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DOUBLY REFLECTED BSDES WITH CALL PROTECTION
AND THEIR APPROXIMATION

JEAN-FRANCOIS CHASSAGNEUX!® AND STEPHANE CREPEY??

Abstract. We study the numerical approximation of doubly reflected backward stochastic differential
equations with intermittent upper barrier (RIBSDEs). These denote reflected BSDEs in which the
upper barrier is only active on certain random time intervals. From the point of view of financial
interpretation, RIBSDEs arise as pricing equations of game options with constrained callability. In
a Markovian set-up we prove a convergence rate for a time-discretization scheme by simulation to
an RIBSDE. We also characterize the solution of an RIBSDE as the largest viscosity subsolution of a
related system of variational inequalities, and we establish the convergence of a deterministic numerical
scheme for that problem. Due to the potentially very high dimension of the system of variational
inequalities, this approach is not always practical. We thus subsequently prove a convergence rate for
a time-discretisation scheme by simulation to an RIBSDE.
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1. INTRODUCTION

In this work, we consider the issue of numerical solution of a doubly reflected backward stochastic differential
equation, with an upper barrier which is only active on random time intervals (doubly reflected BSDE with an
intermittent upper barrier, or RIBSDE for short henceforth, where the “I” in RIBSDE stands for “intermittent”).

From the mathematical point of view, such RIBSDEs and, in the Markovian case, the related variational
inequality approach, are considered in [8,13,16, 18,19, 22]. They are a natural extension of reflected BSDEs
with one or two barriers [11,13]. From the point of view of financial interpretation, RIBSDEs arise as pricing
equations of game options (like convertible bonds) with call protection, in which the call times of the option’s
issuer are subject to constraints preventing the issuer from calling the bond on certain random time intervals.
Because of this interpretation, we shall call pricing function the value function of a Dynkin game related to an
RIBSDE. In the standing example of convertible bonds, the call protection is typically monitored at discrete
times in a possibly very path-dependent way: calls may be allowed or not at a given time depending on past
values of the underlying stock .S. This leads, after extension of the state space to markovianize the problem,
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TABLE 1. MC versus VI computation times and relative error (NA < Non Available).

d 1 5 10 20 30
CPUMC 05s 0.6 s 09s 14s 1.9s
CPU VI 1.0s 16.1 s 465.0 s NA NA
Rel Err 0.02% 0.02% 0.01% 0.02%  0.02%

to highly-dimensional pricing problems. This was actually our initial motivation for this work, as a financial
engineering software company expressed concern about the ability to deal with such kind of clauses with a
partial differential equations technology.

Pursuing the study initiated in Section 14.2 of [8], we first prove in a Markov setup an analytical characteriza-
tion of the pricing function, as the largest viscosity subsolution to a related system of obstacles problems. This
proof uses a stability property for the random time intervals related to the call protection, which is taken as an
assumption in the slightly more general set-up of [8]. This stability property is established in the context of the
present paper in Lemma 5.1. The analytical characterization of the value function allows us then to propose a
deterministic scheme, which is shown to be convergent, to solve numerically the RIBSDE (or, more precisely,
the corresponding system of variational inequalities), see Proposition 3.9.

But, due to the path dependence of the call protection, deterministic pricing schemes are ruled out by the curse
of dimensionality, and simulation methods appear to be the only viable alternative. We thus present a discrete-
time approximation scheme for an RIBSDE, inspired by [3, 6], but taking into account the fact that the upper
boundary is only active on some random time intervals. One important step in the proof of convergence for the
scheme is to prove the convergence of the approximated random time intervals, which is done in Proposition 4.1.

It should be pointed out that the “irregularity”, in some sense, of the upper boundary, implies, in general,
a discontinuous value process Y. Nevertheless, we are able to retrieve a bound for the convergence rate of the
scheme for the Y-component, see Theorem 4.3, and a convergence result for the Z-component, see Theorem 4.4,
in the case where the driver of the RIBSDE does not depend on Z. The study of the case where the driver of
the RIBSDE depends on Z, or the study of the rate of approximation of the Z-component, leads to the study
of the regularity of the Z-component, which is made difficult here by the discontinuity of the Y-component.

The practical value of the numerical schemes is thoroughly assessed in the companion paper [10]. For mo-
tivation, see Table 1, which gives computation times of the simulation scheme (MC) and of the alternative
deterministic numerical scheme for solving the related variational inequalities (VI), for problems of increasing
dimension d (dimension d in the context and in the sense of Example 2.8(ii), corresponding to systems of 2¢
variational inequalities).

The relative errors in the last row are computed in reference to a price obtained by a low-dimensional
deterministic numerical scheme which is available in the special case under consideration, see [10]. But in
the general case only two algorithms are available, (MC) and (VI), and as visible in Table 1, (VI) becomes
unpractical for d greater than say 10, whereas computational times and accuracy of (MC) do not seem to be
affected by the increasing dimension d, at least, not exponentially.

The rest of the paper is organized as follows. Section 2 pursues the study of RIBSDESs initiated in Section 14.2
of [8]. In Section 3, we prove the analytical characterization of the pricing function and study a deterministic
pricing scheme. Discrete-time approximation of the RIBSDE is dealt within Section 4. All the proofs are deferred
to Section 5, see also the Appendix.

We shall denote:

E; = E(-|7),

R, the set of g-dimensional vectors (or sometimes row-vectors, as should be clear from the context) with
real components,

|- |p for p € [1,400), or simply | - | in case p = 2, the p-norm of an element of RY,

A, a positive constant which may change from line to line.
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1.1. Set-up

Let be given a continuous time stochastic basis (£2, F,F,P) over [0, T], where P would stand for a risk-neutral
pricing measure in a financial interpretation. We assume that the filtration F satisfies the usual completeness
and right-continuity conditions, and that all semimartingales are cadlag?. Also, since our practical concern is the
pricing of a financial derivative with maturity 7', we set I = (F;)scjo,7) With Fo trivial and Fr = F. A process
on [0,7] (respectively a random variable) has to be F-adapted (respectively F-measurable), by definition. By
default in the sequel, all “stochastic” identities are to be understood dP — almost surely or dP ® dt — almost
everywhere, respectively.

Given a g-dimensional Brownian motion W (¢ > 1), let X be the solution on [0, 7] of the following SDE

t t
Xt:X0+/ b(s,Xs)der/ o(s, X,) dW, (1.1)
0 0

where the coefficients b : [0, 7] x R? — R? and o : [0,7] x R? — R?*7 are such that:
(Hx) b, o are uniformly bounded by A and A-Lipschitz continuous in (¢, z), i.e.
b(t,x) — b(t',2")| + |o(t,x) —o(t',a')| < At — | + |z — 2/|), (t,z), (t',2") € [0,T] x R?

For later use, let us denote by G the generator of X, so for any function v = wu(t,z), with a(t,z) =
o(t,z)o(t,z)T,

Gu(t, ) = dyu(t, ) + duu(t, 2)b(t, z) + %Tr[a(t,x)azgu(t,x)}, (1.2)

x

where d,u and 8§2u denote the row-gradient and the Hessian of a function u = u(t, z) with respect to x.

Let be given a set ¥ = {Tp,T1,...,Tn} of fixed times with 0 =Tp < Ty < ... < Ty-1 < Tn =T, and a
finite set K. A K-valued argument k& of a function u will be equivalently denoted as the last argument u(. .., k)
or as a superscript «*(...). Thus k can be thought of as referring to the index of a vector or system of functions
of the variables other than k, if found more convenient in the context at hand.

We suppose that for every I =0,..., N, a jump function x; : R? x K — K is given as

ki(x,k) = K} _Lizeoy + 7 4 Lzgo}

where the ’{I;,i are in C, and where O is an open domain of RY. We also introduce the algebraic distance
function d to O, so O = {x € R? | d(z) < 0}. The function = — x¥(x) of this paper is constant in z on O
and outside O, and is therefore trivially continuous outside JO. In [8], one works with “abstract” functions %
(denoted there by 6!, see e.g. the Eq. (14.10) in [8]) and it is frequently assumed that “a certain condition
holds at a point z of continuity of x¥”. In view of the above observation and for the sake of simplicity, we shall
rather postulate instead, in the context of the present paper, that “a certain condition holds for every z ¢ 00”.

Moreover, we impose the following regularity and non-characteristic boundary condition on O.

(Ho) The distance function d is of class C}. Moreover, for every (t,z),
(Opda (Dpd)T)(t,x) > A7L (1.3)

We are now in a position to introduce the factor process X = (X, H), in which X is defined by (1.1), and a
KC-valued pure jump marker process H is supposed to be constant except for deterministic jumps at the positive
times 17, from Hr,_ to

Hr, = K’I(XTI?HTI*)? (1'4)

4French acronym meaning “right continuous, with left-hand limit”.
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starting from an initial condition Hy = k € K. In (1.4), Hp,_ stands for the left-hand limit at T7 of the cadlag
process H. Note that H does not jump at time Ty = 0.

Let finally be given a non-decreasing sequence of stopping times 9 = (¢;)o<i<n+1 defined by 99 = 0 and, for
every [ > 1:

o1 = inf{t > oo Hy ¢ K} AT, ¥y = inf{t > o1 Hy € K} AT, (15)
for a given subset K of K. The ¢J; are thus T-valued stopping times, and in particular 9y =T

Remark 1.1. The financial interpretation will be developed in Section 2.1. In few words, ¥ represents a set
of call protection monitoring times. The marker process H is used for keeping track of the path-dependence of
the call protection clauses, in order to make the set-up Markovian. The times ;s are interpreted as times of
switching of call protection.

