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Knowledge as action. — Yangming Wang



Abstract

In this dissertation, we consider the problem of simulation of stochastic differential
equations driven by Brownian motions or the general Lévy processes. There
are two types of convergence for a numerical solution of a stochastic differential
equation, the strong convergence and the weak convergence. We first introduce
the strong convergence of the tamed Euler-Maruyama scheme under non-globally
Lipschitz conditions, which allow the polynomial growth for the drift and diffusion
coefficients. Then we prove a new weak convergence theorem given that the drift and
diffusion coefficients of the stochastic differential equation are only twice continuously
differentiable with bounded derivatives up to order 2 and the test function are third
order continuously differentiable with all of its derivatives up to order 3 satisfying a
polynomial growth condition. We also introduce the multilevel Monte Carlo method,
which is efficient in reducing the total computational complexity of computing the
expectation of a functional of the solution of a stochastic differential equation. This
method combines the three sides of the simulation of stochastic differential equations:
the strong convergence, the weak convergence and the Monte Carlo method. At
last, a recent progress of the strong convergence of the numerical solutions of
stochastic differential equations driven by Lévy processes under non-globally Lipschitz

conditions is also presented.
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Chapter 1

Introduction

Stochastic differential equations (SDEs) driven by Brownian motions or Lévy
processes are important tools in a wide range of applications, including biology,
chemistry, mechanics, economics, physics and finance [2, 31, 33, 45, 58|. Those
equations are interpreted in the framework of It calculus |2, 45] and examples are

like, the geometric Brownian motion,
dX(t) = pX(t)dt + o X (t)dW (t), X(0)= X, (1.1)

which plays a very important role in the Black-Sholes-Merton option pricing model,

or, the Feller’s branching diffusion in biology,
dX(t) = aX(t)dt + o/ X (t)dW (t), X(0)= X, >0,

where W(t) is the Brownian motion in both examples. Another example of SDE

driven by a Lévy process is the following jump-diffusion process [40]:

dS(t) = a(t, S(t—))dt + b(t, S(t—))dW (t) + c(t, S(t—))dJ(t), 0<t<T,



where the jump term J(¢) is a compound Poisson process Zﬁ(f)Y;, the jump
magnitude Y; has a prescribed distribution, and N(t) is a Poisson process with
intensity A, independent of the Brownian motion W (t). This equation is used to
model the stock price which may be discontinuous and is a generalization of equation
(1.1).

Usually, the SDEs we encounter do not have analytical solutions and developing
efficient numerical methods to simulate those SDEs is an important research topic.
The goal of this thesis is to introduce the recent development of those numerical
methods, including our own work on the weak convergence of the Euler-Maruyama
scheme using Malliavin Calculus. Unlike the deterministic differential equations, there
are two kinds of convergence measuring the approximation performance of a numerical

scheme and they are used in different scenarios [33, 49.

Definition 1.1 (Strong convergence). Suppose Y is a discrete-time approximation
of the solution X (t) of a given SDE with maximum step size A > 0. We say that
Y converges to X (t) in the strong sense with order v € (0,00] if there exists a finite

constant C' > 0 and a positive constant g such that
EfX(T) -Y(T)[] < CcA? (1.2)

for any time discretization with maximum step size A € (0, Ay).

Definition 1.2 (Weak convergence). Suppose Y is a discrete-time approximation of
the solution X (t) of a given SDE with maximum step size A > 0. We say that Y
converges to X (t) in the weak sense with order B € (0, 00| if for any function g in a
suitable function space there exists a finite constant C' > 0 and a positive constant Ag
such that

IElg(X(T))] - Elg(y (T))]| < CA (1.3)

for any time discretization with maximum step size A € (0, Ay).



Usually, the weak convergence order of a numerical scheme is higher than the
strong convergence order of the same scheme, due to that the weak convergence is in
the distributional sense.

Now consider a general SDE driven by a Brownian motion,
dX(t) = p(t, X (t))dt + o(t, X (t))dW(t), te (0,T], X(0)= Xo,. (1.4)

The most commonly used numerical scheme to solve the above SDE is the Euler-

Maruyama (EM) scheme. It takes Yy = X and
Vi1 = Y + plty, Yi) A + o (b, Yi) AW,

where ¢, = kL, AW}, = W(ty11) — W(t). It is well known that the EM scheme
converges strongly with order 3 if the coefficients p(t, ) and o(t,z) satisfy the
global Lipschitz condition and the linear growth condition (see Section 2.3 for more
details). But these two conditions are so strict that many SDEs do not have such
nice properties. In fact, a very large number of SDEs have C! functions as their
coefficients and only satisfy the local Lipschitz condition. For example, the following

stochastic Ginzburg-Landau equation:
dX(t) = (X(t) — X>(t))dt + X (t)dW (t).

Therefore, the development of efficient numerical schemes for such SDEs has been and
will continue to be an important research topic in the area of SDEs. To the author’s
knowledge, Hu [24] and Higham, Man and Stuart [23] were the pioneers of studying
the strong convergence problem of the EM scheme under local Lipschitz conditions.
In 23], although o is still assumed to be globally Lipschitz continuous, p only need to
satisfy a one-sided Lipschitz condition and a polynomial growth condition, which is a

substantial progress compared with the previous results. They proposed the following



implicit (backward) Euler scheme
Yk+1 = Yk + /L(Y]H_l)At + U(Yk)AWk

and proved that the scheme also achieves order % strong convergence. But the
shortcoming of this method is that it is an implicit scheme, which requires much
more computational effort due to the need of solving a nonlinear equation in each time
step. To overcome this problem, Hutzenthaler, Jentzen and Kloeden [28] proposed

an explicit (tamed) Euler scheme,

p(Yi) At
L+ [|u(Ye) | At

Y1 =Y + + o (Vi) AWy,

assuming the same conditions as in 23] and still achieving the strong convergence

order % Then it was Sabanis [55] with another % order strong convergent scheme,

p(k/N,Ye) /N o(k/N,Yi)(W(5H) - W(x))

A A S 1+ N2z

allowing also a polynomial growth condition on o (see more details in Section 3.3).
All of these have made the EM family a useful and prosperous computing toolbox for
solving SDEs numerically.

The idea of taming can also be applied to the following SDEs driven by Lévy noise

under local Lipschitz conditions:

dX(t) = a(X(t=))dt + b(X (t=))dW (t) + [pa f(X(t=),y)N(dt, dy),

X(O) = X,

where a(z) may have a polynomial growth. The tamed Euler scheme is quite similar
to those we discussed above. We refer to Chapter 6 for more details.
Another problem of the EM scheme occurs in the context of the weak convergence.

Unlike the strong convergence, the weak convergence depends largely on the regularity



of the coefficients i, o and the test function g. Let f(t,z) = E[g(X(T))|X(t) = «].
As long as pu(t, z), o(t,z) and g(z) satisfy some regularity conditions (see Section 2.2

for more details), we can rewrite the difference in (1.3) as

Elg(X(T))] = Elg(Y(T))]

- e L () o ()

EZ [ ot v = e vy g s ven)]as

+EN§/ZH[ (5, Y (5)) - (tl,Y;))gzc( Y(E)|ds  (15)

Most of the research which deals with analysis of the weak convergence error is based
on the above decomposition. For example, in [60], each difference in the first equality
of (1.5) is expanded further using the Taylor expansion. While in [33], the analysis
is mainly based on the second equality of (1.5). It is well known that the EM
scheme converges weakly with order 1 if, among other conditions, u, ¢ and ¢ are
fourth order continuously differentiable with all of their derivatives up to order 4
satisfying a polynomial growth condition (i.e. p(z),o(z), g(z) € Cy(R™)) [33], or p
and o are infinitely differentiable with all of their derivatives of any order bounded
(i.e. p(z),o(x) € C;°(R™)) and g are only measurable and bounded (or with the
polynoimal growth) [5]. In Chapter 4, we prove that the weak convergence also
holds with order 1 in the 1 dimensional case if ;1 and o are only twice continuously
differentiable with bounded derivatives up to order 2 (i.e. u(z),0?(x) € C#(R)) and
g are third order continuously differentiable with all of its derivatives up to order 3
satisfying a polynomial growth condition (i.e. g(z) € C;(R)). In our proof, we apply
the integration by parts technique from Malliavin calculus to the decomposition (1.5).
By this method, we can decrease the smoothness conditions on u, 0 and g as compared
with [5] or [33]. To the best of the author’s knowledge, this result has not been

provided before. It is also worthwhile mentioning that the analytical methods we use



in this section are largely numerical scheme-independent and can also be generalized
to other numerical schemes like the Milstein scheme or the schemes we introduce in
Chapter 3.

Unlike the deterministic differential equations, the solution of a given SDE is a
stochastic process. Usually, in practical applications we need to find the expectation
Elg(X(T))], where X(T) is the terminal value of the solution and g is a function
of X(T). Typically, the distribution of ¢(X (7)) is unknown and FE[g(X(T))] can
not be computed directly. The most commonly used method to address this issue
is the Monte Carlo method. We first generate N independent discretized Brownian
paths, and then use these Brownian paths and the numerical scheme to generate N
independent sample paths of the solution. Denote by Y (T) the approximate value
of X(T') at the ith sample path, then the expectation E[g(X(T"))] can be computed
as o |

Elg(X(T))] = NZQ(Y(”(T))‘ (1.6)
i=1
The total computational complexity of finding E[g(X(T"))] depends both on the

number of sample paths and the number of steps in the time discretisation. In fact,

the mean square error (MSE) of the Monte Carlo estimation is asymptotically
MSE ~ O(N™') + O(A%), (1.7)

where A is the uniform step size of the time discretisation and k is the weak
convergence order of our numerical scheme. Therefore, to reach the RMSE
(RMSE=vMSE) O(e), the total computational cost of computing E[f(X(T))] is
O(e~(+1/R) " which is very computationally expensive. It is well known that we can
manage to reduce the total computational complexity considerably if proper variance
reduction method is used [33]. To do so, Giles [16] proposed a multilevel Monte Carlo
method, dealing with the problem from the perspective of variance reduction. The

new method adopts different levels of time steps and uses the numerical solution from



one level of the discretisation as a control variate of the numerical solution from the
next level. Suppose we use L levels in total. In each level [, the time step h; is equal
to hy = M~'T, where | = 0,1,---,L and M > 2 is an integer. Denote by 131 the
approximation to f(X (7)) using a numerical scheme with time step h;. Then we can
write

L

E[PL) = E[R)| + Y E[P, - Py

=1

Therefore, to give E[f(X)] an estimate, the simplest way is to estimate the

expectations on the right hand side of the above equality using a standard Monte

Carlo estimator. For [ = 0, we use the following estimator

5 1 10
F|P)| ~ — P,
[ 0] NO ; 0
For [ > 1,
Nl . o~
B[P — P =Y (B - P,
=1

where both ]3l(i) and ]31(?1 are obtained from the ith Brownian path. We can see that, in
this procedure, we need to determine the number of levels L and the number of sample
paths N; in each level [. Once those values are determined, we can give an estimate of
E[f(X)] and the total computing complexity of obtaining it (see Section 5.3 for the
details of how to determine L and N;). It turns out that the multilevel Monte Carlo
method is very efficient and can reduce the total computational complexity by a large
extent. For example, to reach RMSE O(e), the total computational cost of the Monte
Carlo estimation with EM scheme needs to be O(¢7?), while it is only O(e~%(loge)?)
for the multilevel Monte Carlo method (see Theorem 5.1 for more details). Another
interesting point about the multilevel Monte Carlo method is that it depends heavily
on the strong convergence of a numerical scheme to estimate the variance of the Monte
Carlo estimation at each level if the test function is Lipschitz continuous, although

our target (find E[g(X(T))]) is a weak convergence type problem. What is even more



interesting is that we can combine the strong convergence and the multilevel Monte
Carlo method to estimate E[g(X(T))] without knowing the weak convergence of the
numerical scheme and without excessively increasing the total computational cost, if
the test function is Lipschitz continuous. This idea is extremely attractive considering
the weak convergence of a numerical scheme requires too much on the smoothness of
the coefficients of the stochastic differential equation and the test function, while the
strong convergence does not (see more details in Section 5.3).
Organization of the Dissertation

In Chapter 2 we give preliminaries of the theory of SDEs that are needed in
our dissertation. Chapter 3 is mainly focused on the strong convergence of the
numerical solutions of SDEs driven by Brownian motions under non-globally Lipschitz
conditions. Some numerical experiments are also presented. In Chapter 4 we state
and prove a new weak convergence theorem under some mild conditions mentioned
above. In Chapter 5, we introduce the multilevel Monte Carlo method. Finally,
in Chapter 6, we present a new result on the strong convergence of the numerical
solutions of SDEs driven by Lévy processes under non-globally Lipschitz conditions.
Some important and often used inequalities as well as their proofs are included in
Appendix A. Simulations and figures were obtained using Matlab. The Matlab codes
are provided in Appendix B.



Chapter 2

Preliminaries on Stochastic

Differential Equations

This chapter provides the preliminaries for the whole dissertation. We give an
overview of stochastic differential equations driven by Brownian motion or Lévy
motion. We shall introduce the existence and uniqueness theorems of such equations.
We shall also introduce the connection between stochastic differential equations driven
by Brownian motion and partial differential equations, which is indispensable in
the analysis of weak approximations of such stochastic differential equations. For
a thorough introduction of the theory of stochastic differential equations, we refer to

[2, 31, 39, 45].

2.1 Existence and Uniqueness

Throughout this dissertation, (2, F,F = {F:}i>0, P) will always denote a filtered

probability space satisfying the usual hypothesis of right-continuity and completeness.



We first consider the stochastic differential equations driven by Brownian motion:

AX (1) = u(t, X(1)dt + o(t, X)W (1), t € (0,T] o)

X(O) = Xy,

where X (t) € R™ for all t € [0, T], W (t) is a d-dimensional Brownian motion (Wiener
process) starting at 0, pu : [0,7] x R™ — R™ and o : [0,T] x R™ — R™*4 We
also assume that z( is Fo-measurable and independent of (W(t),0 <t < T). The
boundedness condition on zy can be flexible. For now we only assume that E[z3] is
finite.

The following Lipschitz and linear growth condition are standard in the theory of

stochastic differential equations.

e (Lipschitz condition) For all z,y € R™ and all ¢ € [0, T,

[t ) = u(t, Y+ llo(t, ) —o(t,y)l| < K(T)[lx = yll (2.2)

e (Linear growth condition) For all (¢,z) € [0,7] x R™,

[t )| + [lo(t, 2) | < K(T)(A + [|l]]). (2:3)

In (2.2) and (2.3), the constant K is positive and only depends on T'. Sometimes, we

also use the following Lipschitz and linear growth condition interchangeably.

e (Lipschitz condition) For all z,y € R™ and all ¢ € [0, T,

it 2) = u(t, 1V llo(t, @) — ot y)|I* < K(T)|lz — yl*. (2.4)

e (Linear growth condition) For all (¢,z) € [0,7] x R™,

lu(t, )1V llo(t, 2)|* < K(T)(1+ [|=]1%). (2.5)

10



Here, a V b := max(a, b) for any a,b € R.

Theorem 2.1 (existence and uniqueness, [31], Theorem 5.4). Suppose p and o satisfy
the Lipschitz condition (2.2) and linear growth condition (2.3), and xq is independent
of (W(t),0 <t < T) with E[||x]|?] < oo, then the equation (2.1) has a unique

solution and satisfies

B| sup |IX(0)I] < O+ Elllo]?).

0<t<T
where C' depends only on K and T.

Throughout this dissertation, we use C' > 0 to denote a generic constant which
varies at different occurrences. If needed, the parameters on which C' depends will
also be specified in the parentheses after it.

Actually, the Lipschitz condition can be replaced by the local Lipschitz condition:

e (Local Lipschitz condition) For every real number R > 0 and 7" > 0, there exists
a positive constant K, depending on 7" and R, such that for all ¢ € [0, T] and
all 2,y € R™ with [l2l] lyl] < R,

lu(t, ) — u(t, )l + [lo(t, ) —o(t,y)l| < K(T, R)[|lx — yll (2.6)

This condition is locally Lipschitz in z uniformly in ¢.
The existence and uniqueness theorem still holds under the local Lipschitz

condition.

Theorem 2.2 (existence and uniqueness, [31], Theorem 5.4). Suppose p and o
satisfy the local Lipschitz condition (2.6) and linear growth condition (2.3), and xq is
independent of (W (t),0 <t < T) with E|||xo]|?] < oo, then the equation (2.1) has a

unique solution and satisfies

B| sup [X(WI?] < 01+ Eflao*),

0<t<T

11



where C' depends only on K and T.

Having the local Lipschitz condition, many functions such as functions having
continuous partial derivatives of first order with respect to x on [0,7] x R™ can serve
as the drift and diffusion coefficients. But it still excludes some common functions like

—|z|*x as the coefficients. The following theorem relaxes the linear growth condition.

Theorem 2.3 (existence and uniqueness, [39], Theorem 2.3.5). Assume that the local
Lipschitz condition (2.6) holds, but the linear growth condition (2.5) is replaced with

the following monotone condition: there exists a positive constant C' such that for all

(t,x) € [0,T] x R™,

1

#hu(tx) + Sl 2)|* < OO+ [l=). (2.7)

Then there ezists a unique solution X (t) to equation (2.1) and satisfies

T

E/ 1 (8)]|2dt < oo.
0
For example, consider the following SDE:
dX(t) = [X(t) — X3(t)]dt + X*(t)dW (t), t€[0,T].

Although the coefficients are local Lipschitz continuous, they do not satisfy the linear

growth condition. Nevertheless, the monotone condition is satisfied:
3y, L4 2 2
r(r—x )+§SL’ <ax® <14z
Therefore by Theorem 2.3, it admits a unique solution.

We conclude this section by giving the LP-estimates of the solution of (2.1).

Theorem 2.4 ([39], Theorem 2.4.1). Assume X(t) is the unique solution of the

equation (2.1). Let p > 2 and xo € LP(2;R™). Assume that there exists a constant

12



a > 0 such that for all (t,z) € [0,T] x R™,

ot 2)” < a1+ [l2]?). (2.9

Tt x) + 2

Then
E[IX®)|7] < C :=2"7 (1 + E||o|[]) e (2.9)

for all t € [0,T].

Note that the linear growth condition (2.3) is just a special case of (2.8). So the

above LP-estimate is also true if the linear growth condition is fulfilled.

Corollary 2.4.1 ([39], Corollary 2.4.2). Let p > 2 and zo € LP(C;R™). Assume
that the linear growth condition (2.3) holds. Then inequality (2.9) holds with o =

VE + K(p—1)/2.

