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Abstract

We give a study to the algorithm for semi-linear parabolic PDEs in Henry-Labordére (2012) and then
generalize it to the non-Markovian case for a class of Backward SDEs (BSDEs). By simulating the branch-
ing process, the algorithm does not need any backward regression. To prove that the numerical algorithm
converges to the solution of BSDEs, we use the notion of viscosity solution of path dependent PDEs intro-
duced by Ekren et al. (to appear) [5] and extended in Ekren et al. (2012) [6,7].
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Initially proposed by Pardoux and Peng [16], the theory of Backward Stochastic Differential
Equation (BSDE) has been largely developed and has many applications in control theory,
finance etc. In particular, BSDEs can be seen as providing a nonlinear Feynman—Kac formula
for semi-linear parabolic PDEs in the Markovian case, i.e. the solution of a Markovian type
BSDE can be given as the viscosity solution of a semi-linear PDE. We also remark that this
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connection has been extended recently to the non-Markovian case by Ekren, Keller, Touzi and
Zhang [5] with the notion of viscosity solution of path dependent PDEs (PPDEs).

Numerical methods for BSDE have also been largely investigated since then. The classical
numerical schemes for BSDEs are usually given as a backward iteration, where every step
consists in estimating the conditional expectations, see e.g. Bouchard and Touzi [2], Zhang [22].
Generally, we use the regression method to compute the conditional expectations, which is quite
costly in practice and suffers from the curse of dimensionality.

Recently, a new numerical algorithm has been proposed by Henry-Labordere [11] for a class
of semi-linear PDEs, using an extension of branching process. First, it is a classical result
that the branching diffusion process gives a probabilistic representation of the so-called KPP
(Kolmogorov—Petrovskii—Piskunov) semi-linear PDE (see e.g. Watanabe [21], McKean [14]):

no
du(t, x) + %Dzu(t, x) + ﬁ(z aru®(t, x) — u(t, x)) =0 (1.1)

k=0

with a terminal condition u(7T, x) = ¥ (x), where D? is the Laplacian on R4, and (ax)o<k<ng
is a probability mass sequence, i.e. @y > 0 and ZZO=0 ar = 1. The above semi-linear PDE
(1.1) characterizes a branching Brownian motion, where every particle in the system dies in
an exponential time of parameter §, and creates k i.i.d. descendants with probability a;. More
precisely, let N7 denote the number of particles alive at time 7', and (Z"T),-zlw Ny denote the
position of each particle, then up to integrability, the function

(t, x) =B, [V y(Z5)]

solves Eq. (1.1), where the subscript 7, x means that the system is started at time ¢ with
one particle at position x. This connection has then also been extended for a larger class of
nonlinearity, typically u®, o € [0, 2], with the superdiffusion, for which we refer to Dynkin [4]
and Etheridge [9]. Moreover, this representation allows to solve numerically the PDE (1.1) by
simulating the corresponding branching process.

When the coefficients ay are arbitrary in Eq. (1.1) and the Laplacian D? is replaced by an Itd
operator Ly of the form

1
Lou(t, x) = p(t, x) - Du(t, x) + EcmT(t,x) : D?u(r, x),

Henry-Labordere’s [11] proposed to simulate a branching diffusion process with a probability
mass sequence (pi)k=o0,....m, and by counting the weight %, he obtained a so-called “marked”
branching diffusion method. A sufficient condition for the convergence of the algorithm is
provided in [11]. In particular, the algorithm does not need to use the regression method, which
is one of the main advantages comparing to the BSDE method.

For PDEs of the form (1.1), Rasulov, Raimova and Mascagni [18] introduced also a Monte-
Carlo method using branching processes. Their method depends essentially on the representation
of its solution by the fundamental solution of the heat equation.

The main objective of this paper is to give a more rigorous study to the algorithm in [11]
and also to generalize it to the non-Markovian case for a class of decoupled Forward Backward
SDEs (FBSDEs) whose generators can be represented as the sum of a power series, which can
be formally approximated by polynomials. Although the polynomial generators are only locally
Lipschitz, the solutions may be uniformly bounded under appropriate conditions, and hence they
can be considered as standard decoupled FBSDEs with Lipschitz generators.
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Our numerical solution is based on a branching process, which is constructed by countably
many independent Brownian motions and exponential random variables. To bring back the
numerical solution to the BSDE context of one Brownian motion with the Brownian filtration,
we use the notion of viscosity solution of path dependent PDEs introduced by Ekren, Keller,
Touzi and Zhang [5] and next extended in Ekren, Touzi and Zhang [6,7]. Namely, we shall
prove that the numerical solution obtained by the branching diffusion is a viscosity solution to a
corresponding semilinear PPDE, which admits also a representation by a decoupled FBSDE as
illustrated in [5]. Then the numerical solution is the unique solution of the corresponding FBSDE
by the uniqueness of the solution to PPDEs.

The rest of the paper is organized as follows. In Section 2, we consider a class of decoupled
FBSDEs whose generators can be represented as a convergent power series. We then introduce
a branching diffusion process, which gives a representation of the solution of the FBSDE with
polynomial generator. In particular, such a representation induces a numerical algorithm for the
class of FBSDEs using branching process. Then in Section 3, we complete the proof of the
regularity property of the value function represented by the branching process. Next, we complete
the proof of the main representation theorem in Section 4. For this purpose, we introduce in
Section 4.1 a notion of the viscosity solution to a class of semilinear PPDEs, where there is no
non-linearity on the derivatives of the solution function, following Ekren, Touzi and Zhang [6,
7]. The uniqueness of the solution to our PPDE and its representation by FBSDE are proved by
the same arguments as in [6,7], which are hence provided in the Appendix. Finally, we illustrate
the efficiency of our algorithm by some numerical examples in Section 5.

2. A numerical algorithm for a class of BSDEs

In this section, we shall consider a class of decoupled FBSDEs whose generators can be
represented as a convergent power series, which can be approximated by polynomials. Then for
FBSDEs with polynomial generators, we provide a representation of their solutions by branching
diffusion processes. In particular, the representation induces a natural numerical algorithm for the
class of FBSDEs by simulating the branching diffusion process.

2.1. A class of decoupled FBSDEs

Let 20 .= {a) € C([0, T, RY) : wy = 0} be the canonical space of continuous paths with
initial value 0, F° the canonical filtration and A° := [0, T'] x £2°. For every (t, w) € A°, denote
lwll; = supp<y<; lw(s)].

Then the canonical process B(w) = {B:(w) = w;, 0 <t < T} forallw € 29, defines a
Brownian motion under the Wiener measure Py.

Let : A% > R? and o : A% — S¢ be FO-progressively measurable processes. Suppose
further that forevery 0 <t <t < T and w, o’ € £2°,

lu(t, w) = pu(t', ") +lo(t, @) =o', @) < C(VIt = 1'| + |on. — @), NIT) 2.1

for some constant C > 0, and oo L (¢, w) > ¢l for some constant ¢y > 0. We denote, for every
(t,x) € A% by “*X the solution of the following SDE under Py:

\

h N
Xy=%x;, Vs<t and X; =X,+/ u(r, X.)dr—i—/ o(r,X)dB,, V¥Vs>t.(22)
' '

For later uses, we provide an estimate on the SDE (2.2).
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Lemma 2.1. There is a constant C such that for every t € [0,T] and (t1,X1), (2, X2) €
[, T] x 02°,
2
B sup | = e+ imil? + IxI?) (0 = ol + Ixi = xl?).

t<s<T

t t
X XS/\tl - ’XZXS/\IQ

Proof. Suppose, without loss of generality, that #; < f,, we notice that

2 2
] < ]EPO[ sup | ¥ X — ”XZXS‘ ]

t<s<t|

P t,X t,X
E 0[ sup leAtl - ZXSAIQ

t<s<T

2
+E sup |"x, — x| ]

N=s<tp

Then the estimate in Lemma 2.1 is a standard result for SDEs, by using It6’s formula and
Gronwall’s Lemma. One can find the arguments in Lemma 2 and Theorem 37 in Chapter V
of Protter [17] for an almost the same result. [

Suppose that ¢ : £2° — R is a non-zero, bounded Lipschitz continuous function, and
F:(t,x,y) € A°x R — Ris a function Lipschitz in y such that for every y, F (-, y) defined on
A9 is FO-progressive. We consider the following BSDE:

T T
Y, =y (") + / F(s, %X, Y)ds — / Z,dBs, Py-as., (2.3)
t t
where the generator F has the following power series representation in y, locally in (#, X):
o0
F(t,%,y) = ﬂ(Z ar(t, )y — y>, (t,%) € A°, 2.4)
k=0

for some constant 8 > 0, and some sequence (ay )x=0 of bounded scalar FO-progressive functions
defined on A°. We also assume that every a; is uniformly 1/2-Holder-continuous in ¢ and
Lipschitz-continuous in .

Denoting by |.|o the L*° (A%-norm, we now formulate conditions on the power series

Co(s) = laglo s* and  €(s) = B[wly oY lo) —s]. s >0, 2.5)

k>0

S0 as to ensure the existence and uniqueness of the solution to BSDE (2.3) (see also Remark 2.8
for an intuitive interpretation of the condition).

