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Lay Summary

PDE systems appear in modeling many different phenomena. Monte Carlo simu-
lation provides a general methodology to represent their solutions approximately.
This thesis concerns not only the theoretical numerical analysis but the efficiency
of algorithms in practice, through numerous techniques in stochastic analysis,

PDE theory, and machine learning.
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Abstract

In this thesis, we will investigate McKean-Vlasov SDEs (McKV-SDEs) on R,

dXt = b[Xt7 /l’tX} dt + U[Xt7 /LtX] th? XO ~ [ € T2(Rd>7
wX  =Law(Xy), tel0,T],

where coefficient functions b and o satisfy sufficient regularity conditions and
{Witieo,r) is a Wiener process. These SDEs correspond to a class of deterministic

non-local PDEs

d

O P) = (e 32 2,0 PO (007) oasd + 30 0 POBL ),

i,j=1 i=1

where (m, F) := [p. F(y) m(dy).

The principal aim of the first part is to present Multilevel Monte Carlo (MLMC)
schemes for the McKV-SDEs. To overcome challenges due to the dependence
of coefficients on the measure, we work with Picard iteration. There are two
different ways to proceed. The first way is to address the McKV-SDEs with
interacting kernels directly by combining MLMC and Picard. The MLMC is used
to represent the empirical densities of the mean-fields at each Picard step. This
iterative MLMC approach reduces the computational complexity of calculating

expectations by an order of magnitude.
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However, we can also link the McKV-SDEs with interacting kernels to that with
non-interacting kernels by projection and then iteratively solve the simpler by
MLMC method. In each Picard iteration, the MLMC estimator can approximate
a few mean-fields directly. This iterative MLMC approach via projection reduces
the computational complexity of calculating expectations hugely by three orders

of magnitude.

In the second part, the main purpose is to demonstrate the plausibility of applying
deep learning technique to several types of random linear PDE systems. We
design learning algorithms by using probabilistic representation and Feynman-
Kac formula is crucial for deriving the recursive relationships on constructing the

loss function in each training session.
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Chapter 1

Introduction

The main subject of this thesis is Monte-Carlo based methods. One is the
Multilevel Monte Carlo (MLMC) for a class of deterministic PDEs with mean-
fields and another is deep neural networks for several random linear PDEs.
The mean field limits of systems of interacting diffusions (also called stochastic
interacting particle systems (SIPS)) have been intensively studied since McKean
[49] as they pave a way to probabilistic representations for many important
nonlinear /nonlocal PDEs. The fact that particles are not independent render
classical variance reduction techniques not directly applicable and consequently

make simulations of interacting diffusions prohibitive.

In the third chapter, we include the published article [67] that provides an
alternative iterative particle representation, inspired by the fixed point argument
by Sznitman [65] after the presentation of the least background material and
some frequently used results in the second chapter. The representation enjoys
suitable conditional independence property that is leveraged in our analysis. We
establish weak convergence of iterative particle system to the McKean-Vlasov

SDEs (McKV-SDEs) with interacting kernels. One of the immediate advantages
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of iterative particle system is that it can be combined with the Multilevel
Monte Carlo (MLMC) approach for the simulation of McKV-SDEs. We proved
that the MLMC approach reduces the computational complexity of calculating
expectations by an order of magnitude. Another perspective on this work is that
we analyse the error of nested Multilevel Monte Carlo estimators, which is of
independent interest. Furthermore, we work with state dependent functionals,
unlike scalar outputs which are common in literature on MLMC. The error

analysis is carried out in uniform, and what seems to be new, weighted norms.

In the fourth chapter, we establish the framework for the McKV-SDEs with non-
interacting kernels and present a generic methodology for efficient numerical ap-
proximation of the density function of the McKean-Vlasov SDEs with interacting
kernels. Our approach is based on a combination of iterative MLMC particle
method and projection estimation of particle densities. This allows to exploit
smoothness of the coefficients for McKean-Vlasov SDEs. In the best-case sce-
nario (i.e C™ for the coefficients), we improve the computational efficiency by

three orders of magnitude.

In the final chapter, we study high-dimensional random Partial Differential Equa-
tions (PDEs). These might naturally induce the curse of dimensionality if using
traditional numerical methods. We show how to construct deep neural network
surrogates for high-dimensional random PDEs by extension of the construction in
[62] and their effectiveness in numerous numerical experiments. Notably, the ar-
chitecture of deep network surrogates is feed-forward fully-connected. The frame-
work is mesh-free and can avoid the issue from the irregular computational do-
mains. Variants of the Stochastic Gradient Descent (SGD) algorithm are applied
to determine the parameters of the approximating deep neural network iteratively.
Moreover, we study the efficiency of the deep net for the inverse problem of recov-
ering the value of a parameter in the PDE given observations of the PDE solution.

Finally, we investigate a particular random PDE system and demonstrate there is
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a possibility that applying the approach of the weak-enforcement of the boundary
condition would perform better than that of the hard.



Chapter 2

Preliminaries

In this chapter, we present some general background and briefly summarize some
basic results from the theory of probability and stochastic differential equations
which lay the mathematical foundation for later chapters. What we cover here
is only small part of the comprehensive theory and they can be found in many

standard textbooks such as [37], [41] and [55]. Then the later sections are
e section 2.1: we give the least required background of probability theory;

e section 2.2: we define the stochastic process, and especially Wiener process

which lay the foundation for a class of stochastic integral in rest chapters;

e section 2.3: we outline inequalities and statements which will be used

through whole thesis;

2.1 Basic Probability Background

Definition 2.1. Let Q2 be a set. Then a o-algebra (or o-field) .F is a collection
of subsets of such that

1. Qe Z.
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2. For every Ay,..., A;,... such that A; € F, then |J, A; € F.
3. If A€ F, then A° € F, where A = Q\A.

Definition 2.2. A probability measure P(-) defined on a sigma-algebra F of ) is
a functional mapping from F to [0,1] and satisfies the following two properties:

1. P(Q) = 1.

2. For every sequence of Ay,..., A, ... such that A; € F and A;NA; =0 for
all i # j, then P((_JA;) = Y P(A)).
i i=1

Definition 2.3. The Polish space ) is a complete separable metric space with

metric p(x,y). The closed ball of radius r centered at x is

By(z) ={y: plz,y) <r}.

Definition 2.4. The Borel o-field $(2) is the smallest o-field of subsets of €

containing all closed balls. Elements of $B()) are called Borel sets.

Definition 2.5. If )y and Qs are Polish spaces, and f : Q1 — €y , then the

function f is called a Borel function if

fHB) = {a: f(x) € B} € B(tn)
Definition 2.6. Let (2,.#,P) be a probability space. An event E € % happens
almost surely (i.e. a.s) if P(E) = 1.

Definition 2.7. Let (2,.%,P) be a probability space. Then, a d-dimensional
real-valued function X : Q — D C R? is called random variable if o(X) =
X YAB(D)):={X"HB):BeB(D)} C.F, where D is closed.

Definition 2.8. Let X be a real-valued random variable defined on the probability
space (0, .7, P) and at least one of the integrals

| Xewrlaw), [ x-wp)
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(X1 = (|X| £ X)/2) is finite, then the expectation of X is defined as

E[X] ::/QX(w)IF’(dw) ::/QXJr(w)IP’(dw)—/QX_(w)IP(dw).

This expectation operator E[-] has various properties such as linearity, i.e.
E[X + Y] = E[X] + E[Y] if both E[X] and E[Y] are finite, and monotonicity,
ie. E[X] <E[Y]if X <Y (a.s) and both E[X] and E[Y] exist.

Moreover, the following assertions for E[-] hold:

Theorem 2.9 (Monotone Convergence Theorem). Consider a non-decreasing
sequence of random variables {X;}:2, defined on the probability space (Q2,.7,P),
i.e. for everyi € Z' :={1,2,...}, X; < Xi11 (a.s) and lim;,. X; = X (a.s),
then

lim E[X;] = E[X].

1—00
Theorem 2.10 (Dominated Convergence Theorem). Consider a sequence of
random variables {X;}32, defined on the probability space (Q, F,P). Suppose
for every i € ZF, |X;| <Y (a.s) and E[Y] < oo and the limit lim; o X; == X
exists, then

lim E[X;] = E[X].

1— 00
Next, it is necessary to differentiate several modes of convergence for the infinite

sequence of random variables {X;}2°, defined on the probability space (2,.%,P).

Definition 2.11. A sequence of random variables {X;}2, converges almost
surely (i.e. converges a.s) if P({w : lim;_,, X;(w) = X(w)}) = 1. This is also
called convergence with probability one.
Definition 2.12. A sequence of random variables {X;}2, converges in prob-
ability to X if

lim P(|X, - X|>¢) =0, Ve>0.
Definition 2.13. Suppose F; and F' are the cumulative distribution functions of

real-valued random variables X; and X, respectively. The sequence {X;}5°, is said
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to converge in law to X if lim; ,, F;(x) = F(x), for every x € R at which F

15 continuous. This 1s also called convergence wn distribution.

2.2 Stochastic Processes and Stopping time

Definition 2.14. A d-dimensional real-valued stochastic process in continuous
time is a collection of random variables X := {X; : 0 <t < oo} on the probability
space (Q, F,P) , where we conveniently interpret the index t € [0,00) of X
as time. For a fixed sample point w € ), the function t — X (w);t > 0 is the
realization of the process X with w. Note that we always assume X : [0,00) X Q2 —

D C RY, where D is closed, is measurable in (t,w) with respect to the product o-

field F @ B(D).

Definition 2.15. A d-dimensional real-valued stochastic process X with index
t defined on [0,T] C [0,00) is continuous if all its realizations are continuous

functions on [0, T].

Definition 2.16. A d-dimensional real-valued stochastic process X with index t
defined on [0,T] C [0,00) is cadlag if all its realizations belongs to the set of all
real-valued right-continuous functions on [0, T] which have finite left limits at each

point t € [0,T.

An important class of stochastic processes that can be use as a building block
for other processes is Brownian motion (or Wiener process) and characterized as

follows:

Definition 2.17 (Brownian motion). A d-dimensional real-valued continuous
stochastic process W = {W, : t € [0,00)} defined on the probability space

(Q, #,P) is Brownian motion if it has the properties
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1. Wy =0, a.s;

2. for every ty,ty > 0, the increment By, 1, — By, is independent of {B, : 0 <

u < t1}, and has a Gaussian distribution with mean 0 and variance to.

Also, Brownian motion is an example of a more general class of stochastic process

named by martingale:

Definition 2.18 (Martingale). A stochastic process X; defined on the probability
space (2, F,P) equipped with the filtration {.F;}i>o is called a martingale with
respect to F if it satisfies the following conditions:

1. X; is Fi-adapted;
2. E|X;| < oo for allt > 0;

3. E[Xy| Xs] = X for everyt > s >0, a.s. .

Finally, we introduce definitions of stopping time and local martingale:

Definition 2.19 (Stopping time). A random time T defined on the probability
space (2, F,P) equipped with the filtration {.%;}i>o is called a stopping time with
respect to Fy if the event {T <t} belongs to the o-field %, for everyt > 0.

Definition 2.20 (Local martingale). A stochastic process X; defined on the
probability space (S2,.F,P) equipped with the filtration { %} >0 is called a local
martingale with respect to F; if there exists a sequence of F-stopping times such

that 7; — 00, a.s and Xyn,, is a martingale with respect to Fyp,, for everyi € Z7.

2.3 Necessary inequalities and statements

Theorem 2.21 (Holder’s inequality). For any real-valued random variables X

and Y defined on the probability space (), %, P), then
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Q=

EIXY| < (E[|X]])* (E[Y]])".

where 1/p+1/qg=1if p € (1,00).

Theorem 2.22 (Cauchy-Schwarz inequality). For any real-valued random vari-

ables X and Y defined on the probability space (2, F,P), then

ELXY] < (B[1X[2))? E[]Y]])?.

Theorem 2.23 (Jensen’s inequality). If X is an integrable (i.e. E[X] < o0)
random variable defined on the probability space (Q,.%#,P) and ¢ is a convex
function , then

¢ (E[X]) < Efp(X)].
Lemma 2.24 (Conditional Jensen’s inequality). If X is an integrable random
variable defined on the probability space (2, % ,P), ¢ is a convex function and

G C F is ao-field, then

¢ (E[X]9]) <Elp(X)|9],a.s.
Theorem 2.25 (Burkholder-Davis-Gundy inequality). For any 1 < p < oo there
exist positive constants c,, C, that only depend on the choice of p such that for all

local martingales M with My = 0, mazimum denoted by M; := sup,., |M,| and

stopping times T , the following inequality holds:
cplt HM]Q/Q} <E[(M;)] < GE [[M]i/ﬂ ’

where [M] denotes the quadratic variation of a process M.

Lemma 2.26 (Gronwall’s lemma). Let T" > 0 and «, B and u be real-valued
functions defined on [0,T]. Assume that a and u are continuous and that the

negative part of B is integrable on every closed and bounded subinterval of [0,T].
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If a is non-negative and if u satisfies the integral inequality

u(t) < B(t) +/O a(s)u(s)ds, Vte[0,T],

then
u(t) < B(t) +/0 a(s)B(s) exp(/ a(r)dr)ds, vt e [0,T].

Theorem 2.27 (Conditional Dominated Convergence Theorem). Let X be an
integrable random variable defined on the probability space (Q,. % ,P) and 4 C F
is a o-field. Consider a sequence of random variables {X;}2, such that | X;| <Y,
a.s where E[Y] < oo and lim; o, X; = X, a.s, then

lim E[X;|¥9] = E[X|¥], a.s.

1—00
Theorem 2.28 (Fubini’s theorem). Suppose €y and €y are o-finite measure
spaces, and suppose that Q1 x Qs is given the product measure (which is unique

as Q1 and Qo are o-finite). If f(wy,ws) is a measurable function on Q1 X Qy such

that

/ [ s, wa)]| e, ws) < oo,
leQg

then

/ﬂl ( Q2f(w1aw2)uaz(w2)) fro, (w1) = /92 < o f(w1,w2)/~ml(w1)> f102, (ws).

Lemma 2.29. Let (1, %) and (s, Bs) be complete separable metric spaces.
Let X and Y be random variables in the same probability space (), %, P), with
X taking values in (Qq, %) and Y taking values in (o, B). Let G C F be a
sub o-algebra. Suppose that'Y is & -measurable. Then, for every Borel function
h:Q xQy = R such that E|h(X,Y)| < 400, there exists (a.s.) a probability

measure fixiy : HB1 x 8 — [0,1] (called the regular conditional probability
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measure of X given &) such that

(EHXY)E) @) = [ A, Y (@) pxioldo,).

My

Suppose that, in addition, X is independent of 4. Then, uxy(-,w) = Law(X)

for w-almost surely.

Theorem 2.30 (Feynman-Kac formula). Suppose f is a continuous function, ¢
is continuous in (x,t) and bounded in x, o and b are Lipschitz continuous in x,
continuous in t, and grow at most linearly in x and u : [0,T] x R? — R satisfies

max |u(t,z)| < Ce?l*
0<t<T

for some constant p > 0 sufficiently small, and the second-order linear PDFE

o1& 9%u d ou d
o + 3 Z aij(t,l‘)m + ij(t’x)f}’_xj +e(z,t)u=0, (t,z)€0,T] xR,

1,j=1 7j=1

u(T,z) = f(x),
(2.1)

where a given by o(t,x)o(t,z)T is uniformly positive definite. Then u admits the

stochastic representation
u(t, ) = E[f(XE")eli X5 )ds)
where the stochastic flow is determined by the dynamics

AXT' = (XY, s)ds + o(XT', 5)dWs, s € [t,T] and X' =z € RY.



Chapter 3

Iterative Multilevel Particle

Approximation for
McKean-Vlasov SDEs with

Interacting Kernels

3.1 Introduction

The theory of mean field interacting particle systems was pioneered by the work
of H. McKean [49], where he gave a probabilistic interpretation of a class of
nonlinear (due to the dependence on the coefficients of the solution itself) nonlocal
PDEs. Probabilistic representation has an advantage, as it paves a way to Monte-
Carlo approximation methods which are efficient in high dimensions. Fix T" > 0.
Let {Wi}icpo,r) be an r-dimensional Brownian motion on a filtered probability
space (Q,{F;};,F,P). Consider continuous functions b : R? x R? — R

o : R x R — RY®" and their corresponding non-linear (in the sense of McKean)

12
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stochastic differential equation (McKV-SDE with interacting kernel) given by

dXt = b[Xt7 /LtX] dt + O'[Xt, ,ng(] th,

(3.1)
uX  =Law(X;), te][0,T],

where Xo ~ po € Po(R?) and Glz,m] = [, G( m(dy), for any z € R?
and m € Py(R?) (square-integrable laws on Rd). Notice that {X;}icpr is
not necessarily a Markov process and hence it is not immediate what the
corresponding backward Kolmogorov equation looks like. Nonetheless using Ito’s
formula with P € CZ(R?), one can derive corresponding nonlinear Kolmogorov-

Fokker-Planck equation

8t<:utv HJt7 Z i x] T)ij['vlut] + ZOIZP()bZ[vﬂtDv (32)

z]l

where (m, F) := [p. F(y) m(dy), [2, 19, 65]. The theory of propagation of chaos,
[65], states that (3.1) arises as a limiting equation of the system of interacting
diffusions {Y;""},_1__y on (RH)N given by

-----

dv™ =Y, Mt + o[V, VAW,

Y,N

1 (3.3)
ILLt = N Zi:l 6Ytz’,N, t Z 0,

where {Y; "V}, ~ are independent

geeey =1,...

Brownian motions. It can be shown, under sufficient regularity conditions on the
coefficients, that ¥ € Po(C([0,T],R?)) converges in law to u~, see [52]. This
is a not trivial result as the particles are not independent. Moreover, (3.3) can be
interpreted as a first step towards numerical schemes for (3.1). To obtain a fully
implementable algorithm one needs to study time discretisation of (3.1). As in
seminal papers by Bossy and Talay [11, 12] we work with an Euler scheme. Take
partition {tg}x of [0,T], with ¢, — t,—1 = h and define n(t) := tyif t € [ty tgs1)-



CHAPTER 3. Iterative Multilevel Particle Approximation for McKean-Vlasov
SDEs with Interacting Kernels 14

The continuous Euler scheme reads

V=V Y i i) 1 = 1) + o[V, i OV = W) (3.4)
Note that due to interactions between discretised diffusions, implementation of
(3.4) requires N? arithmetic operations at each step t; of the scheme. This makes
simulations of (3.4) very costly, but should not come as a surprise as the aim
is to approximate non linear/non local PDEs (3.2) for which the deterministic
schemes based on space discretisation, typically, are also computationally very
demanding [13]. It has been proven that the empirical distribution function of N
particles (3.4) converges, in a weak sense, to the distribution of the corresponding
McKean-Vlasov limiting equation with the rate O((v/N)~* +h), see [2, 9, 10, 12].
Hence the computational cost of achieving a mean-square-error (see Theorem 3.19

for the definition) of order €2 > 0 using this direct approach is O(¢~?).

The lack of independence among interacting diffusions and the fact that the
statistical error coming from approximating a measure creates a bias in the
approximation, render applications of variance reduction techniques non-trivial.
In fact, we are not aware of any rigorous work on variance reduction techniques for
McKV-SDEs. In this chapter, we develop an iterated particle system that allows
decomposing the statistical error and bias. We also provide an error analysis for
a general class of McKV-SDEs. Finally, we deploy the MLMC method of Giles-
Heinrich [29, 33] (see also 2-level MC of Kebaier [38]). In Section 3.2.1, we show
that a direct application of MLMC to (3.3) fails. It is worth pointing out that
the idea of combining an iterative method with MLMC to solve non-linear PDEs
has very recently been proposed in [25]. However, their interest is on BSDEs and

their connections to semi-linear PDEs.