2.2 Stochastic Differential Equations and Partial
Differential Equations

There is a close relation between stochastic differential equations and partial
differential equations (PDE). The Kolmogorov backward equation is one of the most
important and useful relations between the two. This PDE will play an important

role in our analysis of weak approximations of the solutions of SDEs in Chapter 4.

Theorem 2.5 (Kolmogorov’s Equation, [31], Theorem 6.9). Let X (t) be the solution
of the equation (2.1) with m = 1. Assume that the coefficients u(t,x) and o(t,x)
are locally Lipschitz and satisfy the linear growth condition. Assume in addition that
they possess continuous partial derivatives with respect to x up to order two, and that
they have at most polynomial growth. If g(x) is twice continuously differentiable and

satisfies together with its derivatives a polynomial growth condition, then the function

13



f(t,z) = E[g(X(T))|X(t) = x| satisfies

O (t,x) + p(t,z) 2L (t, ) + Lo2(t,x) L (t,x) =0, t€[0,T),z R,

f(T;x) = g(x).

(2.10)

The multi-dimensional version can be found in, e.g. [45]. For convenience, we

often use the following second order differential operator

2
Lef (1) = lt 1)) 4 5ot 0) 2L 1,

and write equation (2.10) as

U(t,x) + Lif(t,z) =0, te0,T),zeR,

f(Tx) = g(x).

(2.11)

To discuss the differential properties of the function f(¢,z), we use a more general

version of equation (2.1):

dX(0) = p(0,X(0))d0 + c(6,X(9))dW (0), 6¢€ (t,T) (2.12)
X(t) = . |

Note that here X (0) is still R"-valued. We write the solution in the form X%*() to
represent the dependence of X (#) on the initial data (¢,x). Therefore, f(¢,z) can be
written as f(t,z) = Elg(X"*(T))].

The differentiability of X“*() with respect to & depends on the smoothness of

the coefficients p and o.

Proposition 2.6 (38|, Theorem 2.3.3). Let k be a positive integer and 0 < o <
1. Suppose that coefficients v and o are C** functions of x for some o and their
derivatives up to k-th order are bounded. Then the solution X*(0) is a C*F function

of x for any B less than a.

14



With this theorem, we can discuss the differentiability of f(¢,x) due to its
definition f(¢,z) = E[X"*(T)]. More details can be found in Chapter 4.

2.3 Numerical Solutions of Stochastic Differential
Equations Driven by Brownian Motion

It is common that the equation (2.1) does not have a closed-form solution in many
cases, where a numerical solution becomes a necessity. But unlike in the deterministic
differential equations, there are two kinds of convergence of the numerical solutions

of SDEs. The first kind of convergence is the strong convergence.

Definition 2.7. Suppose Y is a discrete-time approzimation of the solution X (t) of
(2.1) with mazimum step size A > 0. We say that Y converges to X (t) in the strong
sense with order v € (0,00] if there exists a finite constant C > 0 and a positive
constant Ay such that

B[IX(T) - Y(D)]] < A (2.13)
for any time discretization with maximum step size A € (0, Ay).
The other kind of convergence is the weak convergence.

Definition 2.8. Suppose Y is a discrete-time approximation of the solution X (t) of
(2.1) with mazimum step size A > 0. We say that Y converges to X (t) in the weak
sense with order 3 € (0,00] if for any function g : R™ — R in a suitable function

space there exists a finite constant C' > 0 and a positive constant Ay such that
|E[g(X(T))] — E[g(Y(T))]] < CA? (2.14)

for any time discretization with maximum step size A € (0, Ay).

The function space in the Definition 2.8 can be flexible. For example, it can be

the space of all polynomial functions. It can also be the space C’;f (R™) in which all
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the functions are k-th continuously differentiable and all their partial derivatives up
to order k have polynomial growth.

Complete reviews of the numerical solutions of SDEs driven by Brownian motion
can be found in, e.g. [22, 33, 48|.

In the following we first introduce the most commonly used numerical scheme to
solve (2.1), the Euler-Maruyama (EM) scheme. Given a fixed integer N > 0, set the
time step At = T/N. For any integer k satisfying 0 < k < N, set t, = kAt. We
define at each node in [0,7]: Y, := 2o and

Yk—f—l = Y}g + ,u(tk, Yk)At + O'(tk, Y}ﬁ)AW]ﬁ 0 S k S N — 1, (215)

where AW, = W(tg41) — W(tx). Furthermore, we define the continuous-time

approximation of the solution of (2.1) as:

Y (t) = Yi + plt, Ye) (t — t) + o (e, Yi) (W (t) — W(ty))

t t
= Yk —I—/ M(tk,Yk)ds —I—/ O'(tk,yk)dW(S) for t € [tk,tk+1). (216)

173 123

It is obvious that Y'(t;) = Y. If we define the shift operator in the following way:
n(t) = tk? te [tka tk+1)7
then scheme (2.16) can be written as
Y(t) =Yo +/ pn(t), Y (n(t)))ds + / a(n(t),Y (n(t)dW(s), t€l0,T]. (2.17)
0 0

Similar to getting Corollary 2.4.1, if u(t,z) and o(t,z) satisfy the linear growth
condition and xy € LP(2), p > 2, it then follows that,

sup ||[Y(t)|| € LP(Q). (2.18)

0<t<T
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There are also many other numerical schemes to solve (2.1), such as the Milstein
scheme, the Runge-Kutta type scheme, the Ito-Taylor expansion scheme, etc.. We
refer to [33] for a thorough treatment of the common numerical schemes we encounter
in the field of numerical solutions of SDEs.

For the Euler-Maruyama approximate solutions, the strong convergence order is

%. This is the following theorem.

Theorem 2.9 ([39], Theorem 2.7.3). Assume that the Lipschitz condition (2.2) and
the linear growth condition (2.3) hold. Let X (t) be the unique solution of equation
(2.1), and Y (t) be its Euler-Maruyama approvimate solution. Then

_ 9 C
B| sw |[V(t) - X ()] <+, (2.19)

0<t<T
where the constant C' depends on K, T and E|||zo|].

If 4 and o do not depend on the time variable ¢ and satisfy the global Lipschitz

condition, then for any p > 1, we also have

E[ sup 1X(0) -~ 7(0) ] < ST

0<t<T - Np/2

(2.20)

See e.g. Bouleau and Lepingle [8].

In fact, the above convergence is stronger than the strong convergence we defined
in Definition 2.7. The error estimation is uniform with respect to the whole sample
path rather than just the terminal value of it. This advantage can be very useful in
many cases. For example, in the context of the Asian options, the payoff of the option

at the expiration time depends on the average of the whole sample path

1 T
?/O S(t)dt,

where S(t) is the price of underlying stock.
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We also remark that the assumed globally Lipschitz condition and the linear
growth condition in Theorem 2.9 are very strong conditions and may fail to hold
in many situations. For example, the one-dimensional stochastic Ginzburg-Landau

equation takes the form

dX (1) = (X(t) — X3(0))dt + X ()dW (), te (0,1],

X(0) = 1,

The drift coefficient takes the form p(z) = z — 23, which is clearly not globally
Lipschitz continuous. But it is continuously differentiable and thus locally Lipschitz
continuous. In fact, the family of SDEs with C! drift and diffusion coefficients consist
of a very large part of SDEs we encounter in research. Hu [23] and Higham, Mao and
Stuart [24] were the first to study the strong convergence problem of EM approximate
solutions under the non-globally Lipschitz continuous conditions. After that, the
study of numerical solutions of SDEs with local Lipschitz continuous coefficients has
been a very active area. We will give a thorough introduction of such problems in
Chapter 3.

As for the weak convergence of the Euler-Maruyama scheme, the convergence
order is typically 1, but it can be under different conditions. For example, in
Theorem 14.1.5 of [33], to achieve weak convergence order 1, it assumes u(t, z) and
o(t, x) being twice continuously differentiable and the test function g(z) being fourth
continuously differentiable, together with some other conditions (Holder continuity,
etc.). While in Theorem 14.5.1 of [33], it assumes a homogeneous equation and
functions ju(x), o(z) and g(z) being in C;(R™), among some other conditions. Both
of the two theorems require strongly smooth conditions on y, o and g. In [5], also for
the homogeneous equation, the test function is assumed to be only measurable and
bounded (or with polynomial growth), but u(x) and o(x) are required to be C* with
bounded derivatives of any order. In Chapter 4, we will give some improvements of

the conditions assumed on p, o and g.
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2.4 Stochastic Differential Equations Driven by Lévy
Processes

Unlike Brownian motion, Lévy processes are stochastic processes allowing for jumps
in their sample paths. In the following, we will give a short introduction to such
processes. For an excellent and intuitive introduction to Lévy processes, we refer
to [46]. We also refer to [56] for a thorough introduction to the infinitely divisible
distributions and [2] for stochastic calculus with respect to Lévy processes. For Lévy
processes in finance, see e.g. [10, 49, 57, 58|.

In general, we say a cadlag (right continuous with left limits) and adapted
stochastic process L = L(t),0 < t < T defined on a filtered probability space

(Q, F,F = (Fi)i<o, P) is a Lévy process if the following conditions are satisfied:
(L1) L(0) =0 a.s.;
(L2) L has independent and stationary increments;

(L3) L is stochastically continuous, i.e. for all @ > 0 and for all s >0

lim P(|[L(t) — L(s)]| > a) = 0.

By definition, Brownian motion is a special Lévy process. Other examples of Lévy
processes are like Poisson process, compound Poisson process, a-stable process, etc.
[2, 7, 10, 56].

It is often convenient to use Poisson random measure to analyze the jumps of a
Lévy process. Consider a set A € B(R?\{0}) such that 0 ¢ A and let 0 <t < T.

Define the random measure of the jumps of the process L by

N(w,t,A) =#{0 < s < t;AL(s,w) € A}
= 1a(AL(s,w)). (2.21)

s<t
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Therefore, N(w,t, A) counts the jumps of the process L of size in A up to time ¢. It
can be verified that for fixed A, N(w,t, A) is a Poisson process with intensity v(A) =
E[N(w,1,A)] and for fixed ¢, N is a Poisson random measure. The compensated

Poisson measure is then defined as
N(t,A) == N(t, A) — tv(A).
Definition 2.10. The measure v defined by

V(A) = E[N(w,1,A)] = E[Z L4(AL(s,w))

s<1
1s called the Lévy measure of the Lévy process L.

In general, the Lévy measure describes the expected number of jumps of a certain

size in a time interval of length 1 and satisfies

V({0}) =0, and /Rd(l/\H:cHZ)I/(dx)<oo.

It can be proved that if #(R?) < oo, then almost all paths of L have a finite number
of jumps on every compact interval. In this case, the Lévy process has finite activity.
If v(RY) = oo, then almost all paths of L have an infinite number of jumps on every
compact interval. In this case, the Lévy process has infinite activity. See e.g. Theorem
21.3 in Sato [56] for the proof.

We can also define an integral with respect to the Poisson random measure N.
Consider a set A € B(R?\{0}) such that 0 ¢ A and a function f : R? — R™, Borel

measurable and finite on A. We define the integral with respect to N as follows:

/A PNt do) = 3 FAL(s) L4(AL(s)).

s<t
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Note that the above integral is a R™-valued stochastic process. In the following, we

[ [ rwnas.a

to denote this process. Similarly, for f € L'(A), we define

/Ot/Af(x)N(ds,dx) = /Ot/Af(x)N(ds,dx) _t/,fo(:U)V(dx)'

With the help of Poisson random measure, we have the following decomposition

use

of a Lévy process.

Theorem 2.11 (Lévy-1t6 Decomposition, [2], Theorem 2.4.16). Let L be a R¢-valued
Lévy process, then there exists b € R, a Brownian motion Wu(t) with covariance

matriz A and an independent Poisson random measure N on RT x (R? — {0}) such

that, for each t > 0,

L(t) = bt + Wa(t) + /Ot/” - eN(ds, dx) + /ot/| . xN(ds,dz). (2.22)

Sometimes it is convenient to write
Wat) = (Wa(t), -, Wi(t))

in the form

W) = 32 o),

where W1, ... W™ are standard one-dimensional Brownian motions and o is a d x m
real-valued matrix for which oo? = A. If L is only a real-valued Lévy process,
the term W4 (t) can be replaced by oW (t), where ¢ > 0 and W (t) is a standard
one-dimensional Brownian motion.

It can be proved that L(t) € LP(Q2),p > 1 if and only if fIIwHZI ||z||Pv(dz) < co. In

particular, L(t) € L'(Q) if and only if f||:cH>1 |z||v(dz) < oo. Therefore, if we assume

21



E[||L(t)]|] < oo, we can rewrite (2.22) as

L(t) = byt + Wa(t) + /t /d zN(ds, dz), (2.23)

where by = b+ f‘ zv(dz).

|zl|>1

In general, the simulation of a Lévy process is more complex than a Brownian
motion. The simulation method varies from one kind of Lévy process to another. We
refer to Cont and Tankov [10], Platen and Bruti-Liberati [49], Asmussen and Rosinski
[3], Rosinski [52, 53] for the details.

In view of (2.22), we consider the following stochastic differential equation driven

by a stochastic process with jumps,

t

X(t)_X(0)+/O a(X(s—))ds—l—/O B(X (s—))dW (s)
X(s=),y)N(ds,d t X(s=),y)N(ds,dy), (2.
+/O/Hy<1f( (=), 9) N ( y”/o/m,zlg( (=), y)N(ds. dy), (2.24)

where X (0) is Fo-measurable, X (t) is a R™-valued stochastic process, W and N
are independent of Fy, a : R™ — R™ b : R™ — R™4 f:R™ x R - R™ and
g : R™ x R — R™. There exists a unique solution to the equation if the following

conditions are satisfied |2, 50]:

e Lipschitz condition: there exists a constant C' > 0 such that for all x1, z, € R™,

la(z1) — a(zo)|]? + | B(21, 21) — 2B(21, 22) + B(2a, 2,)||

[ ) = s Prldy) < o o
lyll<1
e Growth condition: there exists a constant C' > 0 such that for all x € R™,

||a(w)||2+||B(x,x)||+/ 1f (@ »)IIPv(dy) < C(1+ [l2]*);

llyll<1

22



e Big jump condition: g is jointly measurable and = — g(zx,y) is continuous for

any y € {y : [ly]| > 1}.

Here B(x1,22) = b(z1)b(x2)T and we use the seminorm on the matrix B:

IBI =) 1Bl
i=1

In view of (2.23), we sometimes consider the following SDE:

t t t
X(t) = X(0) +/ a(X(s—))ds —|—/ b(X (s—))dW (s) +/ f(X(s=),y)N(ds,dy).
0 0 0 JRrd
(2.25)
It can be proved that there exists a unique solution to (2.25) if the following conditions

are satisfied [21]:

A-1. There exists a constant C' such that for any x € R™,
(z, a(x)) +[lo(@)]]* + /Rd 1f (= ) |Pv(dy) < O+ |l=ff).

A-2. For every R > 0, there exists a constant C'(R), depending on R, such that for

any [[z1]], [[zall < R,

(w1 — w2, a(21) — a(@2)) + [[b(21) — blz2)|* + /Rd 1f (21, ) = f (2, y)l*v(dy)

< C(R)||z1 — o

A-3. The function a(x) is continuous in x € R™.

Condition A-1 is a monotone condition. Condition A-2 states that a satisfies the
one-sided local Lipschitz condition and b and f satisfy the local Lipschitz condition.
Furthermore, if E[|| X (0)[[?] < oo for some p > 2 and if there exists a constant C; > 0,

such that
/ 1f (@, y)|IPr(dy) < Ci(1 + ||z[[”)
Rd
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for any x € R™, then we have
Bl sw x| <, (2.26)

0<t<T

with C := C(T, p, Cy, E[|| X(0)]|P]). See e.g. Lemma 2.2 in [11] for the proof.
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Chapter 3

Strong Convergence of Numerical
Approximations of SDEs Driven by
Brownian Motion under Local

Lipschitz Conditions

3.1 Strong Convergence of Euler-Maruyama Ap-
proximations of SDEs under Local Lipschitz
Conditions

We first consider the following stochastic differential equation with homogeneous

coefficients:

{dX(t) = W(X(8)dt + o(X(1)dW (), te (0,T]

X (0) = zo.
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Like in the assumptions of (2.1), X (¢) € R™ for all t € [0, T, W (t) is a d-dimensional
Brownian motion starting at 0, p : R™ — R™ and o : R™ — R™%? 1z, is Fo-
measurable and independent of (W(t),0 < ¢ < T'). But in this section, we assume
that all the pth moments of xq, p > 0 are finite.

In this case, the local Lipschitz condition is

e (Local Lipschitz Condition) For every real number R > 0, there exists a positive

constant C, depending only on R, such that for all z,y € R™ with ||z||, ||y|| < R,

() = n@)l + llo(z) = o(y)|| < C(R)[lz =y, (3.2)

or

ln(z) = p@)II* v llo(x) — o@)II* < C(R)|lx — yl|* (3:3)

We still use the notations from section (2.3) to express the approximate solution of
(3.1). Given the homogeneous coefficients, the discrete approximation in this section

takes the form:
Yir1 := Y + p(Yi) At + o (Vi) AW, 0<k<N-1 (3.4)
Furthermore, the continuous-time approximation of the solution of (3.1) is
Y(t) =Y+ uY)(t —tp) + oY) (W(t) — W(ty) fort € [te, trs1). (3.5)

Sometimes, it is more convenient to work with the equivalent definition

Y(t) = Yb—l—/o ,u(Y(s))ds—l—/O a(Y(s))dW (s), (3.6)
where Y'(t) is defined by
Y(t) = Yk, for ¢t € [tk, tk+1).
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It is obvious that Y (t;) = Y (t;) = Yi. The following theorem is about the strong
convergence of the Euler-Maruyama approximate solution of equation (3.1) under the

local Lipschitz condition.

Theorem 3.1 ([23], Theorem 2.2). Suppose the coefficients p and o in equation (3.1)
satisfy the local Lipschitz condition and for some p > 2 there is a constant A such
that
E| swp V0P| v E| suwp | X(0)]7] < A (3.7)
0<t<T

0<t<T

Then the Euler-Maruyama solution (3.5) satisfies

lim E[ sup |[Y(#) —X(t)||2} ~ 0. (3.8)

At—0 0<t<T
Proof. First, we define
TR =inf{t > 0:|Y(#)|| > R},

pr =inf{t > 0: || X(¢)| > R},

Or == TR A\ PR,

and

e(t) ==Y (t) — X(¢t).