Assumption 2.2. (i) The power series ¢¢ has a radius of convergence 0 < R < oo, i.e.
£o(s) < oo for |s|] < R and £g(s) = oo for |s| > R. Moreover, the function £ satisfies
either one of the following conditions:

(1) £(1) <0,
(£2) or, £(1) > 0 and for some § > 1, £(s) > 0, Vs € [1, ) and £(5) = 0.
(£3) or, £(s) > 0,Vs € [1, 0c0) and fls —L_ds =T, for some constant s € (1, ﬁ).

£(s)
(ii) The terminal function satisfies [{|p < R.

Proposition 2.3. Let Assumption 2.2 hold true, then the BSDE (2.3) has a unique solution (Y, Z)
such that supy<, <7 |¥i| < Ro, Po-almost surely for some constant Ry < R.
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Remark 2.4. When ¢ = 0, the function ¢ in (2.5) is not well defined. In order to provide a
sufficient condition for the power series representation, we can consider the BSDE (2.3) with
terminal condition Y7 = e&. Define the corresponding function g.(s) := ﬁ[e’]ﬂo(ss) — s].
Suppose that for some ¢ > 0, Assumption 2.2 holds true with the corresponding function g,,
then by the comparison result of standard BSDEs with global Lipschitz generator, the BSDE
(2.3) admits still a unique solution (Y, Z) such that Y is uniformly bounded (notice that when Y
is uniformly bounded, the generator F is Lipschitz in y).

In preparation of the proof, let us consider first the ordinary differential equation (ODE) of
p(t) oninterval [0, T']:

o = 4£(p), withinitial condition p(0) = 1. (2.6)
Lemma 2.5. Let |{|g < R, then ODE (2.6) admits a unique bounded solution on the interval

[0, T if and only if Assumption 2.2(i) holds true. Moreover, in this case, we have 0 < p(t) <
Ro vy ¢ [0, T'] for some constant Ry < R.

Wl

Proof. First, since the function £ is Lipschitz on [0, L] for every L < LI’ then it follows by the
Picard-Lindelsf theorem (see e.g. Chapter 2 of Teschl [20]) that there is Tryax > 0 such that ODE
(2.6) admits a unique solution p on [0, Tax) and that lim;, 7, [p(?)| = ﬁ > 1. Further, we

observe that £(0) > 0, which implies that p(¢) > 0 on [0, Tinax). Then it is enough to prove that
Tmax > T.

Let us now discuss three cases of Assumption 2.2. (i) Suppose that (€1) holds true, i.e.
£(1) < 0. It follows then p(z) € [0, 1] for every ¢ € [0, Tmax) and hence Tpax = 00 > T.
(ii) Suppose now £(1) > 0 and for some § > 1,£(s) > 0,Vs € [1,5) and £(5) = 0. It is
clear that in this case, r — p(¢) is increasing and p(z) converges to § as t — o0, and hence
Tmax = oo > T. (iii) Otherwise, suppose that (£3) holds true, it follows then by (2.6) that

Tiax Tinax 1 R/W/|0 1
T = dt = d t) = _dS7
e fo /0 oy P /1 75)

since p(0) = 1 and p(Tmax) = R/|¥|o.- We hence deduce that T < Ty,x by Assumption 2.2(i)
(€3) and the positivity of the function £ on [1, c0). [

Remark 2.6. The ODE (2.6) can be rewritten as
t

p (1) = p(0) +/O £(p(s))ds.

Let ¢(¢) :== p(t)|¥ o, then under Assumption 2.2 we have

t o0
Pp(t) = p(0) + /0 eﬁsﬂ<2|ak|0<ﬂk(~?)>d& @.7)
k=0

In other words, the existence and uniqueness of a solution to (2.6) is equivalent to that of (2.7).

Remark 2.7. Suppose that ay = 0 for every k > ng with some ng € N, then clearly
L(s) == ,3(22":0 |ak|0|1p|](§_1sk — s) and the convergence radius R = oo. Denote Z.(s) =

B0 11+ &)aklol(1 + &)y |6~ s* — s). Let Assumption 2.2 hold true for ¢, then for & > 0
small enough, ¢, also satisfies one of the conditions (£1 — £3) in Assumption 2.2. It follows that
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the ODE: p’(r) = £.(p) with initial condition p(0) = 1 admits a unique solution on [0, 7'] under
Assumption 2.2.

With the above existence and uniqueness result of ODE (2.6), we get the existence and
uniqueness of the BSDE (2.3) in Proposition 2.3.

Proof of Proposition 2.3. By Lemma 2.5, the solution p of ODE (2.6) is uniformly bounded by
% with some constant C = Rp < R, where R is the convergence radius of the power series

> 2 laklox*. Denote yc :== —C v (y A C) forevery y € R,

Fc(s,x,y) = F(s,X, yc)

and

Fels,x,y) = ﬂ(Z laxlolycl* — yc>,

k=0
Sols:xy)=—p (Z larlolyc* + chl)-
k=0

Then Fc, f and iC are all globally Lipschitz in y, and iC < Fc < fc. Moreover, if we
replace the generator F' by 7C (resp. i C)’ and the terminal condition ¥ by |y|o (resp. —|¥|op) in
BSDE (2.3), the solution is given by Z := 0 (resp. Z := 0) and

Y =pT =0l¥lo (resp. Y, = —p(T = )|¥lo).

Therefore, by the comparison prirEiple, it follows that the solution (Y¢, Z¢) of BSDE (2.3) with
generator fc satisfies Y < Y¢ <Y, and hence |Y¢| < C. Further, since F(¢,x, y) = Fc(t,X, y)
for all |y| < C, it follows that (Y, Z¢) is the required solution of BSDE (2.3). [

Remark 2.8. When (ax)i>0 and v are all positive constant functions, then the BSDE (2.3)
degenerates to an ODE of the form (2.6). That is also the main reason for which we suppose
Assumption 2.2 to guarantee the existence and uniqueness of the BSDE (2.3).

2.2. A branching diffusion process

Let 8 > 0, ngp > 0 and p = (pr)o<k<n, be such that Zkino pr = land pp > 0, k =
0, ...,no. We now construct a branching diffusion process as follows: a particle starts at time ¢,
from position x, performs a diffusion process given by (2.2), dies after a mean 8 exponential time
and produces k i.i.d. descendants with probability pi. Then the descendants go on to perform the
diffusion process defined by (2.2) driven by independent Brownian motions. Every descendant
dies and reproduces i.i.d. descendants independently after independent exponential times, etc. In
the following, we shall give a mathematical construction of this branching diffusion process in
three steps.

In preparation, let ({2, F,P) be an abstract probability space containing a sequence of
independent d-dimensional standard Brownian motions (W*);=1, a sequence of i.i.d. random
variables (T%/ )i,j=0 as well as ii.d. r.v. (/;),>1, where 799 is of exponential distribution
E(B) with mean 8 > 0 and /i is of multi-nomial distribution M(p), i.e. P(Iy = k) =
pr, Yk =0, 1, ..., ng. Moreover, the sequences (Wk)kzl, (Ti’f)i‘jzo and (1,),> are mutually
independent.
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A birth—death process. We shall construct a continuous-time birth—death process associated with
the coefficient § > 0 and the probability density sequence (px)o<k<ny-

The branching process starts with one particle at time 0 which branches at an exponential
time. From time O to T, every particle in the system runs an independent exponential time and
then branches into k i.i.d. particles with probability pi. At time ¢ > 0, the number of the particles
in the system is denoted by N;. We denote by T,, the n-th branching time of the whole system, at
which one of the existing particles branches into I, particles. Between 7, and T, 1, every particle

is indexed by (kq,...,k,) € {1,...,np}", which means that its parent particle is indexed by
(k1, ..., kn—1) between T,,_1 and T,,. We also have a bijection ¢ between N and Up,>1 {10}
defined by
n .
ki, k) =Y ki(no + 1)\, (2.8)
i=1

Denote by K; the collection of the indices of all existing particles in the system at time ¢. Then
the initial setting of the system is given by

No=1, Ty=0, Ti=T% K ={D) Vel Tl
and we have the induction relationship

Ni =Np+Lip—1, T =T+ min 750 = 7; 4 70K,

kE’CTi
where K;41 denotes the index of the particle which branches at time 7;1. Let
Kt = {(Kizr,m) 1 1= m < Lz J U {(k, 1) sk € Ky, \ {Kiv} ).

In particular, if /11 = 0, then K7,,, = {(k, 1) : k € K7, \ {Ki41}}. Clearly, at a branching time
T;, the particle K; branches into /; particles which are indexed by (K;, 1), ..., (K;, I;), and all
the other particles with index k are re-indexed by (k, 1). Let

Nt = NTI and ICZ = ’CTI’ forallt [le Ti+l)'

Then (N;);>0 is a continuous-time Markov process taking value in N. Since it is possible that a
particle dies with k = 0 descendants, the branching system is subject to extinction in finite time
horizon, i.e. P[N; = 0 for some ¢t > 0] > 0. Furthermore, (X;);>0 is a random process taking
value in U, eN 2Lmol” “and N; = 0 whenever K; is empty.