2. MARKOVIAN RIBSDE

We denote by (P) the class of functions u on RY, [0,7] x R? or £ = [0,T] x R? x K, such that u is Borel-
measurable, with polynomial growth in its spatial argument = € RY. Let further be given real-valued and
continuous cost functions g(t, z), £(t,x), h(t,x) and f(t,z,y) of class (P), for every y € R in the case of f, such
that:

e the running payoff function f(¢,x,y) is Lipschitz in y;
e the payoff function at maturity g(x) and the put and call payoff functions ¢(¢, ) and h(t,z) satisfy ¢ < h,
g(Tv ) <g< h(Tv )

Remark 2.1. Most developments of this paper can be elevated to the more general case of a z-dependent driver
f(t,z,y, z). However since one of our main results, Theorem 4.3, is only for f = f(t, z,y) we restrict ourselves
to this case altogether. Note that this restriction is fine with respect to the main real-life application we have in
mind, namely the pricing of convertible bonds with call protection. This typically only involves f = f(t, z,vy),
where the dependence in y corresponds to discounting at some rate in the financial interpretation, see Crépey
et al. [8,10].

In the sequel, we shall sometimes use the following assumptions.
(HY) £(t,z) = A\(t,x) V ¢, for a constant ¢ € RU {—oo} and a function A of class C1'2 on [0, 7] x R? such that

A, G, (ON)o are of class (P), (2.1)
(Hh) A(t,z) is jointly Lipschitz in (¢, ).
The Markovian RIBSDE (S), with data
ft Xe,y), 9(Xr), £t Xy), h(t, Xq), 0 (2.2)

is then defined as a doubly reflected BSDE, see e.g., [8,11], with lower and upper barriers respectively given by,
for ¢ € [0, T7,

[N/2] [(N+1)/2]
Ly = E(tvxt)’ U, = Z 1t€[192z,1921+1)oo + Z 1t€[192z—1,192z)h(t7Xt)' (23)
=0 =1

With respect to standard, “continuously reflected” doubly reflected BSDEs, the peculiarity of RIBSDEs is thus
that the “nominal” upper obstacle h(t, X;) is only active on the “odd” random time intervals [99;_1,32;), { > 0.
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Let us introduce the following Banach (or Hilbert, in case of £2 or Hg) spaces of random variables or processes,
where p denotes here and henceforth a real number in [1, c0):

e [P the space of real valued random variables y such that

1

Ixller = (EIxI71)" < +oo;

e SP, for any real p > 2 (or 8P, in case ¢ = 1), the space of R?-valued cadlag processes Y such that

;
) < +00;

e HL (or HP, in case ¢ = 1), the space of R?-valued predictable processes Z such that

1Y|se == (El s[up]lYt\”
te[0,T

r 5\ 7
||ZHH;Z = E (A Zt|2dt> < +00 N

e A2, the space of finite variation processes A with non-decreasing Jordan components® A* € S? null at
time 0.

Note that under (Hz), one has | X||sz < Ca, where, from now on, Cy stands for a generic constant which
depends only on A, T', Xy, N and ¢, and whose value may change from line to line. In case this constant depends
on some extra parameter, say p, we shall write C}.

Definition 2.2. An (£2,F,P)-solution ) to (S) is a triple Y = (Y, Z, A), such that:
(i) YeS&8* ZeH2 Ae A* AT is continuous; and

[N/2] [N/2]
{(w,t); AY # 0} = {(w,t); AA™ #0} € | W], AY = A4 on | [Pa];
=0 =0

T T
(i) Y, = g(Xr) +/ F(s, Xo, Yo)ds + Ap — A, —/ Z,dW,, t € [0,T];
t t
T T
(i) L < Vi, Y; < Uy, ¢ € [0,T] and / (Vi — L)dAF :/ (Ur —Yi_)dA; =0,
0 0

where L and U are defined by (2.3), and with the convention that 0 x +o00 = 0 in (iii).

This definition admits an obvious extension to a random terminal time 6, instead of constant 7. This extension
will be used freely in the sequel, in the special case of simply reflected and continuously doubly reflected BSDEs.

Note that (S) is implicitly parameterized by the initial condition (¢ = 0, X, k) of X'. We shall use whenever
necessary a superscript ¢, in reference to an initial condition & = (t,z, k) of X. So Xf = (z,k), 193 = t. For every
initial time ¢, all our processes are extended “in the natural way” to [0,T], see Crépey [8], so that they live in
spaces of functions defined over [0, 7.

Under (HY), existence and uniqueness of solutions with a continuous reflecting process A"¢ to the auxiliary
reflected BSDEs and doubly reflected BSDEs with random terminal time that appear in point (i) below, is
granted by the results of [8,9]. Note in particular that under (H¢), there exists a quasimartingale @) = L with

5By the Jordan components of A, we mean the terms of the unique decomposition A = AT — A~ of A as difference of two
non-decreasing processes AT null at 0, defining mutually singular random measures on [0,T].
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Rao components in 8% such that L < Q < U over [0,T]. By application of the results of [17], the so-called
Mokobodski condition is therefore satisfied by the doubly reflected BSDE problem with the continuously active
barriers £(t, X;) and h(t, X). This condition is key in the existence issue. As for uniqueness it follows from general
a priori error estimates which can be established for RIBSDEs exactly as those of [9] for doubly reflected BSDEs
(general estimates in the sense that they do not need a Markov setup).

Proposition 2.3 (Prop. 14.2.11 in [8]; see also [13,16,18,19,22]).
We assume (HE).

(i)  The following iterative construction is well-defined, for | decreasing from N to 0: Y& = (Y& ZLE ALS)
is the unique solution, with A€ continuous, to the reflected BSDE with random terminal time 19l§+1 (for

even) or the doubly reflected BSDE with random terminal time 95, (for | odd) on [t,95, ], with data

I+1 +1
f(s, X5, y), Yé:l’é, (s, X9), 19l§+1 (1 even)
3 -Hl I+1,¢ 13 13 ¢ I3 13 (2'4)
f(s, X%, y), min Yﬂfﬂ h 19”1,)(19&1 , U(s, X5), h(s,X5), V7, (1 odd)
. . . . I+1,6 . ¢
in which, in case L = N, Y " is to be understood as 9(X5.).
I+1
(ii) Let us define V¢ = (Y, Z5, A%) on [t,T] by, for everyl=0,..., N :
o (Y&, 28) = (Y18, Z58) on [ﬁlg,ﬁlgﬂ), and also at 19l§+1 =T in case | = N,
e dAS = dAY on (19?,19§+1), and
l, . l,
AAS, = Vi — min (Yﬂlf, h (ﬂf, ng)) = AYS (=0 for I odd)
and AA% = AY; = 0. So in particular (recall that k refers to & = (t,x,k))
V)* ke K
yi=4"t 2.5
f={Te pok (25)

Then Y& = (Y&, Z%, A%) is the unique solution to the RIBSDE (S°).

One will need further stability results on the V"¢, Toward this end, a suitable stability assumption on 9% is
needed. Our next result is essentially a cadlag property of ¥, viewed as a random function of the initial condition
€ = (t,x,k) of X%. We denote, for I =1,..., N,

S[ = [ijl,TI] x R? x IC, 5; = [TI,1,T[) x R x K.

Proposition 2.4. Let &, = (tn, Tn, k) — £ = (t,2,k) in € as n — .

(i) In caset ¢ X, orin case t = Ty and the &, are in Er41, then there exists an extraction (&, )y, for which,
almost surely, ¥5»' — 9¢ as n — oo;

(ii) In caset =Ty, x ¢ 00 and the &, are in £, then there exists an extraction (§,/)y for which, almost surely,
¥’ converges to some non-decreasing sequence ¥ = (ﬂf)oglgNH of T-valued stopping times as n — 0.

Observe that since the ¥; are T-valued stopping times:

e ¥ — 9¢ in part (i) of the Proposition effectively means that 19[5"’ = 19? for n’ large enough, almost surely,
foreveryl=1,...,N +1;

e the convergence of 95 to ¥¢ in part (ii) of the Proposition effectively means that 19?"' = 515 for n large
enough, almost surely, for every l =1,..., N + 1.
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Definition 2.5. Substituting U€ to ¥¢ in the construction of V¢ in Proposition 2.3(i), one gets a new sequence
of reflected and doubly reflected BSDEs with random terminal times. One denotes by V¢ = (yl’5)0§l§ N the
corresponding sequence of solutions, with Y»¢ = (Y&, Zb& ALE) and AY¢ continuous, for every [ =0,..., N.

Proposition 2.6 (Prop. 14.2.14 in [8]; see also [13,16,18,19,22]).
We assume (HC) and (Hh). Then, for everyl= N,...,0:

(i) One has the following bound estimate on Y"¢,

HYl’f”?s'z + HZM“?@ + HAl,EH?SQ < O(1 + |x]?9). (2.6)

Moreover, an analogous bound estimate is satisfied by jivl’f;
(il) Let &, = (tn, Tn, k) — & = (t,2,k) in € as n — .
o Incaset & T, orin caset =Ty and the &, are in Er1, then there exists an extraction (&, )y such that
Phéns converges in S2 x H(QI x 82 to Y€ asn — 005
e In case t = Tr,x ¢ 0O and the &, are in EF, then there exists an extraction (&u)n for which Yh&w
converges in S? x Hg x 82 to 371’5 as n — 0o.

