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Abstract

We study several different numerical methods for solving Backwards Stochastic Differential
Equations and Partial Differential Equations. The main methods reviewed are a least-
squares Monte-Carlo method, and a method utilizing Artificial Neural Networks: the Deep
BSDE method. We implement both algorithms and compare their performance solving a
BSDE to find the fair price of a financial option in an incomplete market. We find that
the Deep BSDE method can provide similar approximation efficiency to the Monte-Carlo
algorithm with a limited number of partition points, but outperforms it as the number of

partition points increases.

In addition, we examine another technique that utilizes artificial neural networks to solve
Partial Differential Equations directly, the Deep PDE Method. This method provides so-
lution dynamics across the entire domain of the problem, as opposed to the Deep BSDE
method which provides solution dynamics only for a small subset of points in the domain.
This method is computationally intensive to train, and also requires bounded domains and
boundary conditions and bounded domains, unlike the Deep BSDE algorithm where the
domain is unbounded. It remains a future research question to see whether the Deep BSDE
method could be modified to work with bounded domains or if the Deep PDE Method could

somehow be expanded to work on unbounded domains.
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Introduction

In the area of mathematical finance and stochastic control, it is desirable to understand
the movement of a particular process which has both deterministic elements as well
as stochastic noise. An example of this is how to model the value of a stock. Given
there are no large shocks to the market, we may consider the price to be increasing
in a deterministic fashion, but also containing random noise. In a general form, we

can use the following equation to model this sort of process:

dXt = b(t, Xt)dt + O'(t, Xt)dBt

where B, is taken to be a standard Brownian motion over the given probability space.
The solution {X;}cpm to this equation is a stochastic process which takes values
in R?.  Stochastic equations are used to model many different phenomena where
the underlying process is inherently uncertain. A backward stochastic differential
equation (BSDE) is defined using an underlying stochastic process X; as above. A

simple BSDE may be of the form

dY; = g(t,Y;)dt + ZdB,

Yr = h(X7),

for given functions g and h. The solution to the above BSDE for given functions
is given by a unique tuple (Y, Z) of processes adapted to filtration generated by the
Brownian motion B. The process Z is required as part of the solution to force the
solution to be a process adapted to the underlying filtration generated by the Brownian
motion B,[T]

BSDEs are similarly used to model financial options and derivatives in mathemat-
ical finance, but also have an interesting application in finding solutions to certain
types of PDEs. In particular, there is a strong relationship between solutions of SDEs
and BSDEs and various classes of Partial Differential Equations (PDEs). This rela-

tionship has been exploited for many years to find numerical solutions to PDEs by

I'These definitions can be found in the appendix if required.
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first solving an associated BSDE (given explicitly by the Feynman-Kac relationship),
and then using that solution to find a solution to the corresponding PDE. Gener-
ally, this probabilistic approach was used to solve PDEs, and the extension from the
traditional Feynman-Kac methods to a larger class of PDEs involved extending the
original link, which only utilised SDEs to represent solutions to elliptic PDEs, to
classes of parabolic PDEs of both quasi-linear and semi-linear types, the solutions of

which could be represented using solutions to BSDEs of appropriate form.

For many years, BSDEs were solved numerically using various Monte Carlo numerical
methods, such as those given in [4] [5] [11] among many others. Although these
methods were capable of finding the solution to a given BSDE they were constrained
by the amount of computation time required to find a solution, especially as the
dimensionality of a given problem increased. In particular, these methods are affected
by the “curse of dimensionality”: as the dimension of the underlying problem increases
the computation complexity to find an approximate solution to the problem increases
exponentially in time. Thus these methods become infeasible to use for approximating
solutions once a certain number of dimensions in the underlying problem is reached,

and a significant amount of study began to find methods to mitigate these issues.

Recent advances in numerically approximating BSDEs utilize artificial neural net-
works (ANNs) in order to aide in the approximation. This algorithm utilizes a merged
PDE and BSDE formulation in order to simulate the BSDE forward in time. By do-
ing so, the BSDE itself can be simulated at every step along with the SDE. A neural
network is used to simulate the Z stochastic process of the solution of a BSDE and
in the process of training this neural network, backpropagation is used to refine an
initial guess of the answer Y, of the BSDE to the actual solution. Since this simulation
manages to simulate both the SDE and the Z process of the BSDE in the same loop, it
avoids the exponential computational costs associated with Monte-Carlo algorithms,
which required the simulation of the entire underlying SDE prior to the simulation of
the associated BSDE.

In this thesis we will provide a historical overview of BSDEs, some information on
what factors allow for there to be solutions to these equations, and explore several of
the previously mentioned techniques for utilizing numerical solutions to these equa-
tions. In addition, we will explore alternative methods for solving non-linear PDEs

utilizing numerical methods. The first chapter will introduce BSDEs proper as well as
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certain variations of the simpler BSDE above. The second chapter will discuss numer-
ical approximations of the solutions of these equations using traditional Monte-Carlo
methods. The third chapter will give an overview of neural networks. The fourth
chapter will discuss the use of neural networks to solve BSDEs of various forms. The

final two chapters will be dedicated to future research steps and conclusions.

Notation

The usual n-dimensional Euclidean space is denoted by R™ throughout the sequel,
with || and (-, -) the usual Euclidean norm and inner product respectively. We again
consider a filtered probability space (€2, F, P) and denote by L%(£2, R™) to be the set

of all F-measurable R™-valued square integrable random variables.

Similarly, L%(0,T;R™) is taken to be the set of all F-progressively measurable pro-
cesses X which take values in R" such that E [ fOT | X (t)|2dt] < 00. We also denote
L*(F;) as the space of all F; measurable processes from [0,7] x R™ — R.

L% (Q,WE)(R™; R™) is the set of all function f : R" x © — R™ where w € Q —
f(z,w) is uniformly Lipschitz for every x € R™ as well as Fr-measurable for all x € R™.
In addition, f(0,w) € L%(Q;R™).

oz’ ) Oxp

A, f for some function f is the Laplace operator on that function, that is the square
of the gradient. A, f => " 2y

i=1 dx?

V f is the gradient of the function, for some function f(zy,...,z,), Vf = <ﬁ x ﬁ)



Chapter 1

Backward Stochastic Differential

Equations

1.1 Overview

Backwards Stochastic Differential Equations (BSDEs) are Stochastic Differential Equa-
tions where the terminal condition is given. In order to discuss BSDEs we first need
to understand some of the underlying theory. A basic knowledge of probability theory
is assumed. E] Every BSDE is built on top of a probability space equipped with a

Filtration. Formally we define a filtration in the following way:

Definition 1.1.1 (Filtration) Given a probability space (X, F, P), a sequence of o-
algebras given by (F)icpo,r) where Fy C F for allt € [0,T] is a filtration if it satisfies
Fs C F; for any pair s, t € [0, T] such that s < t.

A filtration

Definition 1.1.2 (Brownian Filtration) A Brownian Filtration is defined to be,

for some Brownian motion W; on the measurable space (R, Y),

Fi=o{W; (@0 <s<taex}

'For a review, check Appendix A.
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where o(A) is the smallest sigma-algebra generated by the set A.

The underlying filtration for any given BSDE is generally assumed to be a filtration
generated by a Brownian motion process denoted by W;. A filtration is meant to
represent the information available at a given time ¢t. For a given stochastic equation,
we want that at any time ¢ we can find the value of a given stochastic process only from
the information that we have experience in the past. For some time ¢, any process
that is Fy-measurable would have this property. If a process has this property, that

process is called adapted. More formally,

Definition 1.1.3 (Adapted Process) A process X, is adapted to the filtration F =
{Fi}iep,m when, for every time s € [0,T], X, is Fy measurable.

In general we want the solutions to our BSDEs to be adapted to the underlying

filtration. We now have what we need to properly define BSDEs and their solutions:

Definition 1.1.4 (Backward Stochastic Differential Equation) A Backward Stochas-
tic Differential Equation is a Stochastic Differential Equation defined over a probability

space (2, P, F) with an associated Brownian filtration. The equation takes the form

T T
Y, = YT—i-/ g(s,Y;,Zs)ds—/ ZdW, (1.1)
t t
Yr=¢£ (1.2)
Where £ is a given random variable, Wy a Brownian motion. A solution to a BSDE

is a tuple of the form (Y, Z;) where Y; and Z; are adapted random variables over a

Brownian filtration {F; }iepo,n-

Generally we call the given deterministic function ¢(t,y, z) the driver of the BSDE.
There are several categories of BSDE, each of which can be associated to larger classes
of PDEs.

10
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1.1.1 BSDEs with Lipschitz Drivers

Linear BSDEs are the simplest form of BSDE. Here, the driver of the BSDE g¢(¢,y)
is uniformally Lipschitz in y. This class of BSDEs were the first studied and give rise
to solutions of linear parabolic PDEs. Here, a solution is required only to be a tuple
(Y, Z) of stochastic processes. The process Z is necessary in order to ensure that the
solution is adapted. The process Z is essentially the gradient of Y. Note that here
there is not an underlying process X and this is essentially an SDFE where instead of
starting with an initial value, we start with a terminal value. Unlike PDEs, where this
is a simple change, for SDEs one need to worry about whether the process is adapted
to the filtration - that is, we need a process that does not depend on the values at a
future time to find its value at the current time. It is for this reason that the process
Z is introduced in the solution, as it allows us to create an adapted process where

this otherwise would not be possible.

Existence of Solutions

The existence of solutions to BSDEs under various constraints has been studied ex-
tensively. The first results along these lines were given in [30] by Pardoux and Peng.
It was first shown that BSDEs where the driver ¢ is a Lipschitz function have unique
solutions. If g(t,y, z) is Lipschitz and such that h(z) is an Fp-measurable random
variable with ||x||? < oo, then (g, h(x)) are said to be standard parameters of a given
BSDE according to El Karoui et al. With standard parameters, we can assert the

following theorem from [30]:

Theorem 1.1.1 (Existence of Solutions for BSDEs with Lipschitz drivers)
Consider a BSDE of the form . If the pair (g,Yr) are standard parameters, than

there exists a pair of stochastic processes (Y, Z) such that (Y, Z) is a solution of the
BSDE[L1l

This was the initial result given for solutions to BSDEs. There is a proof available in

[30], as well as a somewhat shorter proof in |10].

11
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1.2 Other Types of BSDEs

1.2.1 Fully-Coupled Forward-Backward SDEs

Forward-Backwards SDEs, or FBSDEs are BSDEs where there is an underlying pro-
cess X. This form of BSDE has been used extensively in financial applications where
the price of some financial option is given by Y and the underlying process represents
the stock or other asset that the financial option is based on. For our purposes we are
dealing mainly with the use of FBSDEs and their relationship to quasi-linear PDEs.

For this reason, we reproduce here a proof from [22].

There are several subclasses of FBSDEs which depend on the relationship between
the BSDE Y and the underlying SDE X. In the case that the value of X depends
upon the value of Y, in addition to Y relying on the value of X then the FBSDE is
known as a Fully-Coupled FBSDE. In the case where this is not true, then the FBSDE
can also be described as partially coupled. For instance, the Black-Scholes Model with
price impact can be simulated through the use of a Fully-Coupled FBSDE, where the
price of the put or call option is simulated by Y and the price of the underlying asset

is simulated by X.

