proposition 5.1 concludes the proof. [

We now present the main result of this section, which allows us to control the er-
ror between the solutions of the continuously and the discretely obliquely reflected
BSDE at any time between 0 and 7.

THEOREM 5.3. Under (Hz)-(Hc), the following holds:

~0 e T N
sup E[|Y, — Y2 41y, — Y2 +EU |Zs — z§‘|2ds]
t€[0,T] 0

< C5 /2, e>0.

If, furthermore, the cost functions are constant, the previous estimate holds true
fore=0.

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

LEMMA 5.1.  Under (Hz)—~(Hc), there exists some positive process 1 satisfying
Inll42 < CL and such that, for all i € I, dK; < nyds in the sense of random
measure.

PROOF. We follow here the main idea of the proof of Proposition 4.2 in [10]
and divide the proof in three steps.

Step 1. Fix i, j € Z. We first observe using [t6—Tanaka formula, that, under (Hc),
.. . ro.. ro. t .
(X)) =cY(Xp) +/(; by ds +/O v dWy — /0 dAy, 0<t<T,
where A’/ is an increasing process and

(5.16) 15 132 + IV |32 < Cr.

We then introduce I''/ := Y/ — Y/ 4 ¢!/ (X) > 0. Using once again Itd—Tanaka
formula, we compute

/1" =(ry’] +f — X5 Y] Z) + f1 (X Y] Z) + 001 i, ds
+/0 W +Z = ZDL i oy dWs

' i j iy LT i
+f0 1ii_gy (4K +dK{ — da! )+§/O dLi
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for 0 <t <T, where__Lij 18 the_.locz_ll_ time at O of the continuous semi-
martingale '/, Since I'"/ > 0 and A"/, LY are increasing processes, we compute

Loy K2 < (= 1 (X, Y2 ZD) + (X5, YT, ZD 4 B g, ds

+1{Fij:O}szj
(5.17)
<CL(1+|X |+sup|Y€|+ sup |b£k|)
L,keT
+ 1{1_,;_7'=0} szj

for 0 <s < T, where we used (Hz) in order to obtain the last inequality.

Step 2. We now prove that

y J
(5.18) I{F;jzo} dK] =0
in the sense of random measure. We first observe that I{F;jzo dK SJ = ysij dK f with
ij._ . ) j ..
ys' = 1{F§J=0}1{}{!—PJ(XS,Ys) —o)° Indeed, 1f1 i (X, ¥)>0) dK; were a positive

random measure on [0, T'], this would contradlct the minimality condition (5.1)
for K.
Suppose the existence of a stopping time 7 smaller than 7', such that

(5.19) r'Y=0 and Y/~-P/(X.,Y;)=0.
By definition of the projection P, we have
(5.20) Y/ —PI(X., Yy) =Y — Yk 4 oIk (X)),

where &, takes value in Z. Moreover, Y§ — Yff + ¢tk (X ;) > 0, which leads, com-
bined with (5.19) and (5.20), to ¢’/ (X;) + ¢/** (X;) — ¢k (X;) < 0 and then con-
tradicts (3. 3)

Thus, y;/ = 0 for any stopping time t smaller than T and we deduce that y*/ is
undistinguishable from 0, which proves (5.18).

Step 3. To conclude, using once again the minimality condition for K in (5.1),
observe thatdK§ =3 I{Féj:()} dK| <nsds, withn :=Cr(14+|X[+sup, 1Y ¢+

supevkezlb“ﬂ) which satisfies ||n]|42 < Cp, recalling (3.2), (5.4) and (5.16). [

PROOF OF THEOREM 5.3.  Fix t € [0, T] and introduce 8Y := ¥ — ¥, §Y :=
Y—Y" 8Z:=7 27" and §f := f(X.Y,Z) — f(X,Y", Z"). Applying Itd’s
formula to the cadlag process 1872, we get

|3Y,|2+f 16 Z)? ds
(5.21) !
=18Yr> -2 8Y,_dsY, — Y |8Y, — &Y%

.T] t<s<T
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Recalling that § Y,_ =8Y;, f(,’T] 3Y;dK sm > 0 and the Lipschitz property of f,
standard arguments lead to

N T T
E[lSY,IZ—i—f |SZS|2ds}§CLE[/ sydes}
t t

Fi+l
<Cp ZE[/ " (SstKS]

J <K

(5.22)