Remark 2.7. In [8], an almost surely cadlag property of ¥ slightly stronger than that established in Propo-
sition 2.4, is postulated (see Assumption 14.2.12 in [8]). However, as easily seen by inspection of the proof
in [8], the “sequential cadlag property up to extraction of a subsequence” of Proposition 2.4 is enough for
Proposition 2.6 to hold.

2.1. Connection with finance

In the case of risk-neutral pricing problems in finance, the driver coefficient function f of (€) is typically
given as

[ = f(t,ac,y) = C(t,l‘) - u(t,x)y, (27)

for dividend and interest-rate related functions ¢ and p. So f is affine in y and does not depend on z. Moreover,
in the financial interpretation:

e g(X7) corresponds to a terminal payoff that is paid by the issuer to the holder at time T if the contract was
not exercised before T7;

e /(t, X:), respectively h(t, X;), corresponds to a lower, respectively upper payoff that is paid by the issuer
to the holder of the claim in the event of early termination of the contract at the initiative of the holder,
respectively issuer;

e The sequence of stopping time 1 is interpreted as a sequence of times of switching of a call protection. More
precisely, the issuer of the claim is allowed to call it back, enforcing early exercise, on the “odd” (random)
time intervals [g;_1,19;). At other times call is not possible.

The contingent claims under consideration are thus general game contingent claims [20], covering convertible
bonds, American options (and also European options) as special cases.

Now, in view of a rather standard verification principle and of the arbitrage theory for game options (see,
e.g., [8]), if ¥ = (Y, Z, A) is a solution to (£), then IT =Y is an arbitrage price process for the game option,
the arbitrage price relative to the pricing measure P. Given a suitable set of hedging instruments, IT is also a
bilateral super-hedging price, in the sense that there exists a self-financing super-hedging strategy for the issuer
of the claim starting from any issuer initial wealth greater than II, and a self-financing super-hedging strategy
for the holder of the claim starting from any holder initial wealth greater than (—I7). Finally IT is also the
infimum of the initial wealths of all the issuer’s self-financing super-hedging strategies.
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Note that modeling the pricing problem under the historical, as opposed to the risk-neutral, probability,
would lead to a “z-dependent’ driver coefficient function f. Also, the standard risk-neutral pricing approach
tacitly assumes a perfect, frictionless financial market. Accounting for market imperfections would lead to a
nonlinear coefficient f (see, e.g., El Karoui et al. [14]).

A rather typical specification of the terminal cost functions is given by, for constants P < N < C,

Ut,x) =PV S, hit,x)=CV S, g(z) =N VS, (2.8)

where S = z; denotes the first component of z. Note that this specification satisfies assumptions (H¢)-(Hh), as
well as all the standing assumptions of this paper. In particular, one then has (¢f. (1.1), (1.2) and (H?)),

)\(t,l’) =T = S, Q)\ = b1, (aA)d =01,

so that condition (2.1) in (Hh) reduces to b; and o1 being of class (P), which holds by the Lipschitz property
of b and o.

As for 9, the following specifications are commonly found in the case of convertible bonds on an underlying
stock X = S (see [8,10] for more details).

Example 2.8. Let the domain O be defined as {z € R?|x; < S}, for some constant trigger level S. Then,
given a constant [ < N, one may consider the following two specifications, where the first one can be seen as
the special case where d = [ in the second one:

(i) £={0,...,1}, K=H0,...,1—1}, and, for every I,

kE+1)AL, O,
o) = { I TES

Starting from Hp = 0, H; then represents the number of consecutive monitoring dates Ty with Sy, > S
from time ¢ backwards, capped at [. Call is possible whenever H, > [, which means that S has been > S
at the last [ monitoring times; otherwise call protection is in force.

(ii) K = {0,1}% for some given integer d € {l,..., N}, K = {k € K; > i<p<akp <1}, and, for every I,

_ N (/ﬁ,‘..,kd,hl),l'%(o
kr(z k) = (k1. .. ka—1,1g>5) = { (k1, ..., kq_1,0), z € O. (2.9)
Starting from Hy = (0,...,0) € R% H; represents the vector of the indicator functions of the events

St, > S at the last d monitoring dates preceding time ¢. Call is possible whenever > <p<d H? > 1, which
means that S has been > S on at least [ of the last d monitoring times; otherwise call protection is in force.

3. VARIATIONAL INEQUALITIES APPROACH

In view of introducing the value function u related to our Markovian BSDE (S§), it is convenient to state the
following definition.

Definition 3.1.

(i) A Cauchy cascade U on € is a sequence U = (ur)1<s<n of functions u; of class (P) on the &, satisfying
the following jump condition, at every = ¢ 0O:

{min(ulH(TI,x,/{’}(x)), h(Ty,z)) if k ¢ K and k%(z) € K,

uk (T, 2) = (3.1)

u1+1(T171’7"{II€(1’)) else,

where, in case [ = N, ury is to be understood as g.
A continuous Cauchy cascade is a Cauchy cascade with continuous ingredients u; on the &;, except maybe
for discontinuities of the u¥ at the points (77, z) with x € 9O.
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(ii) The function defined by a Cauchy cascade is the function on £ given as the concatenation on the £ of
the uy, and by the terminal condition g at T'.

Now,

Proposition 3.2 (Thm. 14.2.18 in [8]).
Assuming (H) and (Hh), the state-process Y of Y satisfies, P-a.s.,

Y, = u(t, X&), t € [0, 7], (3.2)

for the deterministic function pricing function u(t, z, k) = Ytt’x’k. Moreover, u is defined by a continuous Cauchy
cascade U = (ur)i<r<n on E.

Remark 3.3. The analog of Remark 2.7 also applies here.

The next step consists in deriving an analytic characterization of the value function u, or, more precisely, of
U = (ur)1<1<n, as the solution of a related analytic problem.

A technical difficulty comes from the potential discontinuity in  of the functions u¥ on T x 9O, unless of
course one is in the trivial case where I*i][c’ L= /{’f,f. Our next goal is to characterize the Cauchy cascade U
defining u in terms of a suitable notion of discontinuous viscosity solutions (see [7]) to the following Cauchy
cascade of variational inequalities:

For I decreasing from N to 1,
e At t =Ty, for every k € K and z ¢ 00,

X min(uri1(Tr, x, 65(2)), h(Tr, 7)), k ¢ K and k¥(z) € K
uf(Tr,x) = i (3.3)
ur+1(Tr, x, K5 (x)), else,
with w741 in the sense of ¢ in case I = N;;
e On the time interval [Tr_1,Ty), for every k € K,
min(—guk _ puk gk —z) —0, ke K
! ! (3.4)

max (min(—Qu’IC —f“);,ullC —6),u’} - h) =0, k¢ K
where we denote, for any function v = v(t, z),

[r= fv(t,l‘) = f(t,ac,v(t,ac)).

By standard arguments, see e.g. [2,8,13,16,18,19], Proposition 3.2 implies that every wuis a viscosity solution
in the usual sense [7] of (3.4) on £F. Now, in view of characterizing u as the unique solution in some viscosity
sense to (3.3)—(3.4) on &, one needs to investigate the behavior of u; at the parabolic boundary T7 x R? x K
of &7, and to make precise the corresponding notion of boundary condition for u; in (3.3). Toward this end, let
us introduce the notation uﬁﬂ =g, and for every I < N, k € K, and x € R,

min(ury1 (17, z, &5 ), h(T7,x)), k ¢ K and /ﬁ’}7+ eK

+.k
’ T , —
'lLI+1( 1 .’E) { U[_A,_l(TI, , K:]Ig’+)7 else,
(3.5)
min(ury1 (17, z, &5 _), h(Tr,x)), k ¢ K and k§ _ € K

u[-‘rl(Tvavh}]Ic’f)a else.

—.k _
uI+1(T1v .’E) = {
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Note that the functions uIiJrkl are continuous in x on the £F, and that (3.3) can equivalently be written as,

Wb (T, z) = {UEZI(TI’QJ)’ 240 (3.6)
upy(Tr,x), € O.
Let also for I < N,
uIH(T[,x), r¢ 0
¥y (Tr,2) = ufh (Tr,2) Voup (Th,2), © € 90 (3.7)
uIH(TI,J;), x €0,
uIH(T[,x), r¢ 0
W5 (T, 2) = ufh (Trx) Aup(Tr,2), @ € 00 (3.8)
uIH(T[,az), ze .

In the following definitions of solutions u; to (3.3)—(3.4), one assumes that the function w;4q, which sits
implicitly via uirkl in (3.6), is known and given, and continuous in the x variable at t = T7. We refer the reader
to [7] for the classical notions of viscosity solutions which are embedded in the following definitions.

Definition 3.4. A locally bounded upper semi-continuous function, respectively locally bounded lower semi-
continuous function, w = w¥(, ), of class (P) on &1, is called a subsolution, respectively supersolution, of (3.3)—
(3.4) on &, if and only if:

(i) w is a viscosity subsolution, respectively supersolution, of (3.4) on £7;
(il) w < 41, respectively w > uryq, at Tr. In case w < Uy4q, respectively w > dy41, at Tr, w is said to be a
strong subsolution, respectively strong supersolution, of (3.3)—(3.4) on &;.