The key technical part of this chapter is weak convergence analysis of the time

discretisation that allows for iteration of the error in a suitable norms. It is
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well know, at least since the work [68] that weak error analysis relies on the
corresponding PDE theory. However as we already stated the solution to (3.1) is

not Markovian on R%. To overcome we work with forward backward system

XtO,Xo =€+fg b[Xg,X()?M?—O,XO]dS_i_fJO_[XS,XO’Mfo,XO]dWS’

= Law(X0%),

and note that X0 £ X?’m}x
standard PDE theory on [0, 7] x R? problematic and lead to theory of PDEs on

_x, in general (see [16]). This makes building of

measure spaces proposed by P. Lions in his lectures in College de France ([46])

and further developed in [16, 19]. Here we work with
t 0.6 t 0.
XP* = —|—/ b[X% ) ds —|—/ a[X% X dW. (3.5)
0 0

Notice that (3.5), unlike (3.1), is a Markov process. Furthermore, if (3.1) has a

unique (weak) solution, then X{"*|,—x, = X;"*°. This means that

/Rd]E[P(fxgw)} po(dz) = E[E[P(X,)| Xo]].

It can be shown that v(0,z) = E[P(X?I)} is a solution to backward Kolmogorov

equation on [0, 7] x R? which we will explore in this chapter.

3.1.1 Main assumptions on the McKean-Vlasov SDE

Here we state the assumptions needed for the analysis of equation (3.1).

Assumption 3.1.

(Ker-Reg) The kernels b and o belong to the sets C’Z’bl (R x RY RY) N C'lgﬁ (RY x RY, RY)
and C’b%’bl (R? x R R9®7) N C’g’ﬁ(Rd x R RI®™) respectively.
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(to-Ly) The initial law po := i satisfies the following condition: for any p > 1,
Mo € LP(Q;Rd), 1.€.
/ |z|P o (dr) < .
R4

Note that if (Ker-Reg) holds, then

(Lip) the kernels b and o are globally Lipschitz, i.e. for all zy, 22,51,y € RY,

there exists a constant L such that
0(z1,y1) — b(w2, y2)| + lo(z1, y1) — o(22, y2) | < L(|21 — 23| + |11 — v2])-

If (Ker-Reg) and (po-L,) hold, then a weak solution to (3.1) exists and
pathwise uniqueness holds (see [65]). In other words {X;};>o induces a unique

probability measure on C'([0, 7], R?) . Furthermore it has a property that

sup E|X;|P < 0. (3.6)

0<t<T

The additional smoothness stipulated in (Ker-Reg) is needed in the analysis of

weak approximation errors.

3.1.2 Iterated particle method

The main idea is to approximate (3.1) with a sequence of classical SDEs defined

as
AX7 = b[X]", 1"t + o[ X7 X awr, " = (3.7)

where (W™, X[") are independent for all m € N as well as (W™, X[") and
(W™, X) m # n € N, are independent. The conditional independence across

iterations is the key difference of our approach from the proof of existence of
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solutions by Sznitman [65], where the same Brownian motion and initial condition

are used at every iteration. The Euler scheme with ,uoym = pi reads

-1 ~m—1

dy::n = b[YZEt)a ,UnX(t) Jdt + U[yzzty /%)7((1:) Jawy™. (3.8)

To implement (3.8) at every step of the scheme, one needs to compute the integral
with respect to the measure from the previous iteration m — 1. This integral
is calculated by approximating measure ,uny(gil by the empirical measure with
N,,—1 samples. Consequently, we take ,u()?im = p and define, for m € N and

1<i<N,,

im o YT

Ny
1]dt + J[Yn(t)7 Mn(t)

_Lm ?m—l

Y™ = 0¥ i Nona gryriom. (3.9)
and call it an iterative particle system. As above, we require that W™, 1 < i <
Ny, m € N, and ?é’m, 1 <1< N, m €N, are independent. By this construction,
the particles (?Zm)l are independent upon conditioning on 0<{Yi’m_1}1§i§Nm71 :
telo, T]) The error analysis of (3.9) is presented in Theorem (3.19) and (3.20).
From there one can deduce that optimal computational cost is achieved when
{N,n }m is increasing and the computational complexity of computing expectations

with (3.9) is of the same order as the original particle system, i.e. e >,

3.1.3 Main result of the iterative MLMC algorithm

To reduce the computational cost, we combine the MLMC method with Picard
iteration (3.7). Fix mand L. Let II* = {0 =¢§, ...t ..., T = tg,z}, (=0,...,L,
be a family of time grids such that ¢ — t{ | = hy = T27¢. To simulate (3.8) at
Picard step m and for all discretisation levels ¢ we need to have an approximation

of the relevant expectations with respect to the law of the process at the previous
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Picard step m — 1 and the time grid IT*, i.e.

(B X5 ) B, X ] B, X))

(E[a(m,yyfl)], . ,E[a(x,ytgfl)], o EBlo(x, Xy )]) :

By approximating these expectations with the MLMC (signed) measure M1
(see Section 3.2.2 for its exact definition), we arrive at the iterative MLMC particle
method defined as

AV = (N B ) e+ U0, o (Vs ) Wi (3.10)

/(t) ne(t) ne(t) ne(t)

where Y% = X,,. Under the assumptions listed in Section 3.1.1, the main result

of this chapter gives precise error bounds for (3.10).

Theorem 3.2. Assume (Ker-Reg) and (uo-L,) . Fiz M > 0 and let
P € C2RY). Define MSEM(P) = E[(M™, P) — E[P(X,)])?. Then there
exists a constant ¢ > 0 (independent of the choices of M, L and {Np, ¢} m.e) such
that for every t € [0,T],

o) ) M M-m L hy M-1
MSE, " (P) < c{hL +> = > N + =5 }
m=1 =0 ’

The proof can be found in Section 3.4.1. The first term in the above error
comes from the analysis of weak convergence for the Euler scheme. The second
contains the usual MLMC variance and shows that computational effort should
be increasing with with iteration m (rather than equally distributed across
iterations). Finally the last term is an extra error due to iterations. Using this
result, we prove in Theorem 3.17 that the overall complexity of the algorithm is
of order e *|loge|? (i.e. one order of magnitude better than the direct approach).

We remark that the MLMC measure acts on functionals that depend on spatial
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variables. We work with uniform norms as in [30, 33|, but also introduce suitable

weighted norms, which seems new in MLMC literature.

We remark that, the analysis of stochastic particles systems is of independent
interest, as it is used as models in molecular dynamics; physical particles in fluid
dynamics [57]; behaviour of interacting agents in economics or social networks
[18] or interacting neurons in biology [22]. It is also used in modelling networks

of neurons (see [21]) and modelling altruism (see [25]).

3.1.4 Convention of notations

We use ||A| to denote the Hilbert-Schmidt norm while |v| is used to denote
the Euclidean norm. For any stochastic process R = {R;}ies, the law of Ry
at any time point ¢ € I is denoted by uff. Po(E) denotes the set of square-
integrable probability measures on any Polish space E. On the other hand,
P5(F) denotes, on any Polish space E, the set of random signed measures that

are square-integrable almost surely.

Moreover, we denote by Cz?, ’;(Rm x R™ R) the set of functions P from R™ x R"
to R that are continuously twice-differentiable in the second argument, for which

there exists a constant L such that for each x € R™, y € R" 4,5 € {1,...,n},
10y, P(z,y)| < L1+ [y?), 105, P(z,y)] < L1+ [y["),

where 0,, and (95_ ,; denote respectively the first and second order partial
Y3

derivatives w.r.t. the second argument. Finally, we denote by Cy 3/ (R™ xR, R) the

set of functions from R™ x R™ to R that are continuously p times differentiable in

the first argument and continuously ¢ times differentiable in the second argument



CHAPTER 3. Iterative Multilevel Particle Approximation for McKean-Vlasov
SDEs with Interacting Kernels 20

such that the partial derivatives (up to the respective orders, excluding the

“zeroth” order derivative) are bounded.

3.2 The iterative MLMC algorithm

3.2.1 Direct application of MLMC to interacting diffu-

sions

There are two issues pertaining to the direct application of MLMC methodology
to (3.4): i) the telescopic property needed for MLMC identity [29] does not hold in
general; ii) a small number of simulations (particles) on fine time steps (a reason
for the improved computational cost in MLMC setting) would lead to a poor
approximation of the measure, leading to a high bias. To show that telescopic
sum does not hold in general, consider a collection of discretisations of [0, 7] with
different resolutions. To this end, we fix L. € N. Then Y%’Z’Ne, ¢ =1,...,L,
denotes for each i a particle corresponding to (3.4) with time-step hy, where N,
is the total number of particles. Let P : R — R be any Borel-measurable
function. With a direct application of MLMC in time for (3.4), we replace the
standard Monte-Carlo estimator on the left-hand side by an MLMC estimator on
the right-hand side as follows.

2
zl=
(]
~
=
z
+
] =
2|~
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However, we observe that such a direct application is not possible, since, in

general,

AP P T

which means that we do not have equality in expectation on both sides of (3.11).
On the contrary, if we required the number of particles for all the levels to be
the same, then the telescopic sum would hold, but clearly, there would be no
computational gain from doing MLMC. We are aware of two articles that tackle
the aforementioned issue. The case of linear coefficients is treated in [59], in
which particles from all levels are used to approximate the mean field at the
final (most accurate) approximation level. It is not clear how this approach
could be extended to general McKean-Vlasov equations. A numerical study of a
“multi-cloud” approach is presented in [31]. The algorithm resembles the MLMC
approach to the nested simulation problem in [1, 30, 17, 45]. Their approach is
very natural, but because particles within each cloud are not independent, one

faces similar challenges as with the classical particle system.

3.2.2 Construction of the iterative MLMC algorithm

We approximate each of the expectations by the MLMC method, but only have
access to samples at grid points I that correspond to (Y#™~1), ;. Consequently,
for ¢ < ¢, the empirical measure % Zf\il (Sy;i,m—l,l is only defined at every
timepoint in I, but not II¥ and one cannot build MLMC telescopic sum across
all discretisation levels. For that reason (as in original development of MLMC

by Heinrich [33]), we introduce a linear-interpolated measure (in time) ﬁf mThAN
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(
% Zi\il 5yj»m—17"' tellt,
TN 2 (3.12)
| e e AT

where n,(t) :=ti, ift € [t},t}.,). For any continuous function P : R x R? — R

and any = € R?, we define the MLMC signed measure Mgm_l) by

L
ym—1¢ — e 'm—l,f—l7 1.
ML P,y = O @ T = Mm=16y pg,)y,  (3.13)
=0

~Ym_1’_1,N
where i, "

¥ := (0. We interpret the MLMC operator in a componentwise
sense. We then define the particle system {Y*™‘} as in (3.10). As usual
for MLMC estimators, at each level ¢, we use the same Brownian motion to
simulate particle systems (Y™f Yimt=1), to ensure that the variance of the
overall estimator is reduced. As for the iterative particle system, we require that

Wim 1< i < Npg,m € Ny and Y5™, 1 <0 < Ny, 1 < €< L, m € N, are

independent.

3.3 Abstract framework for MLMC analysis

To streamline the analysis of the iterated MLMC estimator, we introduce an
abstract framework corresponding to one iteration. This simplifies the notation

and also may be useful for future developments of MLMC algorithms.

Let b: R? x P5(R?Y) — R? and 7 : R? x P5(R?) — R¥" be measurable functions.
Also, V € P5(C([0,T],R?)) is fixed (the precise conditions that we impose on
b, @ and V will be presented in Section 3.3.1). We consider SDEs with random
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coefficients of the form
dUt = [_?(Ut, Vt)dt + E(Ut, Vt)th, ,ug = [I,OX (314)

The solution of this SDE is well-defined under the assumptions in Section 3.3.1,
by [41]. For ¢ = 1,..., L, the corresponding Euler approximation of (3.14) at

level ¢ is given by
_ . ¢
AZ; = W2y, Vo)t +T(Z 0y, Vne)dAWe, g = pig- - (3.15)

We require that V does not depend on ¢ and that (W}).cjo,77 is independent of V.

Subsequently, we define a particle system {Z} as follows,

%, T 1, — i i i,
dZt ¢ b(an(t)’ Vng(t))dt + O'(Z Zt), vm(t))th y MOZ = /Lé( . (316)

(2
e(

3.3.1 Analysis of the abstract framework

Using the notation defined in the previous section, we formulate the conditions
needed to study the convergence of the iterated particle system. Recall that
V € P5(C([0,T],R%) is given and we consider equations (3.15) and (3.16). We

assume the following.

Assumption 3.3.

(V-bound) The random measure V is independent of W* and Zé’f. For each p > 1,

sup E

0<s<T

Iylst(dy)‘ < 0.
Rd
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(V-Reg) There exists a constant ¢ such that

sup sup E[|b(z,V;) — E(m,vs)|2 + ||o(z, Vi) — E(x,VS)HZ} < c(t —s).

z€R? 0<s<i<T

(V-Lip) There exists a constant ¢ such that for each t € [0,T] and z,y € R,

[b(2, Ve) = by, Vo)l + |5 (2, Ve) = 7y, Vo)l < clz —y] (3.17)

e vl + It 0ol < 1+ el +| [ wivean|). @y

Analysis of conditional MLMC variance For the rest of this section, we
denote by ¢ a generic constant that depends on 7', but not on ¢ or N,. We first

consider the integrability of process (3.15).

Lemma 3.4. Let Z° be defined as in (3.15). Assume (V-Lip) and (uo-L,) .

Then for any p > 2 and £ > 0, there exists a constant ¢ such that

T
]E{ sup |Zf]p} <ec <1+E{/ / \y]p\?né(s)(dy)‘ds]).
t€[0,T) 0 R4

Proof. Given any /, let us define a sequence of stopping times 7y, := inf{t >

0 : |Zf —Z > M}. For any t € [0,T], we consider the stopped process
Z!

tATM

and compute by the Burkholder-Davis-Gundy and Hoélder inequalities and
assumptions (V-Lip) and (po-L,) to obtain that

t
E{sup \zﬁww] < c(EHZérpmplE[ / \b<Z£<SWM,vn<s>>\pds]

0<u<t
t
+t§_1]E |:/ ||6<Z£(8)/\7—]\/j , VU(S)) ||pd8:| ) .
0

c(l + E{/Ot /Rd [Y[P Vs (dy) ds}

IN
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¢
+/ E{ sup \Zﬁ/\w[p} ds).
0 0<u<s

Note that, by (uo-Ly) ,

| sup 1200, 7| < c(E| s 120, - 200] + BIZP) < +oc

0<u<s 0<u<s

By Gronwall’s lemma,

T
o] 2at] < (18] |
0<u<t 0

: ¢
Furthermore, since supy<;<r [ Z;a,,

/R d !y\p\?ms)(d@/)‘ ds} ) -

P is a non-decreasing sequence (in M) converg-
ing pointwise to supy<,<7 | Z¢|P, the lemma follows from the monotone convergence

theorem. O

The following two lemmas focus on the regularity of Z{ in time and its strong
convergence property. The first lemma bounds the difference in Z¢ over two time
points, at a fixed level . The second lemma bounds the difference in Z! over
adjacent levels, at a fixed time t. Their proofs follow from standard estimates in

the theory of SDE and are therefore omitted.

Lemma 3.5 (Regularity of Z¢). Let Z* be defined as in (3.15). Assume (V-Lip)
and (V-bound) . Then, forp>1,0<u<s<T,

(Enzf - zﬁvﬂf < (s — )2,

Lemma 3.6 (Strong convergence of Z!). Assume (V-Lip), (V-bound) and
(V-Reg) . Then for any ¢ € {1,2,..., L}, there exists a constant ¢ > 0 such that



CHAPTER 3. Iterative Multilevel Particle Approximation for McKean-Vlasov
SDEs with Interacting Kernels 26

E| sup |Z! — ZF7Y?| < chy.
0<t<T

We define the interpolated empirical measures ﬁtZ LN exactly as in (3.12) and the
corresponding MLMC operator M; (corresponding to (3.13), but for one Picard

iteration) as

L
<Mt7 z, <Z <~Z[ e ~Ze 1 NZ),P(.ZU, )> y ﬁtZ_17N0 = 0.
=

We also define o-algebra F) = {0(V,)o<s<i}. Since samples {Z;Z(t)} i =
1,...,Ny,, £ =0,...,L, conditioned on F7. are independent, we can bound the

conditional MLMC variance as follows.

Lemma 3.7. Assume (V-Lip), (V-bound) and (V-Reg) hold. Let p €
P> (C([0,T],R?)). Then for any Lipschitz function P : R* x R — R, there exists
a constant ¢ such that

Lhz

—. q
N, (3.19)
(=0

sup | | Var (0,0, P D[} ) i) < ¢

0<t<T

Proof. The independence condition in (V-bound) implies that

7))

E |:V8I<<Mm;(t)u P(z,-))

NO 1 L Ng 1
N 2, 0 7 E i e 1 v
= Y B var R[] | + X3 v, - Pifr]7] .
i=1 "0 =1 i=1 ¢
where
Py Z(t) =(1- /\f)P(x Z 6(7, (t))) + >‘fP<I ZZ,Z(UL( ))+hz)7 (3.20)
M o= %ﬁmdt)) € [0,1]. Using the fact that E[Var(X|G)] < Var(X) < E[X?],
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we obtain the bound

2 L Ng

+ZZ[\1QE

(=1 i=1

2
P’l é i,f—l

77L t) no(t) T (b

E [Var (<MT]L(t)7 P(

)] < 2wl

Since P is Lipschitz, it has linear growth. By Lemma 3.4, it follows that

2

PZO

EIF o

< ¢ sup /Rd (wQ—l—E‘Z’O )| +E‘ - )+h0| )ut(d:c)<+oo.

0<t<T

Next, we consider levels ¢ € {1,..., L}. Recall from (3.20) that

il , il , it
B =M= A)P(@, Z00 0) +NP@ 200 yn,)s

P;f(_t)l (1_)\f—1) ( Zzé 1 ) )\Z 1P( Zzﬁ 1 )

ne—1(nL(t) Me—1(nL(t))+he—1

We decompose the error as follows.

i g1
1P (@) |

< (1=Xh. ‘P(:n, zt

ne(nL(t)) ne—1(nL(t))

if—1 if—1
o) £ P@ 2 ) = P 2 0)

)+ Pz, 701 ) — Pz, 7" )

/-1
A ne(nr (t))+he ne—1(nr(#))+he—1

ik
P, 2, 0 6)+h

— P(x, 2"

¢ -1 ik
A=A "‘P@“vz mz(nL(t)))"

me(nL () +he)

By Lemma 3.6,

P(x ZZZ 1 )|2

i,
E[P(z,Z, ne(nL(t))

(ﬂL(t)))

i0—1 2
=P 2, ) 4n)]

IN

chy, (3.21)

il
E[P(z, 2, ) ) 4n,)

IN

chy. (3.22)
Also, by Lemma 3.5,

E|P(x, z" Z(,71(,5))) P(:C,Z:]fjll(m(t)))‘z < c(me(ne(t)) — ne—1(ne(t))) < che, (3.23)

if—1
() — P@ 2

2
(@) +he_) | < chey (3.24)
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and

E|P(x, 2

i,0
L (e)+n) — P 2y

)| < che. (3.25)

We obtain (3.19) by combining (3.21), (3.22), (3.23), (3.24) and (3.25). Since ¢

and x are arbitrary, the proof is complete.

[
3.3.2 Weak error analysis
We begin this subsection by defining X** as
t t
7 =+ [0 dut [ olXi i aw,
For P € CI?, 2(R? x R%R) and t € [0,T], we consider the function
vy(s,z) == E[P(y,X;")], ye€ R and (s,z) € [0,£] x R”. (3.26)

We aim to show that v,(s,x) € C*2. The first step is the lemma below.

Lemma 3.8. Assume (10-L,) and (Ker-Reg) . Then
b, ¥ € C3H(RY x [0,T],R?) and of-, ] € Cpy (R? x [0, T], R%").