Example 2.9. We give an example of the branching birth—death process, with graphic illustration
below, where ng = 2. The process starts with one particle indexed by (1), and branches at time
T1, ..., Ts. The indices of the branched particles are respectively (1), (1, 1), (1,2, 1), (1, 1,2, 1)
and (1, 1, 1, 1, 1). At terminal time 7', the number of particles alive are N7 = 5 and

Kr={(,1,1,1L,1,1,1,1,1,1,1,2),(1,1,2, 1, 1,1), (1,2,1,1, 1, 1),
(1,2,1,2,1, h}.

e At time 77, particle (1) branches into two particles (1, 1) and (1, 2).

e At time 7>, particle (1, 1) branches into (1, 1, 1) and (1, 1, 2), particle (1, 2) is reindexed by
(1,2, 1.

e At time T3, particle (1, 2, 1) branches into (1,2, 1, 1) and (1, 2, 1, 2), the other two particles
are reindexed by (1, 1, 1, 1) and (1, 1, 2, 1).
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e Attime Ty, particle (1, 1, 2, 1) branches into one particle (1, 1, 2, 1, 1), the other particles are
reindexed.

e Attime Ts, particle (1, 1, 1, 1, 1) branches into (1, 1, 1, 1, 1, 1) and (1, 1, 1, 1, 1, 2), the other
particles are reindexed by (1, 1,2, 1,1, 1), (1,2,1,1,1, 1), (1,2, 1,2, 1, 1).

(1,1,1,1,1,1)

(1,1,1,1
(1,1,1,1,1,2)

(1,1,2,1,1,1)
(1,1,2,1)

,1,2,1,1)
(1)

(1,2,1,1,1,1)

(1,2,1,1)

(1,2,1,2)

0 T T Ty Ty T5 T

Y

Lemma 2.10. For every probability density sequence (py)o<ik<n, We have lim,_.o T, = 00,
a.s. In particular, the system is well defined from 0 to oo.

Proof. Without loss of generality, we can consider the case when py = 0, Yk < ng and p,, = 1.
We first claim that N; < oo for all # > 0, it follows that sup{n : 7,, < ¢t} < oo forall # > 0 and
hence lim,,_, o, T, = 00. Then to conclude, it is enough to prove that N; < oo, V¢ > 0, which
means that the population of the particles never explodes. It is then enough to use Example 2 of
Kersting and Klebaner [12] to finish the proof. [

The branching Brownian motion. Suppose that in the same probability space ({2, F, P), there is a
sequence of independent d-dimensional standard Brownian motions (Wl w2, ..), whichisalso
independent of the exponential random variables (TH) i,j>0 and multi-nomial random variables
(In)n>1- We can then construct a branching Brownian motion which starts at time ¢ > 0.

For the first particle in the system indexed by k = (1), we associate it with a Brownian motion
on [t, 00), defined by B} = W),V 0 <5 < Tj. Letk = (ki ..., ky) € K1, be the index of
a living particle at time 7, whose parent particle is indexed by (ky, ..., k,—1), we associate it
with a Brownian motion between [#, t + T,+1], defined by

Sk ek
gk | B Vs € [0. T, ],
s PGSR n— (k
B+ W Vs € [T T,

By the strong Markov property of the Brownian motion, it is clear that conditioned on (T"/);. >0
and (1,,),>0, every process (Bﬁ’k),zt for k € KCr is a Brownian motion. In particular, given two
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particles k' = (k!,...,k}) and k> = (&2, ..., k2) such that k} = ka. forall j = 1,...,1i, the

associated Brownian motions B"*' and B"*¥ share the same path before time ¢ + T;.

The branching diffusion process. To construct a branching diffusion process, we first remark that

for every (¢,x) € A%, the SDE (2.2) with initial condition “*X; = x;, 0 < s < t has a unique

strong solution ""*X adapted to the natural Brownian filtration, hence there is a progressively

measurable function &X : [¢, T] x C([t, T], RY) — R such that "*X; = &"*(s, B.), Py-a.s.
Then a branching diffusion process *X* is given by

tXxk = 0"t 45, B"Y), Vs eRTandk e K. 2.9)

Moreover, for later uses, we extend “*XV on the whole interval [0, T] by

”XXS(I) =X, Vs<t and ”XXS(I) = "X, B"D), Vs> 1.

Remark 2.11. By the flow property of the SDE (2.2), we have that for every (r,x) € A%, r <'s
and k € K,

t.x yk
Xt + 5, (B uzi) = 5 (0 + 5, (B uzi4r),  Peass. (2.10)

To conclude this subsection, we equip the above system with two filtrations. First, F =
(f [)[2() Wlth

-Tt = 6((Tn9 I, Kn)lT,,St + 81T,,>ts n= 1)7

where 9 denotes a cemetery point. Intuitively, I is the filtration generated by the birth—death
process. In particular, 7, is a F-stopping time and Fr, = o((Tk, I, Kk)lfkf,,). Next, for every
t > 0,let F= (.7-'; 1s)s=0 be the filtration on the probability space ({2, F, IP) generated by the
branching diffusion process, which is defined by

Frps =Fs \ o (K. BV, BIE 0 <7 <5,k e k). 2.11)

2.3. Branching diffusion representation of the backward SDE

Using the branching diffusion process defined above, we can provide a representation of the
solution to the decoupled FBSDE (2.3).

Let (¢, x) € A°, we consider the branching diffusion process (”XXk)keICT on [¢, T'] defined in
(2.9), where the probability sequence p = (px)o<k<n, satisfies that p;y > 0 whenever |ax|o # 0.
Denote

Wi HMT,<01,, (t + Ty, "Xx5m)
tx =

1 ), where M7r_; :=sup{n : t + T, < T},
PI,

is the number of branchings occurred in the particles system between ¢ and 7', with the convention
that IT r?:] := 1. Our main representation formula is the following function:

v(t,x) =E [ x] with ¥, x := W, x ke, ¥ ("*X5), (2.12)

where the integrability of ¥; y is verified in the following result.
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Proposition 2.12. Suppose that Assumption 2.2 holds true. Then for every (t,x) € A9, the
random variable ¥, x given in (2.12) is integrable and the value function v is uniformly bounded.
Moreover, for every M > 0, there is a constant C such that

vt w) — vt )| < C(VIt = '] + . — @), lI7).
whenever |(t, w)| < M and |(t', @')| < M.

The proof of Proposition 2.12 will be completed later in Section 3.
Our main result of the paper is the following representation theorem. Let -9 X be the unique
strong solution to the SDE (2.2) in the probability space ({2, F, P); denote

vY =@, "0 x). (2.13)
We also consider the BSDE (2.3) with generator

&)
Fu(t,%, y) = ﬂ(Z ar(t, x)y* — y>. (2.14)

k=0
We define £, by

lay(s) = B (Z|ak|0|1/f|k1k s), Vs > 0.

It is clear that when Assumption 2.2 holds true for ¢, then ¢, satisfies also Assumption 2.2.
It follows from Proposition 2.3 that the BSDE (2.3) with generator F,, has a unique solution,
denoted by (Y, Z), such that Y is uniformly bounded.

Theorem 2.13. Suppose that Assumption 2.2 holds true, and (Y, Z) is the unique solution of
BSDE (2.3) with generator Fy, (defined by (2.14)) such that Y is uniformly bounded by Ry, the
constant introduced in Lemma 2.5. Then Y0 = Y, Py-a.s.

The proof of this result will be provided in Section 4 using the notion of viscosity solutions to
a path dependent PDE.

Remark 2.14. The results in Proposition 2.12 and Theorem 2.13 hold true for any probability
sequence p = (pr)o<k<n, satisfying that p; > 0 whenever |ai|o # 0. This implies that the
integrability and expectation of ¥, y are independent of the choice of p. However, the variance
of ¥; x does depend on p, where an upper bound is given by

A a5
E |:HnAiT1 ( p )erlCT ‘ |W|():| (2.15)
In

Comparing ¥; x in (2.12) with the integral part in (2.15), it can be considered as a manipulation

la kl())
Pk /k>0"

of the coefficients from (ax)x>0 to ( Denote by RV the convergence radius of the sum

2 k=0 |f;/;k|o sk, then using Proposition 2.12 with the new coefficients, the upper bound (2.15) is
finite if and only if £V satisfies one of the conditions (1 — £3) in Assumption 2.2, where

no
) = ﬂ(Z '2;'0 sk — )

k=0




1122 P. Henry-Labordere et al. / Stochastic Processes and their Applications 124 (2014) 1112—1140
2.4. Numerical algorithm by the branching process

The representation result in Theorem 2.13 induces immediately a numerical algorithm for
BSDE (2.3) by simulating the branching diffusion process. For numerical implementation, the
branching times can be exactly simulated since they follow the exponential law, and the diffusion
process can be simulated by a Euler scheme.