We also introduce the following additional assumption on the driver coefficient f:
(H7n) There exists, for every R > 0, a nonnegative function ng continuous and null at 0 such that

\f(t,m,y) - f(t,w’,y)\ < 773(|1' - .T/D

for any t € [0, 7] and z,2" € R?, y € R with |z|, |2'| < R.
In virtue of a rather standard comparison principle that can be found for instance as Theorem 13.2.2 in [§]
(see also [2,8,13,16,18,19]), it holds that:

(CP) Assuming (Hn), we have u < v on &y, for every strong subsolution p and supersolution v (resp. subsolution
p and strong supersolution v) of (3.3)—(3.4) on &;.

3.1. Non-decreasing call protection

For ¢ > 0, let O, = {x € RY | d(z) < ¢}, let u. stand for the pricing function of the pricing problem
corresponding to the dilated domain O, and other data unchanged, and let U. = (ue r)i<r<ny denote the
associated Cauchy cascade of functions. We attach the index ¢ to all the formerly introduced quantities, defined
in reference to the dilated domain O.. We will need to postulate below that the call protection satisfies the
following monotonicity assumption with respect to dilation of the domain O.

(Hm) One has on &:

(i) w<u. <uy for every e > e > 0;
(i1) we(Tr, z, I{’IC7+) <wue(Tr,z, k) <us(Tr,x, I{’R_) for every e > 0.
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Remark 3.5. By doubly reflected BSDEs comparison theorem, Assumption (Hm)(i), respectively (ii), holds if
for every [ > 0 :

051, 95) C [05_1,9%) C [P21_1,921), so that U < US < U, (3.9)

respectively (denoting here by a further superscript (¢, x,k) the initial condition of the marker process H¢
corresponding to the dilated domain O,)

E;t,z,mlj’,f s;t,x,nlfﬁ etk etk gt,x, “I + et,x NI —+
|:192171 7192l ) Q921 1 ’19 < 192l 1 19 )’ (310)

so that
Us;t,ac,n’f+ < ystek < Ue;t,x,ﬁlf,_

Example 3.6. By application of the above sufficiency conditions, Assumption (Hm) holds for instance in
the situations of Example 2.8. Let us thus consider the situation of Example 2.8(ii), which includes that of
Example 2.8(i) as a special case. In view of the interpretation of H; as vector of the indicator functions of the
events S7, > S at the last d monitoring dates preceding time ¢, it follows for &’ > ¢ > 0 that \Hsl\ <|H¢| < |H|,
hence (3.9) follows. Moreover, we have in view of the definition (2.9) of the jump function in this example that
for every € > 0,

‘Hg;t7$7n§,7 ‘ < |He;t,ac,k| < |H5;t’x"€]1€»+ ‘7

hence (3.10) follows.

Note that under (Hm)(ii), the extensions to € > 0 of definitions (3.7) are equivalent to

+.k
. Ue 1 (Tr, ), x ¢
ung(wa):{u;(T T), €
e, I+1

ulf1(Tr ), @ ¢ O

) a’;,l-&-l(TI»w) = { EII;H

3.11
u_ (T 2), © € O-. (3:11)

al o

The following result establishes the convergence of the value function w. for the dilated domain O, to the
value function u, at the “regular” points £ = (¢, z, k) with (¢,2) ¢ T x 00O.

Proposition 3.7. Assuming (H¢), (Hh) and (Hm), one has for every (t,z,k) € £

lim N\ ot u? g(tz) = uk(t, z). (3.12)
Moreover the pointwise convergence (3.12) is uniform on every compact set of EF.

Let w. 1, respectively u. ;, denote the function on &; defined as u. ; on €7 and prolongated at Ty by e 141,
respectively . r41. Let also u; = U, Up = Up,1-

The next result shows that every u; on €5, extended as @y on &, is the unique solution in some sense (maximal
subsolution) to (3.3)—(3.4), in which ury; determines the terminal condition at time 77 (with uyy; = ¢). This
result thus provides an analytical characterization of the value function u, in terms of the related Cauchy cascade
of variational inequalities,

Theorem 3.8. Assuming (H¢), (Hh), (Hm) and (Hn), one has for I decreasing from N to 1, pointwise on &,
uy = lim \€\0+ Ue 15 (313)

and Wy is the largest subsolution of (3.3)—(3.4) on &;.
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3.2. Deterministic approximation scheme

We now discuss the numerical solution of the Cauchy cascade of variational inequalities (3.3)—(3.4), which,
given the representation (3.2), can be seen as a first way of solving (S) numerically (at least, as far as determi-
nation of the value component Y is concerned).

We work under assumption (Hm). As we did above, we shall proceed iteratively in I decreasing from N to 1.

More specifically, we assume that the function w;y; which sits implicitly in uﬁ_’i in (3.6), and more generally,

every function w. ry; sitting implicitly in u;}ﬁl in (3.15) below for any € > 0, is known and given. We then
consider the problem of computing wuy, or, equivalently, its “upper semicontinuous envelope” %y, which was
characterized analytically in Theorem 3.8 as the largest subsolution of (3.3)—(3.4) on &J.

Let (U, ;1 )220 where € stands for the parameter of dilation of the domain O and h is a discretization parameter,
denote a stable, monotone and consistent approximation scheme for u. r, for every ¢ > 0. On the notions of
stable, monotone and consistent approximation scheme, we refer the reader to the seminal paper of Barles and
Souganidis [2] and, as the closest reference to the present set-up, Subsection 13.2.3 of [§]. One may thus view
U, Eh I)h> Y as the solution, suitably interpolated over &7, of a standard finite differences schemes for “the solution”

6 ue, 1 to the following problem on & (cf. (3.3), (3.4) and (3.6), (3.11)):
o At t =Ty, for every k € K and z ¢ 00,

+,k =

(T 0.

uf (Tr,x) = UEI;;”( na) e ¢ (3.14)
’ u&’IH(T[,x), x €O

e On the time interval [T7_1,Ty), for every k € K,

min ( Guk, — b - 5) =0, keK
; (3.15)
max (min ( —GuF - frer,ul —E),u’;I - h) =0, k¢ K.

One also refers the reader to [2] or Subsection 13.2.3 of [8], for the classical notions of lower and upper envelopes
of the numerical scheme (U )">% as h — 0% (for a fixed & > 0, here). Building on these notions, one then has
the following “double convergence” result.

Proposition 3.9. We assume (H¢), (Hh), (Hm) and (Hp).
(i) For every e > 0, one has on &y,

ur < QE,I < Ue,] < Uge 15 (3.16)

where U, ; and U.,; denote the lower and upper envelopes of the numerical scheme (UEh,I)h>0.

(i) Ase — 0%, the double scheme (UEh,I)};;g converges to ur locally uniformly on £, in the sense that one has
for every compact set C of £5, for every v >0 :

méxx|U21—u1| <7, (3.17)

for e <e(y) and h < h(e).

Note that this proposition only yields a partial convergence result, since one does not know the functions ()
and h(e) in Proposition 3.9(ii). Moreover, one only gets the convergence on £F under the working assumption
that the true value for u. r41 is plugged at Tt in the approximation schemes (3.14)—(3.15) for ue ;. In this regard
this result remains a bit theoretical.

6In any reasonable meaning, e.g., u.,r largest viscosity subsolution.
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It is also theoretical in the sense that (3.14)—(3.15) involves Card(K) equations in the ufv ;- From a determin-
istic computational point of view, the Cauchy cascade (3.14)—(3.15) (or (3.3)—(3.4)) can thus be considered as
a “q+ d — dimensional” pricing problem, with d = log(Card(K)). For “very large” sets K, like for instance in
Example 2.8(ii), the use of deterministic schemes is precluded by the curse of dimensionality, and simulation
schemes such as the one of the next section are the only viable alternative. We refer the reader to [10] for a
thorough comparison of the practical performances of the two schemes.

4. RIBSDE TIME-DISCRETIZATION RESULTS

In Sections 4.1 to 4.3, we propose an approximation scheme in time for a solution Y = (Y, Z, A), assumed to
exist, to (S) (for instance because assumption (H¢) holds, see Prop. 2.3), and we provide an upper bound for
the convergence rate of this scheme.

For every time-grid t := {0 =1p < t; < ... <ty =T} of [0,T] we denote

= =t f — min (fa1 — £
It] irgn7?§1(tl+1 ti), It Z.glnlill(twrl ti).
In the sequel, we consider a particular time-grid t := {0 =tg < t1 < ... <t, =T} of [0,T], which will be used

for time-discretizing the RIBSDE (S).

4.1. Approximation of the forward process

When the diffusion X in (1.1) cannot be simulated exactly, we use the Euler approximation scheme X defined
on the time-grid t, by Xy = Xy, and for i <n — 1,
Xy = KXo, +b(te, Xe,) (tig1 — t) + 0(ts, Xe,) Wy, — Wa,).

i

We assume n|t| < A. We also define the usual continuous-time extension of X by setting, for every i <mn — 1
and t € [ti,tzq_l),

Xi = X, +b(ts, Xo,)(t — i) + o (ts, Xe,) (Wi — We,) (4.1)
or in an equivalent differential notation, for ¢ € [0, T7,
dX, = b(f, X;)dt + o (F, X;)dW, (4.2)

with ¢ := sup{s € t|s < ¢}. Under the Lipschitz continuity assumption (Hz), one has, for every p > 1, see
e.g. [21],

e < C% |2, (4.3)

[sup [X¢ — Xy [[cr + max | sup [X; — Xy,
t<T <N ety tiga]

4.2. Approximation of the Barriers

The lower barrier is approximated by Et = {(t, )?t) As for the upper barrier, we first define the approximation
H of the marker process H by

f‘.\’o = H() and ﬁTI = K)I(XTI,I?TI,), for 1 S I S N.

