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Abstract

This paper focuses on studying the multilevel Monte Carlo method recently introduced
by Giles [8] and significantly more efficient than the classical Monte Carlo one. Our aim
is to prove a central limit theorem of Lindeberg Feller type for the multilevel Monte Carlo
method associated to the Euler discretization scheme. To do so, we prove first a stable
law convergence theorem, in the spirit of Jacod and Protter [15], for the Euler scheme
error on two consecutive levels of the algorithm. This leads to an accurate description
of the optimal choice of parameters and to an explicit characterization of the limiting
variance in the central limit theorem of the algorithm. We investigate the application of
the Multilevel Monte Carlo method to the pricing of Asian options, by discretizing the
integral of the payoff process using Riemann and trapezoidal schemes. In particular, we
prove stable law convergence for the error of these second order schemes. This allows
us to prove two additional central limit theorems providing us the optimal choice of the
parameters with an explicit representation of the limiting variance. For this setting of
second order schemes, we give new optimal parameters leading to the convergence of the
central limit theorem. Complexity analysis of the Multilevel Monte Carlo algorithm were
processed.
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1 Introduction

In many applications, in particular for the pricing of financial securities, we are interested in the
effective computation by Monte Carlo methods of the quantity Ef(Xr), where X := (X})o<i<r
is a diffusion process and f a given function. The Monte Carlo Euler method consists of
two steps. First, approximate the diffusion process (X¢)o<t<r by the Euler scheme (X}")o<i<r
with time step 7/n. Then, approximate E f (X}) by + SV f(XE;), where f(X7,)i<i<n is
a sample of N independent copies of f(X%). This approximation is affected respectively by a
discretization error and a statistical error

w = B(F(X]) — f(Xr) and 1 3 F(XE,) — BACX).

The optimal choice of the sample size N in the classical Monte Carlo method mainly depends
on the order of the discretization error. In the context of possibly degenerate diffusions X
and ¢'-functions f, Kebaier [16] proves that the rate of convergence of the discretization error
en can be 1/n® for all values of o € [1/2,1]. It turns out that for such order of convergence
the optimal choice of N is given by n?®. This leads to a total complexity in the Monte Carlo
method of order Cy;c = n?**1. A further discussion of this is given in subsection 2.4 (see Duffie
and Glynn [5] for related results).

In order to improve the performance of this method, Kebaier [16] introduced a two-level
Monte Carlo method [16] (called the statistical Romberg method) reducing the complexity Cyse
while maintaining the convergence of the algorithm. This method uses two Euler schemes with
time steps T'/n and T'/n”, 3 € (0,1) and approximates E f(Xr) by

ZfX +—Zf&z X5,

where )A(%ﬁ is a second Euler scheme with time step T'//n” and such that the Brownian paths used
for X7 and X%B has to be independent of the Brownian paths used to simulate X%B. In order
to get a rational choice of Ny, Ny and 3 versus n, Kebaier [16] proves a Central Limit Theorem
for this new algorithm. This theorem uses the weak convergence of the normalized error of the
Euler scheme for diffusions proved by Kurtz and Protter [19] (and strengthened by Jacod and
Protter [15]). It turns out that for a given discretization error €, = 1/n® (o € [1/2,1]), the
optimal choice is obtained for 8 = 1/2, N; = n** and N, = n?*~(/2), With this choice, the
complexity of the statistical Romberg method is of order Csp = n?**(1/2) which is lower than
the classical complexity in the Monte Carlo method.

More recently, Giles [8] generalized the statistical Romberg method of Kebaier [16] and
proposed the multilevel Monte Carlo algorithm, in a similar approach to Heinrich’s multilevel
method for parametric integration [12] (see also Creutzig, Dereich, Miiller-Gronbach and Ritter
3], Dereich [4], Giles [7], Giles, Higham and Mao [9], Heinrich [11] and Heinrich and Sindambiwe
[13] for related results). The multilevel Monte Carlo method uses information from a sequence
of computations with decreasing step sizes and approximates the quantity Ef(Xr) by

logn

Qn NOZfX%k+Z Z( (X7 — FOT)) m eN\{0,1} and I =
=1

logm’



The process (X™ )o<i<r denotes the Euler scheme with time step m~T for ¢ € {0,--- , L}.
Here, it is important to point out that all these L + 1 Monte Carlo estimators have to be based
on different, independent samples. However, for fixed k& and ¢, the simulations f (Xjnf,i) and
f (X%Zﬁl) have to be based in the same Brownian path but with different times steps m =T
and m~"DT. Due to the above independence assumption for the paths, the variance of the
multilevel estimator is given by