Let A = (19, ..., 1t,) be a discretization of the interval [0, T],ie.0 =1 < --- <t, = T.
Denote |A| := maxj<k<,(&x — f%—1). To give the Euler scheme, we introduce the frozen
coefficients MA and 04 by
4

pA e x) = w(n, %) and 02, %) =0 (4, %), Vr € [t fr41).

where %4 denotes the linear interpolation of (X, ..., X;,) on the interval [0, T']. Then clearly
the process X A given by the SDE

t t
Xf‘:/ MA(S,X_A)dH/ o?(s, XA)dB;, Po-as (2.16)
0 0

can be simulated, which is also the Euler scheme of the SDE (2.2). By standard arguments using
Gronwall’s Lemma (see e.g. Kloeden and Platen [13] or Graham and Talay [10] in the Markov
case), we have the following error analysis result: let X be the solution process of (2.2) with initial
condition (¢, x) = (0,0), X A e the solution of (2.16) and X4 denotes the linear interpolation
of (X£.....XZ)on [0, T].

Lemma 2.15. There is a constant C independent of the discretization A such that

E[ sup (|x = X2+ [x2 - XAF) | = c a1
0<t<T

Moreover, for the BSDE (2.3) with a general generator function F : [0, T] x xR >R
which admits a representation (2.4), we can approximate it by some polynomial F},, of the form
(2.14). Let F,ﬁ(t, X, ) =B, akA(t, x)yF —y), where

akA(t, X) == ar(t, ﬁA) foreveryk =0,...,ngand t € [t;, ti11)-

Further, under Assumption 2.2, by simulating the branching diffusion process (X Aky keky» the
numerical solution

A TAKy

M aln (Tn ’ X ) _~

— E[nngl (— Hiere, ¥ (R4)
pln

is the solution of the following BSDE

T T
Yo = 1//()?_4)+[ Fa(, )?_A,Y,)dt—/ Z,dB,, Ppas.
0 0

Finally, we provide an error estimation of the numerical solution.

Proposition 2.16. Under Assumption 2.2, there is a constant C independent of ny and A such
that

A A
[Y5™ — Yol < C(IF — Fyil1oo(A0x[—Ry. Ro}) T “/Z)
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Proof. This estimate follows from a direct application of the stability result of backward SDEs
together with the error estimation in Lemma 2.15, see Proposition 2.1 and their subsequent
remark in El Karoui, Peng and Quenez [8]. [

Remark 2.17. Let us consider an arbitrary Lipschitz generator F : A% x R, such that the
associated BSDE of the form (2.3) has a unique solution (Y, Z) where |Y| is uniformly bounded
by some constant Ry > 0. One can also approximate the function F (y) by a polynomial function
F" =i ay yk. We may then conduct our analysis by formulating Assumption 2.2 on the
coefficients (a,’j)oskin for all n > 1. The problem with this approach is that the convergence
condition would depend on the approximating sequence of polynomials.

3. Holder and Lipschitz regularity of v

This section is devoted to the proof of Proposition 2.12. We first derive some estimates of
the birth—death process defined in Section 2.2, then together with the tower property, we can
complete the proof of Proposition 2.12.

3.1. Some estimates of the birth—death process

We recall that F = (F,;)o<;<r is the filtration generated by the birth—death process defined in
the end of Section 2.2, and that the number of branchings occurred in the system before time ¢ is
denote by M, := sup{n : T, < t}. We also introduce:

. lar,lo :
n() = EP[(Hnﬁill—)leév}
pll‘l

Lemma 3.1. Forevery() <s <t,

[ , lanlo — lag,lo
E¥ (Hn”il Wiy |Fs | = (12, n(t — )M,
i P, pi

n n

and

— a
fn] _ | I;k)(n(t— ) 1<
1

I . lag,lo A
E (Hnnilp_l W1y 17 <

n

Proof. (i) Let Z be a random variable and A € F, then £F (Z) denotes the law of Z and £LF(Z|A)
denotes the distribution of Z conditioned on A under the probability P. We notice that for every
i,j>1lands > 0,

CPThT —51TH = 5) = CP(TH) = £(B).
Let 0 < s < t, the law of numl_)e_r of branches between s and ¢ (which equals M; — M) is
completely determined by Ny, (T"/);>pm,, j>0 and (1;);i>um,+1. It follows that
L8 (M; = My, Umgsidiz1 | N = 1, k € Ky, My = j)
= LY(M; — My, Iy, +)is1 | Ny =1, k € Ky, My = j, TM®) > )
= L (Mi—s, (I)iz1),
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and hence

P (M, -

Since N; =

EIP
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My, (Ipg,+i)i=1 | Ny =1) =

N +Zn M+l

M;
n=M;+1

lar,lo
Pr,

Joo

L8 (Mi—s, (I)ix1).

— 1), we deduce that

N; = 1j| =n( —s).

(n
Moreover, since every particle branches independently to each other, we deduce that

_(HM, lar, Io)le
L Pi

P
E n=M;+1

Ny = i] =t —9)),

which implies that

i lar,lo
= (HHAQMSH |‘/’|(])Vt Ny | = (@t —s)™,
L P,
and hence
(o lanlo ), | w, laglo\ (1 m |a1,1|o
EP (Hn=1_>|1//|0’ ]—'5:| = IEIP’|:<Hn=1p—I Hn=tMs+1 |¢|

n=1

(HM |a1,,|0>( t — ).

n

(i1) We next prove the second equality, we notice that (/;);>2 and (TH7 )i>2, j>0 are all
independent of (77, I1) under the probability P. Let us consider a family of conditional
probabilities (Ps,;)ser+,ic(0,....no) Of PP W.r.t. the o-field generated by (71, /7). Under every
conditional probability IP ;, the law of (M;, N;)1;<; depends only on (/;)j>> and (Tj’l)jzz, 1>0-
Considering in particular i = 1, we have

C5 (M = My, (I)iz2) = £ (Mi—, Iiz1)-

M;

And hence
D (H

n=M;+1

lar, lo
PI,

>|w|£¥’1s3 =0t — $)15<.

Moreover, by the independence of the evolution of i particles under P ;, we get

EPs.i M,

(v

which implies that

n=M;+1 pI

lar, lo

n

=t — ) 5=,

)IWIo’lm

M, lar,lo N — 1 Jlaylo M laz, lo
EP[(H”%_)'WJ]T@ Fr | = —=Enn| (2, W10 =
n ] P ! P,
lar lo

= ——@—T)) "7,

since M7, = 1 by its definition. And we hence conclude the proof.

I

O
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Lemma 3.2. Suppose that for some t > 0, n(t) < oo. Then there is § > 0 such that n(s) < oo,
foreverys € [t,t + 8]

Proof. First, it follows from Lemma 3.1 that for every ¢, § > 0,

n(t+98) = EP[(UnAﬁ |6:—1|0) (n(t))N“}-

Let us consider another pure birth process (N,, IC,) on a probability space (f), F , ]@) with the
same constant characteristic 8 and another probability sequence (p)o<k<n, such that p,, = 1.
We suppose without loss of generality that ngp > 2 and denote C = maxo<i<p, ‘%0 + n(t).

Then clearly it is enough to prove that IEED[C ]\75] < oo for some § > 0 to conclude the proof.

The distribution of Nj can be computed explicitly (see e.g. Athreya and Ney [1, Chapiter IIL5,
P109]) and satisfies that for some constant C > 0,

IP’[]% = n] < 6/(:;1 with ks == (1 — 675‘9(”071))]/(”071).

Then for § > 0 small enough, «; is small enough such that EP[CK";] <oo0. O
The birth—death system is closely related to ODE (2.6). Let us define

D, ._EP[(lth)ath)( ™M ":;|°>|1//| } (3.1)

Proposition 3.3. Suppose that Assumption 2.2 holds true. Then

sup n(t) < oo and sup D; < oo. (3.2)
0<t<T 0<t<T

Proof. We first observe that n(0) = ||g by its definition, and it follows from Lemma 3.1 that

n(t)

no
Ell¥lol7,>.1 + E[Z laxlo(n(t — T1>>"1T1g]

k=0

t no
n(0)e P + /0 Be P (Z lalo(n (@ — s))k>ds

k=0

1 no
e (n(O) + /0 pe (Z |ak|o<n(s>>k>ds).
k=0

Suppose that Ty = inf{s : n(s) = oo} < T, then it follows from Lemma 2.5 and Remark 2.6
that n(¢) = p()|¥lo, YVt € [0, Ty), where p is the unique solution to ODE (2.6). Therefore,
it follows still by Lemma 2.5 and Remark 2.6 that n(Ty) = p(Ty)|¥]o < oo, and hence
n(t) < oo, Vt € [0, To + 8] for some constant 0 < § < T — Tp by Lemma 3.2. This contradicts
the definition of Ty, and hence Ty > T and n(T) < oo. Since 7 is increasing, this provides the
first claim in (3.2).

We next denote

1
ne(r) = EP[( Mq'(i)%)m + s)xm@“’}.
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In spirit of Remark 2.7, we know that for £ > 0 small enough, n,(7T) < oo. It follows that

— P laz, lo N,
sup D;:= sup E" | (AvM)(1V Ny) | Iy 1,<t [l | < oo,
0<t<T 0<t<T p

n

since there is some constant C, > 0 such that n < C¢(1 + ¢)" for every n > 0. And we hence
conclude the proof. [

3.2. Proof of Proposition 2.12

In preparation of the proof, we first provide a tower property of the branching diffusion
process. Let (1,x) € A% and 7 : 2° — R* be a FO-stopping time such that t > ¢, then
7= (XX o )isa Ft-stopping time in the probability space ({2, F, P), which is clearly inde-
pendent of T'!.