__ We then define the approximation 9 of ¥ as the sequence of T-valued stopping times obtained by using
X = (X, H) instead of X in (1.5). This leads to the following approximation of the upper boundary:

L [(N+1)/2) -
U = Z 1[521,52“1)00 + Z 1[521—1,;921)h(t’ Xt) (44)
=0 =1

The following control is key in the sequel.



14 J.-F. CHASSAGNEUX AND S. CREPEY

Proposition 4.1. For every e > 0, there exists a constant C such that for every | < N +1,
E[l0: - 9| < calgd—.

4.3. Approximation of the RIBSDE
In the sequel, we shall use one of the following regularity assumptions:

(Hb) h and ¢ are A-Lipschitz continuous with respect to (¢, x),
(Hb)’ h and ¢ are A-Lipschitz continuous with respect to (¢,2) and there exists a constant A and some func-
tions Ay, Ay : R — R? and Az : R? — RT such that |A;(z)| + |A2(z)| + [A3(2)| < A(1 + |2|4), and for every
z,y € RY,

Ut,z) = £t y) < Mi(2)(y — 2) + As(@)|e — y|?

h(t,y) = h(t,x) < As(z)(y — @) + As(z)]x — y|*.

Note that assumption (Hb)’ is related to the classical semi-convexity assumption of Definition 1 in [1]. For o

defined as ¥ or ¥, let the projection operator P, be defined by

(N+1)/2]

PQ(t’x’ y) =y+ [E(tvx) - y]+ - [y - h(t,l‘)]+ Z 1{921—1§t§92z}' (45)
=1

To tackle the reflection issue, we introduce a discrete set of reflection times defined by
t={0=ro<r <...<r, =T}, (4.6)

such that ¥ C v C t and |t] < CAMﬁ, where |t\ﬁ = minj<,_1(rj41 — ;). Here the point is that, in the
approximation scheme for ), the reflection will operate only on t (this feature is used in the Proof of Thm. 4.3,
see end of Sect. 5.2.4). The components Y and Z of a solution Y = (Y, Z, A) to the RIBSDE (S) are thus
approximated by a triplet of processes (Y,Y, Z) on t, which are defined by the terminal condition

?T = ?T = Q(XT),

and then satisfy the following relations, for i decreasing from n — 1 to 0:

Zti = tl_*_l%t?Etl{th (Wti+1 - Wti)/}
i}ti = ]Eti [ﬁul} + (ti+1 - ti)f(tia )?tmﬁL) (4'7)

i}tl = i;tll{tmét} + P@(ti’)?ti7i;ti)1{ti€t}'

i+1

By convention, we also set Zp = 0. Using an induction argument and the Lipschitz-continuity assumption
on f, g, [, h, one easily checks that the above processes are square integrable. It follows that the conditional
expectations are well defined at each step of the algorithm.

We also need for the proofs a piecewise time-continuous extension of the scheme. Using the martingale
representation theorem, we define Z on [ti,tit1) by

—~ - tigr
5/t7:+1 = Eti[}/tl+1j| +/ stW9~

i

We then define Y on [ti,tit1) by

. R P tigr
Y= 5/t71+1 + (ti+1 - t)f(tivxtu }/tl) - / ZSdWGa
t
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and we let finally, for ¢ € [0,7],
?t = ﬁl{tet} + P@(ta)?ta }N/t)l{ter]w (4-8)

Observe that one has, for i <n — 1,

We also define Z, = Zy, for t € [0, 7).

4.8.1. Convergence results

When there is no call or no call protection, the convergence of the scheme is given by Theorem 6.2 in [6] and
Theorem 4.1 in [3] (in which f may actually further depend on z).

Theorem 4.2 (see [3,6]). We assume no call or no call protection. With o = % and [t| ~ [t|3 under (Hb),

respectively o = + and |t| ~ [t|2 under (Hb), one has,

max  sup E[[Vi— Vi + [ - T
zSn_ltE[ti,tH»l)

T
2}4—]]42 / |Zy — ZZ|dt| < Calt]™.
0

Note that under stronger assumption on the boundaries and on the regularity of the coefficients b, o, it is
possible to obtain a better control of the convergence rate of the approximation, see Theorem 6.2 in [6] and
Theorem 4.1 in [3].

Regarding call protection, our main result is the following.

Theorem 4.3. With a = 1 and [t ~ t|2 under (Hb), respectively a = 1 and v = t under (Hb)', one has,

max s B[V - Vo] + max  sw B[V - | < gl

i<n—Lye(t; ti41) <=1 yelt; t11)
for every e > 0.

We also have the following result concerning the approximation of the Z-process in the general case.

Theorem 4.4. Under (Hb), setting |t| ~ |t|2, we have

T —
/ |Z, — Z2|dt
0

Remark 4.5. As shown in Theorem 4.2, in the “no call” or “no call protection” cases, convergence bounds
are also available for Z, see Theorem 6.1 in [6] and Theorem 4.1 in [3]. The “call protection” case is currently
an open problem in this regard, as more generally in regard to establishing convergence bounds on Y and Z
in case f depends on z. Maybe this could be dealt with by combining the ideas of the present work with the
techniques of Gobet and Makhlouf [15]. We leave this for further research however.

lim E

|[t|—0

=0.

4.83.2. Discretely reflected BSDEs

The Proof of Theorem 4.3 will be done in Section 5 in several steps, using a suitable concept of a discretely
reflected BSDE. In finance, discretely reflected BSDEs represent game option which can be exercised only on
the discrete set of times t.
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Given the reflection grid v as of (4.6) and for ¢ = ¥ or @, the solution of the discretely reflected BSDE is a
triplet (39,39, 32) defined by the terminal condition

jg“ = Eg“ = g(XT)’

and then for ¢ decreasing from v — 1 to 0 in (4.6) and ¢ € [ry,, 741),

{'55 =32+ [ flu, Xy, 38)du — [/ 38dW, (19)

37 = 31 (ugey + Polt, X1, 3 vy
Under (Hb), the triplet (32, Je, 3¢ ) can be defined by backward induction. At each step, existence and uniqueness

of a solution in S? x Hg follow from [14]. Note that Joisa cadlag process, whereas J¢ is a caglad process. Also
observe that one has, for r € t,

Yoo = Polr, Xy, V), 32 = Py(r, X,,39), (4.10)

We first present two properties of discretely reflected BSDEs which are useful to prove Theorem 4.3. We
show that under suitable conditions the discretely reflected BSDE with o = ¥ is a “good” approximation of the
RIBSDE (€). In view of Definition 2.2(i), the component Y of ) may be discontinuous at ¥ on 0 < g < T
The fact that ¥ C ¢ will then be essential to obtain the following result.

Proposition 4.6. Let o = % or a =1 under (Hb) or (Hb)’, respectively. Then,

T
/ |Zs — 39 2ds | < [¢|™
0

We also give a control of the difference between the solutions (37, 579, 37) and (35, 55, 35) of the two discretely
reflected BSDEs with ¢ = ¢ and ¢.

sup E[|Y; = 3/ + Vi =32 +E
t€[0,T]

Proposition 4.7. Let o = 1 or a =1 under (Hb) or (Hb)’, respectively. Then,

N SN g
< CYe| Z (JE [\ﬂz - ?91\} ) ;

=1

_ L T _
sup B[|3¢ - 97 + 37 - 5P| + B | [ 137 - 37Pat
0

te[0,T]

for every e > 0.

We conclude this section by giving a bound for the convergence rate of the scheme (4.7) to the discretely
reflected BSDE (4.9), with o = 9.

Proposition 4.8. Let o = § or a = 1 under (Hb) or (Hb)". Then,

N

~ ~ —~ —~ 1—e

sup ]E[\Jf—Ytﬂ + sup ]E[\Jf—yﬂ < Cult] + C5le Y :(IE [wl—m]) ,
te[0,T) t€[0,7] =1

T ~
E [/ ‘Bf—Ztht
0

and

< Cavlt] + C5 e g: (& 10 - 9] )1_5,

=1

for e > 0.
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5. PROOFS

5.1. Stability of call protection switching times

Let us first define & = (t,z,k) and & = (¢, 2, k) for (t,t') € [0,T)?, (x,2') € R?? and k € K. In the following,
we consider two It processes with different initial condition and coefficients. The first one, X¢, is the solution
of the following SDE:

Xi=z —|—/ b(s, X5)ds —|—/ o(s, X$)dW,, for s € [t,T].
t t
The second one, X ¢ can be written:
S S
X8 =2+ [ bds +/ GsdWs, for s € [t',T].
t t

We consider the following “monitoring grid’ for X¢, respectively X ¢
Tt ={s€T|s>t}, respectively T = {s€T|s>t'},

and we let 7 = inf T, respectively 7t = inf T*'.
Let us also introduce X¢ = (Xgl,H‘f/), where the marker process HE is defined by Hf/ = k, and for every
T[ S Tt/,

H%[ = K:I(X%] ’ H’%}*)’

and H¢ is constant between two dates of {t'}u T, Observe that H¢ does not jump at ¢'.
We also consider a non-decreasing sequence of stopping times ¢ = (1915 )o<i<N+1, representing call protection

switching times, defined by @g/ =t and for every [ > 1,
05, = inf{t > 95, H] ¢ K} AT, 05,5 = int{t > 95, ,; Hl € K} AT. (5.1)
The 1§l§' effectively reduce to {t'} U Tt _valued stopping times, and one has 19?(, =T

To the process X¢, we associate three different extended factor processes X', X$2, for € > 0 and X¢.