Proof. For any v € R% s € [0,T] and t € [s,T], we apply Ito’s formula to each
coordinate k € {1,...,d} of b to get

be(z, X)) = bi(z, X,) /ZZ@ (0, X055 X, i AW

S j=1 i=1

2,7=1

(3.27)
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where a[z, u] = o[z, plo[z, ] and 9,,by, oz, bi, indicate the derivatives w.r.t. the
the second argument. Assumptions (Ker-Reg) , (Lip) , (uo-L,) and (3.6)
imply that the above stochastic integral is a martingale. By the fundamental

theorem of calculus,

5’t [bk Z, Xt = |:Zayjbk Z, Xt Xt,,ut Z bk ZE Xt CLz][Xt,,U/t ] .

zgl

(3.28)

By (Ker-Reg) , 9,,b; and 8§i7yjbk are bounded. Moreover, by (Lip) , we know
that b and a are respectively of linear and quadratic growth in z. Therefore, by
(3.6), we conclude that 9;by[z, 1i;X] is bounded. To conclude, we can apply the

same argument to o|-, u*X]. O

Lemma 3.9. Assume (Ker-Reg) and (po-L,) . Then for any (s,x) €
[0,¢] x RY, (i,5) € {1,...,d}* and P € Cy (R x R%,R),

SUp ([102,vy (5, @)oo + 1105, 2, vy (5, 7)) < L. ((v-diff-Reg+))

yeRd

Proof. We only provide a sketch as the argument is standard. By the fact

that the first-order spatial derivatives of b[-, u*] and o[-, u*] are bounded, it is

straightforward to deduce that

2

sup sup ]E[ 0, (XFYI | | < 0. (3.29)
z€RY s€[0,t]
Theorem 5.5.5 in [27] establishes that
d
0u0) = 3|0, Pl )0, (7)) (3.30)

J=1
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By (3.29), it is clear that the assertion for the first order derivatives in ((v-diff-
Reg+)) holds if P € Cz?, Z(R? x RY, R). Similarly, we can prove the assertion for

the second order derivatives in the same way. O

Lemma 3.10. Let {Q:}ico1) be a cadlag square-integrable process adapted to the
filtration {Fi}ejor. Suppose that {Witicpm s a {Fiteo.r-Brownian motion.
Let G be a o-algebra such that G C Fy. Then the following equalities hold for any
te€0,7).

(a) E{/ﬁtczsdws 9} 0,

(v) E{(/Ot@sdws)Qg]zﬁ[/otggds

Proof. (a) By the tower property of conditional expectation,

EUOtQSdWS 91 :E{E{/OtQSdWS ?0}

(b) Similarly, by It6’s isometry and the tower property of conditional expectation,

(o) ] - (o) ]
-l [eraf
= E_/O Q2 ds 9]

5|

5| =0

By the Feynman-Kac theorem ([40]), it can be shown that wv,(-,-) satisfies the
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following Cauchy problem,

/

d
1
asvy(87x) + 5 Z <O-[Ialu§(]o-[x7:u§] )z]ai mjvy(sux)
3,j=1
d
—i—Z( T, [ )Oxjvy(s,:z:) =0, (s,z)€][0,t] xR
j=1
\ Uy(tax) = P(ywr)

(3.31)

The following theorem reveals the order of weak convergence of (3.15) to (3.1).
We denote by ,utZ 17 the regular conditional probability measure of Z{ given Fy.
(Recall Lemma 2.29 and see Theorem 7.1 in [56] for details.) The existence of
regular conditional probability measure follows from the fact that we work on a

Polish space with the Borel o-algebra.

Theorem 3.11. Let P € C’g’f(Rd x R% R) be a Lipschitz continuous function.
' Assume that (Ker-Reg) , (uo-L,) , (V-bound) and (V-Lip) hold. Then
there exists a constant ¢ (independent of the choices of L and Ny, ..., Np) such

that for each t € [0,T), £ € {0,...,L} and v € R,

sup [E[P(z, Z,)] — E[P(z, X,)]|

0<s<t
t
o o]
0 R4
t
+/ E[/ (@, Vau(o) — Elo(, Xl 5 € dx)}ds).
0 R4

Proof. To lighten the notation in this proof, we use tz, n(s) and Z to denote t¢,

B('T?VW(S)) - E[b(x Xﬁe(S))]’ Z T(d:w}d

ne(s) and Z* respectively. First, we observe that

[E[P(y, Z,)] — E[P(y, X,)]| < E[E[P(y, Z,)|F}] — E[P(y, X,)]|.

From definition of v(+,-) in (3.26), we compute that

L Note that the reqularity of P can be relaxed to Cl?’;(Rd x R4 R). We prove the result in a

slightly stronger assumption for the sake of simplicity.
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Blo,(0.X0)] = [ /0.0 po(de) = [ B[P 0)] pold)
= E[E[P(y, X)I X))

The Feynman-Kac theorem, hypothesis (V-bound) and the fact that g = ug

Y BIP(y, 2152 — EIP(y, X)) = Elvy (t, 20|55 — Elvy (0, Z0)]

Elvy(t, Zo)|F7] — Elvy (0, Zo)|57]

i
L

Elvy(thi1, Zir1) — vy(te, Zi) | F7),
0

e
Il

where n = t/hy ?. By Itd’s formula,
Elvy (t, Zo)|F7] — Elv, (0, Zo)]

tk+1 d _
= ZE[/ <8tvy(s, Zs) + Zaxjvy(s,Z 105 (Zyisy, Vins))
j=1
1 _
+3 Z 0z, 2,05(8, Zs)aij (Zy(s). Vn(s>)) ds

ij=1
d

tht1 T
+ /t Z Z a'rj Uy(s, ZS>EJ'Z'(Z77(S)7 VW(S))dW
k

j=1 i=1

fﬁ} ,

where @(x, ) = o(z,pu)o(x, u)’. Condition ((v-diff-Reg+)), as well as hy-
potheses (Lip) , (po-L,) and (V-bound) ., along with Lemma 3.4 and
part (a) of Lemma 3.10 (with the filtration {J;},cpm such that F, =

(TP AW Yocust, { Zubo<ust)) imply that

r

tet1
[/ Za (8, Z3)T ji(Zon(sys Vs ) AW D

7=1 =1

3“}2] = 0. (3.32)

Subsequently, using the fact that v(-,-) satisfies PDE (3.31), we have

Elvy(t, Z:)|F7] — Elvy (0, Zo)]

2For simplicity we assume that n is an integer.
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tkt+1 d _
Z/ {Zamjvy(saZs)(bj(Zn(S)avn(S)) - bj[ZSnuf])
j=1

1 _
+5 Z 0. 2 0y(8, Z:) (@i (Zy(s), Vgs)) — @i Zs, 1)) ‘ 3’:\?} ds.

4,j=1

Hence,

3#} ds,

k

n—1 tha1 4
ot 2015 - Bl 0. 20 = 3 [ B[S Ao
k=0 "1t i=1
where
Zaxj’l}y 8y Z [ n(s)> lun(s)] b'[ZSnusX])
Z(‘?xjvy 8, Zs)(0;(Zu(s), Vnis)) = bi[Zn(s) s Mn(s)])
Z 2 Vu(8: Z) s Zogey, i) = @il Ze 1)

z]l

d
1 _
D) Z aii,xjvy(sv Zs)(@ij(Zy(sy, Vins)) — @ij[Zis) :unX(s)])-

1,j=1

Error R;: Let FZ be the sigma-algebra generated by {Z;}ep,r). From part (a)

of Lemma 3.10 and the It6’s formula, we have

E[Ry(s)|7]
d n(s) U .
ZE |:6$kvy 3, Z [/ |:aubk[Zua Moy ] + Z 8Iz‘bk[Zuv 229 ]bi(Zn(u)v vr](u)) +
=1 s i=1
1 d
+§ agi,xj bk[Zw :U’i(]aij(zn(u), Vr](u)):| du U(§Z7 ‘rff\lz):| ?;Z:| :
ij=1

Condition ((v-diff-Reg+)) and the conditional Jensen inequality imply that

E[E[Ri(s)|F7]|
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> CZ(/ abk Zualufu +Zaxzbk uaﬂu]b (Z( )7vn(u))+
i=1
L
5 Z 851_’33], bk[Zuv Mi(]aij(zn(u)) Vn(u)) du) (333)
ij=1

Using these two bounds along with Lemma 3.8 and assumption (V-Lip), we can

)

Assumptions (Lip) , (po-L,) and (V-bound) allow us to conclude that

see that

|2|*Vy (dz)

R4

E|E[R; (s)|F7]| < </ 1+ sup E|Zy|* + sup E
n

(s) s'€[0,t] s'€[0,t]

sup E|E[R,(s)|F7]| < chy.

0<s<t

Error Ry: Condition ((v-diff-Reg+)) implies that
|E[Ra(s)1F7]| < ¢ B[I6[Zys), )] — 0(Zucs), V)| |F7]- (3.34)
Using the notation of regular conditional probability measures,

E[E[Ry(s)|F7]| < CE{ » ]E[b(z,Xn(s))] b(x, Vys)) ‘NZ\? (dz) .

n(s)

Similarly, by the condition on the second-order derivatives from ((v-diff-Reg+)),

we can establish that

sup E|E[R(s)|Fr]| < chy (3.35)
0<s<T
and
[E[R4(5)[F7| < cE[||0[Zns), tis)] — T(Znisys V)| |F7]- (3.36)
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Next, we introduce an artificial process Z* in order to remove the dependence of
Z* on F7. Note that I, (| )T is a random measure, whereas unzf(s) is non-random.

This is crucial in the iteration that will be discussed in the next section.

Lemma 3.12. Let P € Cgf(]Rd x R4 R) be a Lipschitz continuous function.
Assume that (Ker-Reg) , (p0-Ly) . (V-bound) and (V-Lip) hold. Then there
exists a constant ¢ (independent of the choices of L and Ny, ..., Ny) such that for
eacht € [0,T], £ €{0,...,L} and z € R,

sup E|[E[P(z, 20)|F}] - E[P(z, X,)]

0<s<t

< c(m+[]] dE|l_)(:z:,\7m(s))—]E[b(:c,Xm(s))]ﬁﬂi"(s)(dx)] s
+/0t [/Rd]EHE(:L‘,VW(s)) — Elo(z, X,00))] Nm (dx)l ds)

where Z' is a process defined by

dZ; = /R db(Zﬁm),y)um (dy) dt + / o (Zh )2 y) oy (dy) AW,

Proof. As in the proof of Theorem 3.11, we use n(s), Z and Z to denote 1,(s), Z*
and Z* respectively. By (Lip) and (V-Lip),

E[| (1o 150) = B(Zato Vo)) = (oo 1359) = B(Zugo, V ( |57]

< CE[|Zys) = Znio)| 192 (3.37)
We further decompose the error as follows.

? (E H /0 (b[Z"(u)’ ‘UWX(U)] = b(Zyu); vn(u))) du

/0 (U[Zn<u>»unx(u>] — 5 (Zy(u); Vn(u))) dw,

=: 2(Ra1(s) + Raa(s)).

2

E(|Zy(s) — Zuts|” |FY]

IN

ﬁ]
sﬂ )

By the conditional Fubini’s theorem and the Cauchy-Schwarz inequality, there

2
—HE[
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exists a constant K > 0 such that

Rgl(s)
° = _ 2
< ¢ (A EHb[Zn(u)7/lnX(u)] - b(Zﬁ(U)7vn(u)) 3’¥:|
2
° 2
Z b(Z 74 2
= C(/o EHb[Z““)’“’)f(“)]b(an)aVn(u)) 9‘4 FE[|Zyw) = Zuw | |F7] du),

where assumption (V-Lip) is used in the final inequality. Since Z is independent
of ) and that uff(u) is a non-random measure, we use the properties of regular

conditional distributions as outlined in Theorem 7.1 of [56] to prove that for each

w € €,
B o 2
(E Hb[znm)v Hay) = 0(Znuys Viw)) gﬂ > (w)
— 2 >
= /]Rd b[.’L’, :unX(u)] - b((E, Vn(u) (w)) :ug(u) (dl’)
Therefore,

2

Ryi(s) < C(/ []EHZn(U) - Zn(u)’2‘§¥] +/
0 Rd

b[w,unx(u)] — b(z, V() uf(u) (dm)] du).

We proceed similarly as Rg(s) and apply part (b) of Lemma 3.10 (with the
filtration {F; }iejor) such that F;, = o(F), { W, bo<uzt, Zo)) to get

2

S _ 2 . _
Raa(s) < c(/o {E[‘Zn(u) = Zpw)| ’?ﬂ + /Rd U[m,unX(u)] —0(z, Vi) ,uf(u)(dx)] du).
Combining both bounds gives
= 12(y 8 =2
E[|Zy) = Zoeo | [F7] < C(/o []EUan)—Zn(u)! |77]
2 —
[ bl ) = P | ()

2

g
Rd

for any s € [0,t]. By Gronwall’s lemma and integration from 0 to t in time, we

U[fv Mf)]((u)] - E(xv Vn(u))

() ),
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obtain that

2

t t
— 2 p— >
/0 E[|Zys) = Zys)|'197] ds < C(/O {/Rd b, ] = B(@, Vis)| 1) (d)
2 —
+/Rd J[x,unx(s)] —o(x,Vy(s)) uf(s)(dx)] ds).

By (3.34) and (3.37), it is clear that

t t
[ s < ( | B2 = 2y 5]

+E[[6[Z0(5) )] = B(Zny(s)s Vin(s))I? |97 d5>~

This shows that

[ Emeneas < o [[ [
/)

We repeat the same argument for R,(s) and conclude that

[emisneas < o []]
/)

2

b[x, /u‘fl((s)] - B(l‘, Vn(s)) Hf(s)(dx)

2 uf(s)(dx)] d3>~

J[xv /‘Li]((s)] - 6($7 Vn(S))

2

ﬂf(s)(dx)

b[.’E, :unX(s)] - B(aj? Vn(s))

2

)| s ).

U[]"7 :U'f;((s)} - E(.I‘, Vn(s))

3.4 Iteration of the MLMC algorithm

Fix m > 1 and correspond each particle Z%¢ in the abstract framework with
Y™t defined in (3.10) and F)}. with the sigma-algebra 3! generated by all the
particles Y"1 in the (m — 1)th Picard step, 0 < ¢ < L,1 <4 < N,,_1,. We set
V, = Mﬁm‘” (defined in (3.13)), b(w, ) := b[z, p] and &(z, p) := o|x, u], so that

b, M"Y = (M"Y () and F(a, M) = (MY, o (),
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for each € R% The measure M~ satisfies the independence criterion in
(V-bound) , since {Y™" '} 1L (W™, Zi"). The criteria (V-bound) , (V-Reg)
and ('V-Lip) are verified below.

In the results of this section, ¢ denotes a generic constant that depends on 7', but

not on m,¢ or N, .

Lemma 3.13 (Verification of (V-Lip)). Assume (Lip) and (po-Ly) . Then,

for each t € [0,T], there exists a constant ¢ such that for all x,, x5 € R?
(V" b1, ) = blaa, D)+ [ 0 (1, ) = o (3, )) || < clar — ),

00", D]+ 106 (e, < o1+l + | [ e D(a)] )

Proof. For any t € [0,T] and z1, 7, € R%, by the definition of Mgmfl),

L1 " ()
__ ¢ i7m_17é i,m—l,é
B ZN 1.0 Z K he )’<b(x1’yne(t)+he>_b(x%Y?u(mhg))
(=1 MLt i1

t—ne(t) im—1,0 im—1,0
L= T (b v = bt V)
im—1,0—1 im—1,0—1
' (b(xl’ }/;7(71(15)4"744—1) = b2, Yng,l(t)+h171>)

t— _1(2 im—140— i,m—1,40—
1= IO (o ) = b V)

Ne—1

1 ’ t— 770(25) i,m—1,0 i;m—1,0
+]Vm_170 12:1: [( ho ' (b(xl’yno(t)Jrho) - b(x2’Y;70(t)+h0)>

t— 770@) i,m—1,0 im—1,0
+<1 _ —) . <b(m1,YnO(t) ) = b(aa, Y, )) .

The required bounds follow from (Lip) . The corresponding estimates for
17 (21, Vi) — (22, V)|l and ||@(x1, Vyye))|| can be obtained in a similar way

and are hence omitted. O



CHAPTER 3. Iterative Multilevel Particle Approximation for McKean-Vlasov
SDEs with Interacting Kernels 39

Lemma 3.14 (Verification of (V-bound) ). Assume (Lip) and (p0-L,) . Then

for any p > 2, there exists a constant ¢ such that

E / 2 PM (de)
Rd

Proof. For simplicity of notation, we rewrite

<ec

sup sup
neNU{0} t€[0,T]

/|x|p3\/[ ZP“HLZ zZ(P“ pit 1)

where
il t—W(t) i,n,l P t—W(t) i,n,0|P
Pt - ( h[ ‘Y o(t) +h[‘ I - h[ |}/;7g t)‘

We first fix £ € {1,..., L} and define
A =EIPY - PP, i€ {l,... N}

By exchangeability, there exists a constant ¢ (independent of the Picard step n)
such that
i 8 1,n,¢0/ 1,n,0'
E[|AM] < ¢ Z E[Y, 0 P +EY, 1P,

77@'

By the triangle inequality,

Ny Ny Y/
1 E @4 — 2 : 7,0 § : 1,n.¢/ 1,n,¢/
E‘Fg 1 At = NZ l — E‘At ‘ s <E|Y ’p +]E’Y;72/ (t)+hy |p :

=0—1

Similarly, we can show that

< C(Elylﬁ)olp +E|Y,; ”‘iho\p)

E‘N ZPzO
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Note that

1 . 1 ‘
E M (dz)| < E|l— S PO — N A
PR R T SLASD W D
L
n,l n,l
< e) (E\Yl P +ElY, [ W\P)
(=0

We can see from the proof of Lemma 3.13 that the constant ¢ in Lemma 3.4 does

not depend on the particular Picard step. Therefore, by Lemma 3.4,

T
sup E‘ |:E|p3\/[£n)(dx) < c(l —I—/ sup E |z [PM ) (dx) ds).
0<t<T R4 0 O<u<s R4

By iteration, we conclude that

n—1
n )" )"
sup ]E‘ |3:\ng )(d:v) < Z AT + sup E |a:]p3\/[§0)(da:) (D)
0<t<T R4 —0 7“! 0<t<T R4 n!
<

[ lelrtao)

ce” <1 + sup E

0<t<T

)<—|—oo.

]

Lemma 3.15 (Verification of (V-Reg) ). Assume (Lip) and (uo-L,) . Given
any Lipschitz continuous function Cl?f 5 P:RIXRY — R and n € NU{0}, there

exists a constant ¢ such that

E|(M{", P(z,)) — (M, P(z,)) o c(t —s), (3.38)

foranyx € R and 0 < s <t < T.

Proof. When analysing the regularity of MLMC measure (3.38) one needs to pay
attention to the interpolation in time that we used. Pick any ¢* € {0,1,2,...L}.
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For simplicity of notation, we rewrite <M,En), P(z,-)) as

Nn,O L 1 N”%

1 .
™ plz,)) = — S PO
<Mt ) (l‘, )> Nn,O ; t + ; N R

(Pt“ - P;‘v‘f—l) , (3.39)

4
=1

where

. t— et | t— my(t -
Ptz,Z _ ( nﬁ( )>P<x’ynléz,)€+h£) + (1 _ W( ))P(x7Yz7n,Z).

Given any k € {0,1,...,2% — 1}, we compute

(MY P,) = (MG, P, )

k+1

1 Nn,O L 1 Nn,l
%,0 2,0 i,0 il i,0—1 i,0—1
= S (PR —P 4+ S (@ - P — (PR PR ).
Nn,O i—1 k+1 k —1 Nn’ﬁ — k+1 k k+1 k

Thus, we only need to consider PZ,/ — Pu! for each ¢ € {0,1,...,L}. There are

ket
two cases depending on the value of ¢: ¢ < ¢* and ¢ > (*.