Recall the Young inequality: for r= 4 ¢! =1,

)
ab < —a" + b?, Va,b,6 > 0.
r

q5Q/T

We thus have for any 6 > 0

B| swp [le®)|?] = B| sup e(t)|*Lrutpnory] + B[ 500 [le®)[*Lrnsr or pusry]
0<t<T 0<t<T 0<t<T

20
< B[ sup [le(t A0)PLiopory | + B sup e()]?]
0<t<T p 0<t<T
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1-2/p

s LR <Tor pr <T) (3.9)
Now o
Y ()P o 1 7
P <T:E[]lT —]<—E[ Y| < =,
(7 1) = E[Lyer i) < B[ s [FO1] <
using (3.7). A similar result can be derived for pg such that
2A
P(TRSTOI'pRST)SP(TRST)—{—P(pRST)Sﬁ

Using these bounds along with

E| sw fe@] <27 B

0<t<T

(V@I +1X@)]F)] < 24

sup
0<t<T

in (3.9) gives

B[ sup Ie@I] < B[ sup [Vt 6) = X(t 7 6]

0<t<T

o1 A —92)24
N (p—2)

=yt (3.10)

Using
X(tAOR) :=x¢ + /0 (X (s))ds + /0 o(X(s))dW (s),

(3.6) and Cauchy-Schwarz, we have

V(¢ A 0r) — Xt A 02)|?

- | / WY () — (X (s))ds + / oY () — o (X (s))dW (s)
tAOR tAORr 2

<2[r / (Y () = (X (5))]2ds + | / 7 (¥ (s)) ~ o (X ()W (s)|| |

2
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From the local Lipschitz condition (3.3) and Doob’s martingale inequality (A.9) we

have for any 7 < T,

E[ sup [[Y (£ A Or) — X(t A QR)”Q}

0<t<r

< 20(R)(T+4)E/OT SV (s) = X(s)|2ds

<ACRT+E [ (V) = T+ [F() - X))

<4C(R)(T +4)(E /TM)RHY (s)||ds+E/OT IV(s = ) — X (s — 0r)|*ds)
<A4C(R)(T +4) ( /TAORHY Y (s)||%ds
+/0 E[EESHY(TAQR)—X(M93>\|2]ds>. (3.11)

To bound the first term in the parentheses on the right-hand side of (3.11), given
s € [0,T A Bg), let ks be the integer for which s € [ty,, tx,+1). Then

S

V() = V(s = Vi = (Vi + [ nV()ds+ [ o(v()aw(s))

thg trg

—u(Ye, ) (5 = tr,) — o(Yi,)(W(s) — W (ts,)).

Therefore,

IV (5) = V()12 < 2 (a0 IPAL + o (V) IPIW () = Wt )2). (3.12)

By the local Lipschitz condition (3.3), for ||z|| < R, we have

(@) < 2(lz) = p(O) 2 + () 2) < 2(CRz > + 1(0) ),

and, similarly,

lo()|? < 2(CR) I + o (0)).
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Hence, in (3.12),

1Y (s) = Y(s)]* < 4<C(R)||Y1cs||2 O v [lo (0)I*)(AL* + ([ (s) — W(tks)ll2>-

Using (3.7) and the Lyapunov inequality (A.8)

e[ " () - V(s s
<E / o 4<C(R)|]Yk5 2>ds

< [Tam[(COmmle + IV o)) (1807 + 1) - W)l i

< [“a(cwmim,

< 4T (CRIAY + (O v [lo(0)|2) At(AL + d).

+ 1O v o (0)12) (A2 + [W(s) = W (k)

O] v l7(0)[*) (A0 + dAt)ds

In (3.11) we then have

E[ sup V(¢ A 6g) —X(meR)uﬂ

0<t<t

< 16C(R)(T + 4)TAAL + d) (C(R)AQ/p + (2(0) |1 V || (0) ||2)

+4C(R)(T +4) /TE sup [||[Y(r Afr) — X(r AOg)|*]ds

0 0<r<s

Applying the Gronwall inequality (A.7) we obtain

E| sup [[Y(tAOr) — X(tA QR)||2] < CAHO(R)? 4 1)eiCRT+)

0<t<T

where C'is a universal constant independent of A¢, R and §. Inserting this into (3.10)

gives

p+1 B
E[ sup [e@)|2] < CAUC(R)? + 1)etctmrr+n 4 2704 (1—2/p)2A

Sup, < ’ =T (3.13)
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Given any € > 0, we can choose § so that 21§ A/p < €/3, then choose R so that

(1—-2/p)2A
o <

and then choose At sufficiently small for
CAt(C(R)? + 1) BT+ /3

so that in (3.13),
E| sup [le(®)]*| <e,

0<t<T

as required. O

This theorem establishes the strong convergence of Euler-Maruyama approximate
solutions of (3.1). But the bounded condition it assumes for the pth moment of X (¢)
and Y (¢) is not satisfying. Although it may be possible to verify the bound of the
pth moment of X (¢), as many textbooks have done it, the bound of the pth moment
of Y(t) is often very difficult to verify and sometimes may fail to hold. Besides, the
convergence (3.8) is a very general one and does not involve the explicit convergence
rate.

To remove the bound restriction on the pth moment of Y (¢), the same author in
[23] proposed a new numerical scheme called the split-step backward Euler (SSBE)
method, which is defined by taking Z, = xy and

7t = Z+ Atu(Z0), (3.14)

Zisr = 25 + o(Z0) AW, (3.15)

They proved that the new SSBE method converges strongly without assuming any
bound of the pth moment of the approximate solution. But more restrictions on the

drift and diffusion coefficients are needed. This is the following theorem.
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Theorem 3.2 (|23], Theorem 3.3). Suppose the functions p and o in (3.1) are C*,

and there exist a constant C' > 0 such that

(x —y,p(2) = uly) < Cllz —yl?, Va,y e R™, (3.16)

lo(z) = o)I* < Clla —yl?, Vo,y e R™ (3.17)

Consider the SSBE (3.14)-(3.15) applied to the SDE (3.1) under the above assump-
tion. There exists a continuous-time extension Z(t) of the numerical solution (so that

Z(ty) = Zy) for which

lim B[ sup |Z(t) —X(t)||2] ~0.

At—0 0<t<T
Proof. See [23] for the details. O

The condition this theorem assumes on the drift coefficient p is called a one-sided

Lipschitz condition. A good example is the following polynomial function
f(z) = —aP +x, where p > 3 is an odd integer.

It can be easily verified that it satisfies the condition (3.16). By taking y = 0, (3.16)

and (3.17) also imply
(u(z),2) V llo(@)|* < o+ Bll=ll*, Vo € R™, (3.18)

where o := {|(0)[|* V 2[|o(0)||* and 5 := (C + 1) Vv 2C. Condition (3.18) is actually
a monotone-type condition (see condition (2.7)). Note that p and o are also locally
Lipschitz continuous (u, o are C'). Therefore, by Theorem 2.3, under the assumptions
of Theorem (3.2), there exists a unique solution of (3.1).

To remove the bound restriction on the approximate solution and give an explicit

convergence rate at the same time, [23| also proposed the Backward Euler scheme by
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setting Uy = xp and
Ugy1 = Uk+u(Uk+1)At+U(Uk)AWk. (319)

Theorem 3.3 ([23], Theorem 5.3). Suppose the conditions in Theorem (3.2) hold.

Moreover, assume that there exist constants C' > 0 and q € Z* such that all x,y € R™,

ln(@) = @I < CA+ [l + llyl1)llz -yl (3.20)

Consider the backward Euler method (3.19) applied to SDE (3.1). There exists a
continuous-time extension U(t) of the numerical solution (so that U(ty) = Uy) for
which

E[ sup [|TU(t) — X(t)||2] — O(AY). (3.21)

0<t<T

Note that if p satisfies condition (3.20), u behaves polynomially or is superlinearly
growing. Obviously, by the mean value theorem for derivatives, if the derivative of a
function grows at most polynomially, this function must satisfy the condition (3.20).
So sometimes we also define the polynomial growth of a function from the derivative
perspective (see condition (3.23)).

This theorem provides a possibility of the computation of the numerical solutions
of many SDEs which take nonlinear functions as the drift coefficients satisfying (3.16)
and (3.20).

However, the backward Euler scheme (3.19) is an implicit method and its
implementation requires too much computational effort. On the other hand, the
explicit Euler-Maruyama scheme may not converge in the strong sense to the exact
solution of an SDE with the one-sided Lipschitz continuous (inequality (3.16)) and
superlinearly growing (inequality (3.20)) drift coefficients. Even worse, Theorem 1
in [27] also shows for such an SDE that the absolute moments of the explicit Euler
approximations at a finite time point 7' € (0,00) diverge to infinity. To address

this issue, Hutzenthaler, Jentzen and Kloeden [28] proposed a “tamed” version of
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the explicit Euler scheme which is strongly convergent for SDEs with superlinearly

growing drift coefficients. This is our next section.

3.2 A Tamed Euler Scheme

In this section, we still consider the SDE (2.1), but in a different form. Let ¢ =
(01,09, ,04), where the 0;’s, 1 < i < d, are the column vectors of the matrix o.
Let W= WM W® ... W) be the d-dimensional Brownian motion. The SDE is

then expressed as

X(t) = 20 + /0 HX(s))ds + Y /0 oi(X ()W (s) (3.22)

for all t € [0, 7.

In this section, we still assume that o is globally Lipschitz continuous. We also
assume that the drift coefficient p : R™ — R™ is a continuously differentiable (i.e.
C') and globally one-sided Lipschitz continuous function whose derivative grows at

most polynomially. That is, there exists a positive real number C' such that

I ()| < C(A+[|z]|), (3.23)
lo(z) —o(y)l| < Cllz —yl|, (3.24)
(x —y, w(x) — py)) < Clle —y*. (3.25)

Note that if p satisfies (3.23), then by the mean value theorem for derivatives, it
also satisfies (3.20). As we discussed in Theorem 3.3, the numerical scheme (3.19)
converges strongly to the real solution of SDE (3.22) as long as (3.23), (3.24) and
(3.25) are satisfied. However, in each time step of (3.19), the zero of a nonlinear
equation has to be determined, which requires more computational effort. To solve

this problem, in their seminal paper [27], Hutzenthaler, Jentzen and Kloeden proposed

34



a new explicit Euler scheme by defining V, = x¢ and

p(Vi) At
L+ [|u(Vi)|| At

Vi = Vi + +o(Vi) AW,  0<k<N-1. (3.26)

This scheme is called the tamed Euler scheme. Note that the drift term is “tamed”
by the factor 1 + ||u(Vy)||At and thus bounded by 1. And this prevents the large
excursions generated by the drift term of the numerical scheme. Since the diffusion
term o is still required to be globally Lipschitz continuous, we can expect that the
numerical scheme (3.26) behaves nicely and does not have a possibility of blowing up.

After a small transformation, the numerical scheme (3.26) becomes

2 #(Vi) (Vi)

Virr = Vi + (Vi) At + o (Vi) AW, — (At) Lt [lu(Vi) | AL

(3.27)

We can see that this is the Euler-Maruyama scheme added by a second-order term. As
usual, we also define the continuous-time approximation of the tamed Euler scheme.

It is natural to have

(t —tr) (Vi)
L+ [[n(Vi)[| At

V(t) = Vi + + (Vi) (W (t) — W (ts)) (3.28)

for all t € [tg,tr1),k=0,1,--- N — 1.

Theorem 3.4 (|28], Theorem 1.1). Suppose that the drift coefficient p(zx) is a
continuously differentiable and globally one-sided Lipschitz continuous function whose
derivative grows at most polynomially. Suppose also that the diffusion coefficient o(x)
is globally Lipschitz continuous and E|||xo||’] < oo for all p > 1. Then there exists a

family C, € [0,00), p € [1,00), of real numbers such that

(] sup [1x() - V(t)||p]>1/ P <o NI (3.29)

t€[0,T]
for all N € N and all p € [1, 00).
To prove this theorem, we need the following two lemmas.
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Lemma 3.4.1 ([28], Lemma 3.9). Let V} be given by (3.26). Then we have that

sup  sup  E[||[Vi]]P] < > (3.30)
NeN ke{0,1,,N}

for all p € [1,00).

This lemma is very crucial in the proof of Theorem 3.4. See Lemma 3.1-3.9 for

the proof.

Lemma 3.4.2 (|28, Lemma 3.10). Let V} be given by (3.26). Then we have that

sup  sup  E[||u(Vi)[]"] < oo, (3.31)
NeN kef{0,1,--,N}

sup  sup  E[|lo(Vi)|"] < oo (3.32)
NENkef{0,1,,N}

for all p € [1,00).

Proof. First of all, by the polynomial growth property of u(z), we have

(@) = p(O)]| < CA+ ||z l]
= Cllz]| + Cll=|“*
<O+ |2 + O+ [l

<2C(1+ H:UHCH).
Therefore, we have
(@) < 2C + [|O)IN(1 + [J2[|“+). (3.33)

Combining (3.33) and Lemma 3.4.1, we have

sup  sup [|u(Ve) [l e osrm)
NeN ke{0,1,--- ,N}

(C+1)

< (20 + HM(O)H)<1 +sup  sup HVkHLp(cH)(QRm))
NeN ke{0,1,-,N} 7
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Additionally, the inequality ||o(z)|| < C||z||+]|o(0)] for all z € R™ and again Lemma
3.4.1 show that

sup  sup [lo(Vi)llLe(omm)
NeN ke{0,1, N}

< C’( sup  sup }HVkHLP(Q;Rm)) + [l (0)l

NeN ke{0,1, ,N

< 00

for all p € [1, 00). O
Next, we give the proof of Theorem 3.4.

Proof. We first define the shift operator
n(t) =t;, ift; <t<tpq, i=0,1,---,N—1.

In this notation, equation (3.28) reads as

Y N1 (1)) NN ST
Vi) =0+ | g oy, o) @)

for all s € [0,7] P-a.s.. Our goal is then to estimate the quantity E[sup,c(o [|X(s) —
V(s)||P] for t € [0,T] and p € [1,00). Using (3.22) and (3.34), we get

o WV (n(w)))
ﬂ@‘”@‘ﬂ<””“*d+wwmwmwm0@

d

+ Z /05 <ai(X(u)) — O'i(V(n(u))))dw(i)<u)

=1

37



for all s € [0, T] P-a.s.. It6’s formula hence gives that

IX(s) = V(s)]I* = 2/OS<X(U) = V(u), p(X (w)) = u(V (u)))du

+2 /:(X(u) =V (), p(V(w) = p(V (n(u))))du
(

p(V ()l p(V (n(w)] >du
L4+ T/N|[u(V (n(w)))]

23 [ (X0 = V)X ()~ o)) O )

=5 [ (w-Tw,

By the one-sided Lipschitz continuity of u, the global Lipschitz continuity of o and

Cauchy-Schwarz inequality, we have

| X (s) —V(S)H2 < (2C + 20%d /s | X (u —V(u)HQdu
2 / 1X () = @) - 1T (w) — u(T(n(w))) | des
/ 1X () — V()] - [V (n(w))) |2

for all s € [0, 7] P-a.s.. Therefore,

sup [|X(s) = V(s)|
s€[0,t]

<2(C+C*d+1) / | X (s) H2d5+/ |V w(V(n(s)))||ds

+2 [ ITaeas +20% [ 17(6) - Vit
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d

> [ ) = V(X ) = V()W O w

i=1

+ 2 sup
s€[0,t]

P-a.s.. for all t € [0,7]. The Minkowski’s inequality (A.5), Minkowski’s integral
inequality (A.6) and Burkholder-Davis-Gundy type inequality (A.11) yield that

sup || X (s) — V(s)|]?

s€[0,t]

t
§2(C+02d+1)/ 1X(5) = V5) 2 s
0

Lp/2(;R)

+A1mwm»—mvm@»mmmﬂﬁ

T
+ 33 [ IO s
0

T
202 [ 7(5) = V() Bgam s

+M§;AMX@—V@mmwm—@Wm@mmmmwgm (3.35)

for all ¢ € [0,7] and all p € [4,00). Next the Cauchy-Schwarz inequality, the Holder
inequality and ab < % + % imply that

%E;AWX@_V@JMWW—QWW@WWQWM@YM

< p< Zl/(] ||X(3) - V(S)H%p(Q;Rm)HOi(X(S)) — Ui(v(n(s)))”%p(gﬂgm)ds) 1/2

< p{ 10 1X0) = Vo) (% [ 1X06) = V(o))

s€[0,t]

1 _ p202d
< 5 Sub X (s) — V(S)H2LP(Q;R) + 2
s€[0,t]

2 20
4 p
LP(ShR) 2

[ 1) = Vo) s i s

sup || X (s) — V(s)l|

s€[0,t]

: © [ = T s (330
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forallt € [0,7] and all p € [4, 00). Inserting inequality (3.36) into (3.35) and applying
the estimate (a + b)? < 2a* + 2b* then yields that

sup [1X(s) ~ V()|

s€[0,t] Lr(R)
= || sup || X(s) —V{(s)|?
s [ X(s) = V(s)]] )

2C2d t o
§2<C+02d+1+p - )/ 1X (5) = V() 2o ey ds
0
T
+AIWW@D—MVW®DMMWMM
T2 T . A
57 | WO s

T
-H%%+ﬁ@®/|W®—VM®Mhmm%

1
— X
Tall s 1X(5) =V, 0z
and therefore, we obtain that
—|| sup || X (s
sl o 1) =T,

< 2(C+02d+ 1 +p202d) /0 1X(s) = V(8)l|Zo(mmds

+A!MW@»—MVW@»MMWM@

(R .
+ N/, [V (n($)) 20 mm)ds

T
—u%%+ﬁw@/rW@—vm@wammw

0

for all t € [0, 7] and all p € [4,00). By Gronwall’s lemma, we have

sup X (0) - V()|

te[0,7)

T
< 9eAT(RC d+c+1)</0 14(V(5)) = u(V (10(5)) 170 (e 5

LP(QR)
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T2 T o .
T T UE) R
0

T
+27C% [ V() = V0l [ s

and hence, the inequality va +b+ ¢ < v/a + Vb + /¢ for all a,b,c € [0,00) gives
that

sup X (1) - V)|

t€[0,T o)
< \/ﬁGQT(zﬂ(ﬂd-‘rC-ﬁ—l)( sup [lu(V (1)) — u(V (n(s)))ll e m)
t€[0,T7]
T
—i——[ sup w(V; 2p.m}
N k‘E{O,ly...J\[}” ( k>||L2 (Q:R™)
+ OV s [V0) = V(0(5) e -
tefo,T

for all p € [4,00). Additionally, the Burkholder-Davis-Dundy type inequality (A.11)
shows that

sup [V (t) = V(n(s)) |l Lo(rm)

te[0,7]
<3z |l
= N T NI
t
+ sup / a(V(n(t)))dW (s
Rt Vn@NAW S]] o gom
< —( (V) v iz
< sup P(QRM
VN \kefo1, 3} PRV ()
p\/Td(
+ — sup sup oi(Vi)ll e (o m>
VN i€{1,2,---,d}ke{O,l,---,N}|| Vi) ler@zen

for all p € [2,00). Lemma 3.4.2 hence implies that

sup (V[ sup I7(0) = V(Do) ) < o0 (3.38)

NeN t€[0,T
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for all p € [1,00). In particular, we obtain that

sup sup ||V (t)[|zrzm) < o0 (3.39)
NeN te€[0,T]

for all p € [1,00) due to Lemma 3.4.1. Moreover, the estimate
ln(z) = ()l < CA+ 12|+ Iyl e —yll, 2y €R™

gives that

sup [|u(V(£) = p(V (n() |l zo(@mm

t€[0,T]

<0(1+2 sup [Vl ez ) (5w V() = Vi) lmosn)  (3.40)

te[0,T] te[0,T]

for all p € [1,00). Inequalities (3.38) and (3.39) hence show that

sup (VAN sup [|u(V(1) = (Vo)) <00 (341)

NeN te[0,T]

for all p € [1,00). Combining (3.37), (3.38), (3.41) and Lemma 3.4.2 finally shows
(3.29). O

Numerical Experiments
The example we use for our numerical experiment in this section is the 1-

dimensional stochastic Ginzburg-Landau equation,

dX(t) = (X(t) — X>(t))dt + X (t)dW(t), X(0) = 1.