The first one, X* = (X¢, H®), is defined as above, replacing X¢ by X¢. Observe that Hé does not jump at ¢
and that Hf = fff,/ = k. We also consider the sequence of call protection monitoring times ¥, defined as in (5.1)
with ¢t and H¢ instead of ¢’ and H¢ .

The second factor process X%, & > 0, is defined as X’ but using the dilated domain O, := {z € R?|d(z) < €}
instead of O in the construction of H%¢, recalling Section 3.1. We also consider the sequence of call protection
monitoring times 95, defined as in (5.1) with ¢ and H&*< instead of ¢’ and H¢'.

The third factor process, X¢ = (XE, H¢ ), defined using the domain O, is given by ﬁi = k, and for every
Tr € Tt/,

ﬁ% = KI(Tlvﬁif)

and H constant between two dates of {t} U T'. Observe that, contrary to H¢, H¢ may jump at t. We also
consider the corresponding call protection switching times ¢ defined as in (5.1) with ¢ and H® instead of '
and H¢'

We are interested in two different cases regarding the initial set of data (¢,x) and (¥, 2’).
Case 1. 7' =TV,
Case 2. T" =t and z ¢ DO.
The proof of the following Lemma is deferred to 5.3.3.
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Lemma 5.1. (i) One has, for Ty € T,

P({|d(X5,)] < 8}) < €487, Ve > 0. (5.2)
(ii) For p,e >0, and1=0,...,N + 1, one has,

E |sup,efre,r |1 X5 — X§IP
op ’

E [|gl - 65'] <|t—t|+ 050+

with o = V¢ in Case 1 and o = 0¢ in Case 2.
(iii) Fore>0,e >0, andl=0,...,N + 1, one has,

E (105 - of|] < cge'
5.1.1. Proof of Proposition 2.4
Let in this section Xé» = Xé~ for &, = (tn,xn, k) € E.

(i) When t,, | ¢, we want to control the difference between 9¥¢ and 98 = ¥¢~ to prove the caglad property. We
shall use here the result of Case 1. First we know that

E| sup \Xﬁ"—Xﬂp

w€e[0,T]

< Ch(|lz — alP + ]t — ta]®).

We then obtain, applying Lemma 5.1(ii), that

) ‘t_tn|%,
on

E [mf - ﬂf”@ <t ty| 4+ C5o p op

The proof is concluded by taking 62 = |z — 2,| V |t — tn\%, p = 2 and letting n go to co.

(ii) When t,, T ¢, we want to control the difference between 9¢ and ¥& to prove the laglad” property, assuming
x ¢ 00. Since x,, — x, we have for some n > 0 that x,, ¢ 0. We then argue as in (i), using this time the
result of Case 2 in Lemma 5.1(i).

5.1.2. Proof of Proposition 4.1

Let in this section X¢ = )/(\', where & := (0,2, k), for z € R?, k € K.We have here that t =t' = 0, so we are
in Case 1 and basicly J¢" = 9. Applying Lemma 5.1(ii), we thus get, in view of (4.3),

- 5
E [ml - m@ <040t + Cﬁ‘5|—p.

The proof is concluded by setting 6 = M%*%’ €= g, p= % — 2, for § and |t| small enough.

5.2. Proof of the BSDE results

We denote by x a positive random variable which may change from line to line but satisfies E [x*] < C%, for
p=1

"French acronym meaning “with left-hand and right-hand limits”.
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5.2.1. Proof of Proposition 4.6
Let for t < T,

0, =Y, —3), 0Ys =Y =37, 02y =2, - 3], 0fi = f(t. X0 Yy) — f(t, X, 37).
Observe that is §Y continuous outside t and that §Y;_ = §Y; for ¢ € (0,T], so that one has by (4.10), for r € t,
6V, = Y, — 32| < [6¥; . (5.3)

Applying It6’s formula to the cadlag process \537\2 and observing that the local martingale term is in fact a
martingale, we compute,

for t € [r,,7,41). Given (5.3), one thus gets by usual arguments, for t € [r,,r,41),

We study the term related to the upper barrier. One has,

/ §Y,dAS
(t,?"7,+1)

)

_ Tog1
AL / 5Zu2du} _E,
t

_ Tobl ~
5V >+ 2/ 5Y,6 fods + 2/ §Y,dA,
t (t

Tt 1)

~ Tt
5Y;|? +/ 5ZS|2ds] < (1+ Calt|)E,,
t

512!“\%2/ §Y,dAt —2/ 8V, dA;
(

(t,rot1) t,rot1)

—E,., =E, [ / (37 = h(s, X,))dA7
(t,?"7,+1)

141

=E, / (37, — h(s, X,))dA] + / / flu, Xy, 30)dud A
(tr41) (tyrig1)/ s

where in particular the upper barrier minimality condition in (S) was used in the first identity. The second term
is bounded by

Er,[XIFl(47,, - = A7)] S En[xkl(4r,, - 47)],

since f does not depend on z and A~ is increasing. For the first term, we use the fact that dA™1yy,, 9, ,[ = 0,
0 <I1<[(IN+1)/2], to obtain that

[(N+1)/2]

=E,| Y / (37, = h(s, X))oy, <s<oydAT
=1 (t,?"7,+1)

, / (37, — h(s, X,))dA;
(t,?"7,+1)

[(N+1)/2]
<E, Z / (h(reg, Xm+1) — h(s, XS))1{792171§3S1921}dA;
=1 (t,rot1)
SB[ (X)) - hls XA |
(t,?"7,+1)

The proof is then concluded using the same argument as in the proof of Propositions 2.6.1 and 1.4.1 in [5]. O
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5.2.2. Proof of Proposition 4.7
Let, for t < T,

53, =3 —370, 63, =30 37, 53, =37 — 37
e = 16347 = |63:[%, 6 = f(t, X2, 37) — (8, X0, 37).

Step 1. Applying Itd’s formula to the cadlag process \55|2, we compute for ¢t € [r,,r,41)

o

Usual arguments then yield that

~ Tat1 ~ Totl
83> + / 53u|2du] = IE[ 6Tt [P+ My + 2/ wsafsds] .
t t

T
sup E l|535|2+|5352+/ |535|2d51 < C4E lzml , (5.4)

set,T] rer
recalling [67,|2 = 7, + |07,2.

Step 2. In order to study the right-hand side term of (5.4), we introduce the processes defined by, for r € [0, T,

[(N+1)/2] o (v+1)/2] N N
L = Z Loy <r<ony In = Z l{ﬁm,lgrgﬁm}a L=1-L, L, =1-1. (5.5)
=1 =1

Observe that I =1 (or 1= 1) means that the upper barrier is activated for reflection.

163, = |P(r, X,,30) — P(r, X,.,32)| (5.6)
< |63,] + [h(r, X,) — )L, + [h(r, X)) — 3014 T, °L,. (5.7)

We thus compute, for r € t,
e < EL (h(r, X)) = 327 LA, + [h(r, X,) = 327 T <L), (5.8)
The two terms at the right-hand side of (5.8) are treated similarly, we thus concentrate on the first one.

Step 3. We have to take into account the fact that a reflection date may be a deactivation date for the upper
boundary, i.e., for r € t,

B R _ o [l(v4n/2) (N+1)/2]
E,{x] [jf — h(r, X:)]" LI = Ex] ({jﬁ — h(r, XT)} ) I Z L=z + Z (oo 1 <r<va}
=1 =1

(5.9)

Step 3a. We study the first term in the right hand side of (5.9). We obviously have that E,[x] [h(r, X,.) =37 —]T <
2 . o
E,[x]", thus, since the ¥; are T-valued stopping-times,

[(N+1)/2] [(N+1)/2]

ZET[X} [5:? - h(T, X—T)]Jr CTT Z 1{r=1921} < Z ]ET[X]z C/I\T Z 1{7"=7921}'

rer =1 re¥ =1
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Moreover, by definition of I and T,

| (v , o (/2
ZET[X] L Z e Z Efx]" “Ir Z 1{7”=192lﬂ”751§2l}
reT I=1 reT =1
[(N+1)/2]
< sgg]E > Z L9~ 92|31}
r res =

Using the Cauchy—Schwartz inequality with % = 1—¢, Doob’s inequality and the Markov inequality, we obtain

[(N+1)/2] [(N+1)/2]

EIX % BN L s | <O L E[va-dal] (510)

re¥ =

Step 3b. We now study the last term in the right hand side of (5.9). On the event {¥;,—1 <7 < 9}, which is
Fr-measurable, the upper barrier is active on [g;_1, Ug], thus

rt
37 — h(r,X,) < E.|h(rt, X,+) — h(r, X,) +/ |f (s, X,,37)] ds]

where we set 7" = inf{s € t|s > r} AT. One thus gets, using (Hb) or (Hb)’,

(37 = R, X Lo <rcvay < EdX] [l (5.11)
This leads to
_ _v+1)/2] ) (N +D)/2]
Z ET[X] [jf - h(’l“, XT)]+ L Z 1{1921—1ST<1921} < MQET[X} Z L Z 1{1921—1S7‘<192z}
S =1 rer =1
Moreover,
(N+1)/2] [(N+1)/2]
Z Z CIT1{7921*1§7"<1921} < Z Z 1{7921*1§r<192’} (1{52171>T} + 1{7">1§2z})
ret rer =1
[(N+1)/2]
< Z Z (1{|7921—7§21|Z|T\”} T 1{\02171—521712&\“}) :
rev