For levels ¢ < 0¥, at least one of Ptigf

k+1

there exist a unique s € {0,1,...,2° — 1} (chosen such that n,(t5) = t%) and

and Pt’/ 18 an interpolated value. Then
k

constants A € (0,1 — hhfe*] and X, given by

tf* o tf B tf* _ te
A=-F——and A = £
hye hy
such that

Pt = (1= NP2, Y;") + AP(2, Yy ") and Py = (1= NP2, Y,"™) + AP(2,Y,™).

) 4 9 4
k+1 ts ts-‘rl

5 o . .
Note that A — \ = hi By taking the difference between Ptz,_,’f and P;;f, we
4 k+1 k
compute that
. . B . .
.0 il 14 in,l in,l



CHAPTER 3. Iterative Multilevel Particle Approximation for McKean-Vlasov
SDEs with Interacting Kernels 42

For levels £ > €*, both of them are not interpolated. This gives

Py — Py =P(z,Y™") — P(:p,Yth’é). (3.41)

k+1 k k+1

By Lemmas 3.14 and 3.13, the hypotheses of Lemma 3.5 are satisfied. By applying
Lemma 3.5 to (3.40) and (3.41) along with the global Lipschitz property of P, we

have

il il
E|P: — Py
tk+1 tk

< chgy W E{0,1,...,L}.
This shows that

EW") Pla, ) — M, Pla 7>>|2

2%
k+1 t

L 2 n,
_anO ¥
; Nne £

2

£

IN

i\l 1,0 i, 0—1 i, 0—1
( |Pi- — PP +E|P;. ' — Py |2>
t t t
k+1 k k+1 k

1

IN

Chp.

The proof is complete by replacing s and t by 7. (s) and ny () respectively if any
of them (or both) does not belong to IT~. O

Lemma 3.16 below gives a decomposition of MSE (mean-square-error) for MLMC

along one iteration of the particle system (3.10).
Lemma 3.16. Assume (Ker-Reg) and (uo-L,) . Let P € Cpy (R x R%R) be
a Lipschitz continuous function. Let

MSE™ (P(x,-)) = ]E{(E[P(m,Xt)] - <M§m>,p<x,.>>)2], telo,T).

Then, there ezists a constant ¢ > 0 (independent of the choices of m, L and
(Nm.)o<e<r) such that for every t € [0,T],
MSE(m))(P( ) NnL( y(dx)

Rd nL(t
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< c<hi+/0t[/ E| 00,0l ) Elb(a, X )| 1 ()(d:v)]ds

[l n - mote s gaa s 3 )

Furthermore, if we assume that the functions b and o are both bounded, then there
exists a constant ¢ > 0 (independent of the choices of m, L and (Ny.¢)o<e<r) such

that for every t € (0,71,

sup MSquT(t (P(z,-))

zER4
t 2
< g+ [ [suﬂngmnTsi%b( ) = Ble X, o)) | ds
xre
2 L h
su EH , —Elo(x, X, (s H]der L )
w [ s 0.} = Bloto Yol ds+ 30 5

Proof. For x € R? and t € [0, T], we consider

&=
—
N
=
s
P
&

s
=
—
i%
s
P

8
N
2o
[

Observe that (m)
MSEnL(t) (P(x, ))

— | (EIP(o. X,,0)] - EIP( Y5115 1)}
+E[<E{(M(m(t), (x,~))‘3””1} <M§7m(t),P(x,.)>)2}, (3.42)

(t)y
from Lemma 3.12, there exists a constant ¢ such that

as ]E{(M(m) P(z,-))

3””1] = E[P(m,KYIL’%L)Hm*l] by exchangeability. Next,

E | E[P(z, X)) — E[P(z,Y,/(5")|F" ] 2
( )]
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< o (m+ [ [ [ B0 e - Bbe X0

+/0t {/RdIEH<M;T(S)1),U(m,-)> Elo (e, Xy 122 d@] ds).(3.43)

)] s

By Lemma 3.7, there exists a constant ¢ such that

/Rd £ [(E M%, Pe, ->>\ff"’"‘1} — (M50, Pla, ->>)2

|
-] o <5

(3.44)

Combining (3.42), (3.43) and (3.44) yields the result. O
The complete algorithm consists of a sequence of nested MLMC estimators

{(M(m),P(x, )>} and its error analysis is presented in Theorem 3.2.
1, M

m=1,...,

Syl > >

3.4.1 Proof of Theorem 3.2
Proof. First, the assumption that Y% = X, gives

sup | BB, X,,00] - 06060 ) (3.49)

0<t<T

+HE oz, Xy, )] — <M<0> ,-))Hz} uZ o (de) < c

Fixing M > 0 and P € C}(RY), we set

| e ot - E[a@,xmt))]m pZ (dz), m< M -1,
(3.46)
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From Lemma 3.16, we observe that
t
agm) < c(b(m) +/ agm_l)ds), Vm e {1,2,..., M}, (3.47)
0

where b(™ = h2 + Zf:o Nh—fe Then one can easily show that

M—-1

m M
M (M—m) (cT) ( (0)) (cT)
sup @ < ST M-I 4 [ qup 0@ ) - . 3.48
ogth b= mzzo m! ogng M! (3:48)
Inequalities (3.45) and (3.48) conclude the proof. O

We are now in a position to present the complexity theorem for iterated MLMC

estimators of {E[P (X, ¢)] e,

Theorem 3.17. Assume (Ker-Reg) and (uo-L,) . Fiz M > 0 and let
P € C3(RY). Then there exists some constant ¢ > 0 (independent of the choices
of M, L and {Np,.¢}m.) such that for any € < e, there exist M, L and { Ny ¢ }m.e
such that for every t € [0,T],

MSEQ(P) = E| (0400, P - BIPCG,0)]) | < e,

nr(t nr(

and computational complexity is of the order e=*|loge|>.

Proof. The cost of obtaining (Mff(i), P) involves M iterations. In each iteration,
one performs the standard MLMC algorithm, where the cost of approximating
the law in the drift and diffusion coefficients is 25:0 Ny—1,. Hence the overall

cost C':= C(M, L,{ Ny ¢}mr) of the algorithm is

C= ZeL:o hé_lNLé + Z%ﬁ ZeL:O (he_le,Z 25:0 Nm—l,f’) : (3'49)

For convenience, we use the notation z < y to denote that there exists a constant ¢

such that x < ¢ y. We shall establish specific values M*, L*, { N}, ;}m.¢ (depending
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on €) such that the mean-square error satisfies

M* c]\/f*fnl L* 61\4*71
) (M —m)! (h7 + >0 %) + 5 S € (3.50)

and show that corresponding computational complexity is of order e~*|loge|3.

Firstly, we define

M* = |log(e )| = M (M) <€ (3.51)

2

by Stirling’s approximation. For m € {1,..., M*}, we define €2, := w,,e?, for
some sequence {w,, }M" (depending on M* and €) which satisfies the following

conditions:

(C1) Minimum condition: For each m, w,, > wy = 1;

(C2) Weight condition: S°M A

m=1 (=t Wm < I

(C3) Cost condition: "M wil < K,

m=

for some constant K > 0. (See Lemma 3.18 for a concrete example.) Subse-

quently, we define

log(ez )] ], em <e,
L*:= max L;, Ly = Il : (3.52)
1<m<M*
Sms 1, €m > .
We also define
Nio= e 2(L*+1)he], €€{0,...,L"}, me{l,...,M"}. (3.53)

Note that hi« < €, forany m € {1,..., M*}. To see this, we show that hr. < €,

by considering the following three cases.
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1. Case I: ¢, > e. In this case,

. 7271 7271
hL;«n:TQ_Lm:TQ_l: ( >e< ( )em.
e e

2. Case II: 1 < ¢, <e. In this case,

hy, = T2 b = pallesn)] = po-lesten) < T < T,

3. Case III: 0 < ¢, < 1. Without loss of generality, we assume that T" < %

(We can scale T' by an appropriate factor if it is greater than %) In this

case,

1 log(2T)  log(5%) €m
1 <|[—— |1 — = =1 _m
og(em) < (log 2) og(€m) log 2 log 2 082 <2T>’

which implies that

hys, = T2 5 = T~ lostenh)] < g~ (1osen)=1) _ gglosten) < ¢

We can therefore observe that

L*
h2. +Z >
/=0
L*
hi: +Ze—2 L*+1 )

=0 M

IN
i\
=N

|
E]

AN
M

by property (C2). Combining this estimate with (3.51), we conclude that the
constraint (3.50) is satisfied.

It remains to compute the complexity of the cost under the values
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M, L* AN, Y

L* M* L*
C = Z (h;l [e?(L* + 1)hy] ) + Z Z (h;l [e,2(L* + 1)hy]
=0 m=2 (=0
L
Z ’76;1271<L* + 1)h£1-‘ )
=0
L* M* L*
S Z(he (2 +1) he+1>) ZZ( (2L + Db +1)
=0 m=2 (=0
(a2 40+ @+ )
S AL +1) +Z(;f (LT + 1)+ e 2(L +1)° +
(L* + 1)2 ;12 ) +6_1(L* + 1)2)
-
S € ?flog(e )P 4 |log(e H)[? Zm €y + [log(e™h)? Z 2
m=2
M*
+e [ log(e h)[? Z ey + € | log(e )P M*, (3.54)

m=2

where, we have used in the last two estimates the bounds L* < log(e™!) (by
property (C1)) and Ayt = T712¢ < 771207 < 208 < =1 Finally, by
properties (C1) and (C3) of {w,}M ,, together with (3.54) and (3.51), we
conclude that C' < e log(e€)]?. O

Lemma 3.18. The sequence {w,, }_, defined by

max{%,l}, 1<m< M*—2,
Wy 1=
1, M —1<m<M*

satisfies properties (C1) to (C3) stipulated in the proof of Theorem 3.17.

Proof. First, property (C1) follows easily from the definition of w,,. For property
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(C2), we verify that

M~ CM*fm
> w
(M*—m)!™™
m=1
M*—2 M M*—m

IA
=R
|
2
N
S|
313
Ll
=
_l_
=R
|
2

m=1 m=M*—1
M e M*—2
B c 9 1
- mz_l(Jw—n»L)'+C mz_:l A —m)(M* —m—1)
M* M*—
m 1
— Zm—ka(l—M*_l) < ef 4 2.

Lastly, we show this sequence satisfies property (C3). Indeed,

M M2 e
-1 c
_ 9 < ¢t 19,
mzlwm mzl O —m—ay =7

3.4.2 Plain iterated particle system

The proof of the following theorem constitutes a special case of Lemma 3.16 and

Theorem 3.2.

Theorem 3.19. Assume (Ker-Reg) and (uo-L,) . Fiz M > 0 and let

P € C3(RY). We define the mean-square error as

MSEM(P) = (- % PT:) - EIP(X,)) ] .

Then for every t € [0,T],

) , M M—m 1 M-1
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for some constant ¢ > 0 that does not depend on M or Ny,..., Ny;.

The following theorem concerns the computational complexity in the estimation
of {E[P(X,))]}ejo,r), whose proof follows similar procedures as the proof of
Theorem 3.17 and is omitted.

Theorem 3.20. Assume (Ker-Reg) and (uo-L,) . Fiz M > 0 and let
P € C}(RY). Then there exists some constant ¢ > 0 (independent of the choices
of M and { N, }1<m<nr) such that for any € < e, there exist M and { N, }o<m<nmr
such that for every t € [0,T],

Ny
1 —i M
MSEv%)(P) =R |:(NM_ ZP(Yn(t)) —E[P(X,1)])?| < c€, (3.55)
i=1

and computational complexity C is of the order e °.

3.5 Algorithm for the MLMC particle system

For the purpose of implementation, we outline the iterated MLMC particle system

in algorithm 1.

3.6 Numerical results

In this section, we present numerical simulations that confirms that iterative
MLMC method achieves one order better computational complexity comparing
to classical particle system. Furthermore, numerical experiments indicate that the
iterative MLMC method works well even if the coefficients of the McKV-SDEs
do not satisfy previously stated regularity and growth assumptions. We compare

the following methods
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Algorithm 1: Nested MLMC with Picard scheme for (3.1)

=

N

5

6

Input: Initial measure p° for Y% global Lipschitz payoff function

C2 3 P:R?— R and accuracy level e
Output: (M(TM), P), the approximation for our goal E[P(X7)].
Fix parameters M (see (3.51)) and L (see (3.52)) that correspond to ¢;
for m=1to M —1do
During mth Picard step, given samples {Y;%’m_l’Z ij()) '''''''''' g ., take (3.10)
and run MLMC to obtain {Yt%mﬁ £=0,.0, gz. This requires calculating

(.8, O 200 ),

(0,0t DL 000 ).

¢=0,...L .
k=0,...,.2¢—1?

where in place of x, we put particles {Ytimg
[ k
Given samples {Yti’M_l’e =L run standard MLMC (with interpolation)
k
to obtain the final vector of approximations <<Miﬁ4), P), ..., <M§Q4), P)) ;
0 oL

Return (M(TM), P).

e Classical particle system (3.4),

e MC Picard I - iterative particle system (3.9) with fixed number of particles
N for all Picard steps,

e MC Picard II - iterative particle system (3.9) with an increasing sequence of
particles { Ny, b1
3.18),

.....

e Iterated MLMC particle system.
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Remark 3.21. The computational time in seconds might differ from the theo-
retical computational cost because it includes the amount of computational cost
induced by linear interpolation operations and additional read-write operations

relevant to the empirical densities during Picard iterations.

3.6.1 Kuramoto model

First, we provide a numerical example of a one-dimensional stochastic differential

equation derived from the Kuramoto model:

e :/sin(Xt —y)p (dy)dt +dW,,  tel0,1],  Xo=0,
R

= sin(X}) /Rcos(y)/ﬁf((dy) — cos(Xy) /Rsin(y)uf((dy) dt +dW, .

For the numerical tests we work with the the bottom representation. We set
P(z) = v/1+ 2. For the initial condition of the iterative algorithm we choose
v~ N(0,t).

Figure 3.1a shows that both MC Picard I and MC Picard II are less efficient
than the classical particle system. In Figure 3.1b, the iterated MLMC particle
system achieves computational complexity of order ¢ 2 (note that here the cost

of simulating particle system is N per Euler step and not N? - see Chapter 4).

Figure 3.1c illustrates that the approximation error of iterated methods is within
2¢ of that of the classical particle system and that it decreases as number of

particles increases.

Figure 3.1d depicts Var[Y2™|M=D] and Var[Y}»"™* — Y2 M ™) (in log
scale) for each Picard step across levels £ . We see that that the conditional

MLMC decays with rate 2. This is higher than the rate given in Lemma 3.6,
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Figure 3.1: Result of Kuramoto model

since this example treats SDE with constant diffusion coefficient for which Euler

scheme achieves higher strong convergence rate.

3.6.2 Polynomial drift

We consider the following McKV-SDE:

dX; = 2X; + E[X,] — X;E[X?])dt + X, dW;, te€[0,1], Xo=1. (3.56)
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Assumption 3.1 is clearly violated. Note that

IE[X,] = (3E[X,] - E[XJE[XZ)dt E[X,] =1
dE[X?) = (SE[X?] + 2(E[X,])’ — (E[X]))dt E[X]] = 1.

By solving the above system of ODEs with Euler scheme we obtain particle free
approximation to the solution of (3.56) that we use as a reference for iterative
MLMC method. Figure 3.2a, shows that the iterated MLMC achieves compu-

tational complexity of order e—2.

Figure 3.2b indicates that the approximation
error of iterated methods is within less than 2e of that of the reference value and

that it decreases as number of particles increases.

600 T T T T T T T T T 0.15

500 [~

400 0.05

300 -

Computational cost * ¢
°

-0.05

Difference against reference value

0 . . . . . . . . . . . . . .
0.005 0.013 0.021 0.029 0.037 0.045 0.053 0.061 0.069 0 0.5 1 5 2 ) 25 3 35 4
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(a) Iterated MLMC vs Particle sytem (b) Approximation error

Figure 3.2: Result of Polynomial drift

3.6.3 Viscous Burgers equation

Last, we perform a numerical experiment for the discontinuous case (not Lips-

chitz) corresponding to the Burgers equation ([13]) given by

_ 1
aX, = F(X)dt + W, te[0,1],  Xo=0, (3.57)
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where Fi(r) = P(X; > z). Linking to the Fokker-Planck equation of Xj, it is

important to notice that F;(x) is the solution to the viscous Burgers equation:

1
ow(t,x) = 3—28939611(15, x) —v(t,x)0v(t, x).

where Fy(z) = 1{z<oy since the initial condition Xy = 0. The Cole-Hopf

transformation results in, for any ¢ € (0, 1]

N(4t—4a:

)
a Vi
Fifz) = o A —dz.’

2
where N(z) = [*_ exp(——)——=.
e 2 "\2r¢

value. In Figure 3.3a, the iterated MLMC achieves computational complexity

Then we take F(0.5) = 0.5 as the reference

T
—¥— Particle vstem
—¥— iterated MLMC

L L
800 1000 1200

. . . . . | I .
0.03 0.04 0.05 0.06 0.07 0.08 0.09 o 200 400 600
e level Number of particles

(a) lterated MLMC vs Particle sytem (b) Approximation error

Figure 3.3: Result of viscous Burgers equation

of order ¢7*. Figure 3.3b demonstrates the similar desired behaviour of the

approximation error as observed in the case of the polynomial drift.



Chapter 4

Iterative Multilevel Particle
Approximation for

McKean-Vlasov SDEs with

Non-Interacting Kernels

4.1 Introduction

Fix T > 0. Let {Wt}te[oj] be an r-dimensional Brownian motion on a filtered
probability space (2, {F;}+, F,P). Consider continuous functions b : R¢xR? — R?,
o:RIxRY— R® R - R? and ¢ : R? — RY. In many applications, only a
few expectations rather than the measure affect the interaction in the dynamics
(3.1) and it reduces to the corresponding non-linear (in the sense of McKean)

stochastic differential equation (McKV-SDEs with non-interacting kernels) given

26
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by

e =X, [t ) arr o (X [ swuan)aw, @)

where Xy ~ 19 € Po(R?). Notice that {Xt}te[O,T] is still not necessarily a Markov
process. Nevertheless applying Ito’s formula with p € Cli’,l (RY x [0,T],R), the
corresponding nonlinear Kolmogorov-Fokker-Planck equation is simplified from

(3.2) to

d
atp"i_zamz[p(xvt)b z MiXt - Z xzxj O-O-T)ij('ruMQ),(tﬂa (42>
=1

ljl

where M; and M, are given by respectively

M, = /Rdf(wp(y,t)(dy% and My, = /Rdg(y)p(y,t)(dw-

The theory of propagation of chaos, [65] implies the corresponding simplified

interacting diffusions {Y;""},—;._y on (RY)N given by

.....

Ay = bV, Myt + o (Y, My AW,
M = AN RN, >0, (4.3)
My = B g, =0,

where {Y; "V}, ~ are independent

geeey =1,...

Brownian motions. With the same notation we have introduced in Section 3.1,
the continuous Euler scheme reads

VN =V (Ve MUt — ) + o (Y, My

1n(t) 2,m(t)

YWy —=Wi).  (4.4)

Unlike [31], [59] and [66], we are able to approximate the densities rather than
only the expectations. By approximating the density function of (3.1) (we assume

it exists) by means of a projection estimator, we obtain reduction of N? cost
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of the algorithm at every step to K(e)N, where K is the number of terms
used in the projection expansion. Next we approximate a projected version
of (3.1) further by using (4.4) (let ¢ = K(¢)) and a sequence of (linear in a
sense of McKean) SDEs obtained via Picard iterations. This allows for MLMC
method to be deployed. Projection estimators, are important, as they allow for a
computationally efficient mapping of the density approximation between Picard
iterations, see [7]| for the use of projection type estimators for McKean-Vlasov
SDEs. We present fully implementable algorithm that can exploit smoothness of
the coefficients in (3.1) and in the best case scenario, that is, if all the coefficient
functions are infinitely smooth, the complexity reduces to one in the order of
O(£72|1og(€)|?) for approximation of expectations and O(e~2|loge|*) for density

estimation.