L
o = Var(Qn) = Ny 'Var(f(Xp)) + ) N, 'o7,
(=1

where o7 = Var ( FXmy— f (Xj’l"‘bl)). For a Lipschitz continuous function f, it is easy to

check, using properties of the Euler scheme, that

L
o? < ey E N[lmfg
(=0

for some positive constant ¢ (see Proposition 1 for more details). Giles [8] uses this computation
in order to find the optimal choice of the multilevel Monte Carlo parameters. More precisely,
to obtain a desired root mean squared error (RMSE), say of order 1/n®, for his multilevel
estimator, Giles [8] uses the above computation on 02 to minimize the total complexity of the
algorithm. It turns out that the optimal choice is obtained for (see Theorem 3.1 of [8])

logn logn

N, = 2¢9n (1

T
—|—1)W, for ¢ € {0,---,L} and L= (1)

ogm logm’

This optimal choice leads to a complexity for the multilevel Monte Carlo Euler method pro-
portional to n**(logn)?. Interesting numerical tests, comparing three methods (crude Monte
Carlo, Statistical Romberg and the Multilevel Monte Carlo), were proceed in Korn, Korn and
Kroisandt [18]. Furthermore, Giles [8] obtain also the optimal parameters for the multilevel
Monte Carlo method when a second order scheme is used instead of the Euler scheme which
is, of course, of order one. Recall that a discretization scheme is said to be of second order
when the quantity o2, introduced above, is of order m~2. For example, this is the case for the
Milstein scheme ( see e.g. Kloeden and Platen [17] for more details on second order schemes).
By the same reasoning as above, to achieve a given RMSE error for his multilevel estimator of
order 1/n®, Giles obtains an optimal choice of the parameters given by (see Theorem 3.1 of [8])

—1\ [/ T\? 1
Ny = 2¢,n**VT ym =1\ (T for ¢ €{0,---,L} and L= e (2)
vm mt
This choice leads to an optimal complexity for the multilevel Monte Carlo proportional to n?®.
In the present paper, we are interested in using Kebaier’s approach [16] to get the optimal
choice for the Multilevel Monte Carlo method. More precisely, our main result is a Lindeberg

Feller central limit theorem for the Multilevel Monte Carlo Euler algorithm (see Theorem 5).
In order to show this result, we first prove a stable law convergence theorem, for the Euler
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scheme error on two consecutive levels m‘~! and m!, of the type obtained in Jacod and Protter
[15]. Indeed, we prove the following functional result (see Theorem 4)

mt

Xme o szfl :>stably U ¢/
(= 1)T( ) , as [ — oo,

where U is the same limit process given in Theorem 3.2 of Jacod and Protter [15]. In fact, their

result, namely
m' m¢ stabl
?(X —X):> yU, as €—>OO,

is not sufficient to prove our Theorem 5, since the multilevel Monte Carlo Euler method involves
the error process X m _ Xm ™" rather than X™ — X. Thanks to Theorem 5 we obtain a precise
description for the choice of the parameters to run the multilevel Monte Carlo Euler method.
Afterward, by a complexity analysis we obtain the optimal choice for the multilevel Monte
Carlo Euler method. It turns out that for a total error of order 1/n® the optimal parameters
are given by

(m —1)Tn**logn

Ny =n**, N,= ) , forte{l,---,L} and L=
mtlogm

logn

(3)

This leads us to a complexity proportional to n?*(logn)? which is the same order obtained by
Giles [8]. By comparing relations (1) and (3), we note that our optimal sequence of sample
sizes (Ny¢)o<so<r does not depend on any given constant, since our approach is based on proving
a central limit theorem and not on obtaining an upper bound for the variance of the algorithm.
All these results are stated and proved in section 3.

In section 4, we investigate the application of this method to the pricing of Asian options.
We proceed by approximating the integral in the payoff process using first the classical Riemann
discretization scheme then the trapezoidal one. It was shown in Lapeyre and Temam [21] that
these discretization schemes are both of second order and the associated weak error ¢, is of
order n™! (see section 4). At first, we prove two stable law convergence theorems, for the errors
of both Riemann and trapezoidal schemes, on two consecutive levels m‘~! and m* (see Theorem
6 and Theorem 7). We obtain a rate of convergence equal to m’ and the limit processes in
both theorems are related to the one obtained by Kebaier [16] for the same setting. Then, we
take advantage of this study to establish two new Lindeberg Feller central limit theorems (see
Theorem 8 and Theorem 9 ). These results provide us a precise description for the choice of
the parameters in the multilevel Monte Carlo method when used to price Asian options. In
this context of second order schemes, the optimal sequence of sample sizes (Ny)o<s<y, proposed
by Giles [8] (see relation (2) with o = 1) does not satisfy the so called Lyapunov assumption of
the Lindeberg Feller central limit theorem (see subsection 4.3). Indeed, Giles’s analysis is only
based on a control of the variance. However, our approach is based on proving a central limit
theorem for the multilevel Monte Carlo method and we need in addition to satisfy a Lyapunov
type condition that controls a moment of order greater than 2. Finally, we provide three possible
choices of (Ny)o<¢<r, satisfying assumptions of the Lindeberg Feller central limit theorem and for
which the optimal complexities can be closer to the order Cysarc = n** but without reaching it
(see subsection 4.4). Section 2 below is devoted to recall some useful stochastic limit theorems
and to introduce our notations.