Lemma 3.4. Suppose that Assumption 2.2 holds true, let (t,x) € A°,0 <s < T —t and 7 be
given above. Then we have

_ ap, (t + Ty, XX Kn)
EP[&DI,X | }—i.ﬂ] = (Hnﬂil ! Pnl Iexc,v( + s, I’XX,k) 3.3)

and
v(t,X) = Ep[v(f, D (L)) PP

n ay (t + 71, t’xX.(l))
Pn

v + T, ”XX_(I))I,+TI<{|. (3.4)

Proof. First, following the arguments of Lemma 3.1, we know
LE(M; = My, (gt ) j=1, WDy | Ny = 1, My =)
= LY (M, (I)) jz1, Whiz1).
Together with the flow property of SDE in (2.10), it follows that

gp| (i @+ T, ex x Ky
n=M;+1 DI

)ernr,x/f(”"x") Ny=1,M =i,

k€ Ks, (t’xxf)tSrswrs} = v(r 45, "*X5).

Then by the independence of evolution of every particle in Ky, (3.3) holds true.
For the second equality, we consider a regular conditional probability distribution (r.c.p.d.)
Pz)oen of Pwr.t. U(BSA)_) (see also Stroock—Varadhan [19] for the notion of r.c.p.d.). Then for

every @ € {2, we have ]P’@(BS(D = B§1)(é)), 0<s < f(cb)) =1 and (Bfl), s > f(c?))) is still

a standard Brownian motion under Pg. In particular, P (X§l) = X§l)(d)), 0<s< f(c?))) =1.
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Further, since 77 = 700 ig independent of the Brownian motions BW | then 799 is still an
exponential random variable under P, and

L5100 = (2(@) = 1) | T > (@) = 1) = £5(T°0) = €(B),
By adding 7 (@) on each side, it follows that
Lot 4T 1+ 700 > 2@)) = £7(2@) + 7).

By the expression of ¥; x and the fact that ]P’(;)<X§1) = Xgl)(c?)), 0<s< f(d))) = 1, we then
have

EP[O(W”" |17 > f(‘?’)) = £P<Wf(aa>,x.<“<c:>>)‘
Taking expectations, it follows that

B o[ W xliyrat@) | 1+ T > 2@)] = B[ W x |1+ T1 > 2(@)]

= v(#@), XV (@),

and hence by the independence of T} to “*X1 and 7, we have

EP[ @ x1iyrat] = EF[Wx L oslt + 11 > 2] PG + 11 > ©)

= EF[u(z, “XD) [P+ 71 > ) =B [u(2, X D)1, 7, )
Further, using similar arguments as in Lemma 3.1, by considering the distribution of ¥; x1,,7,<2
conditioned on ?ITI, we get
an (1 + 11, *xV)
P

EF[ W x Liyr<t] = EP[ v (1 4T, ”XX-(I))11+T|sf}’

which concludes the proof. [

Proof of Proposition 2.12. (i) First, it follows immediately from Proposition 3.3 that ¥, x is
integrable and |v(¢, x)| < p(T — 1)|¥]|o < Ro.

(i) Let t € [0,T] and x1,x, € 29, Tt follows then by Lemma 2.1 together with the
Cauchy-Schwarz inequality, that for every s € [t, T] and k € K:

B[ sup xf = x| < (1 + Il + Il It = el

I1<r=<s

for some constant C independent of X1, Xo. Then using the fact that (ax)o<k<n, and ¥ are all
Lipschitz in x,

vt x1) = vt 30)| < EF[| ¥y, = Wi [] < CD,ET| "X — P2 x| ]
< C(U+lIxtll + Ixalle) %1 — %2lls,
where Dy is defined in (3.1).

(iii) Let 0 < s <t < T, then it follows from Lemma 3.4 that

ay, (T, sxx5n
EP [Hnﬂélj % er’cffsv(t7 S’XX{{)} - v([ﬂ XS/\‘)

|U(S, X) - U(t, XS/\-)l =
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< C(sup D,)EF[ sup |x, — *Xx%]

S<r=t rels,t]

+ _
n=1 P,

= CA+[xl)vVe—s+ o) — o),
where ¢ is the unique solution of the ODE

£, Xg. _
EP [HMf—SM (U([,XM.))N’ 5:| —v(t, Xsn.)

ng
' (r)=p (Z a(t, x)¢>k(r) — d)(r)) with terminal condition ¢ () = v (¢, Xsa.).
k=0

Moreover, by the comparison principle of the ODE, |¢(r)| < p(r), Vr € [s, t]. Then |¢(¢) —
¢(s)] < C(t — s) for some constant C independent of (s, #, x), which implies that v is locally
(1/2)-Holder in¢t. [

Remark 3.5. When (ax)o<k<n, and ¥ are all constants, the value function v(z, x) is independent
ofxand ¢t > v(T — ¢, x)lt/f|a1 is a solution to ODE (2.6). Therefore, in spirit of Lemma 2.5,
Assumption 2.2 is also a necessary condition for the integrability of ¥y ¢.

4. The branching diffusion representation result

This section is devoted to the proof of Theorem 2.13.

We first consider a class of semi-linear parabolic path-dependent PDEs (PPDEs) and introduce
a notion of viscosity solution, following Ekren, Keller, Touzi and Zhang [5] and Ekren, Touzi
and Zhang [6,7]. Our objective is to show that the value function v, defined by our branching
diffusion representation, and the Y-component of the BSDE are viscosity solutions of the same
path-dependent PDE. Then, our main result follows from a uniqueness argument.

4.1. Viscosity solutions of PPDEs and FBSDEs

We consider a PPDE which is linear in the first and second order derivatives of the solution
function. This is a simpler context than that of [5—7]. As a consequence, following Remark
3.9 in [6], we use a simpler definition of viscosity solutions. We shall also provide an (easy)
adaptation of the arguments in [6] which relaxes their boundedness conditions, thus allowing the
terminal condition and the generator to have linear growth.

4.1.1. Differentiability on the canonical space

For all ¢ € [0, T], we denote by 2! == {w € C([t, T], Rd) : w; = 0} the shifted canonical
space, B’ the shifted canonical process on §2', F' the shifted canonical filtration generated by
B', P, the Wiener measure on {2’ and A" := [¢, T] x £2".

Fors <1, w € 2 and o’ € §2', define the concatenation path ® ®; o’ € 2° by

(0®; ) (r) = o, Li<p<t + (o + a);)ltgrsT, Vrels, TI.

Leté € ]-'g and V be a ]Fo—progressive process, then for every (¢, ) € A%, we define £/ € .7-"T
and (Vst’w)tfssT by

%0 = E(0® o), VEP (o) = Vi(w® o), Yo' € 0. 4.1
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Following Ekren, Touzi and Zhang [6,7], we define some classes of processes in A, ¢ > 0. Let
CO(A") be the collection of all F’-progressive processes which are continuous under the norm
d~o, Where

doo((s, @), (', @) = |s = 5'| + sup |wgar — @l |, Vs, ), (s, ) € A
t<r<T
Denote by Cg(/l’ ) (resp. UC(A")) the collection of functions in C%(A?) which are uniformly
bounded (resp. uniformly continuous), and U Cj(A") := UC(A") N Cl?(/lt ).
Next, denote by XX the solution of the SDE on (2!, FF., Py):

s s
X;=X;, Vs<t and X; =x,+/ u(r, X.)dr—}—/ o(r, X‘)dBﬁ, Vs > t. (4.2)
t t

Clearly, XX under IP{, has the same law as that of “*X introduced in (2.2) under Pg. We denote
the induced measure on the shifted space 2/ by:

P;x =Pyo (XO”’X - X,)_l and Py =Pyy. 4.3)

Remark 4.1. Let (1,x) € A% © > r be a F'-stopping time on 2!, & € Fi and (Py,)pepn be
a regular conditional probability distribution (r.c.p.d., see Stroock—Varadhan [19]) of PP; x w.r.t.
FV, then clearly, EFe[£] = EFt@.0[7@)@] for P, y-a.s. 0 € 2.

Forevery s € [0, T) and u : A — R, we introduce the Dupire [3] right time-derivative of
u defined by the following limit, if exists,

u(t +h, o) —u(t,w)
W )
ohu(T, w) = t<%irtn_)T oru(t, w).

< T, and

oru(t, =1
(u(t, w) h%l

Definition 4.2. Let u be a process CO(A"). We say u € C12(A") if 8,u € CO(A") and there exist
dpu € CO(A",RY), 82, u € CO(A', S?) such that for all r > 1,

’ Yww

1
du, = (0;u)rdr + (Opu)r - d By + E(awwu)r :d(B);, Prx-as. 4.4)

If, in addition, u € CY(A"), we then say u € C*(A").

It is clear, for s < t,w € 29 and u € C12(A%), we have u"® € C1-2(A).

Finally, for all z € [0, T], we denote by 7" the collection of all F’-stopping times 7 such that
{w: t(w) > s}isanopensetin (2, ||-||7) forall s € [z, T], and by 71 the collection of stopping
times T € 7' such that T > r. The set A’ (1) = {(t,w) € A" : t < 7(w)} is the corresponding
localized canonical space, and we define similarly the spaces C O(/l’ (), C l*2(/1’ (1)), etc.