4.2 Main result of the iterative MLMC algo-

rithm

Again, we combine the MLMC and Picard iteration to improve the computational
efficiency. Fix m and L. Take the same family of partitions II¢, £ = 0,..., L as
we introduce in Section 3.1.3. In this case, we mainly approximate (4.1) by

{yjﬁn}te[O,T] redefined as

-1 —m -1

AX = (X, 0 My, My,

nrL(t)) “F2,nL(t)

)W | (4.5)

To simulate (4.5), we only need to approximate the relevant expectations, without

dependence on x, with respect to the law of the process at the previous Picard
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step m — 1 and the time grid II%, i.e
(o] N 70 ¢y | B 0 ¢au) )

——m—1

(Blo(X5 ™), Elg(Xy )] Elg(X7 ) -

By approximating these expectations with the MLMC samples MY the
iterative MLMC particle method reads

demE b(Yzmé Mm 1))dt+ (Y'me M(m 1) )thi,m’ (46)

ne(t) @) 77" 2me(t

where Y0 = X, and MY is defined as

mz: f Yzm IZ f(Y;i,m—l,Z—l), (47)

Mh

(m—1)
Ml,t <f) N

0 7

~
Il

and
m 1,0

— g(y;m ), (4.8)

Mh

MYV (g) =

N

Iy
o

where f(Y>71) = g(Y»1") = 0. Under the assumptions listed in Section 3.1.1
with the change of the second argument of functions b and ¢ from R? to RY,
the main result of this chapter gives the same precise error bounds for (4.6) as

confirmed in Theorem 3.2 in Chapter 3.

4.3 Abstract framework for MLMC analysis

Compared to Section 3.3, we again introduce an abstract framework corresponding
to one iteration with a change for V := (V;,V,) to be a R%*-valued random
variables from V € P5(C([0,T],R?)). We consider SDEs with random coefficients
of the form

dU; = b(Uy, V1 4)dt + o (Uy, Vo )dWy,  ul = i (4.9)
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By [41], we also know the solution of this SDE is well-defined under additional
assumptions in Section 4.3.1. For ¢ = 1,... L, the corresponding FEuler

approximation of (4.9) at level ¢ reads

dZ{ = 0(ZL, 0, Vimew)dt + (2L, 0, Voue)dWe,  pE" = 1. (4.10)

ne(t)

We still require that V does not depend on ¢ and that (W}).c(0,77 is independent
of V. Subsequently, the particle system {Z%‘} is defined as follows,

Azt = (2 Vim)dt + o (205 Vame)dWE,  pf™ =g (4.11)

77 (lf)7

We remark that this new structure of the abstract framework in terms of 'V would
allow us to refrain from regular conditional probability measure and thus avoid
the additional introduction of the process {Zt}te[o,:r] as needed in the analysis of

previous chapter.

4.3.1 Analysis of the abstract framework

With the notation defined in the previous section, the conditions that we need
to study the convergence of this iterated particle system is formulated as below.
Recall that V is a square-integrable R??-valued random variables and we consider

equations (4.10) and (4.11). The assumptions are:

Assumption 4.1.

(V-bound) The R**-valued random variable V, independent of W* and Zé’f, 15 integrable

for any moment p > 1.

(V-Reg) There exists a constant ¢ such that

sup sup E[|b(z,V;) — b(z,V,) | + ||lo(z, V) = o(z, V) H]<ct—s)

zeRd 0<s<t<T
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(V-Lip) There exists a constant ¢ such that for each t € [0,T] and z,y € R,

[b(z, Vi) = by, Vi)l + llo (2, Vi) = oy, Vi)|| < cla =y (4.12)

|b(x, V)| + ||o(z, V)| < c(l + |z + |\7t|> ) (4.13)

We remark that since all proofs later on follow similar procedures as the proof

shown in Section 3.3.1 and Section 3.3.2, we omit those.

Analysis of conditional MLMC variance Using the same notation as we
have introduced in Section 3.3.1, we obtain the following integrability of process

(4.10) and regularity and strong convergence of process Z;.

Lemma 4.2. Let Z° be defined as in (4.10). Assume (V-Lip) and (po-L,) .

Then for any p > 2 and { > 0, there exists a constant ¢ such that

T
E{ sup |Zf|p} <c <1+ [/ E|Vn£(s)|pds}).
te(0,7) 0

Lemma 4.3 (Regularity of Zf). Let Z* be defined as in (4.10). Assume (V-Lip)
and (V-bound) . Then, forp>1,0<u<s<T,

1
(E12¢ - 22p1)" < s =)t
Lemma 4.4 (Strong convergence of Zf). Assume (V-Lip), (V-bound) and

(V-Reg) . Then for any ¢ € {1,2,..., L}, there exists a constant ¢ > 0 such that

E| sup |Zf — ZF1 | < che.
0<t<T
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Recalling the definition of o-algebra ) = {0(V,)o<s<¢}, we can finally bound the

conditional MLMC variance as follows.

Lemma 4.5. Assume (V-Lip), (V-bound) and (V-Reg) hold. Then for any

Lipschitz function P : R? — R, there exists a constant ¢ such that

~

?}Zﬂ gci e (4.14)

sup E {Var (Mn L(P)
=0 *

0<t<T

4.3.2 Weak error analysis

We begin this subsection by defining X** as
t t
X5 =z + / (X", M) du + / o (X5, MsS,) dW,.
For P € C?(R%R) and t € [0,7T], we consider the function
v(s,x) == E[P(XJ7)], (s,2)€[0,1] x R (4.15)

We again aim to show that v(s,z) € C%. The lemma below gives the first step.

Lemma 4.6. Assume (uo-L,) and (Ker-Reg) . Then

b(-, MX) € Cply (R? x [0,T],R?) and o(-, M5\) € Cyy (R? x [0, 7], R¥").

Next, the following lemma verifies the condition of v(s, x) that is needed:

Lemma 4.7. Assume (Ker-Reg) and (po-L,) . Then for any (s,x) €
0,¢] x RY, (i,5) € {1,...,d}? and P € CZ(R%,R),

10:,0(s, 2)lloo + 105, 2, 0(5, 2)|c < L. ((v-diff-Reg+))
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Appying the Feynman-Kac theorem ([40]), one can find that v(-,-) satisfies the
following Cauchy problem,

d
Z( o(x MQXS o(x MQXS)T> (‘9;@,7 v(s, )

2,7=1

BJlFA

+

d
+> (b vafi)axjv(s,@ —0, (s,2) €0, x RY,

J=1

v(t,z) = P(x).
(4.16)

We can then reveal the order of weak convergence of (4.10) to (4.1) in the following

Theorem 4.8 without addressing the regularity conditional probability measure.

Theorem 4.8. Let P € C}(R4 R) be a Lipschitz continuous function. ' Assume
that (Ker-Reg) , (uo-L,) ., (V-bound) and (V-Lip) hold. Then there exists
a constant ¢ (independent of the choices of L and Ny, ..., Np) such that for each
te0,T],2€{0,...,L} and v € R,

sup [E[P(Z;)] — E[P(X,)]]

0<s<t

X
VQ,W( — M; ne(s)

t
ds—l—/]E
0

)

t
< C<h€ +/ E)Vlm(S) - Ml),(m(s)
0

and in addition,

sup [E[P(z, Z{)| — E[P(z, X,)]?

t
< C(hl% +/0 E‘VLW(S MIXW VZW - M,

2,m¢(s)

we e )

Proof. Compared to the proof in 3.12, we are now able to use (Lip) directly to

bound R, and R4. Because V;. and V,. is measurable with respect to 3'"2,&, it

L Note that the regularity of P can be relazed to C’g(Rd,R). We prove the result in a slightly
stronger assumption for the sake of simplicity.
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implies

E[E[R;(s)|F7]| < cE {E{Ib(Zn(s),Vl,n(s)) = b(Zn(s)s Mi s))|

)

<cE [E{Wl,n(S) — M7 9}1” < cE[ Vi) — Miyl:

and

E|E[Ry(s)|FY)| < cE [E[Ha(zn(s),vw)) o (Zyy M)

)

<cE []E“Vz,n(s) - an(s)‘ 3"}2“ < CEWZJI(S) - Mi(n(S)l'

4.4 Iteration of the MLMC algorithm

Fix m > 1 and correspond each particle Z%¢ in the abstract framework with
Yimt defined in (4.6) and F). with the sigma-algebra F™~1 generated by all the
particles Y"1 in the (m — 1)th Picard step, 0 </ < L,1 <i < Np—1,0. We set
V, = MY = (Mgﬁ_l),Mg_l)) (defined in (4.7) and (4.8)). The R%*%-valued
random variable M(™~Y satisfies (V-bound) , (V-Reg) and (V-Lip) which are

verified below.

In the results of this section, ¢ denotes a generic constant that depends on 7', but

not on m,¢ or N,, .

Lemma 4.9 (Verification of (V-Lip)). Assume (Lip) and (uo-L,) . Then, for

each t € [0,T], there exists a constant ¢ such that for all 1,7, € R?

(1, M) — by, M| + (o (a1, MDY = o (0, M) || < ey — o),
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)

Lemma 4.10 (Verification of (V-bound) ). Assume (Lip) and (yo-L,) . Then

b, M)+ o, M) < c(1 + |+ \Mﬁ’"”

for any p > 2, there exists a constant ¢ such that

p
sup sup E‘M%") <ec.

neNU{0} t€[0,T]

Lemma 4.11 (Verification of (V-Reg) ). Assume (Lip) and (10-L,) . Given
any Lipschitz continuous function C’l?,f 5 P:RIXRY — R and n € NU{0}, there

exists a constant ¢ such that
E|P(z, M) — P(z, M) < c(t — s), (4.17)

foranyx € R4 and 0 < s <t <T.

A decomposition of MSE (mean-square-error) for MLMC along one iteration of

the particle system (4.6) is then given by Lemma 4.12 below.

Lemma 4.12. Assume (Ker-Reg) and (uo-L,) . Let P € C}R%LR) be a

Lipschitz continuous function. Let
2
MSE™ (P) := E[(E[P(Xt)] - Mﬁ"”(P)) ] t [0, 7).

Then, there ezists a constant ¢ > 0 (independent of the choices of m, L and

(Nm.o)o<i<r,) such that for every t € [0,T],

(m)
MSE??L(t) (P)
t . )
: c<h%+/0 E‘Mg,m(ls)) _E[f(XnL(s))]‘ ds
t]E M(m_l) Ela(X zd L he
* 0 ‘ 2nL(s) [9( WL(S))]’ S+Zm )
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We are now able to present the complexity theorem for iterated MLMC estimators

of {E[P(X,,, 1)) }teo,r) for the case of non-interacting kernels.

Theorem 4.13. Assume (Ker-Reg) and (j0-L,) . Fiz M > 0 and let
P € CYRYR). Then there exists some constant ¢ > 0 (independent of the
choices of M, L and { Nt }m.) such that for any e < ™', there exist M, L and
{Nm.t}me such that for every t € [0,T],

nr(t

MSEM)(P) :=E {(MW))( P) - E[P(Xm(t))]ﬂ <ce,

and computational complexity is of the order q - € 2| loge|?.

Proof. The term Zf:o h;leJg 2520 Np—1 in (3.49) is replaced by 25:0 h[le,g +
q- 25:0 ]’Le_/le_l’g/. By performing the same computation as in the proof of The-
orem 3.17, we can show that the computational complexity is reduced to the order

of q - e?|log €|?. O

4.5 Iterative MLMC algorithm with Projected

coefficients

In previous chapter, we address McKV-SDEs (3.1) directly with the iterative
MLMC for interacting kernels. However, if there exists a valid reduction method
to reduce the interaction of the interacting kernels to a few mean-fields which are
non-interacting kernels, we are now in a situation to decrease the complexity from
€75 to €2 if ignoring the additional log term. A proposed reduction approach is

projection method which is explored by [7].

Projections. Assume that for any ¢ > 0, the measure p;(dy) of process X;
(3.1) possesses a bounded density p;(y). Let (¢, k € N2) be a total orthonormal

system in Ly(R? w) for some weight function w(z) > 0, x € RY. Let us formally
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write

() =Y nB)prem)w(y), with ne(t) = /R SuW)eily) dy = B [pi(Xe)]

keNd

Let us introduce the functions

o () = / (e, 1) o (w) w(w) du, Brel(x) = / oo w)on(w) wlu) du  (4.18)

so that

/Rd bz, Y m)dy = arc(z)ne(t), /Rd o, ) m(y)dy = > Bila)nelt),

keNg keNg

(4.19)

provided b(x,-),0(x, ) € Ly(R4, w) for any € R?, and (3.1) transforms to

dX, = ) a(@)n(t)dt+ > Bulx)nuc(t) dW;, (4.20)

keNd keNg

The idea of the projection estimation consists in replacing the infinite sums in

(4.20) by finite sums of the first at most (K + 1)¢ terms, i.e., we consider

dX[ = > X)) dt+ > Bul(X [ )ne(t) AW, (4.21)
[k|<K [k|<K
= Ag(t, X[)dt + Br(t, X[)dw, (4.22)

with |k| = max{ky,...,kqs} where k = (ki,...,kq). If the coefficients 7, decay
fast as |k| — oo, one expects that the corresponding approximations Ay and By

are close to the original coefficients. The associated particle system for (4.21) is
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given by

X;_ﬁK—XZNK—f— Z XzNK (ts) s+1_t Z Bre XzNK ( )AWZ—H?
k| <K k<K

(4.23)

where 4 (t) = % Zjvzl gok()_(g’N’K).

Analysis of projections First, we state fairly general conditions that guarantee
that the coefficients of projected McKV-SDEs (4.20) are globally Lipschitz and
of linear growth and all involved Lipschitz constant decay when k — oo (this is
crucial for rigorous asymptotic analysis).

(AF) The basis functions () fulfil
loi(2) = ()| < Licg |2 = '], low(2)] < Dy, k€ Ng

for all 2,2’ € R? and some constants Ly, Dy, > 0.
(AC) The functions oy (z), fk(z), k € Nd satisfy

sup |one(2)] < Apa(l+[z]) with Y Ae <Ay and Y LipAra < LyAa,

d
oel keNg keNg

sup |5k(l’)| S Akﬁg(l + ‘l”) Wlth Z Akﬁ S A/g and Z Lk,gDAk,ﬁ S LgoAﬁa

d
el keNd keNg

and

_ /
- loue(2) — ouc(2)] < Bua with Y Bio < Byand Y DiyBia < D,B,

/
’ d r — X
xR | | keNg keNg

> _ /
sup Z ‘5k<l‘) ﬁk(m )‘ S Bk”g with Z Bk,,B S Bﬁ and Z Dk#,Bkﬂ S DwBﬁ,

keNd keNd

for some positive constants L., D, An, Az, Ba, Bs.
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(AM) The density of g satisfies

po(x) S exp (=polz[™), [z = o0

for some py > 0 and p; > 0.

Example 4.14. The (normalised) Hermite polynomial of order j is given, for
j =0, by

_ L | .
,(z) = cj(—1)fex2ﬁ(e*x2), ¢; = (2jvm)

These polynomials are orthonormal with respect to the weight function w(x) =

e and satisfy: [ H;(x)Ho(z)e " dx = §;,. Set
or(u) = Hy, (we 7% Hy, (u)e ™ /? (4.24)

where k = (ky, ..., kq) € N&. Then the system (Yr)keng 15 a complete orthonormal
system in Lo(RY) fulfilling the assumption (AF) with Dy, and Ly, uniformly
bounded in k. Suppose that p; € Ly(RY) and b(x,-),0(x,-) € Ly(RY). Then the
density p; can be developed in the Hermite basis p(u) = ZjeNg 73 (t)p;(u) where
Yi(t) = Ja tu(@)ps(x)da. Let us discuss the assumption (AC) by introducing the

following notations:
d
To(y; ) = [k — 0)" fy), yeR
k=1
for any smooth function f in RY.. We also set

b(z,u) = j%, o(z,u) =

o(x,u)

V1+a?

Theorem 4.15 (Sufficient Condition). Suppose that for any x € R%, it holds that
Tr(-,0(x,-)) € Ly and Ty, (-,6(x,-)) € Ly for some m > 2. Then the assumption
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(AC) is satisfied and

sup |X7':K - X;|
0<r<T

C(d)K'*m2 g5 K — oo, (4.25)

p

where the constant C(d) depends on the dimension d only through the norms
sup,epe | T (- (2, )| Lo, SUPsema [T (-, b(x, <)L, and constants Aa, Ag, Ly,
D, B,, Bg.

Remark 4.16. In [2] conditions are formulated, guaranteeing that all measures
i, t > 0, possess smooth exponentially decaying densities. In this case we can
additionally profit from the decay of the Fourier coefficients (7). Generally, the
smoothness of coefficients b and o increase as m increases. The smoother the
density p is, the faster is the decay rate of its Fourier coefficients 7y (). Note
that the cost of evaluating coefficients is K¢ and constant C(d) ~ d™. The
convergence then can be expressed in terms of cost as cost'/?~™/2. This shows

the dependence on the dimension and regularity.

Proof. The proof can be carried out along the same lines as in [7]. [

Iterative MLMC with projections The main idea is to further approximate
(4.21) with iterative MLMC. This suggests we need to set both f and g as ¢ for
the iterative MLMC and M% = Mé)t The corresponding Euler scheme adapted
from (4.6) reads

i, K,m,l i, K,m,l m—1) szZ m—1) 2,m
AY;RmE (R €Dy 4 g (yERmE Dy gz (4.26)
where Y50 — X and K represents the coefficient is projected up to K-th

order. The complete MLMC particle approximation via projection is presented

in a schematic form as Algorithm 2.
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complexity (Approximation of Expectations) First, we present the com-
plexity theorem for projections w.r.t. the basis (4.24), that is, we consider the

particle system (4.23).

Theorem 4.17. Let P € CZ(R4,R) be a Lipschitz continuous function. Assume
(AC) and (AF) hold. Then there exists a constant ¢ such that for any e < e
and md > 2, there exists K, L and N such that

MSE := sup E[(%ZP(X’NK) E[P(X,,@)])?| <€,

¢
0<t<T — ne(t)
=1

and computational complexity C' is of order C(d)_%lmd =14

Proof. From Theorem 4.15 and standard results for particle system, we obtain

sup 2| (1 ZG X~ E6 07| 5 {o@rr s ng + 1

0<t<T

It induces the following optimisation problem

Iglg% C(K,L,N)=N-K-h;* (4.27)
1
s.t. O(d)K* ™ 4+ b3 + v <é (4.28)
PR
(4.28) leads to K < %, hy, S eand N < e 2 Combining these and (4.27)
C(d)2=mad
completes the proof. O

Next, we present the complexity theorem for iterated MLMC with projected
coefficients approch for the particle system (4.26).

Theorem 4.18. Assume that (Ker-Reg) , (1o-Ly,) , (AC) and (AF) hold. Let
Y Eme pe defined in (4.26), P € CERYR) be a Lipschitz continuous function.

Then there exists a constant ¢ such that for any e < e~ ! there exists M, K, L
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and { Ny}, such that

MSEy k= sup E{<M(MK)( )_E[P(XWL(t))])Q <é,

¢
0<i<T nr(t)

MK o
where M%L(t) )(P) is given by

L N
1 i . ‘
MOP) = 30 5= 37 PO = PGty ety = o,
£=0 =1

the corresponding computational cost being of order C(d)f%lmd e F md{2)| log e|3.