Here, pu(z) = z — 23, o(z) = x and ¢t € [0,1]. Clearly, u(z) satisfies a one-sided

Lipschitz condition and grows superlinearly. We use 5 different time steps: At =

2712 9=t 9-10 979 978 and 1000 realizations for each discretisation. The following
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o Strong Convergence of Tamed Euler Scheme
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Figure 3.1: Log-log plot of the strong error from the tamed Euler approximation
versus the time step At with the drift coefficients superlinearly growing.

figure is the loglog plot of the experimental error with respect to the 5 different time

1

steps. We can see that the numerical scheme converges strongly with order 5

3.3 Euler Approximations with Superlinearly Grow-
ing Diffusion Coefficients

The tamed Euler scheme we introduced in section 3.2 is a significant progress in the
computation of numerical solutions of stochastic differential equations. It is an explicit
numerical scheme and only assumes that the drift coefficient is one-sided Lipschitz
and its derivative grows at most polynomially. However, it still requires the global
Lipschitz continuity of the diffusion coefficient. In Sabanis [55], the author introduces
a new explicit Euler-type numerical scheme to compute the numerical solutions of

SDEs whose diffusion coefficients can be superlinearly growing. We introduce this
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new scheme in this section based on [55|. For the Milstein-type numerical scheme to

address this issue, see e.g. [37].

In this section, we consider the following stochastic differential equation:

4X (t) = p(t, X(6))dt + o (t, X())dW (), t € (0.7] (3.42)

X(O) = T,

where X (t) € R™ for all t € [0,T], W (t) is a d-dimensional Brownian motion starting
at 0, u: [0,T] x R™ — R™ and o : [0,7] x R™ — R™*4 We also assume that
is Fo-measurable, almost surely finite and independent of (W (t),0 < ¢ < T'). Let

Po, P1 € [2,00) be positive constants. We consider the following conditions.
A-1. El||zol[P°] < oc.

A-2. u(t,z) and o(t, x) are locally Lipschitz continuous in z for any ¢ € [0,7] (see

(2.6)).

A-3. There exist positive constants [ and L such that, for any ¢ € [0, 7],
2(x —y, u(t,z) — p(t,y)) + (p1 — Dlo(t,2) — ot y)|I* < L]z — y||*

and

it @) =t )l < LA+ [zl + Tyl |z = y]
for all z,y € R™.

A-4. There exists a positive constant K such that,
20" p(t,2) + (po — Do (t, )| < K(1 + [|=[*)

for any ¢t € [0,7] and z € R%.
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Note that, due to A-2, u(t,z) and o(t,z) are locally bounded in z for any t € [0, T.

That is, for every R > 0, there exists a positive constant Ny such that

sup [|p(t, )| < Nr
Jall<R

sup [o(t, z)|| < N
lzI<R

for any t € [0, T]. We also observe that if A-2; A-3, and A-4 hold, then

ety )| < Nt @) = e, O] + [l alt, 0)]| < L1 A+ (|| [ ]| + No < C(1 + [J]"*)
(3.43)
for any ¢t € [0, 7] and € R™, where C is a positive constant. Similarly, by A-4, we

obtain
lo(t, )| < K(1+ [|z]*) + 2C(1 + [l =]l < C(1 + [|=]]"*?) (3.44)

for any t € [0,7] and x € R™. A-1, A-2 and A-4, by Theorem 2.3, guarantee that
there exists a unique solution of equation (3.42).

We now consider the numerical scheme. To be consistent with the two numerical
schemes we are going to introduce in this section, we will use the following unified

notation. For every N > 1, the following numerical scheme is defined
dXN(t) = MN(t,XN<KN(t)))dt—f-UN(t,XN(IfN(t)))dW(t), Vit € [O,T], (345)

with the same initial value xy as equation (3.42), where uy(t,z) and on(t,x) are
B(R,) ® B(R%)-measurable functions which take values in R™ and R™*? respectively
and ry(t) := [Nt]/N. Note that the function sy (¢) jumps with size 1/N, while the
shift operator function 7n(t) we defined in the last section jumps with size T/N. In
other words, there are N + 1 nodes within the interval [0, 1] in the numerical scheme

(3.45), while there are N + 1 nodes within the interval [0, 7] in the numerical schemes
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we introduced in the previous sections. We can see that, by defining the numerical
scheme as in (3.45), we already have a continuous-time approximation of the solution
of equation (3.42).

The following condition we assume is very important for our arguments.

B. There exists an o € (0,1/2] and a constant C' such that, for every N > 1,

[l (&, 2) || < min(CN, [t 2)|) - and - |lon(t,2)| < min(CN®, [lo(, 2)|)

(3.46)
for any ¢t € [0, 7] and = € R™.
Let a € (0,1/2], we now define
e Model 1:
pn, ) 1 () BaT)
N\t = _ _ AT, .
1+ N=o|lp(t, 2)l| + N=*|[o(t, z)|]
and
1
on(t,z) = - - o(t, ) (3.48)
L+ N=f|u(t, z)[| + N=*[lo(t, z)|
for any t € [0, 7], z € R™ and N > 1.
e Model 2:
1
:uN(t?‘r) = 1+ N—a||x|l3l/2+2’u(t’x> (349>
and
1
on(t,x) := o(t, ) (3.50)

1+ N—o|z|2+2

for any t € [0, T], x € R™ and N > 1.

It can be verified easily that both Model 1 and Model 2 satisfy the condition B for
any t € [0,7] and x € R% Let p} be the largest even number which is smaller than
or equal to pg. In order to ease the notation, we say that the p-condition is satisfied

if one of the following two cases hold true:

46



e (Model 1) The coefficients uy and oy are given by equations (3.47) and (3.48)
with a = 1/2, p < p; and either p < 2= if 1 € (0,2)N (0,2 — 1] or p < _Po_

50/2+3 2(1+1)
ifle(O,%a—l] and m=d=1.

e (Model 2) The coefficients py and oy are given by equations (3.49) and (3.50)
Witha:1/2,p<p1,p§#andlgpo—z

We then can recover the optimal rate of strong convergence for Euler approximations.

Theorem 3.5 ([55], Theorem 2). Suppose A-1-A-4 and the p-condition hold, then
the numerical scheme (3.45) converges to the true solution of SDE (3.42) in LP-sense
with order 1/2, i.e.

sup B[ X (1) —XN(t)||p] < ON-P2 (3.51)

0<t<T
where C' is a constant independent of N.
The uniform LP convergence for smaller values of p is given below.

Theorem 3.6 ([55], Theorem 3). Suppose A-1-A-4 and the p-condition hold, then
the numerical scheme (3.45) converges to the true solution of SDE (3.42) in uniform

Li-sense with order 1/2, i.e.

E[ sup || X (¢) —XN(t)||'1] < ON~/? (3.52)

0<t<T
where C' 1s a constant independent of N, for all ¢ < p.
To prove the above two theorems, we need the following five estimates.

Lemma 3.6.1 ([55], Lemma 1). Consider the numerical scheme (3.45) and let A-1—
A-4 and B hold and

sup sup E[||Xn(t)]|Y] < oo, (3.53)

N>10<t<T
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for some q > 2, then for any p < l%q andl € (0,q — 2],

sup E||Xy(t) — Xn(kn(t)||P < CN7P/2, (3.54)

0<t<T
where C' is a positive constant independent of N.

As in Section 3.1 and Section 3.2, the following three bound estimates of the

numerical solution is crucial in our proof of strong convergence.

Lemma 3.6.2 (|55, Lemma 7). Consider the numerical scheme (3.45) with coeffi-
cients given by (3.47) and (3.48) with oo = 1/2. Suppose that A-1-A-4 with | € (0, 2)
hold, then for some C := C(p,T, K, E[||xo]|?]),

sup sup E[HXN(t)Hp] <C (3.55)

N>10<t<T
for every p < py.

Lemma 3.6.3 (|55], Lemma 5). Consider the numerical scheme (3.45) with coeffi-
cients given by (3.49) and (3.50) with o = 1/2. Let also A-1-A-4 hold true. Then,

for every p < pg
sup sup E[HXN(t)Hp] <C (3.56)

N>10<t<T

where the constant C := C(p, T, K, E|||zo||"]).

Lemma 3.6.4 (55|, Lemma 9). Consider the numerical scheme (3.45) with coef-
ficients given by (3.47) and (3.48) with o = 1/2 when m = d = 1. Suppose that
A-1-A-4 hold, then for some C := C(p, T, K, E[||xo|"]),

sup sup E[||XN(t)||p] <C (3.57)

N>10<t<T

for every p < pj.
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Lemma 3.6.5 ([55], Lemma 10). Consider the numerical scheme (3.45). Suppose
A-1-A-/4 and the p-condition hold. Then,

B[ s Xl (1) = (s, K (D) Pds] < ON°7 - (3.58)
and ,
E[ /0 o (s, Xn (kn(5))) —aN(s,XN(mN(s)»des} < ON-o» (3.59)

We refer to [55] for the proof of the above four lemmas. We now give the proof of

the two main theorems of this section.

Proof of Theorem 3.5. We first consider, for every N > 1 and t € [0, 71, the difference
processes,

Xn(t) = X(t) = Xn(t),
B (t) = p(t, X (1)) — pn (t, Xn(rn (1)),
an(t) = o(t, X(1)) = on(t, Xn(rn(1)))-
Therefore, by (3.42) and (3.45), we have

dxn(t) = By (t)dt + an(t)dW ().

/!
Note that (|z|")" = <($2)p/2> = pr|z[P~? and (|z|P)” = p(p — 1)|z|P~2. By Itd’s

formula,

A O = ple 17~ (o), B (1) + 2l (1))

+plxw O (e (#), an (£)dW (2)). (3.60)

Therefore,
(I < & [ ool (200061, 8x(6)) + (0= Dllax ()] ds
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+p/0 e ()P~ (v (5), e (s)dW (s)). (3.61)

Note that in the above equality, for any € > 0,

$), Br(9) + (0 = Dllaw(s)[?
pls, X () = (s, Xx(s))
plis, Xox(s)) = pu(s, X (e (5)))
+2(X(s) = X (s), s, Xov () — (s, Xov v (5)))
+ (0= D) (llo (s, X(5) = (s, X (5))|I
+ llo(s, Xx(s)) = (s, X (s ()]
+ llo(s, X (i (5)) = o (s, Xov (i (5)))
+2(v/e2]lo(s, X (5)) = o (s, X (D)) (V2/ello (s X (5)) = (s, X (e ())])
+2(v/e/2]lo(s, X () = o, X ()))) (V2/ello (s X1 () = o (s, X (e ())])
+ 2l (s, Xn(s)) = os, X (i (s)) o, X (s (5)) = (s, X (e ()]
(s, X () = (s, X (s)))
), (3, X (3)) = s, X (i (5))))
— Xv(s), s, Xy (e (5)) = ps (3, Xy (e (5)))
+ (0= (1 + (s, X(s)) — (s, Xn (5))
201+ D)l(s, Xn(s) — (s, Xnlsn ()P

+2(1+ %)HU(& Xn(kn(s))) = on(s, XN(HN(S)))HQ)- (3.62)

2(xn(s),

= 2(X(s) — Xn(s),

+2(X(s) — Xn(s),
( (),

~— —

) XN<8
+2(X (s
(

),

) — X (

s) (
)

+2(X

Due to A-3, we have that

(pr = Dllo(t,z) —o(t,y)|I* < Lllz — yl|* — 2(z — y, p(t, ) — p(t, y))

< CQ+ 2l + Nyl e =yl (3.63)
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If € is small enough, one can get that (1 +€)(p —1) < p; — 1 based on the condition
that p < p;. By A-3, (3.63) and Cauchy-Schwarz inequality, we have

2(xn(s), Bn(5)) + (p = Dlfen(s)II*
< Clxw($)II* + CO+ 1 Xn ()P + [ X (s ()P IX v (5) = Xv (v (3))
+l(s, Xov (1 (s))) — pv (s, Xov (v () |1®

+Cllo(s, Xn(rin(s))) — on(s, Xn (kv (s)))]. (3.64)

Due to (3.46), Holder’s inequality, (3.44), Lemma 3.6.2, Lemma 3.6.3 and that 2p < pg
and (I +2)p < po (or 2p < p§ and (I 4 2)p < p§ when we consider the Model 1 with

m = d = 1) due to the p-condition, we have

B[ [ ()P ok (o) (o) s

IN

1] [ v )P o, X6
1/ (B[ ]) (B [lot. xop1]) s
[ (e +ixaeir])”

C
C. (3.65)

IN

1/p

" (B ixneee]) s

IN

IA

Therefore we get

E[/O v (D1 (xv (1), an (8)dW () | = 0.

Note also that

-2 2
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Therefore, taking expectation on both sides of (3.61) and using (3.62), (3.64) and

Young’s inequality, we can get

Blllxx ()]
<CE| / (e ()P + (1 + [ Xw I + 1 X G ()21 X (5) = X (e ()P

+ [|pe(s, X (kv () — pn (s, X (kn(s)))]|7

+ ||lo(s, X (kn(s))) — O'N<S,XN(/<LN(S)))||p}dS]. (3.66)
Moreover,

(t) = B[ | O+ 1Xn @I+ 1Xn (o (DI IXn(s) = X lx () P

< ¢ [ (VEIRG) = X Goa TP s

due to Holder’s inequality, (3.56), (3.57) and the fact that 2ip < py (or 2lp < p§ when
we consider the Model 1 with m = d = 1) due to the p-condition. By (3.54), we have

sup E(t) < CNP/2, (3.67)

0<t<T

By (3.66), (3.67), Lemma 3.6.1 (taking o = 1/2), we finally have

sup Ell[xn(t)|IP] < CN7P2,
0<t<T

To prove Theorem 3.6, we need another lemma.

Lemma 3.6.6 ([55], Lemma 11). Let T' € [0,00) and let f := {fi}icpo,r and g =
{9t }e0.17 be non-negative continuous Fy-adapted processes such that, for any constant
c>0,

Elf:Ligo<e) < ElgrLigo<a]
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for any stopping time T < T. Then, for any stopping time 7 < T and vy € (0,1),

E[supf;’} < JE[supgz}.

t<t —1- Y t<t

Proof of Theorem 3.6. Let p satisfy the p-condition and let xn, Sy and ay be defined
as in the proof of Theorem 3.5. Define ¢(t) : [0,7] — R by

o(t) = exp(—(L + 2)t).

Then, by It6’s formula,

Ao Olnl?
= 202w (O @x () + (0 — Dllan(O]de) — P2 gpaypr s oy
= 2oty e (P2 2w (8 () + (0~ Dl ()2t — P ED gapray oy

+po ()2 (D172 xv (s)an (s)dW (t).

By (3.64), we have

(B(t)[Ixn*)"
p(L+2)

< [ [Bor o @ (L + Dl O1F + 6 0)) = 2500 ()17 a
+ [ ot e 1 s (an () ()

:/0 (g O(t)"*|Ixn (t ()ll”_2CN(t))dt+/0 PO 2| ()P~ 2w () ey (s)dW ()

(3.68)

where

Cn(t) = C((l + 1 Xn ()] + 1 X (v () )| X (5) — X () ]1*

+[l(s, Xy (v (5))) = pav (s, Xv (v ()))1®
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+lo(s, Xn(rn(s))) = UN(S,XN(KN(S)))HZ),

where C' > 0 is independent of N. Since the equality (3.65) holds, it is immediately
that

E / PO L ()P 2 (s)an ()W (£) = 0.

Note also that ¢(¢)?/2 < ¢(t)®=2/2. Then by (3.68), for any stopping time 7 < T,

Bl < 52 [ (sl ol?)” cvar]

Therefore, by Lemma 3.6.5,

B[ sup(o() v ()P < o5 / ol 017 e )|

for any v € (0,1). Then, for p > 2, by Young’s inequality (-~ -+

o= tp = b

Bl 177" < 52 [supt b @17 + o5 /OT cutyar)™"].
It implies that

B[ sup(o(1) b ()17)"] < 0B ( / vlayar) |

<o(e[ [ o)’

where the last inequality is due to the concavity of the function 27 when v € (0, 1).
By (3.68), it is very easy to see that the above inequality is also true if p = 2. By the
definition of (y, (3.67) and Lemma 3.6.5, we have

B [ cutopa] < e+ B[ [ s, Xotin(5D) = o, X)) P
# [ [ oo, Xten(s1) - ot Xotn(o)) ]
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< CON™°P.

Thus,
B sup((t) [xv (1)) < ON-em,
t<T

which leads to

B[ sup (0] < exp((L -+ 2T)E [supo(®) w01

< CON™P7,

Since v € (0,1), we are done. O

Numerical Experiments
The example we use for our numerical experiment in this section is a 1-dimensional

stochastic differential equation,
dX(t) = X(t)(1 — | X (&) dt + | X (t)[>2dW (t), X(0) = 1.