1.2.2 Analytical Solutions to BSDEs

The most obvious way to find a solution for a given BSDE is to assume that Y is some
kind of function of X and ¢. This makes sense in the case where Y is a derivative of

some underlying asset X

An analytic method for solving BSDEs is the four step scheme described in [23]. Again
we consider a general BSDE of the form (1.1).

Assumptions for the Four-Step Method

The following assumptions are made in order to guarantee a solution to the following
fully-coupled BSDE:

12
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(A1)

(A2)

The fuctions b, 13, o, 6 and Y are smooth functions taking values in their re-
spective domains with first order derivatives in z, y, and z. These derivatives

are bounded by a constant L > 0.

We have that
o(t, X, Y)o(t, X, V)T > v(|Vi)IV(t, X, Y;) € [0,T] x R" x R™

for some positive continuous function v(-).

For any tuple (¢, x,y, z) € [0, T] x R" x R™ x R™*" the linear map &, (¢, z,y, z) €

L(R™*™) is invertible with inverse 6. (t, z,y, z) ! satisfying

||6’(t, x,Y, Z)_1||E(Rm><") < A(lyD

and for any (¢, z,y) € [0, 7] x R" x R™ the set

{6(t,z,y,2)|z € R™"} = R™"

and there exists a positive continuous function K (-) such that

sup{|z[o(t, z,y, 2)|o(t, 2,y, 2) = 0} < K(|y|)

There is a positive function p and constants C' > 0 and « € (0, 1) such that g is
bounded in C?T*(R™) and for all (¢, z,y,z € [0,T] x R® x R™ x R™*" we have
that

jo(t,2,9)| < p(lyl), 16t 2y, 0)] < ully)), [b(t,2,0,2)| < C

Four Step Scheme

Given we have a BSDE that satisfies the above assumptions, we have the following

way to attain a solution to the BSDE:

Step 1: Find a function of the form z : [0, 7] x R™ x R™ x R™*"  where

2(t,x,y,p) =po(t,x,y,2(t,x,y,p))

13
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for any 4-tuple (t,z,y,p) € [0,7] x R™ x R™ x R™*™,

Step 2: The above function should be used to solve the parabolic system for the
function ¢ : [0, 7] x R™

28+ Lt |54 (00T (L, 6, 2(, 2,6, 92))| + (bt .6, 2(t, 2,6, 52), %)
—h*(t, 2, ¢, 2(t, x, ¢, 52)) = 0, (t,z) € [0,T) x R*, 1 < k < m, (1.3)
o(T,z) = g(x),x € R™

Step 3: Use the above two functions to find a solution to the SDE

dX, = b(t, X;)dt + &(t, X,)dW,, t € [0,T],
XO =T,

where the functions b = b(t,x, ¢, 2(t, x, ¢, %)) and 6 = o(t,x, ¢, 2(t,x, P, %))
Step 4: We can now set

Y= 001, X0), Z = 2(1,2,0,00)

x

The four-step method makes some assumptions on the generator of the BSDE. In
particular it requires that the functions in the BSDE are Lipschitz continuous. Fur-
thermore it is not always the case that we can find analytic solutions to these problems.
Other analytical solutions to BSDEs require similar assumptions on the generator of
the BSDE, and therefore become impractical for BSDEs outside of the scope of these
assumptions. Therefore for such BSDEs, numerical methods and significant efforts
have been made to design and improve methods for solving these equations numeri-

cally, given how often such exceptions occur in fields such as mathematical finance.

14
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1.2.3 2BSDEs

A 2BSDE is a specific BSDE which has a driver of the form g(t, Xy, Y:, Z;, I';) where
here the term I'; refers to the second order derivatives of the BSDE Y. This is
equivalent to the gradient of the process Z, and so for a 2BSDE, we have the following

structure for the stochastic processes:

d}/;f = g(t7 Xt7 Y;fy Zt7 Ft)dt + thXt
dZt == Atdt + Ftht
Yr = h(Xr)

BSDEs have many applications, especially in mathematical finance where they can
be used to price certain financial instruments (see e.g. [19]). They also find use
in theoretical economics, optimal stochastic control among other areas. One of the
main attractions to them for mathematicians is their connection to PDEs through the

Feynman-Kac formula.

1.2.4 BSDEs with Quadratic Drivers

For quite a while the existence of solutions to BSDEs with only these standard param-
eters were proven. However, in 2000 the paper [20] proved the existence of solutions
for BSDEs such that the solution has quadratic growth in the process Z. This has
interesting implications for the resultant solutions of the BSDEs, and in particular
the domains that they are defined on compared to “standard” BSDEs of the form

discussed above.

In addition Kobylanski showed that there exists unique solutions for BSDEs of the
form [1.1] where the driver g(t,Y;, Z;) satisfies the inequality

l9(t,Y:, Z,)| < b+ | Zi]? as. (1.5)

15
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1.3 Feynman-Kac Connection for BSDEs

Consider the FBSDE given by

dXs = b(s, Xs)ds + o(s, Xs)dWs, t<s<T,

Xt =,
_dYS = f(S7X87}/;7 Zs)ds - stWsa 13 S &) S T;
Yr = g(XT)a

and the following PDE

n

ou 1 T
0__5_52(00)( 8x8mj

1,7=1 3,7=1

(t,x,u, Vu,),

u(T', x) = g(x)

Where u(t, ) : [0,7] x R — R is the solution to the PDE where we assume u is at

least C? and the following assumptions hold for b and o,

1. b(t,x) and o(t,x) are Lipschitz in x. That is, |b(t,z1) — b(t, x2)| + |o(t, 1) —
O'(t,l’g)’ < K’sz — LIZ'QH

2. We have |b(t, z)|? + |o(t, z)|* < K*(1 + |z]?).

3. ool is a positive definite d x d matrix.

It follows from Ité’s formula applied to u(s, X;) that

Ys = u(s, X;)
Zy = (6"Vu)(s, X,)

16
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which gives us the solution processes of the FBSDE system in terms of a solution «
of a PDE so long as u € C?(R x R™).

Furthermore, it is shown in for example [20] that a viscosity solution to the PDE is

given by

u(t,x) == Y"*(t).
It is however not possible to use a BSDE to find a classical solution to a given PDE.

For more on the relationship between non-linear PDEs and solutions to BSDEs, see

[40][20] or Appendix C for more information on this relationship.

17



Chapter 2

Monte-Carlo Numerical

approximations to FBSDEs

We consider the FBSDE given in the following form:

t t
X = X +/ f(s, X,)ds + / o(s, Xs)dWs,
0 0

T T
Y;f = h(XT> + / 9(3, Xsa YS) Zs)ds - / stWS‘
t t

Here X = (X; : 0 <t <T) is a d-dimensional stochastic process, represented in the
form of a forward stochastic differential equation (SDE) and ¥ = (Y;: 0 <t < T) is
a stochastic process represented as a BSDE. As usual, W; denotes an n-dimensional
Weiner Process, and h is a deterministic functional which determines the terminal
conditions of the BSDE. In the sequel, ®(X) is approximated by ®V(P/Y) where
(Pt]: )o<k<n is a Markov chain where the first components are given by the components

of (Xt]Z)OSkSN' Here, the P, are in fact projections onto subspaces of L*(R?).

18
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2.1 Assumptions

In general, the following assumptions are made to ensure the existence and uniqueness
of a solution (Y, Z) to the above BSDE,

(A1) The functions (¢,z) — f(t,z) and (¢, z) — o(t,x) are uniformly Lipschitz con-
tinuous with respect to (t,z) € [0,T] x R

(A2) [g(t2, 22, 42, 22) — g(ts, 21,51, 21)| < ClJt2 — ]2 + w2 — 1] + |92 — y1] + 22 — 21)
for any such pair (¢;, 2, i, 2;) € [0,T] x RT x R x R?, i = 1,2.

(A3) for any continuous function s' and s?,

|®(s') — (s*)] < C sup |s' —&7.
te(0,7)

An additional assumption is needed on the function ® in [11].

(A4) ®V(.) is Lipschitz continuous, such that supy |®Y(0)] < oo. Furthermore,
B[P} ko _ Py ho.2'|2) +E[Pt]:(;lfl’”"— t]: lfflx ] < C|x—2'|? uniformly continuous

in kg and N.

2.2 Euler Scheme for SDE approximation

In order to solve any given BSDE, there is an always an expectation to solve for
the underlying SDE. Thus it is first necessary to estimate that SDE, although this is
generally easier to do when the BSDE is decoupled. The underlying SDE for a BSDE
is discretized using a traditional log-Euler scheme. Here the interval [0, 7] is parti-
tioned by the sequence of times {¢;}¥ . Thus there are N + 1 different timesteps to
approximate the SDE on. The initial condition gives ¢y, and the remaining timesteps

are found using the following discretized SDE:
dXti = Xtiq + b(ta Xt—l)(ti - ti—l) + U(t’ Xt_l)(Wti - Wti—l)

19
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where as usual dW represents the expected Brownian motion associated with the
SDE. It is well known that this scheme gives an accurate approximation of the SDE

as N tends to infinity.

Monte-Carlo Method for BSDE Estimation

With a simple method of the approximation of an SDE now available to us, it is
possible to use several methods to attempt to find a solution for the BSDE. The
discretization of [0, 7] is kept when approximating the BSDE Y. The following gives

an adequate representation of the BSDE under this discretization.

and therefore
V¥ =Y =gt X3, Y 20 At — Z5 AW, (2.1)

Here Aty = tg41 — ty, and AW, =W,

the process.

— Wiy, for 1 < ¢ < g the i’th component of

k41

Using the following:

O = E[Am,tk (}/tk + g(tk7 th7 }/;k7 Ztk>Atk‘Ek] ~ E[AWi7tkKk+1 |~Ek] - Z’i,tkAtk

We can then define a discretization for Z using the above equation:

1
Zh = EE[}gﬁlAmkmk]

20
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and by applying expected values to we get the following approximation for Ytiv :

YN = E[Y)Y

tht1 |‘Ftk} + g<tk= St]Z7 Y;tivv Zt]Z)At
The following theorem gives a bound on the squared error of the resulting approxi-

mation based on the number of partitions N.

Theorem 2.2.1 Under the above assumptions, there is a constant C' such that for

any N and || sufficiently small, the following inequality holds.

T 1 N
sup BlIYi~ Y+ [ ElZ- 21 <C (w + £llg - €7+ (5 + Il )
0

0<t<T

This theorem is from [3], we reproduce a proof of this theorem is reproduced in the

Appendix B.

The main step for finding a numerical approximation using the least-squares Monte-
Carlo method utilizes an approximation of the above conditional expectations, by
taking their projection onto a set of bases functions for L(2, F, P). The function
bases, denoted pyy, for ¢ € {t;},, 1 <k < d can vary, potential functions suggested

in [11] include:

i) Hypercubes: Each py is chosen to be the indicator function of some hypercube
in a domain D C R? centered on the point P)¥. Therefore, D = H?lzl(P(ﬁ -
R, PO]Yi + R] is partitioned into hypercubes with edge length of size § > 0 for
some given ¢, where the indicator functions are given for each of the resulting
hypercubes. (i.e. each pyy is associated to the indicator function of a hypercube
D' C D where D' = (P +m1d, PyY +(my+1)dx- - - X (Pyly+mad, Piyy+(1+mg)d]

where my, ..., mgy are chosen scalars).

ii) Voronoi Partition

The basis functions py  are taken to be indicator functions of a Voronoi partition

of the domain, the centers of each partition are simulations of the Markov
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N, M+i
P,

Chain PV. Specifically, each partition is given by Cy; = {z : |z — | <

inf, o — P,

iii) Global Polynomials

The basis vectors are given as polynomials of d' variables of degree less than d,

and pyj is taken as the polynomial basis of degree less than d..