4.1.2. A path-dependent PDE

In this section, we do not need the restriction that the generator has a power series represen-
tation in y as in (2.4). We then consider a slightly more general generator F: xR >R
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such that (¢, w) ——> F (t,w, y) is Fo-progressive for every y € R. Consider the second order
path-dependent differential operator:

Lo =00+ 1-0,0+ %O’O‘T : af)wgo. 4.5)
Given a Fr-measurable r.v. £ : 2° — R, we consider the path-dependent PDE:

—{Lu+FC,wlt, @) =0, Y@, o) el0,T)x 2° (4.6)
with terminal condition u (T, ®) = &(w), Yo € 2°.
Assumption 4.3. There is a constant C such that sup, <7 |f (t,0,0)| < C, and

[F(t,0,y) = Ft, 0 y)| + @) = §@)] = C(ly = ¥ + llo = &'lI7),

forevery r € [0, T1, (», y), (o', y) € 2° x R.

We denote by U the class of functions u defined on A° satisfying, for every M > 0, there is
some continuity modulus pys such that

u(t,w) —u(t', ") < py(deo((t, ), (', @)),
whenever ¢ < t' and ||o|| < M, ||| < M,

and by U the class of functions u such that —u € U; we next introduce, for every F0-adapted
process u, two classes of test functions:

Au(t, w) = {go eCl(A) e T, (p —u"?),(0) = min EFre[(p — u"“’)m]},
teT!

Au(t, w) = {go eCl2(A) T eT!, (¢ —u"?),(0) = max B[ (p — ul’w),AH]}.
tel!

The next definition requires the following notation for the path-dependent second order
differential operator on the shifted canonical space: for all (s, w’) € A’,

1
(L09)(s. ) = drp(s. o) + (U D) (s, @) + 5 ((00T)" 1 5,0) (5. ).

Definition 4.4. Let u : A° — R be a locally bounded F%-progressive process.

(1) We say that u € U (resp. u € U)is a viscosity subsolution (resp. supersolution) of PPDE
(4.6) if, for any (1, w) € [0, T) x 29 and any ¢ € Au(r, w) (resp. ¢ € Au(t, w)), it holds
that

(-2 = )} 0,0 = res. 20

(i) We say that u is a viscosity solution of PPDE (4.6) if it is both a viscosity subsolution and a
viscosity supersolution.

Remark 4.5. (i) In Definition 4.4, we restrict ourselves, without loss of generality, to the test
functions ¢ € A (resp. A) such that (¢ — u"?),(0) = 0.

(i1) Similar to Remark 3.9 of Ekren, Keller, Touzi and Zhang [5], we can easily verify that
under Assumption 4.3, for every A € R, u is a viscosity solution to (4.6) if and only if
i(t, w) := T Dy(z, w) is a viscosity solution of

—Lii — Fy(.,ii) =0, where Fy(f, », y) i= —Ay + e“f(l, w, e‘“y).
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(ii1) Similar to Remark 2.11 of [5], we point out that in the Markovian setting, where the
PPDE (4.6) reduces to a classical PDE, a viscosity solution in the sense of Definition 4.4 is
consistent to the viscosity solution in standard sense, by the uniqueness result proved below.

4.1.3. The existence and uniqueness of solutions to PPDE

This section follows closely the arguments of [5—7]. However, their results do not apply to our
context, because of the possible unboundedness of i and o. Moreover, the PPDE in our context
is linear in the gradient and the Hessian components, which significantly simplifies the approach,
see Remark 3.9 of [6].

The above viscosity solution to PPDE (4.6) is closely related to the following decoupled
FBSDE. For every (1, x) € A%, let X% be the solution of (4.2), (YO1:X Z0:1.X) be the solution
of the BSDE on (2", 7., P}),

T T
Yy = E(X*%) +/ F(r, XY, )dr —/ Z, -dB.. (4.7)
S s

By the Blumenthal 0-1 law, i’\to’t’x is a constant and we then define

@, x) = YO, (4.8)

For later use, we observe that, since the diffusion matrix ¢ is nondegenerate, the above BSDE
(4.7) is equivalent to the following BSDE on (2, FJ., P; x):

T T

Y, = £"%(B") + f F"X(r, B, Y,)dr — / Zy - (dB; — pu"X(r, B)ydr),
N N

where F'X is the shifted function of F as introduced in (4.1). Denote its solution by

(YOrx 70.1.X) then 20’“‘ = Y,O’t’X = (1, x) for every (t,x) € A°. Moreover, by Eq. (4.6)

of [6], we have the dynamic programming principle

T
YOI = it (e, BY) + / F™(r, B!, ¥"¥)dr

N

T
- / ZX'X (dBL — p"X(r, BNYdr), Px-as., (4.9)

s

forall (r,x) € A%and 7 € T".
Now, let us provide a representation of PPDE (4.6) by BSDE and a uniqueness result, whose
proofs are very close to that in [5-7], and we hence complete them in the Appendix.

Theorem 4.6. Let Assumption 4.3 hold true.
(i) There is a constant C > 0 such that V(t, ), (', o) € A,
|i(1, w) — (1, )| < C(loll: + 1) (V 1t = '] + o — @) lIT)-
(ii) # is a viscosity solution to PPDE (4.6).
Theorem 4.7. Let Assumption 4.3 hold true, u', u?> be two FO-progressive cadlag processes
on 20 with corresponding jumps Au' > 0 > Au?. Assume that u' (resp. u®) is a viscosity

subsolution (resp. supersolution) of PPDE (4.6), and ul(T, ) < E() < u*(T, ). Then u! < u?
on A°.
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4.2. Proof of Theorem 2.13
Finally, we can complete the proof of our main result which gives a representation of BSDE
by the branching process.

Proof of Theorem 2.13. By Theorems 4.6 and 4.7, we only need to show that v is a viscosity
solution of (4.6) with terminal condition v and generator Fj,, defined in (2.14) following
Definition 4.4. We shall only show the subsolution part. Moreover, we recall that in the branching
process, the process *X 1) associated with the first particle is extended after its default time 7}
by t”‘X‘gl) = 'X(s, BvD) for all s € [t, T], where B-() is defined by B,t;(;) = WS1 for all
selt,T].

Suppose that v is not a viscosity subsolution of (4.6), then by Definition 4.4 and Remark 4.5,
there is (79, wp) € A° and ¢ € Av(tg, wo) such that v(ty, wg) = ¢(ty, 0) and

— Lo(ty, wo) = —Le(to, wo) — BGp(ty, wp) = ¢ > 0, (4.10)
where L is defined by (4.5) and

ngy
Go(t,0) =Y axlt, 0)¢"(t, ©) — (1, ).

k=0

Without loss of generality, we suppose that 7y = 0. Then %“0 x () = 0.0x (D Further, it follows
by the continuity of functions ¢ and v in Proposition 2.12 that for every ¢ > 0, there is H € ’L?

such that for every ¢ € [0, T] (with T := H(O~0X_(l))),
(e, %X D) = v(0.0)[ + [Ge(r. *OXP) — Gu(r, *OxP)e | < e,
and

—Lo(t, "0x M) > ¢/2.

Clearly, T is a Fo—stopping time (see (2.11)) in probability space ({2, F, IP). Denote H, = H A &
the FO-stopping time on (£2°, 7%, Py), 7, := T A h and X, = O'OX,(I) the Fo-stopping time and
process on ({2, F, P), it follows from Eq. (3.4) of Lemma 3.4, together with (4.10), that

EP o, BY) — v, BY| = B0, X) = v(@, X))
- EP[¢@,, X.) = ¢(0,0) + v(0, 0) — v(%, X.)]
= E*[ 0@, X) = 9(0.0) + Go(T1, X) 15,1,
+EF[(o(Ti, X) = v(@E X)) 527 |
B[]
T
—E[/ (ﬂgw, X)) — Gu(t, X.),Be’gt)dt:|
0

—I—EPI:(U(Tl, X.) — v(ty, X-))lthTl]

< (—g +ef +2¢) EF[7] <0

A
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for & small enough, which is in contradiction with the fact that ¢ € Av(zy, wp) (see its definition
below Assumption 4.3). Therefore, v is a viscosity subsolution of Eq. (4.6). [J

5. Numerical examples

In this section, we provide two numerical illustrations of our representation result, and the
corresponding numerical implications.

5.1. A two-dimensional example

Let us consider the following two decoupled FBSDE:s:
dXt ZUXtdBt, X()= 1, (51)
dY, = —B(F(Y,) — Y,)dt + Z,d B, (5.2)

with terminal condition Y7 = ¥ (X7, A7) and A, = f(; Xids, and the non-linearity F is given
by Fi(y) = y? or F>(y) = —y?. Itis clear that the solution ¥ can be given by the unique solution
of PPDE
5 _ l 2 202 _ _
cu(t, w) 20 w;0,,u(t,w) — F(u(t, w)) =0,

with terminal condition u(7, ) := ¥ (w7, fOT wsds).