Here, ju(z) = z(1 — |z|), o(x) = |2[*? and t € [0,1]. Clearly, u(r) and o(x) satisfy
the monotone conditon and the polynomial growth condition with [ = 1. We use
Model 2 as our numerical scheme with o = 1/2. We use 5 different time steps: At =
2712 9=t 9-10 9=9 9=8 and 1000 realizations for each discretisation. The following
figure is the loglog plot of the experimental error with respect to the 5 different time

1

steps. We can see that the numerical scheme converges strongly with order 5
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Figure 3.2: Log-log plot of the strong error from the numerical approximation versus
the time step At with the drift and diffusion coefficients superlinearly growing.
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Chapter 4

Weak Convergence of
Euler-Maruyama Approximation of

SDEs Driven by Brownian Motion

4.1 Introduction

Let us consider the following stochastic differential equation:

(4.1)

dX(t) = p(t, X (¢)dt + o(t, X (¢)dW(t), te€ (0,T]
X(O) = 2o,

where W (t) is a one-dimensional Wiener process starting at 0, X(¢) is a one-
dimensional stochastic process and u(t,x), o(t, z) satisfy the following Lipschitz and

linear growth condition
u(t,2) — ulty)] + lo(to) —olty)| < KDle —yl, te0,7]  (42)

|t )| + [o(t, )] < K(T)(1 +[z]), t€[0,7] (4.3)
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such that the solution of (4.1) exists and is unique. Since we will use the second
moment of the solution in our proof, we also assume that xy is independent of

{W(t),0 <t < T} and E[z] < co such that

E[ sup X?(t)} < C(1 + E[22)), (4.4)

0<t<T

where the constant C' depends only on K and T

We now give the Euler-Maruyama scheme. In this section, the time step is denoted
by A =T/N. For any integer i satisfying 0 <i < N, set t; = iA. We define at each
node in [0, 7: Yy := zo and

where AW; = W (t;41) — W(t;). The continuous-time approximation is defined as:

Y(t) =Y+ plts, Yi)(E — t;) + o(t;, Vi) (W(t) = W(t)) (4.6)

t t
ti t;

Let us also recall the definition of the weak convergence of a numerical scheme.
We say that a time discrete approximation Y converges in the weak sense with order
B € (0,00] if for any function ¢ in a suitable function space there exists a finite

constant C' and a positive constant dy such that
|Blg(X(T))] - Elg(Yn)]] < C&° (4.8)

for any time discretization with maximum step size 6 € (0, dy).

Before we continue, we first define some notations of function spaces. We denote by
CL([0,T] x R) the space of [ times continuously differentiable functions f : [0, T] xR —
R for which all its partial derivatives up to order [ are bounded uniformly in ¢ (f may

not be bounded). C{(R) is defined in a similar way. We also denote by C},([0,T] x R)
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the space of [ times continuously differentiable functions f : [0, 7] x R — R for which
all its partial derivatives up to order [ have polynomial growth uniformly in .

It is well established that, provided u, o and g satisfy certain conditions, the Euler-
Maruyama scheme has weak convergence rate 1 [5, 33, 60]. For example, in [33], if
both w(t,z) and o(t,z) are homogeneous, it is required that u(z), o(z)? and g(z)
are all in the function space C;l (R™), together with some other conditions. While in
[5], although ¢ is only required to be measurable and bounded (or has a polynomial
growth), u and o are assumed to be homogeneous and to be C*° functions with
bounded derivatives of any order. See also [25, 34| for other related results.

Due to the close relation between the weak approximation of the solution of (4.1)
and the Kolmogorov backward partial differential equation, Malliavin calculus, which
is powerful to deal with the derivatives of functions of random variables, can serve as
an efficient tool to analyze the approximation error. For example, in [5, 25, 34, 35],
techniques from Malliavin calculus, like integration by parts, are used very often to
assist to get the expressions of the approximation errors.

Another advantage of using Malliavin calculus to deal with the weak convergence
problems is that it can also handle stochastic integrals with anticipating integrand.
Therefore, the weak approximation problem of stochastic differential equations with
terminal conditions can also be dealt with in the frame of Malliavin calculus, see
e.g. [35]. In history, it had been believed for a long time that such equations with
terminal conditions were not amenable to the analysis of approximation errors, due
to the inability of It6 integral for anticipating integrands.

In this section, we do not assume the drift and diffusion terms are homogeneous
or C™ functions. We only need u(t,z) € CZ([0,T] x R), o2(t,z) € CZ([0,T] x R)
and g(z) € C3(R). As we introduced in Section 2.2, if u(t, z), o(t, ) and g(z) satisfy
such conditions and the linear growth condition, then f(¢,z) := E[g(X(T))| X (¢t) = z]
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satisfies the following Kolmogorov backward equation:

Y (t,x)+ Lf(t,x) =0, 0<t<T,z€eR

(4.9)
f(T,z) = g(),
where L, is the second order differential operator defined by
2
Lof(tz) u(t,x)%(t, v) 5o, x)%(t, ). (4.10)
By the definition of f, we have
E[f(0,z0)] = E[E[g(X(T)[X(0) = x0)]] = Elg(X(T))]. (4.11)
By the boundary condition, we have
E[f(T,Y(T))] = Elg(Y(T))]. (4.12)

The traditional technique in the proof of the weak convergence of the Euler scheme

1S to write

D vin) - ()] (4.13)

and apply Taylor’s formula on each difference of the above equality [59, 60]. In
addition, equation (4.9) may also be used in the computations. In this section, we
apply the techniques from Malliavin Calculus, such as the chain rule and integration
by parts, in the computations, which results in less need of the smoothness of the

drift, diffusion and test functions.
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4.2 Preliminaries of Malliavin Calculus

There are many good monographs on Malliavin Calculus, see e.g. [4, 42, 43, 44]. In
this section, we only introduce the materials that are necessary to our computations.

Suppose W (t) is a one dimensional Wiener process on the filtered probability
space (Q, F,F = {F }o<i<r, P). For h(t) € L*([0,T]), we denote by W (h) the Ito
stochastic integral fOT h(t)dW (t).

Let S denote the set of all random variables of the form
f(W(h1)7 e aW(hm))v

where m is a positive integer, f : R™ — R is a C* function such that f and its partial
derivatives have at most polynomial growth, and h; € L*([0,T]),i = 1,--- ,m. Before
we continue, we point out a fact that the space S is dense in LP(Q2) for every p > 1

143].

Definition 4.1. Let F' € S, the Malliavin deriwative of F is a stochastic process
defined by

D,F = Z gi (W(hy), -, W (hw))hi(t).

We often write D;F as DF if there is no confusion. Specifically, if F =
3 h(t)dW (t), then DF = D,F = h(t).

The operator D : S C LP(Q2) — LP(Q, L*([0,T])) is closable for any p € [1,00).
We denote by D'? the closure of S with respect to the norm

1/
|F|lpr» = (E[|F”] + E[||DF|[}.]) ",
and
DL = ﬂpeN]D)l’p.

It is immediate, using the definition of D, that the product rule holds. That is, if
F,G € D'?, then FG € D'? and D(FG) = FDG + GDF'.
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Proposition 4.2 (Chain rule, [4], Proposition 10). Let ¢ : R — R be a continuously
differentiable function with bounded derivative. Suppose F € DY for some p > 1.
Then ¢(F) € D and we have

If F € DY, then the conclusion is true for ¢ which is a continuously differentiable

function with its derivative having a polynomial growth.
The following proposition is very useful in our proof.

Proposition 4.3 ([44], Corollary 3.13). Let u = u(s),s € [0,T], be an Fi-adapted

stochastic process and assume that u(s) € DY2 for all s. Then
1. Dy(s),s € [0,T], is Fi-adapted for all t;
2. Diu(s) =0 fort > s.
We now introduce the adjoint operator of D.

Definition 4.4. We denote by Dom(8) the subset of L*(Q, L*([0,T])) composed of

those elements u such that there exists a constant ¢ > 0 satisfying
|E[(DF,u)2]| < e /E[F?  for all F € D'?. (4.14)

Fix u € Dom(6). By (4.14), the linear operator F' — E[(DF,u) 2| is continuous
from S, equipped with the L?*(2) norm, into R. So we can extend it to a linear
operator from L?(€)) into R. By the Riesz representation theorem, there exists a
unique element in L%(Q2), noted §(u), such that E[(DF,u)2] = E[Fd(u)]. This is our

next definition.

Definition 4.5. If w € Dom(d), then 6(u) is the unique element of L*(Q)

characterized by the following duality formula:

E[F§(u)] = E[(DF,u) ;2] (4.15)
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for all F € D2,

Formula (4.15) is often called an integration by parts formula. Usually, if u
is a Fr-measurable stochastic process and is such that E| fOT u?dt] < oo, §(u) is often
written as fOT udW (t) and we call it the Skorohod integral. We also point out that
if u, in addition, is adapted to the filtration F;, the Skorohod integral fOT udW (t) is
nothing but the It integral fOT udW (t). Therefore, if s; < so and u is a fixed Fj,-
measurable random variable , it is straightforward that f:’f udW(t) = f:’f udW (t) =
u- (Wi(se) —Wi(sy)).

The following proposition is useful in many situations.

Proposition 4.6 ([42], Proposition 2.5.4). Let ' € D"? and u € Dom(d) be such
that the three expectations E[F?||u|3.], E[F?6(u)?] and E[(DF,u)3,] are finite. Then
Fu € Dom(0) and

5(Fu) = F5(u) — (DF, u)ps. (4.16)

For example, if I € DY? and v = 1, then we have
T T T T
/ FoW(t) = F / 16W (£)— / DyF-1dt = F(W(T)—W(0))— / D Fdt. (4.17)
0 0 0 0

We will use this trick very often in our proof to find fOT FSW (t).

4.3 Weak Convergence of the EM scheme using
Malliavin Calculus

We now state the main theorem of this chapter, which assumes weaker conditions

on the drift and diffusion coeflicients. This new theorem is included in Rosiniski and

Wang [54].
Theorem 4.7 ([54], Theorem 3.1). Suppose the following conditions hold:
I p(t,2) € GH(0,T] x R), o(t,2) € CA([0,T] x R) and g(z) € C(R);
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2. the linear growth condition for u(t,z) and o(t,z) hold;

3. all the partial derivatives of u(t,x) and o(t,z) with respect to x up to order 2

are bounded by a constant M > 0 for any t;
4. there exists a positive number L such that |o(t,z)| > L for any (t,x) € [0, T]|xR.

Then the Euler-Maruyama scheme (4.5) has weak convergence order 1. That is, there

exists a positive number C, which depends on M, T and L, such that
|Elg(X(T))] = E[g(Y(T))]| <CN . (4.18)

Before we prove this theorem, we first give two lemmas that are needed in our

proof.

Lemma 4.7.1. Suppose F,G € DY? and fOT D,Gdt # 0 a.e.. Let ¢ : R — R be a

continuously differentiable function with bounded derivative, then

E[F¢(GQ)] = E [QS(G)(S(%)]. (4.19)

If ¢(x) is continuously differentiable with polynomial growth and G € DY, the above

conclusion is also true.

Proof. By chain rule, we have

T T T
/ FD,¢(G)dt = / F¢/(G)D,Gdt = F¢/(G) / D,Gdt.
0 0

0

Observing that fOT D;Gdt is nonzero, by duality, we have

[foT FDt¢(G)dt]
[ DiGat

S —

ElF¢'(G) = E
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. E[gb(G)é(—fOT ;;Gdt)]

If ¢(x) is continuously differentiable with polynomial growth and F € DY, by the

same argument above and Proposition 4.2, we can easily get (4.19). O]

See [5, 29] for a more general result with ¢ defined on R™.
It is well known that, as long as u(t,x) and o(t,x) satisfy the linear growth

condition, one has [8|, for any p > 1,

sup ||Y(t)]| € LP(Q). (4.20)

o<t<T

Note also that
Y(s) =Y+ p(ts, Vi) (s — ;) + o(t;, Vi) (W(s) = W(t;)).

By the chain rule (Proposition 4.2), one has the following:

Lemma 4.7.2. Suppose u(t,z), o(t,z) and g(z) are assumed as in Theorem 4.7,

then Y (s) € D2 and
DTY(S) = O'(ti,}/;)ﬂ(ti’s]@'), S € (ti,tiJrl],T € (tl,T] (421)
Furthermore, F(s) := f(s,Y(s)) € D"? and
of

D,F(s)= %(3, Y(s))D.Y (s). (4.22)

We now give the proof of Theorem 4.7.

Proof. First of all, by (4.10) and (4.13),

Elg(X(T))] - Elg(Y(T))]
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N-1

- S (T ) - (L)

=0

N-1

1 02 f

- By / T s v ) 4t ) D s, ¥ () 1 5070 ) D (5, (5))] s

=0
N-1

0 f

=Y [ [t G Y9 4 G V)T ¥ (9) - Lufts ¥ s

=Y [ () = e YD G V0

(02(1,Y:) ~ 0%, Y<s>>>§;§ (5,¥ (s))] ds

of
Do y@))} ds

+E /t’t h [%(UQ(S,Y(S» _ (s, z))gi’;(s,ws))}ds

In the following, we consider the individual differences in Iy and Jy.

By (4.17), Lemma 4.7.1 and Lemma 4.7.2,
tit1 8f
/ti £{u Y)ax( Y(s))}ds

)]
o K t)/)1°

/
tit1 tit tl,Y
/ti /t o (t:, Yo)(s — t,) W(T)]ds
/ (ti, Y;) AW, ]ds'
t; U(th;‘)(S - ti)

Dj

tivr1

tz+1
E 5(
]

E F(s)

Similarly,

(4.23)

(4.24)



- (u(5, Y () Lty tisr))
:/ti E[F(s) ot Y;)(sit) | ]ds

(s, Y () AW, — [ Du(s, Y (s))dr

= : E[F<S) (t“Y;)( Z) ds
B tit1 ,U(S ft it+1 6# S Y ))DTY(S)dT
— E/t F(s) (tz Yz)( » s
B /t+ F<S)ZE:§()i)2§K — F(s >§’;< Y (s))ds (4.25)
By (4.24) and (4.25), we have
b Ez/ — e, YD) 32 s, Y (51

:E;/t : F“)[(“(s’i(<§f,)£>gtif>)mw §§< Y(s))|ds  (4.26)

Similarly, for F'(t;) = f(t;, Y (t;)) = f(t;,Y:), we have D F(t;) = %(ti,Yi)DTY(ti) =
0, 7 € (t;,t;11]. We have, by duality,

(s, Y (s)) — pults, Y
0 — E/ /"L(S7 (S)) /”L(t'ﬂ ’L) DTF(t“}/;)dT
ti

o(t;,Y;)(s —t;)

s (Mg )]

— B[Py (4 i((t”;)f . ;”AW" ~Byve))] @
Adding (4.27) to (4.26), and observing AW, = W (s) — W (t;) + W (t;11) — W(s), we
have
=B [ (s Y (6) = (e V) 5. Y (5Dl
-« [ (1, Y (5)) = p(ts, Y))AW; Oy
3 e = g [ R R S P ey (s s
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- g—if(s, Y@))} }ds, (4.28)

where in the last equality we used the fact that W(t;11) — W(s) is independent of
{F,0 <t <s}and E[W(t;y1) — W(s)] = 0.
To reduce the notation burden in the following, we fix an interval (¢;,¢;11] and
denote by Ay = s—t; and A, = pu(t;, Yi)(s—t;)+o (6, Y;)(W(s) =W (t:)),s € (ti, tiya]-
In view of (4.20), it follows directly that, for any positive integer k,

Ellu(t:, V)] < E[(1 + |Yi))"] < C(k, T), (4.29)
Ello(t;, Y)I"] < E[(1+ [Yi))"] < C(k, T). (4.30)

The following lemma gives the bound of the increment of A, = u(t;,Y;)(s —t;) +
o(ts, Yi)(W(s) — W(t:)).

Lemma 4.7.3. Suppose p(t,x) and o(t,z) satisfy the linear growth condition, then

there exists a positive constant C(T') such that:

E[|A.]] < C(T)AY?, (4.31)
E[|AL7] < C(T)A,. (4.32)

Proof. This is straightforward by combining the linear growth condition, the bound
of Y; and Cauchy-Schwarz.