Where in the above, d’ denotes the dimension of the state space of (PY)j.

The choice of function basis allows for more or less specificity of the projection error
in the approximation of the conditional expectations related to the BSDE. In partic-
ular, the following theorem in [11] specifies the potential projection error when taking
repeated Picard iterations to estimate (thf , Z%k) via the projection estimates Y;fj’”
and Zt]Z’I’[. Here N stands for the current Picard iteration, [ is the number of par-
tition points, and the notation YV'/! refers to the backwards estimation of ¥ using
a projection onto a subspace of L?*(R) using a basis of one of the above forms that
is dense in L*(R), from the terminal time index N, where I is the number of Picard

iterations.

Theorem 2.2.2 Assume (Al) — (A3). For small At,

N-1
max E[Y," = VNP +AY  EIZ - Z) P

0<k<N
k=0

< C(A* I+ |50 + El@N (PY)I7]
N—-1 N-1 ¢

+C Y ElRy,, (Y2 +CALY Y EIR,, (21,
k=0

k=0 i=1
Where R,,, () specifies the projection error. The choice of basis affects the above
error, as well as the speed of computations.

In [5] it is suggested to take a basis that acts as a martingale. They give some
examples similar to above, for instance showing that indicator functions of hypercubes

and monomials can be used to give this effect, since the expectations can be explicitly
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computed. For instance, for hypercubes it can be calculated, where 7., = 145 =

liay,bi] X -+ X [ap, bp]:

D D

Enap(X0)| Xy, = 2] = | [ Elljags(Xa, T)|Xas, = za) = [ [N (ba) — N (aa).

d=1 d=1

where N is the CDF for a standard normal, a4, by are given by

 log(ya/za) — (1 — G — 1)
Ya = T —1n :

This allows them to assume the following conditional expectation can also be show in

closed form:

E[AW; VN

tkt1

|]:tk]

and thus only a single conditional expectation needs to be numerically calculated to

approximate solutions to the given BSDE.

2.3 Numerical Solutions to BSDEs with Quadratic
Growth

Gobet et al. and Bender et al. provided an example of a least-squares Monte-Carlo
method for approximating BSDEs with Lipschitz continuous drivers, however methods
for approximating the solution to BSDEs with drivers with quadratic growth were not
created for several years, despite knowledge of the existence to the solutions of these
formulas thanks to Kobylanski (2000).

Methods were eventually developed, for instance |18] approximates solutions by using
Cole-Hopf exponential transformation, however this only applies for a restricted set
of generators with quadratic growth. Other methods utilized distorted time horizons,
as in for instance [12], where approximations of quadratic BSDEs are studied in the

context of Dynamic Programming equations. In general, when working with quadratic
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BSDEs unless specific assumptions are made on the form of the generator, it is the
case that exponential terms creep into the error terms of the algorithms used to solve

them. Thus approximating quadratic BSDEs come with its own challenges.

2.4 Other Methods for Approximating Solutions
for BSDEs

While the above solution to the problem of finding a solution does work with a rea-
sonable error rate, convergence can be slow. More recently, alternatives to using the
Monte Carlo method for finding solutions to BSDEs have begun to be developed,
foremost among these the Deep BSDE method. These methods take advantage of a
class of functions, well known as neural networks, or artificial neural networks (ANN
for short).

2.4.1 Branching Diffusion processes

Recent work exemplified by [7] uses branching diffusion processes to solve BSDEs.
Non-linearities are dealt with by approximating a non-linear driver g(X) with a func-
tion

c(X) 1igx)tesery

and letting epsilon vanish to 0. Here ¢(x) is assumed to be a continuous function
with polynomial growth. Monte Carlo estimations are then done by simulating the
underlying SDE of a weakly coupled SDE. An additional method was also used using
traditional local polynomial approximation of ¢ and associated Monte-Carlo estima-

tion utilizing a Picard iteration scheme similar to Gobet et al. and Bender et al.

The approximation method utilizing local polynomial approximation was reported as
particularly unstable, however the approximation utilizing noise to smooth the driver
g(t,z,z") was significantly interesting and thus avoided the use of a Picard iteration
scheme as in the previous approximation technique. However, this algorithm utilized
a grid space-time layout and was similarly susceptible to the curse of dimensionality
that the Deep BSDE and Deep PDE Method seek to avoid in their approximation
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methods.

2.4.2 Polynomial Chaos Expansion

BSDESs can be approximated through the use of a technique known as Wiener Chaos
Expansion (for more details, see [8]). In this method, given the following Picard

scheme for approximating a solution, such as

T T
thX:E[Yﬁ / g(s,nN-l,ng—Udsvtk} - / o(s, YN ZNNas  (2.2)
0 0

It is required that we find an estimation for the random variable
T
FN :YT+/ g(S,YSN_l,ZéV_l).
ty

Wiener Chaos Expansion proposes to use is used to approximate FV in the following

manner.

First, note that IV can be decomposed into the following

FN=E[FM+) Y di [ K., </ )dW) (2.3)

k>1 |nj=k  i>1

Here K, is the n/th Hermite polynomial (given by H,,(z) = (—1)" exp{%}% exp{—% ),

which are used as they form a dense orthogonal basis for L?(R).

By taking a finite sequence n4, ..., n, of integers and a finite sum of terms p for the

sum on the LHS, we can approximate the above random variable by

FN=E[FN+ Y > dp T K, (/ )dW)

1<k<p|n|=k  1<i<q
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Which can thus be used to approximate the solution YV by taking the conditional
expectation above. In addition, one needs to find ZV from taking the Malliavan
derivative of that expected value, details of which are beyond the scope of this work,

for details see [§].

2.4.3 Approximation using Neural Networks

While Monte-Carlo methods have been well researched, they suffer from the so-called
“curse of dimensionality” - that is, BSDEs become more difficult to compute as the
dimension of the given BSDE increases. Several proofs have been published showing
that certain neural network architectures successfully avoid this problem (see e.g.
[1]|14]). Neural networks have been investigated as potential solutions to partial
differential equations since at least 1999 (see [34] for some additional details on these
methods) and for ODEs even earlier [21][24], however their use for finding solutions to
BSDES is relatively new. In the next chapter, we begin with a brief overview of neural

network structures so as to better understand their use when solving these equations.
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Chapter 3

Neural Networks, the Deep BSDE
Method, and Deep PDE Methods

A multi-layer neural network is a set of equations that have multiple layers k& =
1,...,m where m is the total number of layers of the neural network. Let v* be the

input vector. Each subsequent layer is of the form
o(b* + Whyk=1)

where here b* is a vector offset, known as the bias of the given layer, and W* is a
matrix of weights for the layer. The function ¢ is known as the activation function,
which is a continuous function that takes values in [0, 1]. The choice of o can greatly
affect the performance of the neural network. These weights and biases are in general
random at the initialization of the neural network, and are updating through train-
ing methods. These training methods allow for the neural network to approximate
functions with varying degrees of success, based upon the complexity of the functions

and the training sample used.

There are several different architectures that can be used when creating deep learning
neural networks, along with mixed networks. One type of network that has been
applied to find solutions to BSDEs is the affine network model. The details for their
solutions are found in [2]. Below we detail the network architecture, and cover its

application to the problem in Chapter 4.
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3.1 Overview of Artificial Neural Networks

3.1.1 History

Neural networks are relatively simple functions that can manage to approximate a
very large class of functions, in many different domains of applications. Artificial
Neural Networks are seeing applications in many areas, such as artificial intelligence,
computer vision and many other fields. How did we figure out what we could do with

these particular setups and how did it come to be used to find solutions to BSDEs?

Artificial Neural Networks are mathematically constructed to attempt to process input
data in a similar way to how it is thought that the brain processes data. In 1943, a
model on the brain on the basis of neurons was proposed by Warren McCulloch and
Walkter Pitts, where neurons were connected and considered to be in a binary state,
either on or off [27]. It was quickly seen however that neurons were not binary as
described in this early model, but in fact had many characteristics that suggested non-
linearity. In 1949, Donald Hebb published the book “The Organization of Behaviour*
which theorized that neuron connections are formed when particular neurons tend to
fire together. If no connection is established between the two neurons, then such a
connection betweens to be established or is made stronger when they fire at the same

time [16]. This idea came to be known as Hebbian Learning.

The perceptron was an idea introduced in the 1958 by Frank Rosenblatt, which was
the predecessor of the modern neural network, in the sense that although percep-
trons had binary activations (unlike today’s neural networks where activation of units
takes on a continuum of values), but the weights could be learned from successive
inputs. Although the perceptron and other methods using linear functions began to
find success, by 1969 it was known that there were many downsides to the use of

perceptrons.

Work in the field largely stagnated until the introduction of the backpropagation
method for neural network learning, which was not introduced until 1986, in a work
by Rumelhart, Hinton and Williams [36]. By the 90s, it had become well established
as a useful technique for training artificial neural networks, and their was significant

progress developing ANNs trained using backpropagation techniques and variants of
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it.

The structure of a neural network greatly affects how easily it can approximate func-
tions of significant computational complexity. Prior to 2006, the main form of neural
networks used was a 2-layer model (i.e. one with a single hidden input layer), as
prior to this point any higher depth neural network was difficult to train [6]. It was
eventually discovered that applying unsupervised learning techniques to each layer in-

dividually results in significantly lower after supervised learning to properly optimize

these networks, and thus deeper neural networks became viable for tasks.

3.1.2 Structure

Central to the idea of a neural network is that of an activation function, which is
a non-linear function that allows for the universal approximation powers of a neural
network. We begin by defining some useful concepts for which functions allow for the

univeral approximation.

Definition 3.1.1 (Activation Function) An activation function is a continuous

function o : R™ — R™ for some m.

Definition 3.1.2 (Artificial Neural Network) Let d,m,¢;,...,¢, € N. An arti-
ficial neural network is a function f : RY — R™ such that it can be decomposed into

a composite sequence of functions of the form

an = 0p(gn-1(an-1))

where n is the number of layers, g; - RE_ | — RY% are each linear functions, and each

o; 1s an activation function.

An artificial neural network is generally used as a function approximator - data is fed
in and the network is “trained” through various methods. However, the activation
function plays an important role in which functions an ANN is capable of approx-
imating. In particular, with certain activation functions, ANNs act as universal

approximators in the following sense
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Definition 3.1.3 A neural network is a universal approximator over a space §2 if,
for a given activation function f, the set 3(f) = span {f(y -z + )|y € R",0 € R} is
dense in C(€).

Which activation functions allowed for these universal approximation capabilities was
intensely studied during the 1980’s. In works such as [9], for instance, it is discussed

how a certain subset of functions allow for universal approximation.