Using the expression of §Y and Lemma 5.1, we obtain

rj+l Tj+l
8Ys <8Yr+1+/ (8fu+nu)du—/ 8Z,dwW,, ri<s<rjy1,j <k.
S N

Combining (Hz), (3.2), (3.7), (5.4) and the fact that ||n|;;2 < Cp, we deduce

ZE[/” 57, dK}<IE[Zfr]+1/ (8fu+nu)dudK]

Jj<k j<k

DA

J <K

< CLI% +JE[KT sup |5Y,|].
rei
Plugging this expression in (5.22) and using Cauchy—Schwarz inequality to-
gether with (5.6) and Proposition 2.1 concludes the proof. [

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 |9i| with respect to the discrete time step |7 ]|.

THEOREM 5.4. The following hold:
(i) If (Hf)—(Hc) holds, taking |R| ~ _log Lp for e > 0, we have

elog|m|

< T - Mm
sup E[Y, — ¥V 12 41y, — ;’*’”FHE[ / |zs—Z§"*”|2ds}
t€[0,T] 0

C8
[ 10g(|7f|)]1/2 ¢

(i1) If f does not depend on z and |r|L < 1, taking similar grids N =, we
have

SupE[|Y, — V" T P+ 1Y, = VTP < Chln T, e >0

i<n
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Moreover, under (Hc),

Sup E[IY[ _ Y;Yi,ﬂ|2 + |Y[ _ ?;)1‘.,77.'|2] S Ci|7T|1/2_8, &> O
tel0,T]

(iii) Under (Hc), if f does not depend on z and | |L < 1, taking |R| ~ |7 |*/3,
we get

T _
EU |Zs — Z?"”|2ds] < CS|m|'3e, e>0.
0
(iv) Furthermore, for constant cost functions, (ii) and (iii) hold true with ¢ = 0.

PROOF. For ¢ > 0, setting )R such that |R| ~ —];)%ogﬁw we obtain, combining
Proposition 4.2 and Theorem 5.3, that

— 0 T .
sup E[Y, — V"7 P+ 1Y, — 1P+ E[ | 1z~ Z?"”Fds}
t€[0,T]

1 \1/2-¢
<l ()]
log(|7])

Therefore, (i) is proved. Furthermore, (ii), (iii) and (iv) are direct consequences of
Theorems 4.1 and 5.2 or 5.3. [J

APPENDIX

A.1. A priori estimates for discretely RBSDEs. We collect here the proofs
for a priori estimates given in Propositions 2.1 and 2.2.

PROOF OF PROPOSITION 2.1. Observing that on each interval [rj,r;11),
(Y™, Y N 7MY solves a standard BSDE, existence and uniqueness follow from a
concatenation procedure and [20]. The rest of the proof divides in two steps con-
trolling separately Y"and (Z%, k™).

Step 1. Control of Yo

As in the proof of Theorem 2.4 in [14], we consider two nonreflected BSDEs
bounding Y,

Define the R?-valued random variable § and the random map F by (§ ) =
Y &I and (F) = S |(FY [ for 1 < j <d.

We then denote by (I?, Z) € (8% x H*)? the solution to the following nonre-
flected BSDE:

~ “ T ~ ~ ~ T ~
(A.1) Y,=S+/ F(s,Ys,Zs)ds—/ ZsdWyg, 0<tr<T.
t t

Since all the components of Y are similar, Y €C.
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We also introduce (°Y, 9Z) the solution to the BSDE

T T
°Y,=s+/ F(s,on,ozs)ds—/ 0z,dW,, 0<i<T.
t

t
Using a comparison argument on each interval [r;, rj41) and the monotony prop-
erty of P, we straightforwardly deduce Y < Y" < Y.

Since (°Y, I?) are solutions to standard nonreflected BSDEs, usual arguments
lead to

(A2) sup [YP < sup °%|P 4+ sup |Yi|P =: B,
0<s<T 0<s<T 0<s<T

where the positive random variable f satisfies classically E[8] < Cy, under con-
dition (C) for a given p > 2.

Step 2. Control of (Z*, K™). _
We fix t < T and applying Itd’s formula to the cadlag process | Y| on [0, 1] to
derive

ARSIV 2 v ay)t +/ 1Z2 % ds
0,1] 0,11

+Z(|Y‘“ — L2 —2r Av.