Ellp(ti, Yi)(s — t) + o(t:, Yi)(W(s) — W(t:))]]
< Eflp(ts, Vi) Adl] + Ello(t:, i) (W(s) = W(E:))]]
= AElu(t, Yol + E[W(s) = W(t)[1Ello(t:, V)]
< AE[L+ [Yil] + AVZE[L + [Yi]]
— A2(AY2EL + [¥i]] + E[1+ i)

< C(T)AL2,
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The L? bound of A, can be proved in a similar way. O]

In fact, applying the same argument as in Lemma 4.7.3, one obtains the following

estimate with no difficulty:
E[|Au,|"] < Ok, T) A2,
We now look at the terms in the last equality of (4.28). By Taylor expansion,

F(S) - F(tl) = f(tz + AS;YQ + A,u,a) - f(tu}/z)

af af

= Ra gy By

(i, Vi) + Dy == (ti, Vi) + R, (4.33)

where R; is the Lagrange-type residual of the expansion and takes the form

1A rf A A A? f A A
Ry = S@tz(t + A, Y+ “">+2 b0 St + Y+ ad,)
5?
o°f
+ AsApam(ti +aAg Y+ alu), (4.34)

where ¢; € (0,1). Since f € C3(R) and the bound of A, holds (Lemma 4.31), it is

obvious that

El[Ry)) < VETRI < C(T, M)A, (4.35)

Similarly,

(165, Y (5)) = et ) ) (W) = W (1)

Op (t:, ;) + R2> : (W(s) . W(ti)>, (4.36)

_ (A op o Y0+ A

ot
where Rs, similar to R;, takes the form

1, ,0?% 1 0?
AS (975/; (ti + Qs Yi + cal\p) + = A gH
2

2 M Qz?
0"
+ AsAuam(ti + A, Y + A p), (4.37)

RQ = (t =+ CQAS, Y + CQA,ua)
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where ¢, € (0, 1), and has the following bound

EHRQH < V E[|R2|2] < C(Tv M)As
By the same arguments of getting (4.35) and (4.38), we also have

E[|R\Ro|?] < C(T, M)A,

of
* ot

(1.¥) + 80 L 0.0 [] <

EHR2 (A ox

EHR1 (Asg—/;(ti,Yi) + Awg—’;(ti,n» m < O(T, M)A,

Lastly,
o
oz

(5, () = S0, + Ry

where R3 takes the form

0? 0?
R?) =A —pd(tz + C3A57 }/z + C3AMJ) + Auaa_;;

Satﬁx (tz +C3AsaYi +03Ap,a)7

where ¢3 € (0,1). Similar to getting (4.35), R3 also satisfies

E[|Rs|] < v/ E[| Ry < C(T, M)A,
Similar to the arguments of getting (4.39) and (4.40), we can also have

E[|R R3] < C(T, M)A,

Bl (8200, v) + 8 21, v0) || < o ana,

E[\R%(ti,m

} < C(T, M)A,
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(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)



Combining (4.33) and (4.36), we get that

(u(s,Y(s)) — pults, Y3)) (W (s) — W(t:))
o(ti, Yi)(s —ti)
o

(F(s) = F(t:))

_ W(s) = W(t) [ x20f
ok, Y)A, [AS ot (8 Yi) 5 815 (t:, Y3)
of of ol
+ 8o (S 0 P 0070 + 20,10 1)
+A2gg—f(ti,Y)g”(tz,Y) +R2<A gf(tz,Y) +Awgf(tz,y)>
+ Ry (A (Zf‘(tz,yz) +A,wg (tZ,Y;)> +RlRQ] (4.48)

Since W(s) — W(t;) is independent of {F;,0 < ¢ < ¢;}, the first term on the right
hand side of (4.48) satisfies

ol

W(s) = Wt .01
ot

thY;
U(ti,Y;')AS Sat( )

E[ (t.,Y)] =o0. (4.49)

Therefore, the second term on the right hand side of (4.48) satisfies

a2 (G0 <m>+%m%‘:wﬂ!
O
< C(L, M)E[[(W(s) = W(t:))Ausl]
< C(L, M)/ E[(W(s) — W(t:))2]4/ E[AZ,]
< O(L, M, T)A,. (4.50)

Similarly, observing E[W (s) — W (t;)] = 0, E[(W(s) — W (t;))?] = 0, the third term in
(4.48) satisfies
[ Wi g 01, )00

T A N R AuRoll

= B[ WD (A2, 1) 420, (W () = WD a(E Vo (0. YD)
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OV (s) = W)t Y)) 92 (0, %0 21, Y1)

- | E[<W<s> - W<<t?)3>fﬁsu (ti, ¥) } + 2B[(W(s) — W (t:))*p(ts, V7)

= [0+ 2B[(W(s) = W(t:))*u(ts, Yi)] + 0|

= [2E[(W(s) = W (t:))*| E[p(t:, V)|

< C(T)A. (4.51)

By (4.40)), the fourth term on the right hand side of (4.48) satisfies

P e e o
< Cf’ EH — W (t;)) Ry (Asg(tm) +Awgf(tz Y;)) }

< A B WPy [ s (8.2 1)+ 800 2 1)

< C( ’AM, T)A1/2A3/2

< C(L, M, T)A.,,. (4.52)

Similarly, the fifth term on the right hand side of (4.48) satisfies

W(s) — W(t)
o(ti, Yi)Ag

‘E[ Rl(A gt (t:, V) +Awgu(tl Y)) )H < CO(L,M,T)A,.  (4.53)

Finally, by (4.39), the last term on the right hand side of (4.48) satisfies

‘E [%5&,}%:03132] < Cg)E[I(W(s) — W (t:)) Ry Ry|]
< CA(? VE[(W, — Wi,)2\/E[| Ry Ry|?]
e ,AM, T) INEIN
= C(L, M T)A32, (4.54)
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Combining (4.48), (4.49), (4.50), (4.51), (4.52), (4.53) and (4.54), we have

(p(s, Y (s)) — p(ti, Y3))(W(s) — W(t:))

B|(F(s) - F(t)) O ATOEN

” < C(L,M,T)A,. (4.55)

On the other hand, by (4.33) and (4.42), the other term in (4.28) is

Fs) — F(t)) 25, v(s))
ox

(a2 v M,wgf (t.Y) + ) (5
of

of
St B (1Y) + B B

0 0
4 Ro(8, 2100 4 80 0 1,70 + Ry (4.56)

o

ou

A (tzay;> (t’HYZ) (tHY;) +R1

)
1,12

Due to the assumption that u(t,z) € C3(R) and f € C3(R), the first term of the
right hand side of (4.56) satisfies

‘E[A OF (1 v O

= (1, Y, ” < C(M)A,. (4.57)

Ox
Similarly, the second term of the right hand side of (4.56) satisfies

om0 207

- E[am(t. v m,mg (1Y) + (W(s) = W(t))o (b, V) 2 (1Y) 21, )|
= |B At Y05 (0 Y 22 1Y) + 0]
< C(T, M)A, (4.58)

The estimates of the remaining terms on the right hand side of (4.56) are exactly

(4.45), (4.46) and (4.47). Therefore, by (4.56), (4.57), (4.58), (4.45), (4.46) and
(4.47), we have

TP s,V (s ” < O(T, M)A,. (4.59)



Finally, by (4.28), (4.55) and (4.59), we have

(u(s, Y (s)) = p(ts, Yi))(Ws — Wi,

— F(t;))

|IN| < Z/tz+l
+ ‘E[(F s) — F(t; ))‘35(5 v (s))] |ds

O'(ti, Y;)(S — tl)

i+1
<Z/ C(L, M, T)As + C(T, M)Ayds

N-1
1
<C(LMT) Y | 5t — 1)
=0
N-1 1
=C(L,M,T) §A2 < C(L,M,T)A.
=0

As for Jy, let us compare Jy to Iy first. Iy takes the form

I = EZ [ oty o0 ity 2 s v,

and Jy takes the form

IN=F Z / () — 0%t Y0) o (s, Y ()] ds

—eY [ e - 2 Ko

Therefore, if o%(t, z) satisfies the same conditions as (¢, z) does and %

)

(4.60)

(4.61)

(4.62)

t,x) satisfies

the same conditions as f(t,z) does, then Jy should have the similar estimates as

Iy has, as shown in (4.60). Recall that our assumptions in Theorem 4.7 state that

u(t,z) € CX[0,T] x R), o*(t,z) € C([0,T] x R) and g(z) € C3(R).

similar to (4.60), Jy also has the following estimate

=[S [ [hre vin - v 2L vio]
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< C(L,M,T)A. (4.63)
Then, by (4.23), (4.60) and (4.63), it is straightforward that

|Elg(X(T))] = Elg(Y(T))]|

- ]EN / e ) = tte Y) E s () s

t ENZ / (036, ¥ () = 2t ¥ 2L (5. (5))]

= Iy + JIn| < |In| + | IN]

< O(L,T, M)A. (4.64)
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Chapter 5

Variance Reduction and Multilevel

Monte Carlo Methods

In this chapter, we introduce the variance reduction techniques in Monte Carlo (MC)
sampling methods. The standard Monte Carlo method converges very slowly. By
performing variance reduction, we can reduce the number of operations or computing
complexity and keep the desired level of accuracy at the same time. In 2008, Giles
[16] introduced a new variance reduction method to the computing of the expectation
of functionals of solutions of stochastic differential equations, called Multilevel Monte
Carlo (MLMC) , so that the computing complexity can be reduced considerably. After
that, this method has been applied extensively in many areas of stochastic simulation
involving the Monte Carlo sampling. For a comprehensive introduction of the recent
progress of Multilevel Monte Carlo methods, we refer to the webpage edited by Giles

himself: https://people.maths.ox.ac.uk/gilesm/mlmc_community.html.

5.1 Monte Carlo Methods

In general, the purpose of Monte Carlo simulation is to estimate the quantity E[g(X)],

where X is a random variable and g(x) is a deterministic function. The common
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examples are like the statistical moments of X, or the expected payoff of a financial

derivative such as option. The MC estimator takes the form

Blg()] ~ 3" g(X () 5.1)

where w;, 7 = 1,2,--- , N are independent samples of the random variable X, and N
is the total number of samples. Note that the MC estimator SN (X (W) is a

random variable itself and that

Again, €(g,N) is also a random variable and obviously FEl[e(g, N)] = 0. In the
following, we denote by V[X] the variance of the random variable X. By the Law of
Large Numbers and the Central Limit Theorem, the MC estimator (5.1) converges

to the expectation E[g(X)] when N — oo and the estimation error decays as

VIg(X)]

VIlo, M) ~ -4

There are two parts in the estimation error: the variance of g(X) and the total
number of samples N. Suppose V|[g(X)] < oo is a fixed constant, then the MC
estimation error decays in the order O(N~'/2). This is a rather slow decay. For
example, given V[g(X)] < oo fixed, if we want to reduce the estimation error by a
factor of 10, we need to increase the number of samples by a factor of 100. Therefore,
to accelerate the convergence of MC estimation by increasing the number of samples

is very computationally expensive. But we can also look at this problem from the

7



V[g(X)] perspective. Suppose the desired error of the MC estimation is at most &,

then the number of samples to reach such an accuracy should be at least

To achieve a desired error ¢, if we can reduce the standard deviation of g(X) by a
factor of 10 (or reduce the variance of g(X) by a factor of 100), the required number
of samples can be reduced by a factor of 100. Therefore, variance reduction is a very
effective way to accelerate the convergence of MC estimation. There are many well-
established variance reduction techniques, such as antithetic variables, importance
sampling, control variates, etc.. We refer to |20, 47, 51] for a thorough introduction
of these methods. In the following, we only introduce the control variates method,
due to its close relation to the Multilevel Monte Carlo method.

Control Variates. Suppose h(X) is another function of X with E[h(X)] known.
Then E[g(X)] can be written as

Elg(X)] = E[M(X)] + E[g(X) — h(X)].

Since E[h(X)] is known, in order to estimate F[g(X)], we only need to estimate the
expectation E[g(X) — h(X)]. The corresponding estimator takes the form

Elg(X) - %Z — h(X(w))]

By our analysis above, this estimation error decays as

\/V[Q(X) — h(X)]
v .

If we can choose such a function h(z) that h(X) fluctuates around its mean in a
similar way as g(X) does, we can expect the variance of g(X)— h(X) is much smaller

than the variance of g(X). By doing so, the required number of samples can be
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reduced considerably given a certain level of error tolerance. For example, for a fixed
error tolerance ¢, if the standard deviation of g(X) — h(X) is only % of the standard
deviation of g(X), then the required number of samples to estimate E[g(X) — h(X)]
is only 155 of the required number of samples to estimate E[g(X)]. We conclude this
part by remarking that E[h(X)] does not need to be close to E[g(X)]. All we need
is that h(X) has a similar variability as g(X).

5.2 Monte Carlo Methods and the Simulation of
Stochastic Differential Equations

In this section, we still consider the m-dimensional SDE

AX () = p(t, X(O))dt + o(t, X)W (1), t€ (0,T] -
X(0) = 0. '

The setting of this equation is as usual. For now, we only assume there exists a unique
solution to (5.2). As we discussed before, people are often motivated to compute
the expected value of f(X (7)), where f is a scalar function satisfying some smooth
conditions. For example, for an European call option, its payoff is equal to f(X(T")) =
max(X (7T) — K,0), where X (T) is the terminal price of the underlying stock and K
is the exercise price of the option at expiration.

Suppose a numerical scheme with time step h solves the equation (5.2) numerically.
We denote by )/(\'T/h the value of the numerical solution at time 7T. Suppose we have
generated N independent path simulations by the numerical scheme. Then the Monte

Carlo estimate of the expectation E[f(X(7))] is
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where )?;l/)h is the terminal value of the numerical solution on the ith sample path.
Denote by Y := E[f(X(T))] and ¥ := ~ SN f()A(;Z/)h) Then the mean square error
of the MC estimate is

MSE = E[(Y — E[Y])?].

We decompose the MSE in the following way:

E[(Y - E[Y])?

= E[(Y - E[Y] + E[Y] - E[Y])*]

= E[(Y - E[Y))’] + (E[Y] - E[Y])" + 2E[(Y — E[Y])(E[Y] - E[Y])]
= E[(Y = EY])’] + (E[Y] - E[Y])"

The first part is the variance of the MC estimate and the other part is the bias
introduced by the approximation. Due to the mutual independence of the sample

paths, the variance of Y is

As we discussed in Section 2.3, if we use Euler-Maruyama scheme to solve equation
(5.2), as long as u, o and f satisfy certain smooth conditions, the weak convergence

has order 1. In this case,

(B[] - E[Y])” = 0(h?).

Therefore, with Euler-Maruyama scheme, the MSE of the MC estimate Y s
asymptotically
MSE ~O(N™Y) + O(h?).
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To make the root mean square error (RMSE=vMSE) O(¢), the MSE should be O(e?).
So it requires that N = O(e72) and h = O(e). The total computational cost is then
O(e73).

In general, if a numerical solution of equation (5.2) has week convergence order
k, then to achieve the RSME O(e), the total computational cost of computing
BLF(X(T)] is O(e~1/M),

For a general introduction to the variance reduction methods which can be applied

to the computation of functionals of solutions of (5.2), we refer to Chapter 16 of 33].

5.3 Multilevel Monte Carlo Methods

Multilevel Monte Carlo (MLMC) method is a control variate type variance reduction
approach. As we discussed earlier, to compute E[f(X)] and use the control variate
method, we need to choose another function g such that E[g(X)] is known and g(X)
has a similar variability as f(X). We know that the solution of a SDE usually does
not have a closed-form expression, let alone the existence of an available control
variate of it. However, if we do not ask too much about the availability of the value
of E[g(X(T))], a control variate is not so difficult to find. For example, for a given
Brownian path W (t), let P denote the random variable f(X(T)) and P, denote the
approximation to P using a numerical discretisation with time step h. Using the same
Brownian path and a larger step size 2h, we can expect that the new approximation
ﬁgh would not fluctuate too differently from ﬁh. Therefore, we can use ﬁQh as a control
variate of ]3h. If we use more levels of time steps, it will give us a multilevel Monte
Carlo method.

Consider a SDE like (5.2) and the Monte Carlo path simulations with a geometric
series of time steps by = M~'T, where | = 0,1,--- ,L and M > 2 is an integer. In
level 0, there is only one time step for the whole time interval [0, 7], whereas level

[ > 1 has M! uniform time steps. We denote by P the random variable f(X(T)).
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Let W(t) be a given Brownian path, and let )?l and ]3l denote the approximations to
X(T) and P using a numerical scheme with time step ;.

Our goal is to estimate the quantity E[f(X)]. In general, the weak approximation
error decreases as the step size of the discretisation decreases [5, 33, 60]. Then it is
natural to write ;

E[Py] = B[R] + ZE[E — P4].
=1

Therefore, to give E[f(X)] an estimate, the simplest way is to estimate the
expectations on the right hand side of the above equality using a standard Monte
Carlo estimator. Note that we may need to use different numbers of sample paths to
give the Monte Carlo estimates of those expectations. Denote by ?0 the estimator of
E [130] using Ny sample paths and }Aﬁ the estimator of E [131 — 13l_1] using NV; sample
paths. For [ = 0,

For [ > 1,

where both Igl(i) and ]31@1 are obtained from the ith Brownian path. Note that ]3l(i)
and ﬁl(i)l use the same Brownian path, although they come from two approximations
with different time steps. In our setting at the beginning, we initiated a geometric
series of time steps. The reason of doing this is now clear. For two approximations
with consecutive levels of time steps, ]31(1') and 13;?1, we first evaluate ﬁl(i) using M'
Brownian increments. Then we sum those increments in groups of size M to generate

M1 Brownian increments in preparation for the computation of f)l(j)l‘ Obviously,
ElYo| = E[R], E[Y]=E[R-P] 1>1,

and

V[Ye] = Ng'WVo, VY] =NV, 1>1,
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where Vy and V] are the variance of ﬁo and ﬁl — 131_1, respectively.

Finally, the estimator of E[f(X)] is

)

L
Y =) V.
1=0

By our previous analysis,

L
EY]=E[P], VIY]=) NV,

1=0
and the total computational cost is asymptotically proportional to

L
> Nt
=1

As usual, the MSE of the MLMC estimator can be decomposed as

MSE = E[(Y — E[P])?]
= E[(Y = E[Y] + E[Y] - E[P])*]
= E[(Y - E[Y))’] + (E[Y] - E[P])’
= E[(Y - E[Y))’] + (E[P.] - E[P))*

The first part is the variance of the MLMC estimator and
R L
E[(V = BIVIY] = VIV] = YN W
1=0

The second part is the square of the weak approximation error of the scheme with
smallest step size M ~'T. Given an error tolerance €2 on MSE, we need to determine

the values of N; and L such that

g (5.3)



and

~

(E[PL) — E[P))? < =% (5.4)

DO | —

Hopefully, after N; and L are determined, the total computational cost can be reduced
considerably compared with using the standard MC method.

Inequality (5.4) is typically a weak convergence result. Suppose for a well-
established numerical scheme, there exist a positive real number k£ and a positive

constant C' independent of the time step hp, such that
|B[P,] — E[P]| < CR}.
Since hy, = M~LT, we must have
22k f—2kL — L _2
CT"M < -¢
— 2 )

which leads to
V2CTke™1)
klogM

L> %logM(\@CTkel) _ log

Since L is also an integer, we can take

log(\/ﬁCT’%_l)w | (5.5)

Lmax - ’7
klog M

where [z] is the smallest integer not less than x.
Usually, like in our previous chapters, we often use At = T'/N as our step size,
where N is the total number of steps. In this case, the number of L has a very simple

expression. In fact, we have M LT = T/N, which leads to

I logN.
log M

Our next step is to choose N; to make (5.3) hold and to minimize the variance

V[Y] for the fixed computational cost C' = ZZL:o N;h; ! at the same time. Actually,

84



we can treat N; as continuous variables and use the Lagrange multiplier to find the

minimum of

L L
SNV A( Y Nt - C).
=0 =1

Taking partial derivative of the above expression with respect to each N; and setting

them to be 0, we get
—N72Vi+ Ayt =0,

which gives

Ny = XN\ Vil
Therefore,
L L L
> _ VAV,
VIV =Y NTVi=)" == =VAY Vi/h
Vil
1=0 1=0 1=0
Note that we also need V[Y] < % Therefore,
L

and the optimal number of sample paths for level [ is

L

N = [272 Vil S VTR,

1=0
So the total computational cost will be approximately
L L )
>Nt 2e72 (S0 VWil
1=0 0

=

(5.6)

To have a rough idea what the computational complexity in (5.6) looks like, we take

the Euler-Maruyama scheme for example. Here we assume both i and o depend only

on x and they are infinitely many times differentiable with all of their derivatives

bounded. We also assume that the function f(z) is Lipschitz continuous. Assuming
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also some other conditions, Bally and Tally [5] showed that the Euler-Maruyama
approximate solution converges to the real solution weakly with order 1. Meanwhile,
by Theorem 2.9, the Euler-Maruyama scheme also has strong convergence with order

1/2. Hence, when [ is large enough,
E[P — P = E[f(X)) — f(X(T))] = O(h), (5.7)

and
BlIX; — X(D)|]*] = O(hy). (5.8)

Since f(x) is Lipschitz continuous, we also have

V[P, — P] < E[(P, — P)?
= B[(f(X)) — F(X(T)))?]
< C2E[| X, — X(1)||?,

where C' is the Lipschitz constant. Hence, by (5.8),
V[P = P = O(h). (5.9)
What is more,

Vi=V[B - B_,]
= V(P ~ P)— (P-, — P)]
<2(V[P, - P]+ V[P_, — P)).