Definition 3.1.4 (Sigmoidal) A function is a sigmoidal function if it is continuous
and
1 asx— +o0

flz) =

0 asx — —0

In particular as the study of activation functions progressed, new concepts such as

the following were introduced:

Definition 3.1.5 (n-Discriminatory Function) A function f : R — R is discrim-

inatory for some n € N if the constraint
/f(y-x—i—e)du(x) =0 forally e R", and € R
where 1 is a signed Borel measure, holds only for p = 0.

Any function which is n-discriminatory for every n is considered to be discriminatory.
It turns out that it is precisely the discriminatory property that gives the universal
approximation capability to a neural network, at least when the activation function

is consistently used for all nodes in the network, as given by the following result from

9]

In the Deep BSDE method, the ReLLU function is given as an appropriate activation

function. The details of the ReLU function are discussed below.

There are many different types of neural networks. For our purposes, we need only
look at feedforward neural networks which are the basic kind. Here each g; above
would take the form g;(x) = Wiz + b; where W; € R%*%-1 and b; € R,
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3.1.3 Activation functions

For neural networks, there has been a great deal of research into what forms activation

functions should take. Examples include the more modern rectifier function,
o(z) = max{0, z},

which is used for instance in [2] and has achieved significantly popularity. Another

activation function is the sigmoid,

B 1
147’

o(z)
which provides a softer increase from 0 to 1 than the rectifier.
ReLU

The ReLLU activation function is the function given by

0 ifz<O

z ifz>0

fx) =

The ReLU function is used in the Deep BSDE algorithm that we will be discussing
later. It’s advantage is that it makes a clear distinction between activated and unac-
tivated nodes and thus can make training easier. However, it is not differentiable at

all points, which can introduce inaccuracies.

Tanh

The hyperbolic tan function is a sigmoidal function which is differentiable at all points.
A neural network that uses exclusively tanh will thus produce a containuous approx-
imation. This function is used as the activation function for the layers in the Deep

PDE algorithm that we will review later.
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3.2 Training of Neural Networks

Let a® denote the output of layer L. Let W* denote the weight matrix of the k’th
layer, and b* denote the bias vector for the layer k. In order to train a neural network,
we must find W* and b* for each layer, such that the input x produces an output
y which is a reasonable approximation to the function that we wish to approximate.

One way to do this is through the method of backpropagation.

Let C(W*,b*) be a cost function. We wish to use backpropagation in order to min-
imize this cost function with respect to the parameters of the neural network, by
choosing the weights and biases for each node to do so. We let (z,y) denote a train-
ing sample and denote by S the set of all such training samples. Then we can think
of the cost function in terms of C(W*,b%) =37 s

that this cost function is the sum of the losses gained over a batch of the training

L(y,y) = L(y,y), which gives

samples.

3.2.1 Universal Approximation

It is well documented that neural networks using discriminatory functions are capable
of approximating any continuous and bounded function with enough training data.
This is shown through the Universal Approzimation Theorem. Details of this theorem
can be found in for instance [33]. It is proved there that so long as a given activation
is non-polynomial when used with a feedforward neural network architecture, the
resulting functions that can be produced by the neural network is dense in C(R™).
This feature of neural networks is exploited in the Deep BSDE method as well as the
Deep PDE method which we will review in a later chapter to find approximations to
solutions of BSDEs and PDEs respectively.

3.2.2 Structures

In general, the most basic neural network is a feedforward neural network - one in
which the layers of the network are laid out in a linear fashion. Each layer takes the

output from the previous layer and provides that output to the next layer.
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This is a rather simple layout but it has some problems. In particular, as the number
of layers grows it becomes more difficult to train them effectively via backpropaga-
tion. This is due to a process known as gradient explosion whereby the gradients
being tracked during backpropagation either increase substantially or become negligi-
ble after a few layers. For this reason and others, other ANN architectures have been
developed that help to avoid this problem, generally by keeping a persistent memory
throughout the layers that can be referenced. We will discuss two of the most relevant
ones below, as they will be useful in understanding one of the algorithms we will be

examining in a later chapter.

Recurrent Neural Networks

A recurrent neural network is a specific kind of neural network, often with a “loop”
of some sort in its structure. That is, data from the previous time step is fed back in
to the neural network at the current time step. In this way the neural network is able

to remember what has previously happened and change it’s behaviour accordingly.

For instance, consider the following layer design,

Long Short-Term Memory Networks

Long Short-Term Memory Networks (LSTM) are a specific form of RNN such that
there is a persistent form of memory that can be accessed and potentially modified
during each timestep. This is separate from the output of the layers itself, as is given
at each timestep. There are a wide variety of LSTM, but they all share in common a
persistent memory, that can be accessed through gates. There are several “gates” in
an LSTM Neural Network, for modifying the memory. Virtually every form of LSTM

will feature a forget gate which does unit

3.3 Deep BSDE Algorithm

Neural networks can be applied to find approximate solutions to BSDEs, (see for

instance [39][13][14]). This allows solutions to systems of semi-linear and quasi-linear
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and fully non-linear parabolic PDEs to be approximated using neural networks, due
to a generalization of the Feynman-Kac duality between solutions of BSDEs and
solutions of BSDEs.

As an example of these techniques consider the following FBSDE,

dXs = b(s, X;)ds + o (s, Xs)dWs, t<s<T,

Xt =z,
_di/; = f(sa XS7 }/;7 Zs)dds - stW87 t S S S T7
YT = g(XT)7

[] Recall the relationship between BSDEs and PDEs. The elements are defined ac-
cording to the solution to a PDE of the form

ou 1 T 0*u = du
0= ~5 "3 i]z::l(aa )ij(t>$)awiaxj - ”2:31 bi(t’x)ﬁ_a:i + [t @, u, V),
u(T,z) = g(x)

where b and o are assumed to be continuous functions in terms of both ¢ and x, and

f is assumed to be Lipschitz.

In particular, each of these are related to the PDE in the following way.

Y = u(t, Xy)
Zy = (oVu)(t, Xy)

where Y; € R, Z;, where u is the solution to the above PDE.

n actuality the algorithm is defined more generally for 2BSDEs where Z is of the form Z; =
Zo + fot Agds + fot I'sdW, and ANNs are used to approximate both A and I', however one can also
just approximate Z for BSDEs that do not deal with second derivatives.
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In order to approximate a solution to the PDE, we use a forward time discretization of
the BSDE by the following, for a partition 7 of [0, 7] with mesh size supy<;< y(tk+1—tx)
sufficiently small. Then

Xo = ¢, (3.1)
Xt = Xy, +0(tn, Xo,) (tngr — tn) +0(tn, X4, ) (Wi, — Wa,) = XY, (3.2)
Yior ® Ve, + fltn, Xu,, Yoo, Z0, ) (bnir — tn) + Zo, (Wh,, — Wa,) = Y/, (3.3)

(3.4)

We approximate Z; in the following manner

Ztn+1 R~ Zy, + A(th)(tn—f—l - tn) = ZtN

Here A(x) is an artificial neural network with 2 hidden layers, input dimension d, d

nodes per hidden layer and output dimension d.

This neural networks has a set of parameters than can be labelled 8 which are trained
using backpropagation until it minimizes the loss function given by [V — g(X¥)|?
(recalling that in the definition of the BSDE, Y7 = ¢g(Xr)) . The Deep BSDE method
works then by thinking of the first of these parameters, 8; as the initial value Yj of the
BSDE given above. Therefore, by training these neural networks we end up finding a
solution to the initial condition of the BSDE Y} by simply using backpropagation to

optimize the initial estimate given by a randomly selected value.
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The Deep BSDE method uses the following algorithm for computing Yj:

Initialize number of partition points N, dimensions d, time T, maxsteps,
batch size, learning rate

Initialize Xg = &

Initialize dW a random normal variable with standard deviation \/T/_N

Initialize Y; a uniform random variable from [—1,1]¢ as an initial weight 6,

Initialize Zy, Ay as uniform random variables from [—0.1,0.1]%

Initialize + = 0 while step < maz_step do

for i < N-1do
Set Y =Y + {i*T/N,X,Y,Z;,_1)*(T/N) + Z;_1*dW

Parameterize the neural network Z; with weights (W, b;) = 0;
Update X = X + b(t, X)(T/N)+o(X)*dW
Pick a new value from standard normal for dWW

Seti=1+1
end

Set Y = Y + f(i*T/N,X,Y,Z;_1)*(T/N) + Zi_1*dW
Update X = X + b(t, X)*(T/N)+o(X)*dW
Calculate loss |Y — g(X)|?> Update weights using Adam optimization.

end
Return 6,

This algorithm manages to avoid the curse of dimensionality that the traditional
Monte Carlo fall into, by avoiding the need to compute an expected value for Z using
the results of previous values of Y as in the Monte Carlo algorithm. Instead by taking
an estimate of Z using a neural network the SDE X can be simulated along with the
BSDE Y, with the results from the simulation of X being used to immediately update
Y. The Monte Carlo algorithm required the complete simulation of SDEs before even
beginning to simulate the BSDE portion, and it is this restriction that causes the

exponential computation time as the dimensionality of the problem increases.
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3.3.1 Deep BSDE Extension

Naito and Yamada - A priori estimate using Weak- Approximation

In their paper [26], Naito and Yamada improve the speed of convergence and reduce
the error rate of the Deep BSDE algorithm. This is achieved through the use of a

priori knowledge.

Naita and Yamada consider a BSDE of the form

s d s
o=t [ V(i + 3 [ Vi) (35)
0 i=1 70
Y, =9(XT>+/ f(Xr,Yr,Zr)dr—Z/ ZLdW. (3.6)
s =175

Naito and Yamada suggest using a “weak approximation” of the BSDE Y by applying
Malliavan calculus and Stochastic Taylor expansion to find an a priori approximation
of the BSDE. This approximation does not take into account any non-linearity of the
BSDE, and the Deep BSDE method is then used to complete the non-linearity once
the initial guess of the value Y, has been done. These improvements are relatively
incremental, but nonetheless useful. By reducing the amount of information that the
neural network needs to approximate by using approximations of Malliavan calculus,
the neural network takes less time to train and produces more accurate results than
otherwise would be the case. More details on weak-approximations of BSDEs and

their derivation can be found in [25].

Recall that in the Deep BSDE solver, a forward discretization is used for the BSDE.
In particular, a guess was made about the initial value Y. In Naito and Yamada’s

scheme, Y{ is approximated using a priori knowledge, by taking the estimation

V" ~ Elg(X30)m].
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Here, X7 is a Gaussian approximation,

d d
Xp=a+Vo(@)t+ > + Y Vi(x)W
=1 =1

and 77° is a relatively complex Malliavan weight that provides a weak-approximation
of the BSDE, and is given by

=1+ Z Z Z 2tL“vzi AT @)V ()

£,7=111,i2=013=1

X (Wt“WfQW? - thP’l{nﬂ#O} — tW Ly migrop — IWPP 145, iy 20y)

D> §: (L Vi @)L V@)

Zlfguluz 11112 1k1k2 1

x (A™H @)V () (A2 (2) Vi (2) (WEW2 — 11,y z01)

In the above weight, the matrix components for A are given by A% (z) = S30_ Vi(z)V (z),
and the L;’s given by

Lif (@) = 3. V@) o (o) (37
N N d 2

Lof@) = S VE@ S @)+ 3 S VOV @ g, (38)
k=1 k=1 j=1

Under the assumption that the functions V; are smooth, and each V; is a function
from RV — RV,

A further improvement in the algorithm is found by an a priori approximation of the

component Z, = U(s, X;). We then decompose ¥ (s, X) into two parts,
W(s, X,) = U45(s, X,) + (s, X,)
where here U4% is an approximation of ¥ that is found asymptotically using results
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from Malliavan calculus, and W is found by means of a neural network. Here,

Wi — Wi

S (tw) = B |g(X )~

Once again, the cost function minimized here is identical to the one used by Jentzen
et al. [39].