St

Since the last term on the right-hand side is nonnegative, we deduce that

72 +f 1Z02ds < |7 +2/ PR, 70, 20 ds

s 9 r R IR
+2 - YAk +2 /t (Z2Y?) dw.

Using standard arguments, together with (A.2) and (C)) for a fixed p > 2, we
compute

T _ _ N T
(A3) ft 1Z)Pds < Cp. (,32/” +BP (KT — K +/t (zfj*yj‘)dws)

Moreover, we get from (2.4) and (C)) that

_ T T 2
(A4) |K¥—K;"|250L[,32/P+/ |Z§“|2ds+<f zfg‘dws> ]
t t

Combining (A.3) and (A.4) we obtain
: Cr . L 2
/ 1Z)? ds < ﬁZ/P+g/ |z§"|2ds+s</ Z?‘dWS>
t & t

s / M aw,
t

(A.5)
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for any & > 0. Elevating the previous estimate to the power p/2, it follows from
Burkholder—Davis—Gundy inequality that

e[([ arvo)

B T p/2
<cp(errmip+erie|([1200a) ]
t

T p/4
+E,[</ |Z;"Y§"|2ds) D
t

<cp(e PRE (Bl + e PR, sup |77
selt,T]

]
o[ zea) )

Using (A.2) and (C,,), we deduce, for ¢ small enough,

T r/2
(A.6) B[ 120e) | <clrp

Taking (A.4) up to the power g, and combining Burkholder—-Davis—Gundy in-
equality with (A.6) yields E;[| K ;‘ —K lmlf’ 1<C f E; [5], which concludes the proof
of the proposition, recalling (C,). [

PROOF OF PROPOSITION 2.2. Fix (¢,i) € [0,T] x Z and p > 2. According
to the identification of (U%", V¢") with (? a* 74"y obtained in the proof of The-
orem 2.1, we deduce from Proposition 2.1 the expected controls on U @ and V&',
Writing the equation satisfied by (U, V") and using standard arguments for
BSDEs, we observe that

* * T * p/2 *
Et[|A%|P]scf(Et[sup e |P+(/ Ve |2ds) }+|A? |P).
t

se(t,T]

By definition of a* and (2.2), we have |A“*| < maxy |Ci kl which plugged in the
previous inequality leads to E,[| A |p 1<c? K (8], recalling (C)).

We finally complete the proof, noticing from (2.2) that E,[lN“ 7] < Cf X
E[|AF 7). O

A.2. A priori estimates for the Euler scheme. This paragraph provides the
proof of Proposition 4.1, concerning a priori estimates for the Euler scheme asso-
ciated to RBSDEs.
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PROOF OF PROPOSITION 4.1. The proof follows exactly the same arguments
as in Step 1 of the proof of Proposition 2.1 above. The only difficulty is the use of
a comparison argument for Euler scheme that we provide below in Lemma A.1.

g

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 RY —
R an L-Lipschitz generator function. We suppose that & > & and ] > ¥ on
R™ x R?. For a time grid 7, we denote by Y”™* the discrete-time scheme starting

from the terminal condition Y}r K= & and computing recursively, for i =n —
L...,0,

(A7) YR = BN | B+ i — ) XT, Y5,
LEMMA A.1. Forany m such that |w|L < 1, we have Y Y,’f 2, i <n.

PROOF. Since the result holds true on the grid point #, = 7 and follows from

a backward induction on 7, we just prove Y, T 11 >Y, " T 2 . Using (A.7), we compute

s Yo ¥ =R, (6 — & | Fy N+ (T — tim) Mg (V0 = Y2
+Al’l717

where A, _1 _wl(X,n 1 t” 1) WZ(X;,, | ,n 1)>Oand

wl(th 1 ln 1) Wl(Xt’l 1 tn 1)
(A9) A, = A

tn—1 — Tp—1
0, else.

S G (i U

Since Yy is L-Lipschitz, the condition |7 |L < 1, implies (T" — t,—1)Ap—1 < 1.
Plugging this estimate, A,_1 > 0 and &; > & and ¥| in (A.8), the proof is com-
plete. [

A.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 (5.4) is a direct adaptation of
the proof of Proposition 2.1. 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
[14] or Step 3 in the proof of Theorem 5.3) which are bounded by °Y and Y.
Estimate (5.5) follows from the exact same arguments as the one used in the proof
of Proposition 2.2. [
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