On the other hand, by adding a variable a, one can characterize the solution of FBSDE (5.1)
by some function v(¢, x, a) which is a classical viscosity solution of the following two PDEs:

1
3 vl + x04v1 + 502x2a§,(u1 + Bl —vy) =0, vi(T, x,a) = ¥(x,a) : PDE1 (5.3)

0;U + X0,V + 102x232 vy + ﬂ(—v% — ) =0,
2 = 5.4

v(T, x,a) = ¥ (x,a) : PDE2.

These two-dimensional PDEs can be solved by a finite-difference method, which provide a
benchmark for the evaluation of the performance of our Monte Carlo algorithm.

In our numerical experiments, we have taken a diffusion coefficient o = 0.2 and a Poisson
intensity B = 0.1, and the maturity 7 = 2 or T = 5 years. For T = 2 years (resp. 5 years), the
probability of default is around 0.18 (resp. 0.39). The terminal condition is ¥ (x, a) = ( % —Dt.

In comparison with the KPP type PDE with Fj(y) = y?, the replacement of the non-linearity
y2 by —y? has added the term (—1)"7~! in the multiplicative functional (see Eq. (2.12)), without
changing the complexity of the branching diffusion algorithm. More precisely, we have:

Nt ) )
v1(0, Xo, Ag) = Eo []‘[ ¥ (X] ,AIT):|, (5.5)
i=1
v2(0, Xo, Ag) = Eo.x [(-UNT_I [Tvxs, AlT)i|- (5.6)
i=1

Our branching diffusion algorithm has been checked against a two-dimensional PDE solver
with an ADI scheme (see Tables 1, 2). The degenerate PDEs have been converted into elliptic
PDEs by introducing the process A; = f(; Xsds + (T — t)X;, satistying dA; = (T — t)dX;.
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Table 1

MC price quoted in percent as a function of the number of MC paths 2V. PDE pricer(PDE1) = 5.54. PDE
pricer(PDE2) = 5.17 (CPU PDE: 10 s). Maturity = 2 years. Non-linearities for PDE1 (resp. PDE2) F(u) = u? (resp.

Fr(u) = —u?). For completeness, the price with 8 = 0 (which can be obtained using a classical Monte-Carlo pricer)
is 6.52.

N Fair (PDE1) Stdev (PDE1) Fair (PDE2) Stdev (PDE2) CPU (s)
12 5.69 0.16 5.36 0.16 0.1

14 5.61 0.08 5.23 0.08 0.6

16 5.50 0.04 5.15 0.04 1.5

18 5.52 0.02 5.16 0.02 5.9

20 5.53 0.01 5.16 0.01 23.6

22 5.54 0.00 5.17 0.01 94.1
Table 2

MC price quoted in percent as a function of the number of MC paths 2N PDE pricer(PDE1) = 7.24. PDE
pricer(PDE2) = 5.51 (CPU PDE: 25 s). Maturity = 5 years. Non-linearities for PDE1 (resp. PDE2) F(u) = u? (resp.

Fr(u) = —u?). For completeness, the price with § = 0 (which can be obtained using a classical Monte-Carlo pricer)
is 10.24.

N Fair (PDE1) Stdev (PDEI) Fair (PDE2) Stdev (PDE2) CPU (s)
12 7.40 0.25 5.63 0.26 0.3

14 7.28 0.12 5.60 0.13 1.1

16 7.20 0.06 5.47 0.07 4.3

18 7.24 0.03 5.48 0.03 17.0

20 7.24 0.02 5.50 0.02 68.3

22 7.24 0.01 5.51 0.01 272.9

The computational experiments were done using a PC with 2.99 GHz Intel Core 2 Duo
CPU. Note that our algorithm converges to the exact PDE result as expected and the error
is properly indicated by the Monte-Carlo standard deviation estimator (see column Stdev). In
order to illustrate the impact of the non-linearity F on the price v, we have indicated the price
corresponding to 8 = 0.

5.2. An eight-dimensional example

We would like to highlight that the high-dimensional case can be easily handled in our
framework by simulating the branching particles with a high-dimensional diffusion process. This
is out-of-reach with finite-difference scheme methods and not such an easy step for the classical
numerical schemes of BSDEs which require computing conditional expectations. In order to
illustrate this point, we have implemented our algorithm for the following decoupled FBSDEs

dX! =o;X!dB!, d(B', B), = & ;dt, Xo=1, i, j=1,...,4, (5.7)

4
dY, = —B(F(Y,) = Y,)dt + Y _ Z|dB], (5.8)

i=1
with terminal condition Y7 = ¥ (X7, A7), Ai = fot X éds, and the non-linearity F is given by

Fi(y) = y*or F2(y) = —y% X; = (X!);—1,_4 define a 4d uncorrelated geometric Brownian
motion and we have 4 path-dependent variables A; = (A});=1,.. 4. Similarly, the solution is
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Table 3

MC price quoted in percent as a function of the number of MC paths 2. Maturity = 2 years. Non-linearities for PDE1
(resp. PDE2) F(u) = u? (resp. Fo(u) = —uz). For completeness, the price with 8 = 0 (which can be obtained using a
classical Monte-Carlo pricer) is 3.29. The average number of descendants generated is 1.22.

N Fair (PDE1) Stdev (PDE1) Fair (PDE2) Stdev (PDE2)
12 2.77 0.08 2.67 0.08

14 2.69 0.04 2.60 0.04

16 2.71 0.02 2.62 0.02

18 2.72 0.01 2.63 0.01

20 2.74 0.00 2.65 0.00

22 2.74 0.00 2.65 0.00

Table 4

MC price quoted in percent as a function of the number of MC paths 2N, Maturity = 5 years. Non-linearities for PDE1
(resp. PDE2) F|(u) = u? (resp. Fo(u) = —uz). For completeness, the price with 8 = 0 (which can be obtained using a
classical Monte-Carlo pricer) is 5.24. The average number of descendants generated is 1.65.

N Fair (PDEI) Stdev (PDE1) Fair (PDE2) Stdev (PDE2)
12 3.35 0.11 2.99 0.11
14 3.40 0.06 3.04 0.06
16 3.38 0.03 3.01 0.03
18 3.38 0.01 2.99 0.01
20 3.38 0.01 3.00 0.01
22 3.38 0.00 3.00 0.00

related to the non-linear 8d-PDEs
dv1 + Lv + B —v1) =0, vi(T, x,a) = ¥(x, a) : PDEI (5.9)
d vy + Lvy 4 B(—v3 —v2) =0, v(T, x,a) = ¥(x,a) : PDE2 (5.10)

with £ = % Z?:l al?a)%,_ + Z?:l X;0g; . In our numerical experiments, we have taken a diffusion
coefficient o; = 0.2, a Poisson intensity 8 = 0.1, and the maturity 7 = 2 or T = 5 years. The

terminal condition is ¥ (x, a) = (# — Dt

These eight-dimensional PDEs suffer from the curse of dimensionality and we are unable to
solve them by a finite-difference method. In the particular case of a constant terminal condition
vi(T,x,a) = va(T,x,a) = 1/2, these PDEs reduce to ODEs which can be integrated out
explicitly: v1(0, Xo,0)~" = 1 4+ €T, v2(0, X0, 0)™' = —1 + 3¢PT. As a simple preliminary
benchmark, we have checked that our numerical algorithm reproduces exactly these solutions.

In the case of the non-trivial payoff ¥ (x,a) = (% — )T, we have checked that our
branching diffusion algorithm converges (see Tables 3, 4). We also report the average number of
descendants generated up to the maturity 7. As far as we know, we are not unaware of alternative
numerical methods for solving such a non-linear 8d-PDE.
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Appendix

Here we complete the proofs for Theorems 4.6 and 4.7, where the arguments are mainly
adapted from that in Ekren, Touzi and Zhang [6,7].

Proof of Theorem 4.6. (i) is proved in Proposition 4.5 of [6], since our BSDE (4.7) is a
particular case to their Eq. (4.4). It is in fact an immediate consequence of Proposition 2.1 in
El Karoui, Peng and Quenez [8] together with the estimation in Lemma 2.1.

(i) We adapt the arguments in the proof of Proposition 4.5 [6] to our context. We only show
that & is a viscosity subsolution. Assume # is not a viscosity subsolution, then there exist
(t, w) € A% and ¢ € Aii(, w) such that

ci=—L%(t,0) — F*(t, 0, i(t, ®)) > 0.
Without loss of generality, we may also assume that ¢(z, 0) = (¢, w). Denote, for s € [¢, T,
Y. :=¢(s,B"),  Z.:=0d,0(s,B), Yy =Y Yo
8Zg = Z; — Z?’t’w.
Applying It6’s formula, we have P; , — a.s,

d(8Yy) = [(ﬁt’ww)(s, B') + F'“(s, B', fso”"”)]ds +8Z - (dB — n"“(s, B')ds)

= [(Lt"”(p)(s, Bh + f”‘”(s, B'.Y))+ oe‘YBYs]ds
+68Z - (dBL — (s, B ds),

where « is a IF’-progressively measurable process bounded by the Lipschitz constant L of Fin

Y. .
Observing that Y/ = ¢(t, 0) = (¢, w) and §Y; = 0, we define a stopping time

H:=T ninf{s >t : =L"“¢(s, B) — F(s, B', (s, B")) — Lo|8Y,| < c/2}.
Then by the continuity of £/*“¢ as well as F, we have H € 7. | and
—L"g(s, By — F"*(s, B!, ¥)) — a;8Y, > ¢/2, foralls € [, H].