In contrast, [17] provides two separate algorithms for using neural networks to solve
an FBSDE system more traditionally, starting from the terminal time ¢ = 7" and

finding an approximate solution for the BSDE at ¢t = 0.

3.4 Neural Networks for Solving PDEs

In recent years, work has been done to find numerical solutions to PDEs through the
use of Artificial Neural Networks (ANNs) in a similar manner to how BSDEs can be
solved using the Deep BSDE method. Several methods have been developed to solve
PDEs using artificial neural networks. This section reviews the Deep PDE Method
and provides an example comparing the use of Deep PDE for solving a PDE to the
Deep BSDE algorithm. In general, the Deep BSDE algorithm is significantly less
computationally intensive but is limited in being able to solve for only one time value,
where as the Deep PDE method trains a single ANN in order to approximate the

solution for a given PDE

Consider a parabolic PDE of the form

Owu(t,z) + Lu(t,z) =0 (3.9)
u(0,z) = up(x) for some x € Q, (3.10)
u(t,z) = g(t, x) for some z € [0, 7] x 0N2. (3.11)

Here L is a second-order parabolic operator that is not necessaily linear.

The Deep PDE Method is a method for solving PDEs that limits the problem of the
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curse of dimensionality by using a mesh free method along with an artificial neural
network in order to approximate the solution to a given PDE or systems of PDEs.

We summarize the algorithm for the method and briefly discuss its effectiveness.

Algorithm

The Deep PDE Method uses a neural network in order to approximate a solution u to
the given PDE. While several other methods using deep learning techniques to solve
PDEs exists, the Deep PDE method attempts to reduce the effect of an increase on
the dimension of the underlying space, by avoiding the use of a mesh setup. Instead,
points are chosen from €2 based on a probability distribution, which are then fed into
the forward propagated into a given neural network. The neural network is updated
using stochastic gradient descent in an attempt to minimize the following objective

function:

J(f) =10 f + ﬁfH%mo,T]xQ) +f - QH%Q([O,T]XQQ) +[1£(0,) —uoll2)  (3.12)

By minimizing the above function, the difference between the time derivative and the
quasi-linear portion of the PDE is reduced, and in addition the boundary conditions
and starting conditions are approximated well by the neural network. There are
two questions to deal with: does the use of stochastic gradient descent converge to
an approximate solution given this objective function, and to what extent can this
process be improved if so? We discuss convergence in Theorem 3.4.1. Improvements
to the optimization method could take the use of the Adam optimizer, as suggested
by Jentzen et al. for training the Deep BSDE method, or the use of other optimizers.

However, we review the structure suggested in [38] here.

The general structure of the neural network used by Sirignano et al. is given by
the following set of tensors. At each la yer, ¢ = 1,..., ¢ the following tensors are

calculated.
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3.13
3.14
3.15
3.16
3.17
3.18

o(W'x + b)
o(U>'x + W5 + b*)
o(U%'x + WSt + b9h)
(
(

o UT,EX + Wr,ésé + br,ﬁ)
o Uh,éx_'_ Wh,ﬁ(sf ® RZ) + bh,@)

s (3.13)
z* (3.14)
G* (3.15)
R’ (3.16)
o (3.17)
(3.18)

These tensors then allow the calculation of the following tensor, which begins the next

layer.

SZ+1:(1_GZ)®HZ+ZZ®SZ

Note that U~* and W are weight matrices, which differ per tensor. x is the input

vector and b’ is a bias vector.

It is assumed that the terminal or initial condition g(z) of the PDE is continues and
that its first derivative is bounded in the domain, the domain €2 is a bounded open
subset of R? with the boundary 99 € C? and that the neural network f" for each
learning step n is continuous, and (f™)neny € L*(27). The theorem below shows that
for appropriate conditions on the PDE, there are appropriate parameters for the above

neural network which minimizes the objective function J.

Theorem 3.4.1 Define

n d
Cn(Q/J) = {((t,x) : R1+d — R: C(t, {L‘) = Zﬁﬂb (aLit + Zaj,ixj + Cj) } .
i=1

J=1

where 0 = (B1,. .., Bus Q11, -+ s Qs C1y - - -, Cn) € REVFIFD gre the possible parame-
ters. Assume 1 € C*(R?) is a bounded, non-constant function. Furthermore define
C(¥) = U,z C(¥). Assume the underlying space Qr is compact and the probability

measures vy, vy, V3 have supports contained in Qp, Q and 0Qr respectively.
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Assume that f(t,z,u,Vu) is locally Lipschitz and that the PDE (3.5)-(3.7) has a

unique classical solution u(t,x) such that
ult,2) € ()| Jeronzammen)

where 1 € (0,1) and sup ,yeq, S VP u(t, z)] < oo.

Then there exists for every e > 0 a positive K > 0 (which can depend on u) such that
there is an h € C(¢) which satisfies J(f) < Ke.

This theorem that we can satisfy the loss function for the method. In section 4.3 we
implement a modified objective function which uses only part of this given objective
function. This theorem extends to our chosen objective function, as any function f

that satisifies this theorem will also satisfy our objective function.

Theorem 3.4.2 Assume the previous assumption on the PDE holds, then the PDE
(3.5)-(3.7) has a unique bounded solution. In addition, h™ converges to u, the unique
solution to (3.5)-(3.7) strong in LP(Q2r) for every p < 2. If the sequence {h™(t, )} nen
s uniformly bounded in n and equicontinuous, then the convergence to the solution u

is uniform in the domain Q.

The above theorem allows us to know that with enough training steps the Deep PDE
method converges to a solution of the (3.5)-(3.7). The proofs of these theorems are

relatively long, and are available in Appendix A of [38].

There are several other ways of applying neural networks to solve PDEs, but also to
learn the PDE itself. Work in this area of machine learning to approximate PDEs
is relatively new. An example of recent work in this area is in [37]. This paper
discusses the implementation of a Deep Learning PDE Method (DPM), This method
splits PDEs into known a priori components and unknown components, specifically

the class represented by the following equation:

ou

E(t,x) = fu(u(t,z), u,(t, x), wp(t, ) +ho(u(t, ), us(t, ) +ho(u(t, ), us(t, ), ups (t, x)),
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where here we are using the general notation for partial derivatives in space under
the study of PDEs. Specifically, u(t,z) : Q — R? is the solution to the PDE, where
() is some arbitrary subset of RY and wu,, u,, represent its first and second spatial
derivatives. In addition, the terms v and 6 here are considered to be parameters that

vary based on the restrictions required for the PDE.

Now, this representation splits the PDE into two separate function: One represents
the known equations for which we have a priori representations, denoted by f, and
the second, hy represents the unknown component of the background physics that
needs to be found. A deep learning algorithm is used to find an approximation for hy

which allows an overall approximation of the solution. Thus, hy takes the form
he : RPTHD 5 R4

and 6 will describe the neural network parameters such as number of hidden layers,

number of nodes, and weight matrices for each layer.

The example used throughout the paper is the Navier-Stokes equations that are used
to simulate the physics of water flows. The training of the neural network is again done
by using stochastic gradient descent to find a minimum to a cost function (referred
to in [37] as an objective function). Letting V (¢, z;v) represent trusted data that can

be used to model the underlying physics, the objective function here is given by

M N

LO) = 323 [ Nt ion) = Vit i),

m=1 n=1
recalling that the solution of the PDE is dependent upon the known parameters
v. This method therefore is an attempt to learn PDEs based on known trusted

observations as opposed to simulated data.
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Chapter 4
Comparison of Methods

Given that we now have several methods of numerically solving PDEs, either directly
or via finding numerical solutions to their corresponding BSDEs, it would be interest-
ing to see what methods are more effective than others. This comparison is somewhat
difficult however. For instance, although the nonlinear Feynman-Kac formula gives
us the ability to approximate solutions to PDEs using the Deep BSDE method, it is
important to note that this method only gives a result for a single value in [0, 7] x R?,
where as the Deep PDE method uses a neural network to approximate a complete
function which solves a given PDE. That is, the neural network in the case of the
Deep PDE Method takes as input points in [0,7] x R? and provides as output the
value of the solution function at that point, whereas the Deep BSDE method trains
a neural network to find a solution to a BSDE, which happens to provide the value
of the solution of the corresponding PDE at a certain point. Therefore, while the
Deep BSDE method is significantly less computationally expensive, it also provides
significantly less information. To what extent does this matter in applications where
we want to find various values of the corresponding solution function for a given PDE?
This chapter attempts to look into this question and provide an answer. For this, we
need to first look at implementations of both methods and compare their accuracy for
a single point, and also see at what point, if any, the use of one method over the other
is more practical. In the first subsection we compare finding nunmerical solutions to
BSDEs between using Monte-Carlo algorithms and using the Deep BSDE algorithm.

In the second section we give a brief overview of differences between using the Deep
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BSDE algorithm to find solutions to their corresponding PDEs and using a neural
network to find a numerical solution directly using the Deep PDE methodE]

4.1 Monte-Carlo numerical solutions when com-
pared with Deep BSDE

Earlier we reviewed much of the literature of techniques to solve BSDEs. The earlier
techniques, characterized by works such as [11] [3] [5] utilized Monte-Carlo simulations
which simply simulated multiple SDEs and then used a projection onto a particular
basis in order to estimate the resulting initial value of the BSDE. In [11] one example

provided was the following:

Consider an investor interested in the price of an option on a stock or other financial

instrument in an incomplete market. We consider an underlying stock X; defined by

where W, is a standard Brownian motion, and 4 and ¢ are constants. In this market,
there are different rates for lending and borrowing, denoted by r and R respectively.
It is of interest to figure out what the fair price of a straddle option denoted by Y
may be at time ¢ = 0. Let 7” denote the investment that is loaned out with rate r, 7%
denote the amount borrowed according to rate R and 7* denote the amount invested
in the stock X;. The option then will be given by Y; = 7F + 7% + 7 and the change

in the investment Y; can be modelled by the following equation:

dY; = rofdt + 7fdX, + RrPdt
= rrfdt + 7 pdt + 7 odW, + 7P Rdt
= (zl + 77 +7Byrdt + 7F(u — 1) + 7P (R — r)dt + wFodW,

LAll simulations were computed on CanadaCompute Cedar nodes.
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Set Z, = mfo, and notice that
m = ((m 4w+ 7)) = () = (V= (w0 4 7))

Now, there are strategies where loaning and borrowing at the same time are possible,
however if the borrowing rate R is greater than r, then this is never optimal, since
any investment being loaned out will decrease the value of the investment faster than
using that money to reduce 72. Therefore, whenever 72 > 0, it must be the case that

7l = 0 optimally. Thus,

Z
= i—a) = (- )

and since 77 = 0 whenever (V; + %) >= 0 we must have the following equation

_ Z
dY, =Y, + E=27, — (R—n)(vi - 24 _dt + Z,dW, (4.1)
o o
Where
(Y Zt) . _(Y;/_%) if (Y;f_%<:0
t— )=
o 0 otherwise

If we assign the terminal condition Yy = | X7 — K| then Y; represents the fair price of
a straddle option in an incomplete market. Recall that a saddle option is both a put
and call option purchased on the same financial asset with the same terminal time
T. Saddle options are useful because they can be used when an investor believes that
the price of an asset is going to increase or decrease significantly in the future, but
is not sure in which direction the price of the asset will go. Lenders can offer these
options at a fee to ensure that they do not lose money on the trade regardless of the
later price of the asset. This leads to the question of what is a fair price of this saddle

option in an incomplete market.