Proof. With (AC) and (AF), Theorem 4.15 implies

sup E[(M@(p) E[P(Xmm?] < {rE[P<Xf )| — E[P(X,, )]

0<t<T

nL(t)

+EMOO(p) E[P(Xf)ﬂ?}

< C(d) K> 4+ EMMY Py — E[P(XE)) 2.

nL (t u

By (Ker-Reg) , (uo-L,) , Lemma 4.12 under the setting ¢ = K + 1 and
f=g9:="(¢o,...,0K) further gives

L
h
sup B[OV (P) ~ BIPCG, 00 S {ctre it + Y
=0
T (M—1,K)
b [ B ) - (e P
1
2—md 2
SS{C(d)K + hy +Z—+M}
where N, = max,,{ N, ¢}. It induces the following optimisation problem

L
i CM,K,L,Ny,.... Ni,)=M-K- h, LN, 4.29
M,K,I[/I,l{lll\lfg }l{‘:O ( ) y 445 LV0, ) L) ZX(; i l ( )
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L
he 1

t. C(d) K> + b} —+— <€ 4.30

s.t. C(d) +L+;NZ+M!N6 (4.30)

In a similar way as in Giles’s complexity theorem in [30], we see that the only

difference is presence of multiplicative constants M and K in (4.29) and additive

cost functions C(d)K?~™ and 55 in (4.30). First, we have

_2
€2—md

CK* ™ < — K< ——r—. (4.31)
C(d)z=ma
By the Stirling approximation in [60], given by 2rn™T2e ™ < nl,¥n > 1, , along
with (4.31), we obtain

1 1

il S <e? = M Zloge . (4.32)

From [29], we know that Y7 Nohy ' < €72|log e|?. Combining this, (4.29), (4.31)
and (4.32) yields the result.

]

Remark 4.19. Combining remark 4.16 and Theorem 4.18, we observe that
if coefficients are infinitely smooth (i.e., m = o0), the complexity is of order

e 2| log€|® for any dimension d > 1.

complexity (Density estimation) Let us now discuss the estimation of the

densities iy, t > 0. Fix some ¢ > 0, K € N? and set

Al (z) = ) ) er(z)w(x),

k<K
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where ~{(t) is a type of approximation for 4y such as 4y in (4.23). We again work

with mean-square-error in the form of

MSE := sup ]E/\ﬁtK(x) — () P () do

0<t<T
S0 suwp B —w®P] + D sup u(t)], (4.33)
k<K 0<t<T K=K 0<t<T

If we assume that the coefficients b and ¢ are infinitely smooth w.r.t the basis

(4.24) in the sense that
Aka S exp(=a’lk]),  Awp S exp(=F°[k]), [k| = o0

for some constants a°, 3° > 0, then it can be shown along the same lines as in

the proof of Theorem 2.2 in [2] that
()] < exp(=°[k]), k| = o0 (4.34)

for some ~° > 0, provided that the diffusion coefficient satisfies the Hérmander
condition. As shown in Example 4.14, Dy, and Ly, are uniformly bounded in
k. To ensure MSE < €, combing (4.33) and (4.34), together with the property

of geometric series implies K < |log(eg)|. Therefore, for any |k| < K, we need

sup E [ (1) = m(OFF] = Sup [ic(®) ~ Ele(X0ll"] < 3 [ log(eo)|

2
It means if we set the accuracy level € as 6—0)‘ in previous complexity

[og(eo
theorems for approximation of expectations, we find the optimal parameter setting
corresponding to i (¢) for both methods. By computation, the complexities are

in the magnitude of
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and
~(2+5i=2)
Q) C(d)‘ﬁ<—6° ) “logeo)? |
| log(eo)]

respectively. To conclude, the density estimation results in the additional log

term compared to the corresponding approximation of expectations.

4.6 Numerical Experiments
Projection particle method Consider the MVSDE of the form:

dX; =Ex: [Q(X, — X)) dt + o dW,, te€[0,1], Xo=0.5, (4.35)

i.e. of the form (3.1) with b(z,y) = Q(x —y), o(x,y) = 0. Let us use the Hermite

basis (see section 4.5) to approximate the density of X; for any ¢ € [0, 1]. In the

—z2/2

case Q(x) =e , we explicitly derive

/ VR (e = / e VA (2)2) dz
R

- o (3) e

As a result

n

n/2
7 1
Oén(y) = /e(my)z/sz/ZHn(x) dz = 7Tl/4 <§> yn'ey2/4’

where H,, stands for the normalised Hermite polynomial of order n. We take
o = 0.1. Using the Euler scheme (3.8) with time step h = 1/L = 0.01, we first
simulate N = 500 paths of the time discretised process X V. Next, by means
of the closed form expressions for a,, we generate N paths of the projected
approximating process X %~ K € {1,...,20} using the same Wiener increments

as for XV, so that the approximations X~ and X% are coupled. Finally, we
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compute the strong approximation error

N
1 i S,
Engkg = N ;(XfK’N - XlN)2

and record times needed to compute approximations )_(i’N and Xi’K’N, respec-
tively. Figure 4.1 shows the logarithm of Ey x versus the logarithm of the cor-
responding computational time differences for values K € {1,...,20}. As can be
seen, the relation between logarithmic strong error and logarithmic computational
time gain can be well approximated by a linear function. On the left-hand side of
Figure 4.1 we depict the projection estimate for the density of X; corresponding

to K = 10.

on)

log(Err

(a) Strong Error Esgo, i between PPM and

(b) Estimated density of X; under K = 10
Chaos

Figure 4.1: Left: Strong error E5q i between the solution of projected (see (4.21))
and non-projected (see (3.4)) time-discretised particle systems versus the difference

(gain) in computational time. Right: Estimated density of X using 11 basis functions.

Remark 4.20. Note that in Figure 4.1 (also Figure 4.4) the approximated density
takes negative values but for example it can be resolved by a certain shifting

transformation (see section 2.7 in [6]).
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Iterated MLMC on Kth order Hermite Projected SDE Likely, consider
one-dimensional Kth order Hermite Projected SDE (4.36):

K
dX; =) Elpe(X))|on(X))dt + odW;, t€[0,1], Xo=0.5, (4.36)
k=0

2

z

where T'= 1,0 = 0.1, pi(z) = Hp(z)e™ 2 and ay(z) = 7'/* (%)k/2 j—k»e_xQ/“.

n!

Tests of convergence rates As to initialisation, let X° ~ N(0.5,1), Xy = 0.5
and L = 5 (recall that hy = T - 27%). In this case when X° ~ N(0.5,1) (does
no change with time) first Picard X is just an SDE with drift at each time-step
being exactly the same. We perform tests across all Picard steps and obtain
convergence rates are stable during all Picard iterations as depicted on Figure

4.2. Results are shown in Figure 4.2.

Iogz(lmean\) at time T: :1st to4 Iogz(Variance) at time T:1st todth Picard step
T T T T T

-7 -8
.
[ S ~ o
8 - e 10 ~
~< 4 *
\&\ N
9 = 12
S K\
S N
10 ~ 14 Sk
' ) SO
~ P

Rl NS g 6 \\
g * 5
E M 8 SN

12 ~ 18 ~
= > g *<

13 \\\ 20 \\\

* a\\
~

14 K 220 Sy

15 24

i 2 B . 5 2 2 B p 5

level | level |
(a) weak rate (b) strong rate

Figure 4.2: In those tests, N,, is 100000 for all Picard steps and the terminal
T = 1. The sequence (ay) corresponding to weak error of ¢y turns into a, =

%Zf\il o (Y™ — gpo(}/f’m’é_l)’. Similarly, the sequence (b;) corresponding to
2
strong error of (g becomes b, := + Zf\il ‘gpo(Y?WK) — 900<Y;i,m,e—1)‘ . The reference

lines in Figure 4.2a and Figure 4.2b indicates « = 1 and 8 = 2 respectively.
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Comparison of all three methods. In this section, we compare complexities
among standard Particle system applied to the original MVSDE (4.35), Projected
Particle system applied to SDE (4.36) and iterated MLMC (MLMC with Picard)
with projected coefficients applied to SDE (4.36). The measurement of computa-
tional cost consists of the number of random generations, evaluations of the drift
coefficient while ignoring a small amount of constant computational cost induced

by linear interpolation operations.

Remark 4.21. We consider the particle system with 5 - 10° particles and 2'°
timesteps as proxy for the explicit solution of equation (4.35) and it corresponds
to the benchmark value 1.4951. The MSEs then have been verified, for example,
if we require MSEs to be less than € = 0.03, the values lie in the desired region

(1.4951 =+ 2¢).

Complexity. Figure 4.3 presents the comparison of those complexities. Figure
4.3a shows standard Particle system applied to the original MVSDE (4.35) is the
worst one. Figure 4.3b indicates that iterated MLMC with projected coefficients
can be applied to SDE (4.36) to further improve the Projected Particle method

after reducing interactions from N to K.

Estimate density of X;. Combining Figure 4.3 and Figure 4.4 concludes that
iterated MLMC with projected coefficients reduce the computational cost without

losing the accuracy in terms of density estimation.

4.7 Conclusions

In this section we presented a novel iterative MLMC estimator with the certain
reduction method (projection by using Hermite polynomials) for the challenging

problem of simulating McKean-Vlasov SDEs (3.1). As in the classical stochastic
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Figure 4.3: Chaos stands for standard particle system method applied to the original
interacting MVSDE; PPM means Projected Particle method; From Figure 4.3a , we
see standard particle system has much higher order than €2 and also observe from
Figure 4.3b that MLMC with projected coefficients is close to O(¢~2) while projections

close to O(e™3) which coincides with the Theorems 4.17 and 4.18 for complexity.

particle, approximation particles are not independent and the bias and statistical
error are in a nonlinear relationship, classical methods fails. Nonetheless in the
case when coefficients of MVSDEs are smooth enough our approach recovers
computational complexity e 2| log(e)[>. This is a very promising strand of research
and we have addressed the complete rigorous analysis of this fact. Furthermore,
our approach easily extends to other reduction approximation methods and also
allows for MLMC treatment of approximating densities. Finally, we believe that
the idea of approximating a complex/non-linear/high-dimensional models with
manageable/simplified models and then applying iterative MLMC approach can
be fruitful in other application areas and we anticipate interest in this approach

from various research communities.
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Figure 4.4: Estimated density of X; using 10 basis functions both for Projected

particle system and iterated MLMC with projected coefficients during all Picard steps.
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Algorithm 2: Nested MLMC with Picard scheme for (4.1)

Input: Initial measure p° for X°, MSE level ¢, payoff function

P(-) : R? = R and M, the number of Picard steps.
Output: M} (P), the approximation for the quantity E[P(X7)].
Find K(e) and set ¢ = K (¢);

=

Fix Lq. Apply standard MLMC to the process X" to calculate the

N

approximation matrix of size ¢ x (1 + 2%0)

3 for m=1to M —1do
4 Fix L,,, the largest level in Multilevel in mth Picard step;
5 Conditioning on D™~! (starting from D), take (4.26) and run MLMC

to obtain the matrix of of size ¢ x (1 4 2L0) :

DM = (MYZJ e Mgfzz)%) .

Fix Ly, the largest level in MLMC at Mth Picard step;

(=]

7 Conditioning on D™=, run standard MLMC with interpolation to obtain

the final vectors of approximations (Mgéw’K)(P), . M(M’K)(P));

L) tzL]\/I
8 Return Mgﬂff)(P), Le. MEFM’K)(P)-
2




Chapter 5

Monte-Carlo based deep learning

methods for several types of

random PDEs

5.1 Introduction

It is common to use partial differential equations (PDESs) to describe numerous
physical phenomena such as fluid dynamics, quantum mechanics, and elasticity.
In order to reliably analyze these phenomena, we need to consider the additional
inherent uncertainties in the system of interest (e.g. in their initial or boundary
conditions, material properties, external forces) and quantify the impact of these
uncertainties on quantities of interest (Qols). This often involves computing the
expectation (and/or higher order moments) of a functional of the solution of a
random PDEs system. Realistic models of the uncertainties often require a large
number of random parameters, and thus, even if the spatial dimension is typically

only two or three, we have to solve PDEs with a high-dimensional input space.

82
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Developing numerical methods for solving these has been a persistent challenge.
The aim of this work is to show how deep neural networks can be used to efficiently

solve problems in uncertainty quantification in PDE based modelling.

We start with a brief overview of the most common approaches to solving high-
dimensional random PDEs. Monte Carlo Sampling (MCS) [26] is one of the
simplest approaches for this task. In MCS, we generate independent samples of
the random parameters, determined by their given probability distribution. For
each sample of the random parameters, we then solve the resulting (deterministis)
PDE by a numerical method, such as Finite Element (FE), Finite Difference
(FD), and Finite Volume (FV). We then approximate the Qol by the Monte-
Carlo average of these deterministic solutions. Although MCS has the desirable
property of a dimension-independent convergence rate, the convergence can be
quite slow, and recent research has often focussed on improved variants such as

Quasi-Monte Carlo sampling [42] and multilevel Monte Carlo sampling [5, 20].

Alternatively, some researchers expand the PDE solution (a random variable
determined by the random parameters) as a Taylor series around the means [47],
in so-called Perturbation methods. These methods are limited by the magnitude
of uncertainty, and are only applicable if the uncertainties are small. Also,
it is possible to manipulate the stochastic operators in PDEs, and the classic
approaches are the weighted integral method [23] and the Neumann expansion
[75]. It also requires small uncertainties, and furthermore, it is restrictive since
it would be effective only on time-independent problems. Sometimes Qol is the
moments of the random solution to PDE, and the moment equations methods are
suitable by constructing equations from the averages of the random PDEs. But

they cannot avoid the so-called closure problem [78].

Lastly, there are approaches based on approximating the PDE solution by a

surrogate model (or reduced order model). In this class, we find the Generalized
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Polynomial Chaos (gPC) approach [28, 72, 74], as well as reduced basis methods
[34, 58]. The general idea is to approximate the PDE solution in terms of a set of
basis functions in the parameter space. In gPC methods, we use a basis expansion
in orthogonal polynomials. Typically, an approximate gPC solution is then
computed using stochastic Galerkin [3, 28] or stochastic collocation [4, 8, 24, 73]
methods. However, as our PDE takes a highly complicated and non-linear form,
it is often a challenge to solve the Galerkin systems efficiently. Moreover, gPC
methods do not necessarily avoid the curse of dimensionality [54], and in high-
dimensional systems, the approximation errors can be substantial, unless an
unreasonably large number of samples is acquired [72]. Reduced basis methods,
on the other hand, choose for the basis so-called snapshots of the solution, i.e.

PDE solutions at a number of suitably chosen parameter values.

The aim of this work is to study the use of deep neural networks to solve
random PDEs in uncertainty quantification. The use of neural and deep neural
networks to solve deterministic PDEs has been of large recent interest, and
the work generally falls into two categories. In the first category, we employ
neural and deep neural networks in association with other traditional methods
(e.g. FE, FD and FV) mostly to reduce the computational complexity of the
methods. For example, in [44, 77], the neural networks successfully accelerate the
computation of difference equations that arise in the finite difference solution for a
PDE. Particularly, different neural network architectures are used to represent the
linear system of equations derived from the difference equations and the solution
to that of equations is obtained by minimizing the neural networks’ energy
functions. Additionally, the authors in [50, 51] followed an approach of linear
B-splines to estimate the solution of ordinary differential equations (ODEs) while
using feed-forward neural networks to govern the spline parameters. However,
this method is not easily feasible for high dimensions [43]. In [69], aiming at

hasting simulation of Navier-Stokes equations in an Eulerian framework, they
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establish Convolutional Neural Networks (CNNs) to address the sparse system
of linear equations originated from the Poisson equation of pressure. In [64],
an hastened (opposed to multi-scale simulation) approach is proposed based on
regression analysis. They train the local regression models by using a training
dataset that is obtained from pre-analysis or experiments. Those local models
connect the local nodal points in a nonlinear sense and each is recognised as a
discretized equation for the PDE. For the purpose, they adopt neural networks

and polynomial functions as the regression model in their study.

In the second category, researchers utilise neural and deep neural networks as a
replacement of the traditional methods. Typically in these methods, a neural or
deep neural network is trained to approximate the solution to the deterministic
PDE, i.e. it is used as a surrogate model for the (deterministic) PDE solution.
For example in [43], they address initial and boundary value problems by using
neural networks. There are two parts for the trial solution. The first part satisfies
the initial or boundary conditions with no adjustable parameters, and the second
part consists of a neural network which is independent of those conditions. To
this end, they tune parameters of the neural network by optimising the mean-
square-error (MSE) over specified collocation points. An alternative approach,
called Deep Galerkin Method (DGM), was proposed in [63], with some crucial
differences, specially (1) they forfeit the trail function that strictly enforces the
initial and boundary conditions to fulfill weakly these during the neural network
training, (2) they start to build relatively deeper neural network architectures
and train them by using the advanced mini-batch optimization techniques, and
(3) with a certain stopping criteria, they minimise MSE iteratively over a set of
randomly sampled points per iteration and this ensure the method is mesh-free.
Also in [48], they research a hybrid variation of the approach proposed in [43].
In [61], he introduces the method of constrained backpropagation to train neural

networks and these approximate the solution to nonlinear elliptic and parabolic



CHAPTER 5. Monte-Carlo based deep learning methods for several types of
random PDEs 86

PDEs. Meanwhile in [32, 35, 62, 71], they propose an approach for solving high-
dimensional parabolic PDEs by training a set of deep networks. To achieve these,
they adopt the probabilistic representation for the solution to PDE by using
backward stochastic differential equations (BSDEs) or the rough theory and train
a neural network to approximate it by regarding the gradient of it as the role of

policy function linked to the reinforcement learning.

Recently, neural and deep neural networks have also been investigated in [36, 53,
70, 76] for solving random PDEs. [53] follows the idea of DGM to construct MSE
with additional sampling on random parameters. Hard and soft assignments have
been proposed, but with no comparison, in the numerical experiment though they
claim the hard assignments would perform better than the soft. However, we will
show at least for the particular set-up of the experiment the hard potentially would
behave less efficiently than the soft. Also, we perform additional experiments for
the case with randomness on the boundary condition. Meanwhile in [62] they
explore the possibility of training deep neural nets via probabilistic representation
for the solution of families of PDEs in the context of mathematical finance without
boundary condition. Notably, we cover additional types of random PDEs with

boundary conditions.

The contributions of this work are to show how deep neural network surrogates
can be constructed for high-dimensional random PDEs by expanding on the
construction in [62], and to confirm their effectiveness in a range of numerical
tests. Of course, one of the benefits of constructing a surrogate model, as opposed
to for example Monte Carlo sampling, is that once the surrogate for the PDE
solution is constructed, we can use this surrogate for computing as many different
Qols as required. Therefore, it is common to distinguish the so-called offline
cost of setting up the surrogate model, from the online cost of actually using the
surrogate model to perform the tasks of interest. The offline cost is only acquired

once, and can be comparably large, but the online cost is crucially small. In our
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numerical experiments, we use a deep neural network to solve the inverse problem
of recovering the value of a parameter in the PDE given observations of the PDE
solution, i.e. a model calibration problem. Due to the small online cost of the

deep neural network, this can be done very efficiently.

5.2 Deep learning for random PDEs

5.2.1 General goal

We aim to approximate the solution u(z,t,0) (or u(z,0)) for the following (partial

or ordinary) differential equation

L(x,t,0;u(z,t,0)) =0, tc[0,T],z€D,0¢c Ly(Q,R™) ~ Py,

I(x,0;u(x,0,0))

0, ©€D,0c Ly(QRY), (5.1)

B(z,t,0;u(x,t,0)) =0, te€0,T],z€0D,0¢e LQ(Q,RdG) ~ By,

where 6 represents the R%-valued square integrable random parameter governed
by the given distribution Py, £(-) is a general differential operator that includes
the time derivatives (corresponding to t), spatial derivatives (corresponding to
x) and linear and nonlinear terms, z is a position vector lying on a bounded
continuous spatial domain D C R%. Also, J(-) and B(-) represents, respectively,
the initial and boundary conditions and include the differential, linear, or

nonlinear operators.

5.2.2 Practical object

The concrete examples we focus on are:
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Parabolic equation with terminal condition We consider the following d-

dimensional random PDE:

ou

ot
(5.2)

where the terminal condition is known, the function ¢ : R? x R x Lo(Q, R%) — R
is continuous in (z,t,6) and bounded in z. The random function x(z,#) or its

exponent is assumed to have the following form:

Z 9i(2)p(0;) + o(), (5.3)

where ||¢;]|s 1Ot increases with the index i, ¢ globally Lipschitz, § ~ Py and

¢o() is sufficiently non-negative.