Now for any T € 7" such that T < H, we have

T
0= 8, = 87, — / (£ 20) (5. B + F(s, B V) + a8, |
t
T
- f 8Z - (dB; — (s, Bf)ds)
t

> @(t, B" —i"“(t, B) + c(vr — 1)/2 — /T 8Z - (dBf — (s, B'ds), (A.1)

t

P, »,-a.s. We recall that P ,, is defined by (4.3), under which the canonical process B’ is a solution
to SDE (4.2). Therefore,

/ dB! — (s, B'ds
t

is a [P, ,»-martingale. By taking expectation on (A.1) under P, ,, it follows that ]Eip"“’[((p —
i"®)(zr, B")] < 0, which contradicts the fact that ¢ € Aii(t, w). 0O
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In preparation of the comparison principle in Theorem 4.7, we first introduce two extended
spaces Qtl,’az)(/lt ) and 5;”2(/1’ ) of C12(A%) and derive a partial comparison principle as in [6,7].

Definition A.1. Let (7, w) € A% u : A" — R be F-adapted.

(i) Wesay u € ch (/1[ ) if there exist an increasing sequence of F’-stopping times in 7" : t =
y Liw g seq pping
79 < 1] < --- < T such that,
@ 7 < Ti+1 whenever 7; < T,andforall ® € (2, the set {i : 7;(®) < T} is finite;

(b) Foreachi > 0and @ € (27, L’_(lw) @ ¢ T1@ apd T (@)6 ¢ C1 2(/lfl(“’)( 1(1‘:))‘5’));
(c) u has non-negative jumps (Au > 0), and

Ti+1
EFre [Z f |£"“’u‘2 + |o’~wawu|2)(s, B’)ds] < 00. (A2)
i>0 YT
(ii)) We say u € C (/1’) if —u € C, (/1’)

Lemma A.2. Suppose that Assumption 4.3 holds true. Let u' be a viscosity subsolution and u*
be a viscosity supersolution of PPDE (4.6) such that ul(T, ) < uz(T, S Af ul € Q(l)’é(/lo) or
u’ e 6(1)23(/10), then u' < u? on A°.

Proof. We follow the lines of Proposition 4.1 of Ekren, Touzi and Zhang [7]. Suppose that
ul € Q(I)’S(AO). First, let us show that, forevery i > 0 and w € QO,

1 2 P (w),0 1% (@),0 2.7 (w),w +
(u —u )r(w)(w) < E i), [((u )ml(w) —(u )Tm(w)) ] (A.3)

Without loss of generality, it is enough to consider the case i = 0, where P (4),» = Px for all
€ {2. Assume to the contrary that

2Tc = (uy — ud) ™ — EX[(ul, — ”%1)+] >0,

71

we set

X ':(ul—u2)++ct Y; .= sup E

t - t t > t - P t[Xr/\rl]v
teT!

™ =inf{r >0: X, =Y} <1,
where E;[¢](w) = EFro[¢h®] = EFX[¢|F;](w). We notice that the conditional expectation E;
is defined by using shifting operators, and in this case the supremum in the definition of Y is the
same as that of the essential supremum (see also Theorem 2.3 of Nutz and van Handel [15] for
details of a similar problem). In particular, Eg[-] = EPx[.]. Then (Y1):>0 is a supermartingale,
(Yiar+)s>0 is a martingale and t* is an optimal stopping time for the problem sup, .70 Eo[X:].
It follows that

Eo[X+] = Eo[Yer] = Yo = Xo = 2Tc + E [ (ul, —u2)"] = Te + Eo[X4,].
Then there exists w* € £2° such that t* := t*(»*) < 7;. And therefore

W' — )T (%, ") + ct* = Xpr (@) = Ve (0*) > Epe[ X7, | > ct¥,
which implies that 0 < (u' — u®)*(*, *). Set ¢(t, w) = W™ (¢, w) + c(*). Then
@ € CV2(A” (1)) since u! € C12(A(11)). Moreover, let

H=inf{r > 1*: utl—u,2§0}/\r1 € T_ﬁ*.
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Then for every t € T,
@ — @), 0) = Xpr(0") > B[ Yeru] (@)
> Ep[Xeau] (@) = EFo [ (¢ — @)

r/\H]’

which implies that ¢ € Au?(t*, w*). It follows that
0<{-Lp—F(C, o)} *, 0" < —c— (—Lu' = F(,u))) ", o),

which contradicts the fact that u! is a subsolution and we hence prove (A.3). Further, since
(P2 (w),w)wes induces a r.c.p.d. of Px w.rt. F7; (see Remark 4.1), it follows by (A.3) that for
every i > 0,

' —uo < Eo[(u' —ud)}].

By sending i — oo, we get that (u! — u?)o < Eo[(u' — u2)}'] = 0, which completes the proof
of u(l) < u(z). O

Proof of Theorem 4.7. We follow the lines of the proof of Theorem 7.4 of Ekren, Touzi and
Zhang [6], where a comparison principle for PPDE (4.6) was proved in case o = 4. In spirit of

Remark 4.5, we suppose without loss of generality that F' decreases in y.
For every ¢ > 0, we denote

05::{xeRd:|x|<8}, 58:={x€Rd:|x|§8},

30: = f{x eRY: x| = ¢);

O =[t,T) x O, O =[t,TI x Os,  00¢:=([t, T] x 80,) U ({T} x O;).
Let fo = 0,xp = O, (;)i>1 be an increasing sequence in (0, 7] with t; = T when i is large

enough, and (x;);>1 a sequence in R?. Set 7w = (1, xi)i=o0 and m, = (¢, x;)o<i<n. Given m,
and (7, x) € Osn, define

Hy"® ==inf{s > ¢ : |[B' + x| = e} A T,
t,x,e . . t,x,e . t t
H; [ =inf{s > H;7" ¢ |Bj — Ble_,x.e| =¢etnT.

For t € (1,,T], let BETnid (w) denote the continuous path on [0, 7] obtained by linear
interpolation of the function b(#;) := lezo xjfor0 <i < nandb(H;™®) = Z?:o xj +
x4+ B;,_X‘g(w) for all i > 0. Define

09;(77;1; (l, X)) = yf,mz,l,x’
where, omitting the superscripts ©™*,  is defined under P, 3 by

T T

yv = é:(B) +f F(V, Z B'/\Hlt.,x,sI[H?x,s’Hlt‘iis), y,)dr - / Zr(dBr — ,bL(}", B)d}"),
N iE*] N

with H'_’)i’g := t. Then clearly, for every n and m,,, the deterministic function 6 := 6/ (m,; -) is

the viscosity solution of the standard PDE on O :

1 ~
— 8,0° — ju(s, &@™)DOE — anT(s, &™) : D*0F — F(s,0™,05) =0 onOf, (A4
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with terminal condition 67 (7,: , x) = 07| (7, (¢, x); 1, 0) on dO; , where @™ := B?A”,Tn””’x is

deterministic, and 6% (7r,; T, x) = £(@™) when 1, = T. Further, since ool is non-degenerate,
it follows from Proposition 7.2 of [6] that for every § > 0, there is 9-;,3 eC 1’Z(Ofn ) which is
a classical supersolution of (A.4) such that 9_,2’8(71,1; t,x) > 07 (my, (t,x);£,0) on 30; and
|9_,"f"s —62] <8 on 5;. Let 6, = ¢/2", Hf = H?’O’a, and B be the linear interpolation of
(Hf, By )i>0. Define

o0

Vet ) = Z(sn + 65 (5, Bug)osi<ns 1, By — BH;,)) Ing w2, )
n=0
and denote
DE . ne )
B‘ — Z B./\H;,X,gI[Hit,x,s’Hitfl,s).

i>—1

One can check straightforwardly that —1/* satisfies the conditions of Definition A.1(c), ¥*(T, w)
> &(B?), and

— 0" — s, B 009" — (5 B 1 duy® — (s BE 976, B)) 2 0. (A)

Then Y := ¢, Z := 3,y satisfy the BSDE
~ ~ T -~ ~ ~ T ~ ~
Yy = V., +/ F(r, B, Yr)dr —/ Zr(dB, —M(r, Bf)dr), Py-as.
N N

on every interval [H;, H;+1) such that supg<, <7 [Vr — 17,| < &, which implies that (A.2) holds
true for ¢ and hence ¢¢ € Féjé(/lo). Notice that || B — B|| < &, then for some constant C,

|E(B°) —&(B)| < Ce,  |F(s, B®,y) — F(s, B, y)| < Ce.
Set

Vo= Yf +2Ce[1 4+ T —1],

one can verify that ¥ € 6(1)33(/10) is a viscosity supersolution of (4.6), and it follows by the
partial comparison principle in Lemma A.2 that u' (0, 0) < ¥ (0, 0). Similarly, we can construct
a viscosity subsolution ¥ € Cy'g(A°) such that u>(0, 0) > (0, 0) and [i — | < 4C[2+ Tle.
By sending ¢ — 0, we conclude the proof. [
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