This is an adaptation of the traditional Black-Scholes model for the fair pricing of a
straddle option. We adopt this example and compare the performance between the

Monte Carlo methods given by [11] and the newer techniques utilizing deep learning
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and neural networks found in |2]

For the experiments, the constants ¢ = 0.2, R = 0.06, » = 0.01, T' = 2, K = 100,
1 = 0.05 and Xy, = 100 where used. We discretize the BSDE for t he Monte-Carlo
method and Deep BSDE method as described in their sections, where we take a
partition of [0, 7] with time grid given by {t;}¥, such that ty = 0 and ty = T

For the Monte-Carlo algorithm, the following basis is used for the subspace of L*(R):

We also implemented these same equations using the Deep BSDE algorithm. Here
instead of a choice of basis, the loss function was chosen to be f(x) = |x — K|, and the
value at the end of the simulation was taken to be the mean of the dimensions of the
resulting vector. The one main question is to what extent does the Deep BSDE al-
gorithm provide optimization benefits over traditional Monte-Carlo simulations when

given many dimensions to work with.

When looking at these algorithms it is important to note that they are not directly
comparable. That being said, it is a simple argument to make that at the very least

in this case, the Deep BSDE method is superior.

In the case of the Deep BSDE algorithm, the forward discretization [3.1] For the
Monte-Carlo algorithm, the discretization detailed in Chapter 2 is used. The primary
tunable parameters for the Monte-Carlo algorithm is the number of simulations, L
and the number of parition points N. For the Deep BSDE algorithm, in addition
to the same number of partition points N, changes can be made to the exponential
decay rate, the number of decay steps (how often the exponential decay is applied
to the learning rate), the batch size per learning step, and the number of learning
steps. We detail some of our tuning choices for the Deep BSDE algorithm below,
and compare the Deep BSDE algorithm with batch size 100 against the Monte-Carlo
algorithm using 1000, 10000, and 100000 simulations, with a batch size of 100.

Tuning the Deep BSDE algorithm required some patience. The initial learning rate

a was started at 0.06. We found that values as high as 0.08 would work, however
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Figure 4.1: performance of the Monte-Carlo simulation algorithm over different num-
bers of partition points. an average of 10 runs per point. the algorithm complexity is
linear in regard to the number of partition points.

a learning rate of 0.09 or higher resulted in the chosen Y; value quickly becoming
infinite. In addition, an exponential decay was applied to the learning rate. This
was a necessity as otherwise the variance of solutions given by the algorithm greatly
increased. In addition, 20000 learning steps was rather arbitrarily chosen. This was
to make sure the algorithm had enough time to converge properly given the initial

learning rate.

For the implemented exponential decay on the learning rate, a decay step occurred
every 4000 steps. Learning decay rate was chosen to be 0.8, although there are several
decay rates that can be chosen here to minimize variance (see Figure 4.2). The
Deep BSDE algorithm provided similar estimates to the Monte-Carlo algorithm, at a
fraction of the computational time required. In addition, the Deep BSDE algorithm

is significantly faster as you increase the number of partition points to be calculated.

The Monte-Carlo algorithm suffers from the curse of dimensionality, in the sense that
increasing the number of dimensions substantially increases the numbers of compu-

tations required and thus it becomes infeasible to compute the solutions for larger
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Figure 4.2: Boxplot of solutions given at various exponential decay rates for the
learning rate of the Deep BSDE algorithm. Variance of solutions decreases as the
learning rate increases, suggesting that the Deep BSDE algorithm is converging and
that learning rates 0.06-0.09 give reasonable solutions.
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problems (see Figure . This is because the algorithm has exponential complexity
in time with respect to the dimension of the problem. Thus computing higher dimen-
sional examples with the Deep BSDE algorithm should be particularly more efficient
than the use of traditional Monte-Carlo algorithms, without sacrificing accuracy. The
trade off is of course that tuning needs to be done to the meta parameters of the model
which can take time that is not needed for the Monte-Carlo implementation. To im-
prove accuracy of the Monte-Carlo simulation, one need only increase the number of

simulated paths.

We assess to what extent the number of simulated paths can be reduced in the Monte-
Carlo algorithm relative to a decrease in accuracy and how that accuracy difference
compares to the Deep BSDE algorithm. At approximately 1000 paths simulated, we
observe a similar amount of computational time for solving N = 4 partition points
as with our tuned Deep BSDE algorithm utilizing a batch size of 100. However,
this greatly increases the relative standard error to be on par with the Deep BSDE
algorithm, and also once again has a linear growth in computational time as the
partition size is decreased using the same 7. Thus the Monte Carlo algorithm can be
tuned to perform similarly to the Deep BSDE method at a low number of partition
points, however this does not eliminate its weakness of performing poorly as the
number of partition points increases compared to the Deep BSDE algorithm. However,
it does provide more information in so far as the requisite simulations for the Monte-
Carlo algorithm allows for approximating the stochastic process Y;, at each time ¢
as opposed to simply the expected value. For this reason, we suggest that the least-
squares Monte Carlo algorithm is best suited to solving low-dimensional problems
where high computational time is available and significant accuracy is required, as
the algorithm provides significantly more accurate approximations compared to the

Deep BSDE as the number of simulated paths increases to 100000 or more.

The Monte-Carlo algorithm did converge to similar solution values as the Deep BSDE
algorithm. Notice that in for various different number of partition points, the
simulated values slowly converge to some value. Running the Monte-Carlo algorithm
100 times at 100000 simulations for 16 partitions and taking the average of the solution
gives an approximate expected value of Yy to be 24.6399. The absolute value of the
difference in value of the Monte-Carlo algorithm vs this estimated solution is available
in Overall, both algorithms have their own advantages, with the Monte-Carlo

20



Master’s Thesis - A. Duquette - McMaster University - Mathematics & Statistics

Algorithm | Simulations/Batch Size | Average Running Time (Seconds)
Monte-Carlo 1000 53.302
Monte-Carlo 10000 539.66
Monte-Carlo 100000 51569.6
Deep BSDE 100 87.9
Deep BSDE 1000 189.52

Figure 4.3: System running times via the time unix command for each method, calcu-
lated on Canada Computer Cedar nodes. Fach method was evaluated at 16 partition
points. The Deep BSDE gives an approximation of the expected value of Y} in orders
of magnitude less time than the Monte-Carlo algorithm. The Monte-Carlo algorithm
takes a comparable amount of computational speed at 1000 simulations, but provides
less accuracy on average (see Figure 4.5)

algorithm offering slower performance in exchange for a lack of initial tuning and more
total information, while the Deep BSDE algorithm offers substantial performance

boosts but does not provide information for recovering probability densities.

4.2 Deep BSDE Compared with Other Numerical
Methods

One comparison to be done is to compare the speed and accuracy of older, Monte-
Carlo methods with that of the Deep BSDE methods. It is clear that, as the dimension
of the space the BSDE is operating over increases in dimension, the Deep BSDE
method appears to remain a much better approximator, in the sense that the growth
of the Monte-Carlo solver in terms of calculation time is exponential. This is the
“curse of dimensionality” that the Deep BSDE solver manages to avoid, and its main
advantage to use. However, even in lower dimensions it appears that it can be quite
reasonably accurate and significantly faster than the Monte Carlo methods. This
is largely because accuracy in the Monte-Carlo methods used by Gobet or Bender
requires a significant number of simulations to achieve comparable accuracy to the
Deep BSDE method.
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Figure 4.4: Average solution values for 10 runs of each algorithm per number of
partitions: Deep BSDE vs Monte Carlo methods. Deep BSDE algorithm here using

a batch size of 1000.

Legend

Deep BSDE
== Monte Carlo 1000 sims
== Monte Carlo 10000 sims
-- Monte Carlo 100000 sims
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Figure 4.5: Relative Standard Error comparison between Deep BSDE algorithm and
Least-Squares Monte-Carlo for various numbers of partition points. 10 samples per
partition point per algorithm.
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Figure 4.6: Solutions of Monte-Carlo algorithm as the number of simulations increases.
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Figure 4.7: Percentage error of the solution from the previous figure from the esti-
mated solution 24.6399 calculated from the average of 100 runs of the Monte-Carlo
simulation with 16 partition points at 100000 sims.
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standard_deviation

10 12
step

Figure 4.8: Standard deviation of simulated values of Y0 as a function of the number
of decay steps. Less is better. This supports taking between 2-6 decay steps for the
algorithm.

4.3 Deep BSDE and Deep PDE method Compari-

son

In this section we give an example of the use of the Deep PDE method discussed
in the previous chapter. For the Deep BSDE method, a Monte-Carlo simulation
of the underlying SDE is done multiple times, and in parallel the coupled SDE is
simulated based on an initial estimate of the starting value. The main difference is
that the Deep PDE Method learns the dynamics of a given PDE at any given point
(t,z) € [0,T] x R?, whereas the Deep BSDE method is designed to find the initial
condition of a point in R? from a terminal condition (or vice-versa). While they both

use neural networks to find solutions to PDEs, they do so in very different ways

4.3.1 Example: Allen-Cahn PDE

Consider the parabolic PDE of the form
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Figure 4.9: Relative average growth in computationinal time as a function of N. Each
algorithm is normalized to the average computational time for N = 1. Note that the
Deep BSDE algorithm grows substantially slower than the traditional Monte Carlo
algorithm.
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O+ A +u —u® =0
te0,T], zel[-1,1)
where d is the number of dimensions and with terminal condition given by

1

g(r) = m

We initialize the Deep PDE method using the layer structure given in [3.13| it is
suggested in [38] to use 4 hidden layers of said structure, with each layer having

approximately 5 sublayers consisting of 50 nodes.

Initialization of the weights of each layer was originally done with standard normal
variables with mean 0, standard deviation of 1. However, this resulted in what is
known as gradient explosion - that is, during the calculation of terms such as dyu or
A,u the gradient would quickly grow towards infinity, and would thus be useless. It
is for this reason that initialization of weights eventually took values from a uniform
random distribution for each weight, with the interval on which values were taken

given by

V6 V6

VT e e T i

[

where the values n; and n;,; are simply the dimension of the input to the sublayer,

and the size of the output of the sublayer.