We obtain combining the last inequality with (5.12) and using the Cauchy—Schwartz inequality with % =1—e,
Doob’s inequality and the Markov inequality

B /2 [(N+1)/2 R
E Z ET[X} [jf - h(?“, XT)]+ I Z 1{1921—1§T<1921} < |t‘a_1051 Z E |:|1921 - Q92!@ . (5'12)
rer =1 =1

Step 4. The proof is concluded by combining (5.4) with (5.9), (5.10) and (5.12).
5.2.8. Proof of Proposition 4.8

Since

137 = VuP<Ca (19 = 37 437 — Vi) and [3] — Vo P<Cu (3] = 374437 - Vi), (5.13)
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and

130 = Zu2 < Ca(13) = 302 + 137 — Zi) (5.14)

it remains to study the error between (35, 3;9, 35) and the continuous-time Euler scheme (}A/, Y,Z ). We are thus
going to show that

sup E [ﬁf . 57t|2] + sup E [|3§ . fftﬂ e (5.15)
te[0,7) te[0,T]

137 = Z|32 < Cavltl. (5.16)

Step 1. We first prove (5.15). Toward this end, arguing as in the proof of Lemma 2.1 in [6] (See also Rem. 5.2
in [6]), one shows that under (Hb), for ¢ € t, there exists Sy, @ in F; such that S; N Q, = 0 and

|37 = Yi? <[3) = Yil*1s, + Cal Xi — Xi[*1q,. (5.17)

Observe in particular that for ¢ ¢ t, one can take S; = 2 and Q; = ) in (5.17) since, in this case, I/ = 5}9 and
Y, =Y.
The proof of (5.15) is then similar to the proof of Proposition 5.1 (steps ia and ii) in [6]. Note that since f
does not depend on z in the present case, the expression of B; in equation (5.5) of [6] reduces to
tq . SN
B; = \ (‘Xu - Xti—l ‘2 + ‘jg - jfi,l ‘2)du
i—1

Observing that, for u € [t;—1,t;),

E[32 -3, F| < CaE

ti—1 ti—1

ti e~ ti —~
/ |f(57X3aj§)|2d5 +/ |3?2du] ’

we obtain E [}, B;] < Cylt|. Inequalities (5.15) then follow from exactly the same arguments as in the proof of
Proposition 5.1 of [6].

Step 2. We now prove (5.16). Adapting to our context equation (5.10) in [6], we obtain

T o o~
E l/ 137 — Zy|?dt ZBZ'
0 i

Combining the results of Step 1 with (4.3), we get (5.16).

Step 3. The proof of the Proposition is then concluded by combining (5.13)—(5.15) and (5.14)—(5.16) with
Proposition 4.7. O

5.2.4. Proof of Theorems 4.3 and 4.4
Proof of Theorem 4.3. Since

rev

< Ca (sup]E {Iﬁf - ﬁlﬂ +E
tet

+vE {sup | X, — XT2}>

Ve = Yi? < Ca([Yee — TP+ (37 = Vil?) and |Y; — Vi ? < Ca(Yy = 37 P + 137 - i),

we obtain using Propositions 4.6 and 4.8 that

~ ~ N —~ 1—e
sup E [\Yt_ - Yt\Q] + sup E [|Yt - Yﬂ <Oy <t| + el + 4l SR [ml . 19Z|] ) .
t€[0,T) t€[0,T] =1
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Under (Hb)’, the proof is concluded by using the last inequality together with Proposition 4.1 and letting v = [¢].
Under (Hb), one chooses [t ~ |¢]2.

Proof of Theorem, 4.4. For i < n and t; € t, let us define Z;, := E, [fti“ sts} 144, <7y and then for t € [0, T\ t,

ti
Zy = Z;. We observe that
T —
E / |Zy — Zg*dt| <Cx |E +E ) (5.18)
0
T . —
/ |Z; — Zg*dt
0

T . T . —
/ ‘Zt — Zg‘2dt / |Zg — Zg|2dt
0 0

We then compute that

E <C,E

T o~
/ |Zy — Z;|dt
0

T o~
/(%—ﬁ?ﬂﬁ—&ﬂﬂ
0

< CJE

Setting [t ~ |t\%7 and combining Proposition 4.1, Proposition 4.6 and 4.8, we then have

T
E / 75— Zidt| < 5yt (5.19)
0

for € > 0.
But we also have that

T .
E / |Zy — Zg|2dt
0

Indeed Z is the best approximation of Z in L2([0,T] x £2) by processes wich are adapted and piecewise constant
on t.
The proof of the Theorem is concluded by combining equations (5.19), (5.18) and (5.20). O

—0as [t| = 0. (5.20)

5.3. Proof of the PDE Results

5.8.1. Proof of Proposition 3.7

Let V1€ be the analog for the dilated domain O, of Y"¢ in Proposition 2.6, where the sequence £, goes
to 0 as n — oo.

In the same way as Lemma 5.1(ii) implies Proposition 2.4(i), one can imply from Lemma 5.1(iii) the existence
of an extraction (g,),, for which, almost surely, 9~"*¢ converges to ¥¢ as n — oo.

In the same way as Proposition 2.4(i) implies the result of the first bullet point in Proposition 2.6(ii) (see the
related proof in [8]), one can in turn imply, from the almost sure convergence of ¥5»"** to 9¥5:¢, the convergence
in 82 x Hg x 82 of Yen:b€ to Y€ asn — oo, for every [ = 0,..., N. In view of Proposition 3.2 and identity (2.5)
(both applied for O and O.), one thus has, for k € K,

uf ) =Y v = uk(ta), ke K
uf | (ta) =Y S v = k(e k¢ K.

This proves (3.12).
Moreover the pointwise convergence (3.12) is uniform on every compact set of £, by Dini’s theorem applied
to the functions u; and u. y, which are continuous on £7. O
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5.8.2. Proof of Theorem 3.8

First note that Theorem 3.8 can be reduced to the following three lemmas, which will be established below.
Lemma 5.2. uj, respectively uy, is upper, respectively lower semi-continuous on Er.

Since we already know that %y is a continuous viscosity solution of (3.4) on &7, and given the definition of u;
at Ty, this implies in particular that @y is a subsolution of (3.3)—(3.4) on &;.

Remark 5.3. One has likewise that u. s, respectively u_ 7, is a subsolution on &7, respectively supersolution
on &;, of problem (3.14)—(3.15) (which is problem (3.3)—(3.4) with O replaced by O,), for every € > 0. Moreover,
thanks to (Hm), one also has that u, ; is a supersolution of (3.3)—(3.4) (for the original domain O) on &7.

Lemma 5.4. For every € > 0, u. 1 is a strong supersolution of (3.3)-(3.4) on &;.

Given also Lemma 5.2, the comparison principle mentioned after Definition 3.4 then implies that p < lim e\ o+
U, 1, for any subsolution p of (3.3)-(3.4) on &;. In particular, 7y < Hm e\ o4 U -

Lemma 5.5. lim N\ o+ u.; <.

Thus (3.13) is satisfied, u < @y for every subsolution p of (3.3)—(3.4) on &;, and Theorem 3.8 holds as a whole.
Next observe that Lemmas 5.2, 5.4 and 5.5 can in turn be reduced to showing that, at every t = T7 :
e For Lemma 5.2: for every x € 0O and k € I,

af o, (tx) > lim  u§(t,,2n), respectively uf, ,(t,2) < lim  u¥(t,, 2,), (5.21)

- tnTt—, xp—w tnTt—, xpn—x
where  (uf(t,,2,))n>0 reaches lim SUD(¢— ) uk = lim SUD(, ) (t,2) with s<t uk(s,y), respectively

liminf;_ ;) uf := lim inf(s,y)a(t’m) with s<t uk(s,y);
e For Lemma 5.4 (admitting Lem. 5.2, so u. ; supersolution of (3.3)-(3.4) on &;):