Combining this with (5.9) gives that

Vi=0(l).
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Getting V; back to the computational cost (5.6), we have

L
(Z \/V/hl> — O(=72L?).
1=0
Note that, by (5.5), for Euler-Maruyama scheme (k = 1), L = O(log(¢™!)) and thus

the total computational cost is

O(e*(loge)?).

To compare this computational cost by MLMC method with the standard MC method
whose cost is O(e7?), we take ¢ = 0.001. Then (loge)? & 48, which is much less than
~1 =1000.

From the above computation, we can see that it is very crucial for us to figure
out what V; = V[]Sl — f’l_l] is. To achieve this goal, in the Euler-Maruyama case,
we used the fact that it has O(h'/?) strong convergence and that f(x) is Lipschitz
continuous. It is very interesting to point out that, even if we are looking at a weak
approximation problem (computing E[f(X(T'))]) here, the key point is to use the
strong convergence of the underlying numerical scheme. Furthermore, the only place
where the weak convergence is used is when we use it to determine the value of L.

Recall that
log(v/2CT*e™1)

L>
- klogM

where k is the weak convergence order. It is obvious that the weak convergence order
k is not so important in determining the value of L, compared to log(e™'). To be
more specific, in the Euler-Maruyama scheme, suppose for now we do not know the
weak convergence order of the scheme but know the strong convergence order 1/2

instead. If the test function f(x) is Lipschitz continuous, it is immediate that

A~

[E[f(X) = F(X(T)]| < CE[| X, = X(T)[|] = O(,%).
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Taking k& = 1/2, it follows that

1/2,.-1
> 2log(v/2CT 2e71)

k=1/2
> og 11 , /
which is not so far away from it is when k = 1:
1 20Tt
L> 0g(v20Te™) k=1.

log M ’

See also [19] for examples in which the non-Lipschitz continuous test functions are
involved.

Another disadvantage of using the weak convergence is that it requires too much
on the smoothness of p, 0 and f(x) (see our remarks in Section 2.3 for more details).
While the strong convergence often does not ask too much on those things (see e.g.
Theorem 2.9 or our main theorems in Chapter 3). Because of these two points, there
has been a great motivation of developing strongly convergent numerical methods for
SDE (5.2) [23, 26, 28, 32, 55, 61].

Next we give the complexity theorem of the MLMC method. It is stated in a
very general way such that it can be applied to various cases. This theorem does not

specify which numerical scheme is used either.

Theorem 5.1 ([16], Theorem 3.1). Let P denote a functional of the solution of
stochastic differential equations (5.2) for a given Brownian path W(t), and let P,
denote the corresponding approrimation using a numerical discretisation with time
step by = M'T. If there exist independent estimators }7} based on N; Monte Carlo

samples, and positive constants o > %, B, c1,ca, 3 such that
i) |E[P — P)| < eihf
_ E[Ry), =0,
i) E[Y)] =
B[R - P, 1>0
iii) VY]] < caN;7'hY
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iv) Cj, the computational complexity of fﬁ, 15 bounded by

Cy < esNih

then there exists a positive constant cq such that for any ¢ < e~! there are values L

and N; for which the multilevel estimator
L
V=> %
1=0
has a mean-square-error with bound
MSE = E[(Y — E[P]))?] <&

with a computational complexity C' with bound

(
048_2, g >1,

C' < Qe ?(loge)?, B=1,

cue 2B 0 < B < 1.

Proof. We start by choosing

I Pog(\/ﬁclT%_l)“
N alog M ’
so that

1
—M % < c1h] <

V2

and hence, because of properties i) and i),

1
Es, (5.10)
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This %52 upper bound on the square of the bias error, together with the %52 upper
bound on the variance of the estimator to be proved later, gives an 2 upper bound

on the estimator MSE.

Also,
L L
M
-1 _ -1 -1 -1
dht=h'> M <3 —{ht"
=0 =0
By (5.10), we also have
1/«
nt<M(——) .
\/_01

Given a > 3 and € < e, it follows that
gl < g2

Then the above three inequalities give that

L

M2 o
Dot < = (V2e) e, (5.11)

=0

Now we consider the different possible values for 5.

a) If =1, weset N = [2e72(L + 1)caly ]| so that

L

vy =Y vy zL: 1hl<1s

=0 =0
which is the required upper bound on the variance of the estimator.

To bound the computational complexity C' we begin with an upper bound on

L given by
< loge™  log(v/2e,T%)

1.
~ alogM alog M +

Given that 1 < loge™! for £ < e71, it follows that

L+1< c5log€’1,

90



where
1

alog M

log(ﬁclTa)> ey

0
—1—max< " alogM

Cy —

Upper bounds for NV, are given by
N; <26 (L + 1)eghy + 1.

Hence the computational complexity is bounded by

L L
C<ecs Z Nlhfl < c3 (25’2(L + 1)202 + Z hl’l)
1=0

=1

Using the upper bound for L + 1 and inequality (5.11), and the fact that 1 <

loge™! for ¢ < 71, it follows that
C < cue™*(loge)?,

where
2

M—-1

(Vae) "

Cy = 2030202 + c3
For B8 > 1, setting
Ny = ’7287202T(571)/2(1 — ]\4*(»5’*1)/2)_1hl(6+1)/2"7

then
L L
PIUE e Gmra(y - i) 3 B
1= 1=0
Using the standard result for a geometric series,
L

L
SRR -z 3o ( M—<6—1>/2>l
=0

=0
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-1

)

< B2 (1 _ M*(ﬂfl)/2)

and hence we obtain an %82 upper bound on the variance of the estimator.

Using the N; upper bound
Ny < 22, TPD2(1 — M—(ﬂ—l)/2)*1 V2 g,

the computational complexity is bounded by

L L
C<es (25*%27’(5*1)/2(1 — M) TN 2 S h;1>_
=0 =0

Using inequalities (5.10) and (5.11) gives

-2
C < e 7,

where
2

M 1 (\/§C1)1/a.

Cy = 20302T6_1(1 — M—(ﬁ—l)/?)_2 + 3

c) For § < 1, setting

N, = {25—202}@(1*5)/2(1 - M—(l—ﬂ)/2)*1hl<ﬁ+1)/ﬂ’

then . )
VY] =Y V¥ < %a%gﬂ)/zu ey 3 B0
1=0 —
Since
L I l
Z hlf(lfﬂ)/Z _ hz(lfﬁ)/Q Z <M_(1_B)/2>
1=0 1=0

-1
<h PP (1— o) (5.12)
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we obtain an %52 upper bound on the variance of the estimator. Using the N,

upper bound
Ny < 25 2,n A2 (1 — a0 B2 g

the computational complexity is bounded by

L L
C < ey(2e 2hy IR (1 = MO TR R S ),
0

=0 =

Using inequality (5.12) gives
L —2
h R = M) T 2 g0 (1 - M—(l‘ﬁ)”)
1=0
The first inequality in (5.10) gives
h;(l—ﬁ) < (\/561) (1_5)/(1]\41_56_(1_6)/@.

Combining the above two inequalities, and also using inequality (5.11) and the

fact that e =2 < e 2=/ for ¢ < 71, gives

Y

where

2

M—-1

er = 20 (VBe0) M (1= MO gy 2 ()

]

Remark 5.2. Condition i) often depends on the weak convergence results of numerical
approximations of SDFEs. We refer to Section 2 and 4 for more details of such things.

The main challenge is condition ii). We have shown that, with a Lipschitz test
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function, we can use the strong convergence results to obtain the variance estimation.

But, in general, this task may not be so trivial. We also refer to [16, 17, 18] for more

remarks.

The following theorem is given in Giles [18|, and is a slight generalization of

Theorem 5.1.

Theorem 5.3 ([18], Theorem 2.1). Let P denote a functional of the solution of a
stochastic differential equation, and let ]31 denote the corresponding level | numerical
approzimation. If there exist independent estimators EA/Z based on N; Monte Carlo

samples, and positive constants o, 3,7, c1, Ca, c3 such that o > %min(ﬁ,’y) and
i) |E[P, — P]| < ;27
N E[Ry), =0,
ii) E[T] =
BB~ P, 1>0;
iii) VY]] < caNy 12780

w) Cy < cs N2, where Cj is the computational complexity of Y},

then there exists a positive constant ¢y such that for any € < e~' there are values of

L and Nj for which the multilevel estimator

L
Y = E Y27
1=0
has a mean-square-error with bound

MSE = E[(Y — E[P])?] < &2
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with a computational complexity C' with bound

.

645_27 B > e

C= eae?(loge)’, B=1,

cae 0B/ 0 < B < .

\

This theorem specifies the value of M to be 2. Of course, M can also be other
natural numbers. See e.g. [16] on how to choose an optimal value for M. Since
the computational complexity on level [ is changed to be dependent on ~, the new
classification of the total computational cost is based on the comparison between [
and ~ accordingly, rather than between § and 1.

In [17], Giles provided another generalization of the complexity theorem based on
Cliffe, Giles, Scheichl, and Teckentrup [9], which allows for applications in which the
simulation cost of individual samples is itself random. See [17] for more details.

For MLMC for SDEs driven by jump processes, we refer to Dereich [12] and Xia
[62] and references therein. For MLMC for stochastic partial differential equations,
see e.g. [6] and [9].

As in the classic Monte Carlo simulation, there is also a central limit theorem
corresponding the multilevel Monte Carlo Euler simulation. We refer to [1] for the
details. We also refer to [13] for the central limit theorem of the multilevel Monte

Carlo Euler simulation for SDEs driven by Lévy noise.
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Chapter 6

Strong Convergence of Numerical
Approximations of SDEs Driven by
Lévy Noise under Local Lipschitz

Conditions

In this chapter, we introduce the strong convergence of numerical approximations of
SDEs driven by Lévy noise under local Lipschitz condtions. As far as the author
knows, the literature on this topic is very sparse. |11, 36] might be among the first

few papers addressing this issue and there is still much space to be explored.
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6.1 Strong Convergence of Tamed Euler Approxi-
mations of SDEs Driven by Lévy Noise with
Superlinearly Growing Drift Coefficients

In this section, we mainly consider the following SDE driven by a Lévy noise:

dX(t) = a(X(t=))dt + b(X (t=))AW (1) + [pa F(X(t=), y)N(dt, dy), (6.1
X(O) = Xy,

or, equivalently, the following integral form:

X(t) = X(0) +/ta(X(s—))ds—|—/t b(X(s—))dW(s)-I—/t f(X(s=),y)N(ds,dy),

0 0 0 JRd (6.2)
where xy is Fp-measurable, X(¢) is an R™-valued stochastic process, W(t) is a
standard d-dimensional Brownian motion and N an independent Poisson random
measure on R* x (R? — {0}) with associated compensator N and intensity measure
v, where we assume that v is a Lévy measure. Besides, W and N are independent of
Fo. We also assume that a : R™ — R™, b: R™ — R™*% and f: R™ x R? — R™. In
the following, we will write X () instead of X (f—) on the right hand side of the above
equation. This will not cause any problem since the compensators of the martingales
driving the equation are continuous.

We assume the following conditions for the above SDE:

A-1. There exists a constant C' > 0 such that for any x € R™,

(,a(x)) + [[b(=)]|* + /Rd 1f (@, p)IPv(dy) < C(L+ [l]).
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A-2. There exists a constant C' > 0 such that for x1, 2, € R™,

(w1 — 22, a(21) — a(@2)) + [[b(21) — blz2)|* + /Rd 1f (21, y) = flz2, y)l[Pv(dy)

S CHIl — $2H2.

A-3. The function a(zx) is continuous in x € R™.
A-4. El||zo|]P] < oo for some fixed p > 2.

A-5. There exists a constant C' > 0 such that for any x € R™,
[ 1) ipvias) < 0+ ol

Note that if condition A-3 is fulfilled, then it is obvious that a(x) is locally bounded.
That is, for any R > 0, there exits a constant C'(R) > 0, such that

a(z) < C(R) (6.3)

for any ||z|| < C(R). As we introduced in Section 2.4, if SDE (6.2) satisfies conditions
A-1-A-3, there exists a unique solution to (6.2). If, in addition, conditions A-4 and

A-5 are also satisfied, the following p-th moment bound holds for the solution:
E| sup [|X()|P| < C.

0<t<T

In the following, we also assume

A-6. There exist constants C' > 0, ¢ > 2 and x > 0 such that

1f (21, y) = [ a2, 9)[|"W(dy) < Cllzy — a2l
R4
la(z1) — a(@2)|* < O+ [Jaa|X + [z ) |21 — 22, (6.4)
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for any 1,72 € R™ and a 6 € (0, 1) such that max{(x + 2)q, %%5} < p. Note that

for now p > (x +2)g > 4. By (6.3) and (6.4), it is immediate that
la(2)][* < O+ [|2]?) (6.5)

for any x € R™.
To solve (6.2) numerically, Dareiotis, Kumar and Sabanis [11] proposed a tamed

Euler scheme defined by

dX () = an(Xn(en(1))dt + b(Xn (rn(0)AW (8) + | f(Xn(rn (1)), y)N(dt, dy),

“ (6.6)
where Xy (0) = xo,
[NV
HN(t) == T
for any t € [0, 7], and
_ a(x)
W) = TN
Its integral form is
Xn(t) :xo—l—/o aN(XN(/iN(s)))ds—l—/O b(Xn(kn(8)))dW (s)
w [ F (). s dy). (67
It is obvious that
lan (2)[| < [la(2)],
and
_ a(x) a(z) _a7l/2
()l = |1 N 2[a(@) | <] N2 [a(@)] | = (6.8)

Furthermore, for any = € R?, we have

lan(z) — a(z)| = H T Nafj?ua(x)” - a(x)H
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el

N-1/24
H 1+ N- 1/2||a (x)
< N7Y2|la(x)|. (6.9)

Before we give the main theorem of this chapter, we state several lemmas that

will be useful in its proof.

Lemma 6.0.1. Let r > 2. There exists a constant C, depending only on r, such that

for every real-valued, B([0,T]) x B(R%)-measurable function g satisfying

/OT /Rd lg(t, y)||Pv(dy)dt < oo,

the following estimate holds,

sup H// g(s,y)N(ds, dy) }
0<t<T Rd

< o / [ topnana)”™ e [ [ el @)

It is known that if 1 < r < 2, then the second term in (6.10) can be dropped.

This lemma is a simplified version of Lemma 2.1 in [11]. The proof can be found
in [41].
The following estimation on the p-th moment of the numerical solution Xy (%) is

crucial in the whole section.

Lemma 6.0.2 ([11], Lemma 3.2). Let A-1-A-5 be satisfied. Then,

sup B[ sup || Xx(0)|"] < €
NeN 0<t<T

with C .= C(T,p, El||xo||"]) independent of N.

Proof. See Lemma 3.2 in [11]. O
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Lemma 6.0.3 ([11|, Lemma 3.3). Let assumptions A-1-A-5 be satisfied. Then the

numerical scheme (6.6) satisfies

sup E[||Xw(t) — Xn(rn(t)]] < ON™

0<t<T
for any 2 <r < p with C := C(T, p, E[||xo||"]) which does not depend on N.

Now we introduce the main theorem in this section, the convergence rate of

numerical scheme (6.6).

Theorem 6.1 (|11, Corollary 3.2). Let Assumptions A-1-A-6 be satisfied. Then the

numerical scheme (6.6) converges in the L sense, i.e.

E[ sup || X (1) — Xn(0)]7] < ON"75, (6.11)

0<t<T
where constant C > 0 does not depend on N.

Proof. Let e(t) := X(t) — Xn(t) and define

a(t) == a(X (1)) — an(Xn(rn(1))), (6.12)
b(t) == b(X(#)) — b(Xn(kn (1)), (6.13)
fty) = F(X(1),y) — F(Xn(rn (1)), y). (6.14)

By (6.2) and (6.6), the error process e(t) satisfies

e(t):/o a(s)ds—i—/o B(S)dW(s)—f—/o » f(s,y)N(ds,dy), (6.15)

for any ¢ € [0,T]. By Itd’s formula, one obtains

e = [ e e(s)a(s)s +q [ e(s) " e(s)bis)aw (s
# L2 ets) ey ets s + 2 [ etoll2Ipiras
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w0 [ [ NI o) Vs, dy)

[ (e + sl = e = allets)le(5)Fs,0) N (s, d)
(6.16)

for all t € [0,T]. We write

e(s)als) = (X(s) = Xn(s)) (a(X(s)) — a(Xx(s)))
+ (X(s) = Xn(s)) (a(Xn(s)) = a(Xnrn(5))))

+ (X(s) = Xn(s)) (a(Xn(rn () — an(Xx(an(s))).  (617)

Hence, by condition A-2, Cauchy-Schwarz inequality and Young’s inequality,

Je(s) " e(s)a(s)

< Jle() |2 (Clle() 12 + lle(s) 12 + la(Xn (5)) — a(Xn(rn ()]
+ lla(Xn (ki (s))) = an (Xn(ex ()]

= Clle(s)]I" + lle(s) " 2lla(Xx(s)) = a(Xy (rx(s)]?
+ le() ™ 2lla(Xy (e (s))) = an (Xn(x ()]

< Clle() + Clla(Xn(s) - alXn(rx(s))II"

+ Clla(Xn(kn(s))) — an(Xn (kv ()% (6.18)

where we used the conjugate equality
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for the last inequality. Therefore, taking suprema over [0, u| for any u € [0, 7] and

expectations on both sides of (6.16), we obtain

B| sup el

0<t<u

<CE / “le(s)|%ds + CE / “a(Xn(s)) — a(Xn (s (s))) | %ds

+COF /u la(Xn(kn(s))) — an(Xn(kn(s)))]|%ds

[ et )|

D / le(s)1==* B(s)"e(s) s + L / el B %ds

//u 72e(s)F(s.) ¥ (s, d) |

L [ [ (121750 + 17050017 N s )]

0<t<u

=G+ Gy + Gs+ Gy + Gs + Gg + G + Gs. (6.19)

+ qE sup

0<t<u

+ qE sup
0<t<u

In the following we estimate (G; — Gg one by one. Firstly,

Gii=CE [ Je(s)'ds < C [ E[ sup e(r)|7]ds (6.20)
0 0

0<r<s
for any u € [0,T]. By the second inequality of assumption A-6, Holder’s inequality
and Lemma 6.0.2, G5 can be estimated by
Gai= CE [ la(Xn(s)) - al X (s)))['ds
0
< CE/ (1 + [1Xn ()X + [1Xn (e ()21 X (5) = X (v (s))]|“ds
0

q+s
5

<c / (1 BUXN )] + B[ Xn (i (s)) FE5))
(BlIXa (5) = Xl (D7) s

< C/OT <E[HXN(5) _ XN(HN(S))HqM])#‘SdS. (6.21)
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The estimate of (G5 is trivial:

Gs:=CL /Ou [a(Xn(kn(s))) — an(Xn(kn(s)))[|ds

<CE / la(Xn (i (5))) — an (X (rn(s))) ] ds.