The differences between these algorithms here are rather stark. The Deep BSDE
algorithm has a significantly simpler ANN than does the Deep PDE method. For
this reason, training of the Deep PDE method takes significantly more computational
resources. In addition, the Deep PDE method is attempting to be able to simulate the
dynamics for all points in [0, 7] x R? once trained, whereas the Deep BSDE method
is simply finding the Y value of the given BSDE at time 0, which gives the solution
to the BSDE at the given x value. Given the need to remember complex dynamics,

the Deep PDE method method requires significantly longer training than the Deep
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Dimensions | Yy Deep BSDE | u(0,0) Deep PDE
1 0.5835275 0.4669369
10 0.4118325 0.31361356
20 0.3057440 0.25555387
30 0.2408965 0.11842176
40 0.1936964 0.23099062

Figure 4.10: Solution Results from the Deep BSDE method proposed by Jentzen et
al. from [2] and the Deep PDE Method from Sigiriano et al. in [38] after some 80
epochs of 10 samples per, with x = 0,t = 0 added to each epoch for training for the
Deep PDE method.

BSDE method for providing a similar answer. On the other hand, the Deep PDE
method method once trained provides solutions to more than a single time and space
value, which the Deep BSDE method forgoes.

Note that in the Deep BSDE method, the space value solved for is the initial value
X, of the SDE

t t
X=X+ [ 5. XYods+ [ als X, V)W,
0 0

For the Allen-Cahn PDE, this value is taken to be zero and thus the Deep BSDE
method is equivalent to querying the ANN trained via the Deep PDE method on
the value of the 0 vector. However, one could query many other space-time points
utilizing the Deep PDE Method and thus, while it takes significantly longer to train,

there are substantial benefits to doing so for other applications.

Finally, it is hard to make a direct comparison between the Deep BSDE method and
the Deep PDE Method due to their structure. The Deep BSDE method trains a
neural network to find an initial value to a BSDE by utilizing a merged PDE/BSDE
formulation but importantly, the PDE does not have any boundary conditions: the
PDE is essentially evaluated on all of R?. Unfortunately, the Deep PDE method
requires a boundary condition. This boundary condition is utilized in the objective
function above. Specifically, there is no g(x) function that we can associate with a
particular boundary that would allow the Deep PDE method to replicate the results
from the Deep BSDE method. Work should be done in this direction, to see if the
Deep BSDE method can be updated to work with specific boundary conditions on a
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Figure 4.11: Loss results on a per epoch basis for the Deep PDE method with L =
20 nodes, 1-dimension

bounded domain.
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Chapter 5
Suggested Future Research

Our comparison between Jentzen et al’s Deep BSDE algorithm and Bender et al’s
least-squares Monte Carlo algorithm was suggestive that both algorithms still have a
use in the modern day. However, the Deep BSDE algorithms has seen several potential
improvements suggested that were not incorporated into our implementation. For
instance, Naito and Yamada’s a priori improvement on the initial estimate of Y; has
been shown in their paper to significantly decrease learning time required for a good
approximation as well as error in the final result. Furthermore, there are several other
algorithms that could be implemented and tested against an improved Deep BSDE
method. Other BSDEs could also potentially be used in comparisons, and different
optimizers could be used for the Deep BSDE algorithm.

In addition, our attempt to compare the Deep PDE Method to the use of the Deep
BSDE and Monte-Carlo methods for solving PDEs revealed an interesting problem -
namely, that the Deep PDE Method only properly functions with well defined border
conditions and bounded domains. Meanwhile, the Deep BSDE method solves PDEs
over the entire space R? and thus there is no border to define. Future attempts
should be made to reconcile these methods. Due to how the Deep PDE Method uses
generated samples of random points, it does not seem possible to change this method
to extend to the entire domain of the solution of the PDE. However, it is likely that the
Deep BSDE algorithm could be updated to do so by limiting the domain it operates

on and training the network to find the appropriate Y, value.
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In order to do so, one could consider an algorithm that implements the Deep BSDE
method at various randomly selected points in space similar to how points are ran-
domly selected in the Deep PDE method. This would allow simulating the dynamics
of a PDE over a space grid, but not a time-grid. Once again however the dynam-
ics of the PDE on the boundary will need to be determined and it is not clear how
to implement that in the current Deep BSDE algorithm. Other avenues of research
could be to combine the Primal Dual Deep BSDE algorithm with the a priori knowl-
edge improvements from [26] which should in theory greatly improve the algorithms

efficiency if properly implemented.
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Chapter 6
Conclusions

In this thesis we reviewed some of the theory related to BSDEs before comparing
several algorithms that either find solutions for given BSDEs, or solve PDEs associated
with those BSDEs. We had a few novel contributions: we gave an explicit derivation
for the BSDE associated with the fair price of an option in an incomplete market
with differing lending and borrowing rates. We directly compared the Least-Squares
Monte-Carlo method for solving BSDEs to the Deep BSDE method. We evaluated
the solutions of the Deep PDE method with those of the Deep BSDE method for an
associated PDE-BSDE pair, and modified the Deep PDE algorithm in an attempt
to allow it to work on the same domain as the Deep BSDE algorithm for the given

problem.

We provided the proof that the BSDE in Section 4.1 yields the price of the given
financial options, in an incomplete market with differing lending and borrowing rates.
Our comparison of the two algorithms in this section is also novel to the best of
our knowledge, in particular the comparison of running times to accuracy. While
some numerical estimates have been provided in [4] for the Monte-Carlo algorithm
for this example for 100000 simulations, we add additional numerical results for the
Monte-Carlo algorithm and test its performance compared to the newer Deep BSDE
method. By comparing the results of the two algorithms on this example, we found
that the Monte Carlo algorithm was able to provide extremely accurate approxima-
tions when given enough computational time, while the Deep BSDE algorithm was

able to find solutions as accurately with a smaller amount of computational time.
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In exchange, the Deep BSDE algorithm requires hyper-parameter tuning wherein a
priori knowledge of the solution is useful for ensuring proper tuning. Finally, unlike
the Deep BSDE algorithm, the Monte-Carlo algorithm is able to fully reproduce the
probability distribution of the BSDE at any point of calculated time.

We also reviewed a modern technique for solving PDEs, the Deep PDE method which
also utilizes a neural network to solve non-linear PDEs. To our knowledge, no direct
comparisons of these algorithms have been made, although the Deep BSDE method
has been evaluated against the Allen-Cahn example in [15], results are provided only
for 20 dimensions in the underlying space. We provide solution values for the Deep
BSDE method on this example for 1, 10, 20, 30, and 40 dimensions. The Deep PDE
method differs significantly from the BSDE methods wherein the given approximate
solution is itself a Neural Network trained to approximate the solution wu(t, z) to any
given PDE. This allowed the fully trained ANN to approximate any point (f,x) €
[0, T] x R, however it comes with the drawback that the method is significantly more
computationally intensive to train, due to how it must account for and remember
over the various training steps the different dynamics at various points in space-time.
For this reason, the Deep PDE neural network is a good method should one need to
simulate the dynamics of a PDE over a variety of different points in the domain of
the PDE, but the Deep BSDE method and other methods are more efficient should a
solution only at one particular space-time point be required, such as estimating the

initial wealth required to reach a particular portfolio value or other such problems.
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Appendix A

A.0.1 Probabilistic Background

Definition A.0.1 (co-algebra) Let( be a set. A o-algebra over ) is a set F C P(€2)
(where P(QQ) stands for the powerset of Q1) that has the following properties:

i) X e F,
i) If A € F then A° € F,

iii) Let N € NU {oo}. Then for any sequence {A;}Y., such that A; € F for every
i, then UN | A; € F.

We also define a sub-c-algebra to be a subset of a g-algebra that is itself a o-algebra.

As an example, we can consider all intervals of R of the form (a, b), [a, b), (a,b] or [a, b]
where —oo < a < b < oo. Taking the smallest o-algebra that contains all of these

subsets, we end up with the Borel g-algebra, denoted B.

If X is a topological space, and F is a og-algebra, then the pair (X, F) is called a
measurable space. This allows us to introduce the concept of a measurable function.
In this case, we say that f : X — Y is a measurable function if, for all open sets
U CY, the pre-image of U under f, denoted f~*(U) is a member of F. A probability

measure is simply a measurable function

Finally, a probability space is a tumple (X, F, P) where X is a topological space, F is

a filtration and P is a probability measure (that is, P takes values only in the interval
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[0, 1] which also satisfies that P(Ujerf5; = Y, .; P(£;) where I is a countable set and
E; C X for every i € I).

We use sigma-algebras to give a sense of the information available to a given process
at a given time. This is formalized using two important concepts. The first of these
concepts, known as a filtration, gives the known values that a given process has taken

over a set period of time.

Definition A.0.2 Filtration Given a probability space (X, F,P), a sequence of o-
algebras given by (Fi)icpm where Fy € F for allt € [0,T] is a filtration if it satisfies
Fs C F, for any pair s, t € [0,T] such that s < t.

Brownian Motion

Brownian motion is an important stochastic process for understanding SDEs and the
eventual BSDEs that will be the topic of this thesis. Historically, the idea of Brownian
motion came about in 182, when the botanist Robert Brown noticed the motion of
pollen grains suspended in liquid. He noticed that there motion was irregular, but
may be explained by random collisions of the pollen grain with the molecules of the
water. This idea eventually led to several mathematical models which taken to the

limit describe the following stochastic process.

Brownian motion can be adequately described with the following definition:

Definition A.0.3 Brownian Motion Brownian motion is a stochastic process W;

which satisfies the following properties:

i) Wy =0 fort=0.
it) The process Wy is almost surely continuous.
i) Any two increments of Wy are independent.

i) Wy — Wy is normally distributed with mean 0 and variance t — s.
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Importantly, Brownian motion has been used to build a theory of stochastic inte-
gration, on which we build the stochastic differential equations. In general, we will

assume the use of the [t6 integral. It is defined in the following way
Definition A.0.4

The Ito integral is an extension of the Riemann-Stieljes integral. Given an interval

[0,¢] we define a sequence of partitions {m,} of [0, ] such that lim,,_, |7,| = 0. Then

' N
/O JdW = Zf(ti—l)(Wti - Wi, )

Using this integral, we can define an Ito process. Specifically, an Ito process is a

process of the form
t t
X, = X0+/ fsds—l—/ osdWs,
0 0

where B is a Brownian motion. In general we consider o, to be a predictable process

and fs to be a predictable and Lebesgue integrable process.
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Appendix B

Proof of error convergence for Monte-Carlo

Proof : The proof utilizes pieces from [41] as well as [4].

We need to show that

T 1 N
sup BlIYi~ Y+ [ EIZ,- 21 <C (w + £ll - €71+ (5 + Il )
0

0<t<T

Define an approximation of Z, Z using the Martingale Representation Theorem ap-

plied to Y;Siﬁ’ﬂ) as in the following equation:
t;
v = B YR + / " Zaw,
tivr tit1 ti siT s
t;

We now look at the difference between Y;, and the approximation of Y;, given by

Y;EOO’”) based on this representation, and compared with our original definitions:

lig1
Yo v [ 20 zyis

t1

tit1
_ylem _y, _ / (F(to X7 Y58, 227) — f(3, X, Yo, 24) ds
t

i

Now, we can use a trick to allow us to utilize Ito’s inequality. First, square both sides
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of the equation and then take expectations. This gives us the following equation

9 tig1 | 2
E[mjo,«_m]JrE/ Z,— 7| ds
t;

tit1 2
= F (_ / (f (tla )(;Z7 }/;(;)077r’ Zfioﬂr) — f (S, XS7 }{9, ZS)) dS —+ }/;?i,lﬂ' o }/;iJrl)
t;

< E[(!thi;” Vil P ORI - XT) - sup X — X))
1, <t<t;41
tit1 2
FClal(Y, ~ Y+ s =Yoo [ 12— Zas) |
t;<t<tit+1 ti
< (1+ ME[thoom ~ Y, P+ C(1+ i)w?’
— e i1 it1 ‘7T|
€ tit1
+ O+ P = Y+ alE] |z zzp

Where the assumption [2.1]is used for the second line, and Young’s Inequality combined

with the assumption in the theorem is used. It remains to estimate the term ZZ: =

LE { S Zds ]-“t}

||

In addition, the upper bound
N-1

Z . uitm

=0

Zy— 27

ds] < C|n|

from [41] is required.