Ue,r+1 > U1 (5.22)
e For Lemma 5.5: for every (t = Ty, x, k) with z € 00,
im Nes o+ we (8,2, k) <ar(t,z, k), (5.23)

where this “reduction” of Lemma 5.5 means that (5.23) only needs to be verified at the “critical” boundary
points (¢t = Ty, z, k) with x € 9O to which we reduce attention here, since it already holds at all the other points
(t,z, k) as

lm N\ e o+ g’;[(t,w) = lim \ e\ 04 u’;I(t,x) = ul(Ty,x) =k (11, 2), t<Ty
lim N ot 1F (8 2) = im N o vl (8 2) = up ' (Tr,2) = @§(Ty,2), t =Ty, 2 ¢ O (5.24)
lm N\ e o+ g’;[(t,w) = lim \ e\ 04 u;ﬁl(t,x) = ul__;_kl(TI,x) = (Tr, ), t =Tr,z € O,

in which the middle identities result from Proposition 3.7.
Now, in order to establish (5.21), (5.22) and (5.23), there are five cases to consider, namely:
o k € K (easiest case),
o k¢ K, /ﬂ’}7+ € K and ’{I;,— ¢ K, or the analogous but simpler case where k ¢ K and ’{I;,i e K,
o k¢ K, f{’f,Jr ¢ K and K’;’f € K, or the analogous but simpler case where k ¢ K and ”];,i ¢ K.
Moreover, the treatments of the “more difficult” cases k ¢ K, n’}7+ € K and K)?_ ¢ K,ork¢K, /ﬁ’}7+ ¢ K
and £} _ € K, are symmetrical to each other. Considering the latter case, so in particular (cf. (3.5)):

ub o (te) = et k), ul g (b ) = ue(t, 2, 65 ) AR(t, @), (5.25)

we now prove (5.21), (5.22) and (5.23) in this case, leaving the detail of the other cases to the reader.
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Proof of (5.21). We set &, = (tn,Zn, k). In the considered case, since k ¢ K, one has that 193’" =t, = 19%" <
05, uh (b, ) = an’f", and:
e Whenever X" ¢ O:
Hi" =y ¢ K, 05 > 1, ult, Xf") = v,
e Whenever Xf" €0:
Hi" =k} _ € K, 05" = t, u(t, X{") = Y25 u(t, Xf") Ab(t, X{") = Y,

where the last identity results from (2.4).
Let us prove the left-hand-side inequality in (5.21) (leaving the other one to the reader), assuming that
(uk(tn, 2n))n>0 Teaches lim sup( )u’f. One has, recalling (5.25),

t—,x

1 (t,2) = U (b wn) = B {Lyengo | (hia(t2) —u(t, XE 65 ) + (V5 = v}

B {1 co [ (@i () — ult, XE 5 ) A, XE) ) + (5 = v ) |
> —Elu(t,, k5 ) —u(t, X;" k5 )|
~Elu(t,, k5 _) ARt X)) — ult, X5, 65 ) Ah(t, X5
SEYE -
where, as n — oo (c¢f. the proof of Prop. 3.2, see [8]):
e the first two terms go to 0 by continuity of the value function u on &7, |, and

e the last term goes to 0, by convergence of the )** (up to an extracted subsequence).
The left-hand-side inequality in (5.21) follows.

Proof of (5.22). One needs to prove

ue(t, z, k7 ) > u(t, , ff’f,Jr), x ¢ O
ue(t, , /{’}#) Aue(t, x, /{’}7_) Ah(t,z) > u(t,x, n’}7+), x € 00;
ue(t, z, k§ _) Ah(t,z) > u(t, n’}7+), r€0.\0;
ue(t, x, /@’}’7) ANh(t,x) > u(t,z, k7 )V (u(t,x, KT ) A h(t,x)) ,x € 00,
ue(t,z, k% ) AR(tz) > ult,z, m’fﬁ) A h(t,x), x e,

which readily follows from (Hm).
Proof of (5.23).
One has in the considered case (cf. (5.25)),
EE,I(TI’ z) = u.(Tr, , Hl[i—i—) = ue,f-‘rl(Tlv €, Hl;,+)
(T, z) = u(Ty, x, H’;7+) Vv (u(Tj,x, Iﬁ][i_) A h(TI,az))
=ur1(Ty, z, m’}7+) Vv (uIH(TI,w, /{’;7_) A h(Tl,w))

where im N\ e\ o+ Ue,141(, 2, ﬁ’}’+) =ury1(t, z, ff’f,Jr), by application of Proposition 3.7. Hence (5.23) follows. OJ

5.8.3. Proof of Proposition 3.9

This is obtained by a combination of classical viscosity arguments as in [2] (see also Subsect. 13.2.3 of [8])
and of arguments already used in the Proof of Theorem 3.8, so we shall only sketch the demonstration.
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(i) The middle inequality in (3.16) is immediate by definition of the envelopes of a scheme. Moreover, by
classical viscosity solution arguments, U, ; and U, ; are respectively supersolutions and subsolutions of
(3.14)—(3.15) on &1 (cf. Def. 3.4(ii) and (3.7)—(3.8) for the related definitions for ¢ = 0). In particular, one
has at Ty :

U, ZUert1, Uer <le 141

Moreover, by the dilation argument already used in the Proof of Proposition 3.8, one also has at T}, for
every € > 0 (cf. (5.22)):
U, 141 = Ur1, Ue, 141 < Ue 141

In view also of Remark 5.3, one thus has that U_ ; and U are respectively a strong supersolution and a

subsolution on &; of (3.3)(3.4), whilst U, ; and Uy, are respectively a strong subsolution and a superso-
lution on & of (3.3)—(3.4) with O replaced by Oa., for every € > 0. The extreme inequalities in (3.16) thus
follow by application of the comparison principle (CP) to %y and U, ; for the left side and U.; and Usge g
for the right one.

(ii) is then an elementary consequence of (3.16) joint to the fact that on £}, u,. ; = uae 1 converges locally
uniformly to u; = uy, by Proposition 3.7. O

APPENDIX A. PROOF OF LEMMA 5.1

A.1. Proof of Part (i)

We only consider the case of ¢t = 0, the arguments for general time initial condition being exactly the same.
Using It6 Formula, we compute

d(Xs) =d(Xo) + /05 Gd(u, Xy, )du + /OS O d o(u, X,,)dW,. (A1)
We define a new probability Q ~ P whose density is given by
e Jo MudWu=d [T NulPdu ghere A, = ((8Ida)T(8zda8IdT)’1Qd) (u, X.)
and the process W@ by de := dW, + Aydu. Observe that Novikov’s condition holds since A is bounded,

under (Hx)—(Ho). Thus, it follows from Girsanov’s Theorem that W is a brownian motion under Q. Equa-
tion (A.1) reads then

d(X,) = d(X,) + / 0,d o (u, X, ) AW,
0

For T7 € ¥\ {0}, using Holder’s inequality, one computes that
P{|d(Xr,)| < &} < CRQ{|d(XT,)| < 8} (A.2)
The proof is then concluded using Corollary 2.1.1 in [23] and working under Q. O

A.2. Proof of Part (ii)
We first define for 6 > 0, the sets

2° =1 sup \Xﬁ/—Xﬁ|<5 ,Cf\Z‘S:(Z\f\Z‘S.
w€(0,T]

We consider the two different cases.
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Case 1. (a) By definition of ¥¢, J¢', we have that E {|19§ - 193'\} = |t — ¢|, and obviously, for [ > 1,

E [Wf ~j \] =E [Iﬁf — |1nfzs] +E {Wf - ‘1ﬁén{0f¢1§f'}} ' (A.3)
Markov’s inequality applied on Cﬁ‘s, and the bound \19? — 1915/\ < T, yield that
o E |sup,cire 11 X5 — X§IP
E (105 - 9 1.5 < €4 | - | , (A.4)

for p;, 0.

(b) We now work on the second term of the right-hand side of (A.3). By definition of ¥¢, J¢', if k ¢ K, we have
E [Wﬁ — 1§§/|1{k¢K}} = |t — |. We are going to prove a control between ¥¢ and 9¢', for [ > 2, and for | = 1,
k € K. To this end, we observe that

— t € _ g€
I{X;IEO}_]'{X%EO}’VTIE(I — H*=H*, (A5)

thus for [ > 2, 19[5 = 1915/ and if k € K, 19§ :1§§/.
We then introduce the set

2= [ (d(XE,) > 0} 0 {d(X5,) < 0}) U ({d(XE,) < 0} 0 {d(X§,) > 0}).
Trext

Since d is 1-Lipschitz continuous, by definition of ﬁ‘s, we have

Pnec | {dxs) <ot =0
TreZt

Using (A.5), we have that, for | > 2, {19? # 19?} C 2 and if k € K, {% # 19?} C (2. Thus, for [ > 2,
PNt £y c Qandif ke K, 20N {95 £05} c 2.
Using the result of Part (i), one then gets,

€ _ 3¢ 1—e
]E ‘le —191 ‘1@50{19?7&5?'} SCA(S B

for ! > 2and ! = 1, if k € K. In this case, the proof is concluded combining the last inequality with (A.4)
and (A.3).

Case 2. In this case, T = T¢ U {t}. As in Case 1 (a) above, we compute

E {Supue[Tf,T] X8 - Xﬁ\p}
5P

~£ ) ~£ Y
E [wl S |] <cr +E [wl — \1660{&%?,}}, (A.6)

for [ > 0 and p, € j 0. Recall that by definition of 55, 9 E D@g — @g/\} =|t—t|andif k ¢ K, E [|1§§ — @ﬁﬂ =
[t — ¢'|. Regarding the last term of (A.6), we observe here that

_ t ré _ rre’
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The set (21 is now replaced by

Q= |J (x5, >0} n{d(X5,) < 0}) U ({d(XE,) <0} n{d(XE,) > 0})
TreTtu{t}

The difference with Case 1(b) is that the reunion is on " U{t}. But, since for § small enough {\d(Xf)\ <6} =0,
we have

ﬁé N C 0.
The proof is then concluded arguing as in Case 1(b). O
A.3. Proof of Part (iii)

As in Part (ii), we observe that

— t — ,
Lix,cop = Lpxg co VT €T = HE=HY, (A7)

thus for 1 > 0, 95° = 5.
We then introduce the set

25 = | ({d(X§,) >0} n{de(X3,) < 0) U ({d(X3,) < 0} n{de(X§,) > 0}).
Trext

where d. is the distance function associated to O.. By definition of O., we have

25 ¢ | {ldxg) <e}
Trext

The proof is then concluded using Part (i). O
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