Due to Burkholder-Davis-Gundy inequality, we have

/n ()72 (5)b(s)dW (5)

<cr[ [ Il
1 /2
< B[ sl ( [ 1b6)17as) ",
0<s<u

Using Young’s inequality and Hoélder’s inequality, we get

Gy = qE sup
0<t<u

H

B[ sw (o)) + B [( [ b Pas)"]

0<s<u

< 3B [ s le@IF] +CB [ p(s) s

0<s<u

(6.22)

(6.23)

(6.24)

for any u € [0,T]. Due to Cauchy-Schwarz inequality and Young’s inequality, G5 and

G can be estimated together by

G5+ Gg
q(q—2)

<ce [ e s
0
< [ B[ sw etr)as+CE [ p)ds
0 0

0<r<s

for any u € [0,7]. Combining (6.24) and (6.25), we have
Gi+ G5+ Gg
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<2B|

ool =

0<s<u

We now split b(s) as

b(s) = (B(X(5) = b(Xn(s)) ) + (B(Xn(5)) ~ b(Xn(mx(5)))).

Then by assumption A-2 and (6.26), we obtain

1 u

Gi+ Gy + o< B[ sup [e(9)|"] +C [ E[ sup etr)7]ds
8 Lo<s<u 0 0<r<s
+ X (

c / E||Xx(s) — Xn(n(s)]|ds

for any u € [0,7]. To estimate G7 and Gg, we split f(s,y) as

Fls.9) = (F(X(5)w) = FOXnl9). ) + (F(Xn(9),9) = F(Xn(rin(3),9) ).

Therefore, G; can be estimated by

sup [le(s)17] +€ [ B[ sup Jetr)|t)as+ CE [ [i)ras.
< 0 0<r<s 0

(6.26)

(6.27)

(6.28)

(6.29)

o=t | [ [ et ¥ias )|
éCE[OZTEU // le(s)[9%e(s ) = f(Xn(s), >>N(d3>dy>H]
con[ s | | (s ) = F(Xn(sx(5), )N (ds, dy) ||
(6.30)

By Lemma 6.0.1, it follows that

G:<E /“/ le(s)[I**~2]1F(X - (X ()7y)||2’/(dy)d3>l/2]

BI( [ [ NP 21 CXnt9)0) = FCtntinto). ) Poidds)
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for any u € [0,7]. As obtaining (6.24), we use Young’s inequality and Holder’s

inequality and obtain,

67 < g sw le)] + B Uou< g X)) — (X (s) lPvld)) " ds]

0<s<u

[ ([ 176000 — fstan(oD ) Prian) Vs 032)

By Assumption A-2, it then follows that

G < SB[ s )] + [ B[ sup )]

0<s<u <r<s

+ [ BUIXN(s) = Xl (o)) s (6:33)

for any w € [0, 7). Finally, we can write Gg as

Gy= B[ sw [ [ (161" 16l + 1o, ) ¥ds. )]

-5 [ / et 21T s lPvtdpas + £ [ [ 17 o)lvidnds

for any u € [0, T]. By the splitting (6.29), Cauchy-Schwarz inequality and assumption
A-2, we have

<8 [ [ 000~ FXn ) Pt
28 [* [ 00,0 — o (9). ) P

<CE [ fe)ds + CE [ el 21Xnls) = Xxlrn(s)IPds (635
0 0
for any u € [0, T]. Using Young’s inequality again, we obtain

H < (J/OUE[ sup ||e(s)|yq}ds+O/OTE[HXN(S) = Xn(an(s)|7ds  (6.36)

0<r<s
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for any v € [0,T]. Using again the splitting (6.29), Cauchy-Schwarz inequality and

assumption A-2, we get

H, < C’/OUE[ sup ||e(s)|]‘1}ds+C/OTE[HXN(S) ~ Xn(kn(s))|ds  (6.37)

0<r<s

for any u € [0,7]. Combining (6.36) and (6.37), we obtain

Gs < C/OUE[ sup He(s)Hq] ds + C’/OTE[HXN(S) — Xn(kn(9))||%])ds. (6.38)

0<r<s

Combining (6.19), (6.20), (6.21), (6.22), (6.26), (6.33) and (6.38), we obtain

ZE{Og&He(t}uq} < C/OUE{Oigzslre(r)H"} ds
w0 [ (B0 - Xtanls)l#) s
+CB [ a0 an(5) — a (X (5)) s

e / E[| Xx(s) — X (n(s))]19)ds. (6.39)

Applying Gronwall’s inequality (A.7), we have

B s ] <€ [ (B10(6) — Xtan()174) s

+ CE/O la(Xn(kn(s))) — an(Xn(kn(s)))]|%ds

+ C’/O E|| Xn(s) — Xn(rn(s))]|%ds. (6.40)
By (6.5) and (6.9), we can get

la(Xw (K (5))) — an(Xn(rn ()] < N7V2a(Xn(rn(s)))]1

SONT2 1+ | Xn(rn (). (6.41)
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By Lemma (6.0.2), it then follows that

E| suwp [le(t)]’] < N7,

0<t<T
which completes the proof. O]

Numerical Experiments
The example we use for our numerical experiment in this section is a 1-dimensional

stochastic differential equation driven by Lévy motion,
dX(t) = =X°(t)dt + X (t)dW (t) + / X(tyN(dt,dy), X(0)=1.
R

Here, t € [0,1]. The jump size follows standard normal distribution and the jump
intensity is 2. We use 5 different time steps: At = 2712, 2711 9710 9-9 9=8 and 1000
realizations for each discretisation. The following figure is the loglog plot of the

experimental error with respect to the 5 different time steps.
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Strong Convergence of Tamed Euler Scheme

109 '
— w0 3l .
1 =
> e
1 il
E —
X j02t :
s
[=]
[ab]
o
o
o

AL i

% 10
it
=1
=
@

10 ¢ ;

—#— Tamed Euler Scheme
— — — Reference line with slope .5
104 10-3 1072 107"

At

Figure 6.1: Log-log plot of the strong error from the numerical approximation for
a SDE driven by Lévy motion with superlinearly growing drift
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Appendix A

Inequalities

A.1 Elementary Inequalities
The following elementary inequalities are taken from the appendices of Evans [14].

1. Cauchy’s inequality.
ab<a®+bv*, a,beR. (A.1)

Proof. 0 < (a —b)? = a® — 2ab + b*. O

2. Young’s inequality. Let 1 < p,q < oo, % + % = 1. Then

a? bl
ab< —+—, a,b>0. (A.2)
p q

Proof. Since the mapping x — e” is convex,

1 py 1 q
ab = elnaJrlnb — eplna +qlnb

1 » 1 q
S _elna + _elnb
p q
al? bl
P g
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. Cauchy-Schwarz inequality.
[zl < l=lllyll, =,y eR™ (A.3)
Proof. Let € > 0 and note
0 < o+ eyl” = [|2]* £ 2¢(z, y) + €*[ly]|*.

Consequently,
1 €
£(z,4) < ool + Sl

Minimizing the right hand side by setting € = Hyl‘l provided y # 0. O]

. Hélder’s inequality. Assume 1 < p,q < oo, ]lj + é = 1. Then if u € LP(Q2;R™),
v e L(Q;R™), we have

/Q|<u7v>|P(dw) < |lullzo@sem [0l La@smm) (A.4)

Proof. By homogeneity, we may assume |ul|z» = ||v|lre = 1. Then Young’s

inequality implies for 1 < p,q < oo that

1
/mme_ /Mwm;g/wmeAzwwwm
Q

. Minkowski’s inequality. Assume 1 < p < oo and u,v € LP(Q2;R™). Then

[+ ol < flullze + (0] o (A.5)
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Proof.

[u +vl[Z

= [ s olPiaw) < / -t ol + ) Pl

1/p 1/p
/Hu—i—vaP (1)) /||u||pP @) "+ ([ Jolrpa)™)
Q

= [lu +oll%" (Jlullze + [[v]0).
[l

6. Minkowski’s inequality for integrals. Suppose that (X, M, u) and (Y, N,v) are
o-finite measure spaces, and let f be an (M®N)-measurable function on X xY.

If f>0and 1<p< oo, then

//fxydu l/p //fxypdu lpdy(y). (A.6)

Proof. The proof can be found on page 194 in Folland [15]. See also a generalized

version of this inequality on that page. m

A.2 Gronwall’s Inequality

Let f(¢) be a nonnegative, integrable function on [0, 7] which satisfies for a.e. ¢ the
integral inequality

f(t) S 01/0 f(S)dS + CQ

for constants C7,Cy > 0. Then
f(t) S 02(1 -+ Clteclt) (A?)

forae 0<¢t<T.
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Proof. The proof can be found on page 625 in Evans [14]. O

A.3 Probability Inequalities

All the inequalities in this section occur in a general probability space (2, F, P).

1. Lyapunov inequality. Let X be a R™-valued random variable and not
concentrated on a single point. If E[||X||°] exists for some s > 0, then for

all0 <r <sanda e R™,

(BIIX —al'DY" < (B[IX — all*])*". (A.8)
Proof. Note that ﬁ + Wl—r) = 1. Then this inequality is just a simple
application of the Holder’s inequality (A.4). ]

2. Doob’s martingale inequality. Suppose M(t) is a martingale (or a positive

submartingale) on the interval [0, c0), then for any p > 1 and ¢ € [0, c0),

E| sup [M(s)] < (=2) BIM@)P). (A.9)
0<s<t p—1
Proof. See e.g. pages 13-14 in Karatzas and Shreve [30] for a proof. O

3. Burkholder-Davis-Gundy inequality. Suppose M (t) is a local martingale on the
interval [0,77], null at 0. There are constants ¢, and C, depending only on p,

such that

Y

o8 [(IM, M](T))p/z} < E[(Oiltlé)T’M(t)Dp} <cB[(m. M](T))pm}
(A.10)
for 1 < p < oco. Here [M, M](t) is the quadratic variation process of M. If,

moreover, M(t) is continuous, then the result holds also for 0 < p < 1.

Proof. The proof can be found on e.g. page 166 in Karatzas and Shreve [30]. O
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4. Burkholder-Davis-Gundy inequality for stochastic integrals. Let £k € N and
let Z : [0,T] x Q — RF*? be a predictable stochastic process satisfying
P([f[|Z(s)||?ds < 00) = 1. Then we obtain that

for all t € [0,7] and all p € [2,00), where €; is the ith standard unit vector in

s t d 1/2
s || [ zeawll|, <ol [ S 126)alqumds) " (a1
' i=1

s€[0,¢] 0

the space R

Proof. This inequality is a straightforward corollary of Doob’s martingale
inequality and Burkholder-Davis-Gundy inequality. See Lemma 3.7 in [28] for
the detailed proof. O
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Appendix B

MATLAB Codes

B.1 MATLAB Codes for Generating the Graph in

Section 3.2

% Author: Liguo Wang

% Department of Mathematics
A
% April, 2016

S

University of Tennessee, Knoxville

% Tamed Euler scheme for SDEs

% Solves 1-dim dX(t) = (X(t)-X~3(t))dt + X(t)dw(t), X(0) =1
% Discretized Brownian path over [0,1] has dt = 27(-12)

% Find the exact solution by using the timestep dt

% E-M uses 5 different timesteps: 16dt, 8dt, 4dt, 2dt, dt

% Examine strong convergence at T=1: E | X_L - X(T) | using Monte-Carlo
clc;
clear all;

close all;

randn(’state?’,100)

T=1; N=2"12; dt = T/N; %
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M = 1000; % number of paths sampled

Xerr = zeros(M,5); % preallocate array
for s = 1:M
Xtrue = 1;
dW = sqrt(dt)*randn(1,N); % Brownian increments
for i=1:N

Xtrue = Xtrue + (Xtrue-Xtrue~3)*dt/(1+(Xtrue-Xtrue~3)*dt)...

+ XtruexdW(1,i);

end
for p = 1:5
R = 2~(p); Dt = Rxdt; L = N/R; % L Euler steps of size Dt = Rxdt
Xtemp = 1;
for j = 1:L
Winc = sum(dW(R*(j-1)+1:R*j));
Xtemp = Xtemp + (Xtemp-Xtemp~3)*Dt/(1+(Xtemp-Xtemp~3)*Dt)...
+ Xtemp*Winc;
end
Xerr(s,p) = abs(Xtemp - Xtrue); % store the error at t =1
end

end

Dtvals = dt*(2.7([1:5]1));

% subplot(221) % top LH picture
loglog(Dtvals,mean(Xerr),’b*-’), hold on

loglog(Dtvals, (Dtvals.~(.5)),’r--’), hold off ) reference slope of 1/2
axis([le-4 le-1 1le-5 1])

xlabel(’\Delta t’), ylabel(’Sample average of | X(T) - X_L |?)
title(’Strong Convergence of Tamed Euler Scheme’,’FontSize’,10)

legend (’Tamed Euler Scheme’,’Reference line with slope .57%)
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B.2 MATLAB Codes for Generating the Graph in

Section 3.3

% Tamed Euler scheme for SDEs with superlinealy growing diffusion

% Solves 1-dim dX(t) = X(t) (1-|X(t)Ddt + |X(t)[~{3/2}dW(t), X(0) =1
% Discretized Brownian path over [0,1] has dt = 27(-12)

% Find the exact solution by using the timestep dt

% E-M uses 5 different timesteps: 16dt, 8dt, 4dt, 2dt, dt

% Examine strong convergence at T=1: E | X_L - X(T) | using Monte-Carlo
clc;
clear all;

close all;

randn(’state?’, 100)

T=1; N =2712; dt = T/N; yA
M = 1000; % number of paths sampled
Xerr = zeros(M,5); % preallocate array
for s = 1:M
Xtrue = 1;
dW = sqrt(dt)*randn(1,N); % Brownian increments
for i=1:N

Xtrue = Xtrue + Xtruex(l-abs(Xtrue))*dt/(1+dt~(0.5)*abs(Xtrue)...
~(3.5)) + abs(Xtrue)~(1.5)*dW(1,i)/(1+dt~(0.5)*abs(Xtrue)~(3.5));
end
for p = 1:5
R = 27(p); Dt = R+dt; L = N/R; % L Euler steps of size Dt = Rxdt
Xtemp = 1;
for j = 1:L
Winc = sum(dW(R*(j-1)+1:R*j));
Xtemp = Xtemp + Xtemp*(1l-abs(Xtemp))*Dt/(1+Dt~(0.5)*abs(Xtemp)...
~(3.5)) + abs(Xtemp)~(1.5)*Winc/(1+Dt~(0.5)*abs(Xtemp)~(3.5));
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end
Xerr(s,p) = abs(Xtemp - Xtrue); % store the error at t =1
end

end

Dtvals = dt*(2.7([1:5]1));

% subplot(221) % top LH picture
loglog(Dtvals,mean(Xerr),’b*-’), hold on

loglog(Dtvals, (Dtvals.~(.5)),’r--’), hold off ) reference slope of 1/2
axis([le-4 le-1 1le-5 1])

xlabel(’\Delta t’), ylabel(’Sample average of | X(T) - X_L |’)
title(’Strong Convergence of Tamed Euler Scheme’,’FontSize’,10)

legend (’Tamed Euler Scheme’,’Reference line with slope .57%)

B.3 MATLAB Codes for Generating the Graph in
Section 6.1

% Author: Liguo Wang
% Department of Mathematics
% University of Tennessee, Knoxville

% April, 2016

% Tamed Euler scheme for SDEs with superlinealy growing diffusion

% Solves 1-dim dX(t) = -X~5(t)dt+X(t)dW(t)+\int_{R}X(t)y\tilde{N}(dt,dy)
% The jump size follows standard normal distribution

% Discretized Brownian path over [0,1] has dt = 2°(-12)

% Find the exact solution by using the timestep dt

% E-M uses 5 different timesteps: 16dt, 8dt, 4dt, 2dt, dt

% Examine strong convergence at T=1: E | X_L - X(T) | using Monte-Carlo
clc;

clear all;

close all;
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randn(’state?’,100)
T=1; N =2"12; dt = T/N;
M

1000; % number of paths sampled

lambda = 2; % intensity of the Poisson random var.

Xerr = zeros(M,5); % preallocate array
for s = 1:M

Xtrue = 1;

dW = sqrt(dt)*randn(1,N); % Brownian increments

dN = poissrnd(lambdaxdt, 1, N);

|

for i=1:N
Xtrue = Xtrue - Xtrue~5/(N+N~(0.5)*abs(Xtrue)~5)...
+ XtruexdW(1,i) + Xtruexdt*sum(randn(1,dN(1,i)));
end
for p = 1:5
R = 27(p); Dt = Rxdt; L = N/R; % L Euler steps of size Dt = Rxdt
Xtemp = 1;
for j = 1:L

Winc = sum(dW(R*(j-1)+1:R*j));
Ninc = sum(dN(R*(j-1)+1:R*j));
Xtemp = Xtemp - Xtemp~5/(N+N~(0.5)*abs(Xtemp)~5) + Xtemp*Winc...
+ Xtemp*Dt*sum(randn(1,Ninc));

end

Xerr(s,p) = abs(Xtemp - Xtrue); % store the error at t = 1

end

end

Dtvals = dt*(2.~([1:5]));

% subplot(221) % top LH picture
loglog(Dtvals,mean(Xerr),’b*-’), hold on

loglog(Dtvals, (Dtvals.~(.5)),’r--’), hold off I reference slope of 1/2
axis([le-4 le-1 1le-5 1])
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xlabel(’\Delta t’), ylabel(’Sample average of | X(T) - X_L |?)
title(’Strong Convergence of Tamed Euler Scheme’,’FontSize’,10)
legend(’Tamed Euler Scheme’,’Reference line with slope .5’, ’Location’,

’southeast’)
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