Also note that by our introduction of Z(ﬂ) and using [to’s isometry we get

1 tip1
7™ — —F / 2™ ds| F, (B.1)
' Ati t; '

Therefore we can obtain the following inequality
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tit1 tit1 tit1
E U Z, —Z§i°°’“>|2ds} <2 (E V Zy — 2,7 |2] +E U | Z, — 21| dsD
ti t; ti

(B.2)

Now we take

Ay, o
(1= B | -

1 tiv1
W] + 5B U 2 — Zs\zds]

Ay, (00,) 9 1 AP 2
<(1+=)E [Y YtM|}+C’Ati+§E / 120 _ 7, 2ds
t;

z+1

Now with || sufficiently small we have the identity

1 A, AL
< (14 =5 4 Thy,
%—(+5+2)

With said small |, and the inequality from the earlier trick, we find

1 tig1
B[ v+ g8 | [ 7120 - Zias
t;

tit1
< (1 + CAt ) [|Yt(OO - ti+1|2] + CAZ +CE {/ | s(ﬂ) - ZS|2dS
t;

Recalling the upper bound on Z].V_l E [ftt“ 7y — Zf

the bound on E [ 7z, — Z o \2ds} we see

ds] from earlier, along with

max E [|Y oo.m) YMQ}
0<i<N

tit1 R
sc( Yy — Y} +2At+E[/ |ZS-Z§j>|2dsD < ¢ (EllYr - Y{"P) + |x|)
t;

=0
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where the Gronwall lemma is used to eliminate the integral term on the second line.

Convergence of Z(™ is now derived

N-1

tig1
Y E [/ | Z(m) — ZS|2ds}
i=0 ti
N-1 N-1 tiv1
SCZE[|E§OO’F)—%|2A“} +CE [|YT— "] ] +C|7r|+C’ZE{/ 2™ — Z,)2ds
i=1 i=0 ti

C(E[[Yr — Y71 + |x)).

From which the convergence of the estimate to Z(°™ can be derived. We still need
to derive the bounds on the error between Y;*" and Y;"" (and similarly for Z;~" and

Z;"™) to complete the proof, which is done by the theorem below.

Theorem B.0.1 Finally, now that we have some the upper bound on the error be-

tween Yy, YO, Zy, and Z;7" we now show there exists constants Cy,Co such that

N-1 n
00, n,mT 00, n,m 1
max B[y =[] + ZOEDZQ - 27| A <Cl< +C’2|7r|>
so long as || is sufficiently small. This is based on the proof from Theorem 5 in [5].

Proof:

It follows from Lemma 7 in [3] that

N—-1
‘ (n+1,7) 2 (n+1 T))2
g N [l + 3B [ TR A

D
< K*(T +1) (|7r|+F (yDT +1) + )
gl
-1
(n,m) 2
: (mNA 2 (o] Do [ M) -
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Where \y = 1 and \; = (1 + FAti—l))\i—la ygz—l-lﬂr) _ Y;En+1,7r) . Ytgnvr and Z(n—i—l )
Z(n+17ﬂ-) _ Z(nvﬂ-)
t; t; .

Choosing v = 4DK?*(T+1) and I' = 4K?*(T+1)(yDT+1) and iterating the inequality

from Lemma 7, the following is obtained

max )\ E [’ythrlTr :| + ZE [ n+17r ‘2 Atz

0<i<N

_ (Tl 1\ 1] L ()
<(M+) (ongw@y NIERGPY

=0

By the definition of \; we obtain

(n+1,m) (n+1,m)2
e AR I
1_‘|7_‘_| N-1
1,7),2 (L,m) 2
corr (U 3) (g e o]« o ] o)

If we can take the the square root of the left hand side of the above equation and
denote it A™™ then we see that Y A™™ converges so long as |r| is sufficiently small.
Therefore, (Y™™, Z(™)) is a Cauchy sequence and so converges to (Y (™ Z(m) a5

required when |7| is sufficiently small. [J

An application of both of these Theorems provides the convergence bounds given by

(see [3] and [4]).
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Appendix C

C.1 The relationship between BSDEs and PDEs

One of the main interest in developing a theory of BSDEs is a duality between solutions
of BSDEs and the solution of a corresponding PDE. Traditionally, it has been known
that SDEs and PDEs have a link due to the Feynman-Kac formula, which provides

the solution a given linear PDE by the expected value of a solution to an SDE.

Theorem C.1.1 (Feynman-Kac Formula) [28] Let f € C*(R™) and g € C(R"),
where this is some lower bound L € R™ such that g(x) > L for all x € R™.

Define t
ot = Jexp (— [ o005 105)

and consider the differential equation

0
a—:;:AU—gv t>0,xeR"

with initial condition given by v(0,z) = f(x). If u(t,z) € CH?(R x R™) is bounded on
K x R" for each compact K C R, where u solves the above differential equation then

u(t,z) = v(t,z). Here A is a linear operator (see [28]).

Likewise, the solutions to certain PDEs give rise to the solutions to associated BS-
DEs, and solutions to BSDEs can be used to find weaker solutions to PDEs in the

form of viscosity solutions [32]. For this reason, BSDEs are also of interest outside
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of Mathematical finance, as their solutions give rise to solutions of many different

complex PDEs.

Although this initial formula created a direct link between linear PDEs and SDEs,
more was needed to allow stochastic formulas to approximate the solutions to larger
classes of PDEs, especially those that had at least some non-linearity. Research from
Peng et al. eventually allowed for this relationship to be expanded by a non-linear

Feynman-Kac formulation. In particular, given a PDE of the following form:

Ou + %Au + f(t,u, Vu) =0 (C.1)

The solution of the PDE, u(t, x) is given by the BSDE of the form

T T
y;:g(BT)+/ L X, Z)dt+/ Zdw, (C.2)

This was eventually extended by Peng et al. [31] to an association between systems of
quasilinear parabolic PDEs of the below form, with their solution not corresponding
to the expected value of a simple SDE, but requiring a BSDE associated with it since

these equations were more complex.

1
Oyuy, + §Au + (f(t,x,u, Vuo(t,xz,u)), Vug) + gx(t, z,u, Vuo(t,z,u)) =0 (C.3)

fork=1,...,m,t € (0,7),z € R", (C.4)
up(T,x) = hy(z), for k=1,... m,xz e R* (C.5)

Where here the corresponding BSDE takes the form of a Fully Coupled Forward-
Backward Stochastic Differential Equation (FBSDE) pair:
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t t
X,=ux +/ f(s, Xs, Y, Zs)ds +/ o(s, X, Ys, Zs)dWy (C.6)
0 0

T T
Yt:h(XT)+/ g(s,XS,YS,ZS)ds—/ ZdW,  forte[0,T]  (C7)
t t

For the associated PDE, we will shortly show that the viscosity solution u of this PDE

takes the form

u(t,z) == Y (t)

where here we have Y% is the solution of the FBSDE pair

X = x+/ f(r Xf’z,YTW,Zﬁ’x)dr—l—/ o(r, X", Y,0" Z6%)dW,
t t
T T
YT = h(X5T) +/ g(r, X2, V5% Z5*)dr —/ ZL AW,
This holds, so long as the functions f, o, g, h are continuous and satisfy the assump-
tions (A1) — (A4) from Section 1.2.2.

We now give a proof of this result, reproduced from [31].

Proof: We consider a function ¢ € C1%([0,T] x R™). And consider a local minimum
(t,x) € [0,T] x R™ of the function u — . This proof shows that u is a superviscosity
solution of the PDE[C.3] A similar argument can be used to prove it is a subviscosity

solution.

We assume without loss of generality that 22 (¢, 2)-+(Ly)(t, z, u(t, z), Vo(t, ) (t, z, u(t, z)))+
g(t,z,u(t,x), Vo(t,z)o(t,z,u(t,z))) < 0. Then, we attempt to derive a contradic-

tion.

Given the above assumption, there exists an a € R such that 0 < a« < T'—t and such
that for all (s,y) € [t,T] x R" satisfying

t<s<t+a, lz -yl <«
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we have u(s,y) < ¢(s,y) and

%2 (s, y)+ (L) (s, y, u(s, y), Voo (s, y)a (s, y, u(s,y)))+9(s, 5, u(s, y), Vo(s, y)o(s,y, u(s, y))) <

ot
0
If we let 7 denote the stopping time, that is

7:=inf{s > t: |X!* — x| > a} A (t + ) and consider the pair of processes

Y, Zs) = (Y3, Leepm Z57),  t<s<t+a

solves the BSDE given by

t t+a
Y, = u(r, X1%) +/ g(r, X2 u(r, X5, T)dr—/ Z.dW, (C.8)

AT

(C.9)

And it follows from an application of Ité’s formula that the pair of processes (YS, Zs)
defined by

(e, Z)L = (p(s AT, X55), Lacpm Vip(s, X0T)o (s, X207 uls, X0)) t<s<t+a

SAT

is the solution to the BSDE of the form

~ T 8 _ t+a
Y, = o(r, X1") — / (8—(5(7“, X5 + Lo(r, X5 u(r, X507, Z,,)) dr — / ZdW,.,
SAT S

t<s<t+a«a

Defining the following functions
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IS
Il

a_ o A

- ( af (T7 Xﬁ,fﬂ) + LQO(T, X?z, u(?", )(;E’z)7 Z'r)g(/r, Xﬁ@’ U(T, Xﬁ,$)7 Zr))
8_ —~ —

&:_(50“W*”@WXVmeWL&M@wamxwxzo

Then for some ¢ > 0 it must be the case from our prior assumptions that

18, — B.| < c||Z, — Z,]|

from which it follows that there is a bounded, F;-adapted process {7} such that
7. € R? for all r such that

~ — A

ﬁr - Br = <77“7 Zr - ZT)

~ —

Defining (}75, Zs) = (Y; - Y, Z, — Z,) then we can write Y, in the form

T T

[BT + <’7r7 Zr>]dr - / ZrdWr

SAT

.= plr, Xt%) — u(r X) +

SAT

To continue, we need to borrow a theorem from [29] which gives us that

ﬁZEPhﬁ+/FMM4
t

where the function I'; ; is given by

S 1 S
I';s = exp {/ (Y, dW,) — 5/ |%~I2dr}
t t

It follows that u(r, X4%) < @(, Xb*), with 0 < (3, on the interval [t, 7], where 7 >
t. This implies that ¥; > 0 which necessarily means u(t,z) < o(t,z) which is a

contradiction. Hence u(t,x) is a viscosity subsolution of the given PDE. O
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