Elliptic equation with boundary condition Also we address the following

d-dimensional random PDE:
V- (k(x,0)Vu(x,0)) — c(x,0)u(x,8) =0 in D c RY, (5.4)

where ¢ : R? x Ly(Q, R%) — R is non-negative, the boundary condition is known.
The random function k(z, ) or its exponent is assumed to have the same form

as (5.3).

Poisson’s equation Lastly, we investigate this type of d-dimensional random

PDE:
V- (k(z,0)Vu(z,0) — c(x,0)u(z,0) = f(xr) in  R%E (5.5)

—(x,t,0) + V- (k(z,0)Vu(x,t,0)) — c(x,t,0)u(x,t,0) =0 in (D,[0,7]) c (R, RT),
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where ¢ : RY x Ly(2,R%) — R is positive and bounded from below, f : R — R
belongs to €2 that the space contains all continuous derivatives up to the second

order and «(z, ) or its exponent is assumed to have the same form as (5.3).

We remark that the randomness of (5.2), (5.4) or (5.5) only comes from 6 and for

each practical problem the set of functions {¢;}, is given.

5.2.3 How to treat the additional random parameter ¢

Since € Ly(Q,R%) satisfies the given probability distribution Py, assume we

can sample jth vector of parameters

09 = (07,05),... 0.

Two perspectives Fix t* € [0,7]. We consider two to approximate (by

applying the solver of neural network) u(zx,t*) for all x € D:

e For fixed w) € Q, this makes 8Y) deterministic and renders a problem of

solving deterministic PDE. The two things have to be mentioned:

1. for the Y, the output of the network is the approximation of
g (0, %)

2. if we are interested in quantify E[P(us(z,t*))] where the function
P(-) is given, we can apply MLMC in subsampling to improve the

computational efficiency.

e Alternatively, we can also add the parameter 6 as part of the input and the

feed-forward network will give the estimation of u(x,t*,6). More precisely,
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we change input from
X 1= (T1,T9,...,24) to (x,0):=(x1,29,...,Tq,...,01,02,...,04,)

and learn a general form of u that vary both in x and 6 . Besides, we are
also potentially able to apply MLMC in subsampling to reduce computa-
tional cost if aiming at quantifying the expectation of some functionals on

u(z, t*,0).

e In our proposed algorithms, we treat 6 as an additional argument of the
input because this avoids additional interpolations, for example, if we need

the solution to perform calibration.

5.2.4 Learning the random PDE solution based on prob-

abilistic representation

We consider three cases separately:

e linear random parabolic PDE (5.2) with terminal condition (u(z,T,60) =

g9()),

e linear random elliptic PDE (5.4) with boundary condition (u(x,0) = g(z)
where x € 0D),

e Poisson’s equation (5.5) with the unbounded domain,

where we assume the function g : R — R is Lipschitz continuous in .

Derivation of recursive relationship for the type (5.2) For a given

(r,t) € R? x RY, suppose that b : R? x RT x Ly(Q,R¥) — R? and o :
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R? x RY x Ly(Q,R%) — R4 are Lipschitz continuous for all arguments. We

define X% as
dX2H0 = p(X2 s 0)ds + o(X™H 5, 0)dW,, XM =1 eRY (5.6)

where 6 is Fy-measurable (independent of d,-dimensional Brownian W;>q) and
satisfies the distribution Py. Under the Lipschitz continuous assumption of the

function ¢ : R? — R, we apply It6 formula and product rule to the process defined
by
HY = w(XH0 ¢, 0)e W e shds oy ),

then let a = (a;;) := o - o, we have that for r € [t, T],

HY — HY = u(X740,r, ) 1 05 a0i (X010 1, )
_/T — 7 (X0 7 0)dr 8u+zd:b Ou Zd: (X5 s 0)u | ds
- te D5 T 2 D a,]a s

—|-/ _ft XZteTe)dT au Oij(X$’t’0 S Q)dWS(])
t Z,j ;

(5.7)
Notice that arguments inside the integrals are evaluated at (X% s, 0) and if we

assume u satisfies (5.2), 2k = diagonal(a) and V,k = b, we conclude that

r s x,t, a .
H? — g = /t g Iy OG0y a” (XM s, 0)dWw ). (5.8)

In order to obtain an implementable algorithm, we would need to discretise the
integrals that arise in (5.8). To that end take a partition of [t,T] with N steps
denoted by

Ti={ly=t<thi<...<tp<...<ty=T} (5.9)

and consider an approximation of (5.6) by XZ’”. For simplicity we approximate
all integrals arising by Riemann sums always taking the left-hand point when

approximating the value of the integrand. Also, there are more sophisticated
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methods available such as quadrature rules. Since we don’t know the exact
solution u to the PDE (5.2), we will also have to approximate the gradient % by
Rny while approximating the solution u by Rn;. To formulate the learning task
in the discrete time, we then write it recursively as

w(X{T tn, ) = D™ (ty, T)g(X[T)

tN’

D™ (t, ty) (X7 g1, 0) = D™ (¢, o )u(X)T i, 0)

tm+1 a .
+ / D™ (t, S)Z%(Xg’”,S,Q)Uij(Xf’”,S,Q)dWS(]) for tm41 €,
tm Iy i

(5.10)
where D™(t,s) = e~ J eXPTr0)dr  Next consider two deep neural network
approximations

ou
R (x,tm, 0) = u(x,ty,,0) and Rnp(x,tn,,0) = a—(:z:,tm,G) for m1,m2 € DN.
x

(5.11)
These approximations depends on weights 7, € R%1 and 1, € R%2. We set the

learning task as the following optimisation problem:

N—
<nr,ns>:afgngnEHg<X§:”>—Rnl<X§,tN, Z mfi’ﬂ (5.12)
mni,n2 m=0

where &%) is given by (matrix form)

ERUITE) — DT (4, tyt) R (X077 lns1,0) — D (E, ) Ry (X b1, 6)

m+1"

— D™ (t, ton) Ry (X0 i, ) (X1, 0) (W

tm7

- W),
(5.13)

m—+1

Note that in practice any minimisation algorithm can only be expected to find
the approximation (9", ny") of (n},n;) and n means we have n sampling points
in each mini-batch training step. The complete learning method is stated as

Algorithm 3.
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Algorithm 3: PDE probabilistic representation learning for the
type (5.2)

1 Initialize DNN parameters (11, 79) (along the timeline), the size of

mini-batch n and the partition = with NV steps as (5.9);
2 for j=1:n do
generate {X;, 60),m .U } and simulate the approximation X, | D of (5.6)
for any t,, € 7.;

for k=0:N-1 do
Compute

. _ () ;
_Dﬂph7 (t07tk) = 6_ Zl’c":lo C(Xfem ’ ’tm’0<]))(tm+1_tm)

s find (n7"",n5") where

1 &

n N : @) @)
(1™ 5™ = srg it 3 ng@f )= R (X2 1,0)

(77177]2) n j=1

2 N—
% Z m+1771 n2) :|

m=

where 77 is given by

82{11(17717”2) :ij (ta tm-i-l)gQ (Xesji;rv m+1a O(j)) - ij(ta tm)‘rRm (Xte(j)m: tma Q(j))

— ij (t; tm)an (Xf:)m, tm; H(j))U(Xzij)’ 9 )(th+1 - W{n>’

4 Return (9", ny").
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Derivation of recursive relationship for the type (5.4) We begin this

derivation by defining X% inside D C R as
dX7 = p(X 0)dt + o(XP,0)dW,, XTI =2z e D, (5.14)

where b : R X Ly(Q,R%) — R? and o : R? x Ly(Q,R%) — R are Lipschitz
continuous for all arguments, 0 is Fy-measurable (independent of d,,-dimensional
Brownian W;s¢) and satisfies the distribution Py. But the trajectories may travel
outside the domain D. To overcome this difficulty, we introduce the stopping
time 79p = inf{t > 0|X"? ¢ D}. This is the first passage time to the boundary
0D. With the Lipschitz continuous assumption of the function g : R — R, we
again apply It6 formula and product rule to the process defined by

HY = u<Xz0 f)e- Jyhop c(Xg’gﬂ)ds’ t>0,

tAToD

where we denote ¢ A 7op as min(t, 7op). Then still let a = (a;;) := -0, we have
that for ¢t > 0,
HY — H = (X[, 0)e™ 77 00—y (x50 )
Ao TN
- —Jo (X3 0)dy p. ot 2 9 x 0 ove ) d
/0 e (Z zaxi+2;amaxﬂj (X%, 0)u |ds
tAT,
s [ e et S K (x20, g)aw
0 .. €
Z?]
(5.15)

With the same reasoning as the first case but assuming the function u satisfies

(5.4), we have

tATogD o
-y [ e e MZ(% 0 (X2, 0)AWD. (5.16)

To be implementable, we are restricted to [0, 7] and consider the partition in the

form of (5.9) with N steps where tg = 0. With the approximation of (5.14) by
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XZ’W, the discrete recursive relationship of the learning task is formulated as

(ng 9) (Xgﬂ) if thTaD

7D TOD

D™(0, tpprr)u(X2™ . 0) = D™(0, ¢ )u(Xe’” 0)

tm+17

m+1
+/ Osz
tm

(X7, 0)03 (X7, 0) WY for tyey € 7 < 7o,

(5.17)
where D7(t,s) = e J¥ «(X770d7 Next we consider two deep neural network

approximations

Ry (x,0) =~ u(x,0) and Riy(x,0) = %(m,&) for m1,me € DN. (5.18)

Notice that these approximations do not have time dependence compared to

(5.11). The learning task is equivalent to solving the minimisation problem:

2 Nrgp —1
o) = sugmink | ([g(05) = R, (40,00 + = D €™ o
1,72 ToD m=0
L1 Z gnm) ]
(5.19)
where N,,, = inf{m : X!™ ¢ D} and 7" is given by
Eni ™) = DT (0, 1) Ry (XET,,0) = D™(0, )Ry, (X777, 6) 520

o DTF(Ovtm)Rm (Xzfve)a(XZf7e>(Wt - th)'

m—+1

We remark that in [14] and [15], they propose advanced methods to find the
approximated stopping time ¢ Nroo rather than the trivial stopping procedure given

above. The entire learning method is stated as Algorithm 4.
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Algorithm 4: PDE probabilistic representation learning for type

(5.4)

1 Initialize (1, 72), the size of mini-batch n and the partition = with N steps
as (5.9);

2 for j=1:n do

()

generate {X, ", 0} and simulate the approximation X, D7 of (5.14)

for t,, € m < Typ.;

for k=0:N-1 do
Compute

. k_1 g(j)’ﬂ
D™ (to, ty) = e~ 2om=0CXim

atm 79(j) ) (tm+l *tm)

s find (n7"",n5") where

[ TR B L - o
") e 30 |- S (lalalf) = %, (o9, 60

T )
(7717772) nj:1 nTB'D j=1
1 NTB'D ) 1 n
n1,7M2) |2 71,Mm2)
+ E |8m+1 | ) + n—n E (_ E |8m+1 ):|
70D m=0 TOD j=n—nr,, +1

where n.,, is the total number of approximations Xf:)’” whose simulation
is stopped before ¢y and 77" is given by
ET ) =D 0, )R (X0, 09) = D0, ) Ry (X,7,09)

= D0, )R (X2 00D) o (X007 900 (W7

t'm+1

4 Return (", n5™").
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Derivation of recursive relationship for type (5.5) Suppose X}’ ¥ solves the

stochastic differential equation
dX7 = p(XP 0)dt + o(XP,0)dW,, XIP=zeRY t>0, (5.21)

where b : R X Ly(Q,R%) — R? and o : R? x Ly(Q,R%) — R are Lipschitz
continuous for all arguments, 0 is Fy-measurable (independent of d,,-dimensional
Brownian W;>¢) and satisfies the distribution Pp. Again we apply It6 formula and

product rule to the process defined by
HY = u(X] 9)e= b e300y > 0,
Then recalling that a = (a;;) := 0 - o7, we have that for ¢ > 0,
HY — Hy = u(X; ", 9)e 1 X000 — (x50, 9)
t . d au d
_ =[5 (x5 0)dy p. 2% (X7 O |ds
/06 (Z 5L e

ou
—Jo o - z,0 ()
+ /0 g Z 0 (XY, 0)dW,

0]

—~

5.22)
By the same substitution as before but assuming the function u satisfies (5.5), we

see
Hf—HS’:/ o loe Xze@)dW(f(XM ds+za (X0 G)dWJ)) (5.23)
0

To be plausible, we restrict ¢ from [0,00] to [0,7] and consider the partition

defined in (5.9) with N steps where o = 0. By introducing the approximation of
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(5.21) by XZ’W, we formulate the learning task as the following recursive system:

D™(0, ty1)u(timsr, X0 ) = D™(0, t ) ultn, X0

+ /t:m D™(0,s) ( FXI™)ds + Z g; (Xf»“,e)aij(ng“,e)dWy)) for tmi1 €,
" (5.24)
where D7(t,s) = e J¢ «X770d7  Next we consider two deep neural network
approximations with the same notation as (5.18). The learning task is to solve

the minimisation problem:

7, m) = gE[ Z|em3?;"2 } (5.25)

(m,m2)

where &) is given by

ENU) = DT (0, 1) R (X071, 0) — D70, )Ry (X177, 6)

t +17
— D7™(0,t) (f(Xff)(th — tm) + Ry (X0T,0)0 (X0, ) (Wi, — th))
(5.26)
We then propose the Algorithm 5

5.2.5 Learning the random PDE solution directly

For type (5.4), we need to resolve the additional issue of sampling stopping time
as accurately as possible under the limited computational budget. But if the
position argument x lies in a bounded domain D C R?, it is natural to set up the
learning algorithm for the solution u of (5.4) by using PDE (5.4) itself as score
function. Let Rn approximate u for n € DN. We then establish the learning task
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Algorithm 5: PDE probabilistic representation learning for type
(5.5)

1 Initialize DNN parameters (1, 72) (along the timeline), the size of

mini-batch n and the partition = with N steps as (5.9);
2 for j=1:n do
generate {Xfo(j)’”, 91} and simulate the approximation Xg Sj)’” of (5.21)
for any t,, € 7.;

for k=0:N-1 do
Compute

. _ G n pes
_DﬂF,‘7 (t())tk) =e fn:lo C(ngm ' 70<]>)(tm+1_tm)

s find (n7",n5") where

n

N-1
(™ mg )Zargmln—Z[ Z| Trgrlmnz) }
m=0

(7717772) n j=1

where Em’ﬁr(lm’nz) is given by

SR = D70t R (X070 = D70, )R (0,17, 07)

t'm+1 ’

—D"(0, ) (f<Xff><tm+1—t )+ R (X7, 0o (X7, 09 (W, —WL)),

4 Return (57", ny™).
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softly as

= axg minl[V-(s(z, 0) VR, 0)) —c(, O)Rn(, 0) o+ IR0z, 0)— () i
! (5.27)

in some appropriate norms || - ||pyrds and || - ||gpxrae- The first norm measures

the error of approximating the PDE equation and the second norm measures the

error of approximation of the boundary condition. To investigate, we choose

17Ol = [ [ 11z, 0)PdzPa(an)
1Ol = [ [ | 1100z (an)

Note that it is only practical to find the approximation n*" of n*. The full

procedure is described in Algorithm 6.

Algorithm 6: Softly-direct PDE learning for type (5.4)

1 Initialize DNN parameters 7, the size of mini-batch n;

2 for j=1:n do
L sample (z10), £20)) uniformly from D x 9D and 6V according the

distribution Py.
3 find n>" where

" = arg min— Z[ V- (k@9 09V Ry(20), 00))

n n

j=1
2
—c(zMD 9O Ry (219 g0

|

4+ ‘Rn(ﬁ’(j), 9(3‘)) — g(xl(j))

4 Return n".

Alternatively, we follow the idea from [53], and set up the learning task strongly
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for type (5.4) as

= argmin||V - ((z,0)VU (2, 0, Rn(z,0))) — clz, 0)U(z, 6, Rn(z, 0)))lp g
! (5.28)
where U(z,0,Rn(x,0))) = uo(x,0) + uy(x,0,Rn(z,0)) and uy : R? x R® — R
satisfies the boundary condition, and we construct the function u; : R¥xR% xR —
R such that it does not contribute to the boundary condition. All steps are
illustrated in Algorithm 7. We remark that in the literature these two algorithms

are also called as the soft-assignment and hard-assignment respectively.

Algorithm 7: Strongly-direct PDE learning for type (5.4)

1 Initialize DNN parameters 7, the size of mini-batch n;

2 for j=1:n do

| sample £U) uniformly from D and V) according the distribution Py.

3 find n*™ where

n

— 1
" = arg min— E
n gn 0

2

V- (K(w(j)7 g(j))v(](gc(j)7 0U))) — (W), g(j))U(w(j), 01)

j=1

4 Return n®".

5.3 Implementation details for the algorithms

This section provides details for the architecture of deep networks via probabilistic
representation (algorithm 3 to 5) and that of those through the non-probabilistic
(algorithm 6 and 7), hyperparameters, and cost of evaluation of those deep

networks.

As to the architecture of deep networks via probabilistic representation, we use
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the fully-connected feedforward network and a example of this with one hidden

layer of dimension dj, is below:

Input Hidden Output

layer

and y = o(zW1+0b1)Ws+by where W and W, are weights matrices of size d, X dj,
and dj, x dy, by and by are bias vector of size 1 x dj, and 1 x d,,, and o(-) is a
element-wise non-linear function, commonly known as activation function. Thus,
we need to set the number of layers (d;) including the input and output layers,
the number of units (d,) in each hidden layer, and the activation function before
the training session. The cost of evaluation of those deep nets in terms of the

number of arithmetic computation is determined by d,. - dj, + (dy — 2) - d + dydp,.

On the other hand, we modify the architecture in [63] (see details in Section
4.2) to construct our deep networks through the non-probabilistic by adding the

additional random parameter 6 to the original input z in a consistent conception.

5.4 Numerical experiment

In this section, we present numerical simulations that confirm the plausibility

of applying the proposed deep learning methods including both the way based
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on the probabilistic representation and the non-probabilistic in solving several
types of high-dimensional random PDEs. Furthermore, numerical experiments
indicate that the softly-direct PDE learning might achieve better computational
performance comparing to the strongly-direct PDE learning for the particular

random PDE system. We experiment the following methods:

e PDE probabilistic representation learning for the type (5.2) in example

5.4.1:

— Forward problem: find the DNN approximation satisfying the required

accuracy level to the solution to the random PDE;

— Inverse problem: given a set of synthetic data, calibrate the DNN in

terms of 6.

e PDE probabilistic representation learning for the type (5.4) in example 5.4.2
and 5.4.3,

e PDE probabilistic representation learning for the type (5.5) in example 5.4.4

)

e Softly and Strongly-direct PDE learning for type (5.4) in example 5.4.5,

We remark that if we were able to solve the sample random PDE system by the
deep learning methods based on probabilistic representation, we omitted results
of those build on the non-probabilistic for avoiding redundancy. The number of
layers (d;) for the deep nets trained in examples 1, 2, 3, 4, 5 are, respectively 8,
10, 14, 18 and 20. Dimensionality of each hidden layer (d}) is set to 256. Tanh
nonlinearities are adopted for each hidden layer as the activation function. The
Adam optimization algorithm [39] is used to find the optimal parameters and

mini-batch size is set to 50.
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5.4.1 Kolmogorov backward equation with the random

coefficient

Forward problem In the first example, we consider the diffusion problem in
one-dimensional spatial domain with random diffusion x(#). Particularly, the
random PDE system is given by

u 0*u

el -z - — ' do 5.29
oy (x,t,0) + ﬁ(9)8x2 (x,t,0) =0 where (z,t,0) in (R, [0,1],R%), (5.29)

with the deterministic terminal condition

22

u(x, T, 9) = g(x)a and g(x) = 10-e2012,

The random coefficient x(#) independent of spatial domain x is represented by:

K(0) = K(01,03, ..., 00,) = 5 (5.30)

where we show the result of the case as dp = 50 and we sample 6 from the high-
dimensional normal distribution N(0, I4,xq4,). With the Fourier transform, the

analytical solution to this random PDE system (5.29) is given by

+o0
u(z,t,0) = / O(x —y,t,0) - g(y)dy, (5.31)

where ®(z,t,0) is given by

22

1 e
<I>x,t,9 ::@x,t,&,@,...,@ = '62'1/29’(14)
( ) ( 1,02 ds ) 2-\/77-2912'(1—15)

Note that in practice, we use U4(z,t,0) as the benchmark approximation of
u(z,t,0) given by
Ua(2,t,0) = F(®(x —y,t,0) - 9(y)), (5.32)
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where F' is the numerical integration from —5 to 5 with respect to y . For
our experiment, we firstly study the number of iterations necessary to meet the
requirement of accuracy level € and Figure 5.1 suggests a potentially exponential
growth of the number of iterations as € decreases. Next, we aim to explore the
stability of the DNN approximation. In the case, we set the required accuracy
level in algorithm 3 to be 107° and after 12563 training steps (the average training
time for each step is 0.237s) it gives the DNN approximation R,, (z,t,6). Next,
we compare the results of deep learning algorithm 3 to u,(z,t,60) rather than
the Monte Carlo approximation to avoid the additional error. In Figure 5.2, we
compare the solutions at 10 different realizations of #* such that > (67)* = 1
and observe that those DNN approximations overlaps under this resolution. It
demonstrates the stability of approximation with respect to the random parameter
0 at least for this particular problem. Also, it suggests a good agreement
between the DNN and the benchmark uniformly both in spatial and time domain.
Finally, it shows the potential of applying algorithm 3 to the more complicated
random PDE systems. We remark that to ensure the sample 6* satisfying that

condition, we sample the first 49 60, and the last element 6,4, is determined by

V1=l )2

Inverse problem Firstly, we notice that the end product of the above forward
problem is a trained neural network (deterministic function) R,, (x,,6) that maps
input (state, time plus the additional parameter 6) to output. Then it is natural
to raise a question: if we obtain a set of n, data points {a,(z®,+® %)}
(see definition in (5.32)) where the argument #* is unknown, whether or not we

inversely find the unique optimal 8™ such that

2

fRn(SL’U), ), 0) — @a(x(j), ) 0%)| . (5.33)

N

9o — — 1
= arg min—
n

0 u =1
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Figure 5.1: Number of optimiser iterations in terms of ¢ for example 5.4.1 and

algorithm 3. The faded light-blue area is the 95%-confidence interval.

To answer this, we thus perform an artificially calibration experiment for the DNN
approximation Rn to the PDE (5.29) with dy = 1 (otherwise the inversion is not
unique) in the following iterative procedures after initialising 6 as 0.1,0.5,0.8,1.5

and 2 respectively and setting a common required accuracy level as 1073:

e At n-th step, we generate x and t simultaneously according to standard

normal and uniformly distribution on [0, 1] respectively, i.e. {xn ) i oy

e Let 0* be 1 and collect the data that contains n, points by computing u,

at those sampling points {xn i e {ua(ﬂvn 0 00y o

e We update 6, for the minimisation problem (5.33) by descent method with

adaptive learning rate (7,) in the form of

ORn

5 —L(z0) D g)

2n T A . A .
0,1 =0, — Rn(z9), ¢t 9) — @) t0) g*
“ S @@, 19),0) - u(a )-
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Figure 5.2: We compare a DNN with 10 different instances of 6* and the
corresponding approximated analytical solution @, (x,t,0*) (red curve) as those of 6*
satisfying \/Wf)2 = 1 at 21 time points from 0 to 1. Note that in the last subfigure
we compare the DNN to the exact terminal function g. The diffusion coefficient is

represented by the equation (5.30). This is for example 5.4.1 and algorithm 3.
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e We then check whether it is hitting the threshold and if not, update the

ordinal number n by n + 1 and repeat the above three steps.

The results are §°™ = 0.988 (after 17862 iterations), 0.991 (after 13523 itera-
tions), 1.001 (after 11598 iterations), 1.004 (after 14726 iterations), 1.007 (after
20814 iterations) respectively and all are close to the true value of 6%, i.e. 1. Also,
this inversion is not time-consuming since the neural network is considered as a
deterministic function once we obtain it after the training session for the corre-
sponding forward problem. We remark that this type of minimisation problem

(5.33) in one-dimension can also simply be solved by Newton’s method.

Moreover, we add additional Gaussian noise N (0,0?) to each a,(z®,t® 6*)
for any i € {1,...,n,} and denote them as {i,(z@ t@ 6*)}* where
T (29,10 0%) = 4,(2D 1@ ) + N (0,0?). We are now in a situation to ask
whether we can learn the true 6* from the noisy data set. We follow the same
procedures described above as the original data is replaced by two corresponding
noisy with different o (0.1 and 0.5). In the left subfigure of Figure 5.3, it shows
that the approximation for #* would instead jump around the point estimate of
the case without noise if we start from a higher learning rate. As ¢ increases,
the fluctuation of the approximation between two consecutive optimisation steps
renders much bigger due to the larger noise. However, in the right subfigure of
Figure 5.3, we see that they follow the same trend regardless of the noise if we
substantially reduce the learning rate from 0.2 to 4 - 10~*. It suggests if the data
has noise, we need to be much careful about choosing the learning rate for solving
the optimisation problem, and that it is still robust due to this type of Gaussian

noise with o < 0.5.

Alternatively, assume 6 has uniform prior p(f) and the likelihood to be Gaussian.
Now we aim to learn the Gaussian posterior N(ug,02) for 6 rather than a

point estimate. Combing Bayes rules, uniform prior p(f) and the conditional
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Figure 5.3: Path of #, with respect to different o and learning rates: the left

subfigure corresponds to the learning rate starting from 0.2 and right from 4 - 1074
distribution of u,, we know

(0], x(i), t(i), o) x (g6, a:'(i), t(i), o)p(0) = N(ﬂa(:c(i), t(i), 9*)\317](:1:(”, t(i), 0), 02)p(9)

R (2 4D 9) — G, (2O 0)_go2
:exp(—| n(@™, #,6) = (@0, ¢, )|), Vie{l,...,n,}

202

Applying Laplace approximation, it results in the optimisation problem for the

parameter jiy in the same form as (5.33) and then

R S i) (i ~ (i) 4(i) px ORn -
0-3 = J2[W(M9) Z(R’I](IL‘( )’ t! )’ 0) - ua(x( )vt( )7 0 )) - HU(W(/LG))Q] g
i=1

(5.34)

Therefore, our previous point estimates can be used as the estimate for py and
then plug it into (5.34) to obtain the value of variance, i.e. o3. Note that changing
the distribution for the prior would lead to a optimisation problem different from

the form of (5.33).
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5.4.2 Dirichlet problem with the random coefficient and

boundary condition

In this example, we consider a simple elliptic PDE system in two-dimensional

spatial domain with random diffusion ()

H(G)(@(aﬁ,xz,ew&é(xl,:vz,e)):o in  (D,[0,1)%),  (5.35)

x? 03
with the random boundary condition

u(zy, x2,0) == u(xy, x0,01,...,04,) =0 -z if (x1,22) € 0D

where D = (0,1) x (0,1) and 9D is the boundary of D. We assume the random

® Analytical solutions
« DMNN approximations (apparent)

’ —— DNN:9V /
u: e /
—— DNN:8%@ /
— y:6 /
/
| /

DNN : 8% /
u:99

DNN : 9 /
04 u:8 /
—— DNN:9'® /

u:o'e

ulxy, 0, 61,682

(a) 2D comparison: 6 choices of 6 as fixing

IL’QZO.

(b) 3D comparison: 2 choices of #

Figure 5.4: A comparison of DNN and the analytical solution w(z1, x2, 0, 6;) for

example 5.4.2 and algorithm 4.

function x(#) have the same form as (5.30) and show the result of the case as

dyp = 2 with sampling § from the high-dimensional uniform distribution U[0, 1]%.
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By analysis, we find the unique analytical solution is give by

U(lL‘l,ZEQ,Q) = 91 -1+ 02 + Lo, (171,1'2) € D U 8@

For our experiment, we again set the required accuracy level in algorithm 4 to
be 107 and after 10384 training steps (the average training time for each step
is 0.416s), the DNN approximation R,, (21,22, 6) of algorithm 4 is determined.
Next we visualise our DNN results together with the benchmark both in 2D and
3D. Figure 5.4 then confirms the validity of representation of deep network of

algorithm 4 for the solution to (5.35).

5.4.3 Dirichlet problem with the random coefficient and

lower order term

In the third example, we consider a more complicated boundary value problem
for u : R? — R in two-dimensional spatial domain with random diffusion x(6)

0*u 0%u ,
5(9)(8_x%(x17$279)+a_x%(ivlaxmg)):—2 in  (D,0,1]%), (5.36)

with the deterministic zero-valued boundary condition, i.e.
U($1,$2, 9) =0 if (1’1,1'2) S 0@,

where D = (—1,1) x (—1,1) and 9D is the boundary of D. Assuming the
random function x(#) have the same form as (5.30), we present the result of the
case as dg = 50 with € sampled from the high-dimensional uniform distribution
[0, 1]%. To obtain our DNN approximation Ry, the required accuracy level
to stop in algorithm 4 is 107°. Following the reasoning from [15], we consider

cos(mz1(2ky +1)/2) sin(mxe(2ke 4+ 1) /2) as eigenfunctions and expand the solution
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u in those. Then we find

i (_1)k1+k2

1 128
u(0,0,0) = ORED kl:;bzo (2k1 + 1)(2ky 4+ 1)((2k1 + 1)2 + (2ky + 1)2)

1
~ iia(6) = o - 0.5893708....

Using this particular expression, we measure the error between the DNN approx-
imation R,, of algorithm 4 at k-th training step over ng(= 100) realisations of ¢

by

(k) ()
Error(k Y Z |14 (6" — R,;7(0,0,0Y)], (5.37)

which we expects to decrease in the ordinal k& and where R*) means the DNN
approximation obtained after k-th training step. However, behaviour of error at
a particular spatial point is not informative because the DNN approximation R,,
learns the general solution in the whole spatial domain. Then we consider the

average of ng(= 100) x n,(= 100) errors in the spatial domain D given by

AError(k Y Z o ; (2, 27, 90y — J{(k (29, 257000, (5.38)
Note that in (5.38), each z(® or 6 is sampled uniformly from D or [0,1]%
respectively and u is obtained by application of the standard deterministic PDE
library. We obtain the final DNN approximation R,, around after 12000 training
steps while in Figure 5.5 (the average training times for each step are 0.451
and 0.459 respectively) we present behaviours only in the first 6000 steps which
have much bigger fluctuation in magnitude compared to the last. Figure 5.5
shows the error at this particular spatial point behave similarly but with larger
confidence intervals as the mean-error over the whole domain which consists of

spatial and random parameter. Moreover, we define the squared error of i-th
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Figure 5.5: Behaviour of errors (5.37) (orange) and (5.38) (blue). The faded areas

corresponds to their confidence intervals. This is for example 5.4.3 and algorithm 4.
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Figure 5.6: Histogram of squared-errors (see definition in (5.39)) on the test data

set 8. This is for example 5.4.3 and algorithm 4.
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instance (z,00) € § := {(z®,00) : i =1,2,...,1500} as
Error(z®,09) = [a(z{", 25", 00) — Ry, (21, 25, 092, (5.39)

where each instance in & is uniformly drawn from the domain. In Figure 5.6, it
displays the error varies significantly and spans from almost 10~7 to 10~2 though

the average is around 4 * 107°.

5.4.4 Poisson’s equation with the random coefficient

To investigate further, we consider the following example in two-dimensional

spatial domain with random diffusion ()

r(0) (%(%,xm 0) + %(xh T3, 9)) —u(xy,29,0) = f(z1,22)  in (R%[0,1)%),
(5.40)

where the random function x(6) is represented by the equation (5.30). Recalling

the derivation of recursive relationship for type (5.5), we take the expectation to

both sides of (5.23) and let ¢ — oo. Because of the lower bound ¢(z,0) = 1 >

1 > 0, the dominated convergence theorem together with the approximation Xf o

with initial state X0 = 2 := (1, x,) gives that

0) = ~ — J5 c(z,0)dy Xx,@ ds! = E 00 —s Xx,@ dsl ~ E - —s X9,7r dsl.
ww0) =B e P <L e fx s 2B et (x0m)a

With truncation at t = 50 and numerical integration, we obtain our Monte-Carlo

benchmark with ny;c(= 10%) X samples given by

nyc

iyc (1, T2,0) = L Z F(e™* f(X5%T))

Mo o
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where F' denotes the numerical integration method with respect to s from 0 to 50.
Next, we experiment several cases according to the different choices of f(z1,xs)
including the quadratic function (x;+5)? and the non-linear function sin(z;+5)
and cos(z; + x2) and the constant function 1. Before running our algorithm 5,
we set the required accuracy level to be 107° and choose a set of #* such that
k(0*) = 1. Then for all cases, we track the average of errors corresponding to

ng(= 100) x n,(= 100) samples (x,0) in terms of training steps by

1 X1 & N8 e N
AE k) = — - 7 () () gy _ Rk (D 0 () 5.41
TTOT( ) g ; Ny ; |uMC(x1 y Loy ) m (xl y Lo )| ( )
where k denotes the k-th training step and R* means the DNN approximation
obtained after k-th training step. Next, we obtain the target DNN approximations
Ry, (x,0) for the four cases after 14453 (quadratic), 13875 (sin), 13348 (cos) and
10451 (constant) respectively and the average training times for each step are

0.613s, 0.544s, 0.547s, 0.409s respectively.

Figure 5.7 accords with the naivety that learning the DNN approximation

determined by constant is much easier and stable than other cases.

5.4.5 Surface flow problem with the random coefficient

In the last example, we consider a probabilistic uncertainty quantification problem
in surface flow and the governing random PDE system is given by the following

second-order elliptic PDE (ODE) in one-dimensional spatial domain

V- (k(x,0)Vu(x,0)) =0 in 0,1] x R%,
(sl 6)Vu(z,9)) 0.1] 5.42)
u(0,0) =1, u(l1,0) =0, VOcR®¥
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Figure 5.7: Trend of errors (see definition in (5.4.4)) with respect to four different
choices of function f in (5.40): the upper left corner is for the case f(z1,z2) =
(1 + x2)? and the upper right is for the case f(x1,z3) = sin(x; + z2); the lower left
is for that f(z1,x9) = cos(z + x2) and the lower right is that f(z1,22) = 1. . The
diffusion coefficient is represented by the equation (5.30). This is for example 5.4.4

and algorithm 5.
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where the random coefficient x(-,-) is dependent not only on 6 but the spatial

z,0)

variable z and in the form of x(z,0) = €% This Z can be expanded by a

countable set of uncorrelated, zero mean random variables {0;};cn such that

Z(x,0) = E[Z(z,0)] + Z Vwibibi(z), (5.43)

where {w;};en are the eigenvalues and {b;(z)};en the normalised eigenfunctions

of the covariance operator with kernel function

Clz,y) = exp(L;m). (5.44)

Particularly, we choose E[Z(z,0)] = 0in (5.45). To be implementable for Z(z, §),

we truncate it in the form of :
N
Zy(x.0) =Y wlbibi(z) (= Z(x,0) as N tend to oo)
i=1

where N denotes the KL-expansion of Z is truncated at which term. From [20],

we find the analytical expressions for the eigenpairs of the covariance operator

given by
2\
wi=-55——, €N
(] )\2 2 1’
i 1 (5.45)
bi(z) = — (o, o, ),
() || sin(v;x) + Av; cos(vi)||£a0,1) (sin(v;x) + Av; cos(v;x))
where {v; };en are the set of solutions of the transcendental equation
2 v
TNz 1 5.46
tan(v) 1 ( )

Before simulation, we set A = 0.3 in (5.44) and N = 20 in (5.46) and choose
the threshold level for accuracy to be 10~% in algorithm 6. After 7339 training

steps (the average training time for each step is 0.492s), we obtain the desired
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DNN approximation R, (x,0). To investigate, we focus expected values of the
solution at several specified spatial points, i.e. E[u(0,-)], E[u(0.25,-)], E[u(0.5, )]
and E[u(1,+)]. Given the boundary condition of this random PDE system (5.42),
we know E[u(l,-)] = 1 and E[u(1,-)] = 0. Furthermore, we use the Monte
Carlo solutions under the constraint of the accuracy level at 107% as benchmark
for the other two. With n; = 5.12 - 105 and ny = 4.93 - 10°, E[u(0.25,-)] ~
LS 0(0.25,00) = 0.74098 and E[u(0.5,-)] = - 377 4(0.5,0%) = 0.50009.
Note that given #®), each (-,6®) is solved numerically by the standard ODE
library. Then we track the error during the training session in terms of training
steps by

n=10000

Error(z, k) = [Eu( — = Z iRm z, 0% (5.47)

where E means exactly the expectation if E[u(z, -)] can be computed analytically
otherwise Monte-Carlo average and R*) means the DNN approximation obtained

after k-th training step. Figure 5.8 shows in the first few training steps, the

5

4 E[u(0.25, < 1]
a3
E —_— ul0.5, +)
5 5| ]
B 2
[
8
o1
=
g8 0

-1

0 1000 2000 3000 4000 5000 G000

Training steps

Figure 5.8: Behaviour of errors (5.47) at four specified spatial points.

DNN approximation R shows the biggest uncertainty (error) in the middle of the
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spatial domain but with the potential fastest rate of convergence while the DNN
estimates at the two boundary points present a similar and much less unstable

trend compared to the other two.

Moreover, we compare the efficiency between algorithm 6 and algorithm 7 in
the following procedures. First, we set the same accuracy level requirement, i.e.
threshold = 107 for both two algorithms (algorithm 6 and 7) as the stopping
criteria. Second, we choose 100 random seeds to obtain the target data. Note
that given a random seed, we record two stopping times 7, and 75 which are the
ordinal number of training step where the algorithm stops. With the limited page,
we show the first five out of 100 in Table 5.1.

71 for Algorithm 6 | 75 for Algorithm 7
7339 7144
7589 7954
7240 8161
8169 8225
7244 7156

Table 5.1: Stopping times

Figure 5.9 suggests the potential normality of the stopping times of our algorithms
and it confirms the validity to perform two-sample ¢-test further for the collected
data. Finally, we obtain the p-value= 0.09003 in the Welch two sample t-test
which has the hypothesis that the true difference (75 — 71) in means is equal to
400. This means we cannot reject the hypothesis at the 5%-significance level
and it demonstrate the mean of stopping times for the softly-direct (algorithm

6) would be significantly less than the strongly-direct (algorithm 7). Thus it
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Figure 5.9: Normality of stopping times
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is unwise to apply hard-assignment blindly since we find a situation where the

soft-assignment would not perform less efficiently than the hard.

5.5 Conclusions

We propose a novel method for solving high-dimensional random PDEs using a
deep network that is based on the probabilistic representation compared to those
in [53] based on the non-probabilistic. They are mesh-free and thus might avoid
the potential challenge induced from the curse of dimensionality. Also, the DNN
solution is a representation for the general solution including all arguments, i.e.,
spatial, temporal and random parameters, and therefore can be conveniently used
to produce samples for the specific uncertainty quantification problem and solve
the corresponding inverse problems. But a disadvantage is that the essential
backward relationship is highly sensitive to the structure of the PDE system, and
this is the reason why we propose different learning methods (algorithm 3 to 5) for
different types of random PDE systems. On the one hand, the aim of this chapter
is to show that DNNs based on the probabilistic can be used to solve several types
of random PDEs numerically with a desired rate of convergence. Moreover, DNNs
based on the non-probabilistic with using the weak-enforcement of the boundary
condition would perform even better than the strong in a certain circumstance.
For the further investigation, we can explore the validity of applying our new
proposed DNNs on more complicated random PDE systems especially handling

those of high-dimensional with boundary conditions.
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