logm’



2 General framework

2.1 Preliminaries

We first recall basic facts about stable convergence. In the following we adopt the notation
of Jacod and Protter [15]. Let X,, be a sequence of random variables with values in a Polish
space E, all defined on the same probability space (Q,F,P). Let (€, F,P) be an extension
of (2,F,P), and let X be an E-valued random variable on the extension. We say that (X,,)
converges in law to X stably and write X,, =W X if

E(UR(X,)) — E(UR(X))

for all h : E — R bounded continuous and all bounded random variable U on (£, F) . This
convergence, introduced by Rényi [23] and studied by Aldous and Eagelson [1], is obviously
stronger than convergence in law that we will denote here by “=". According to section 2 of
Jacod [14] and Lemma 2.1 of Jacod and Protter [15], we have the following results.

Lemma 1 let V,, and V be defined on (2, F) with values in another metric space E'.
if Vo5V, X, =" X then (V,,X,) =" (V,X)

This result remains valid when V,, =V and conversely, if (V, X)) = (V, X), we can realize this
limit as (V,X) with X defined on an extension of (0, F,P) and X,, ="*W X as soon as V

generates the o-field F.

Note that all this applies when X,,, X are R?valued right-continuous and left-hand limited
processes, where E = D([0,T],R?) is equipped with the Skorokhod topology.

Now, we recall a result on the convergence of stochastic integrals formulated from Jacod and
Protter [15]. This is a simplified version but it is sufficient for our study. Let X™ = (X™");<;<4
be a sequence of R%valued continuous semimartingales with the decomposition

XM =X+ A+ M, 0<t<T

where, for each n € N and 1 <1i < d, A™ is a predictable process with finite variation, null at
0 and M™ is a martingale null at 0.

Theorem 1 Assume that the sequence (X") is such that

T
(M")p + / |aAm
0

1s tight. Let H" and H be a sequence of adapted, right-continuous and left-hand limited pro-
cesses all defined on the same filtered probability space. If (H", X") = (H,X) then X is a
semimartingale with respect to the filtration generated by the limit process (H, X), and we have

(H", X", [ H"dX") = (H, X, [ HdX).



2.2 The Euler scheme

Let X := (Xi),.,., be the process with values in R?, solution to
dX, = b(X,)dt + o(X,)dW,, X, =2z € R? (4)
where W = (W', ..., W) is a q-dimensional Brownian motion on some given filtered proba-

bility space B = (2, F, (Ft)t>0, P). (Ft)t>0 is the standard Brownian filtration.
The functions b : RY — R? and o : R — R¥? are continuously differentiable and satisfy
3 Cr >0; Vz,y € R? we have

16(z) = b(y)l| + [lo(z) —a(y)ll < Cr(lly — z|).
We consider the Euler continuous approximation X" with step § = T'/n given by:
AX = b( Xy, )dt + 0 (X, 0)dWe,  mn(t) = [t/0]0.
It is well known that the Euler scheme satisfies the following properties (see for instance Faure

6] for more details)

K,(T) > 0.

K,(T
P1) Vp > 1, E|:Sup|Xt—th|p:|§ o7)

)
0<t<T np/?

P2) Vp>1, E [ sup |X,[?

0<t<T

+E [ sup |Xt”|”] < KL(T), K}(T) > 0.

0<t<T

2.3 Stable convergence for the Euler scheme error

Now assume that

b1 (Xt) 0'11(Xt> Ce Ulq(Xt) dt

ba (X, Xe) ... X dWw}
Sp(Xt) _ 2(: t) 0—21(: t) 0_2q(: t) and d}/; — :t

bd(Xt) 041 (Xt) PN qu(Xt) thq

then the S.D.E (4) becomes

(=}

dX; = p(Xy)dY; = %‘(Xt)dy;j

Jj=0

where ¢; is jth column of the matrix o, for 1 < j < ¢, and ¢y = b. The Euler continuous
approximation X" with step § = T'/n is given by

AX] = o(X]! )dY; = Z% (Xp 0)dY?, ma(t) = [t/6]6. (5)

The following result proven by Jacod and Protter [15] is an improvement of the result given by
Kurtz and Protter [19].



Theorem 2 With the above notations we have

%(Xn . X) :>stably U

with (Up)o<i<r the d-dimensional process satisfying

1 q t . ..
Ui="7% > Zt/ Z'¢; (Xs) @i (X,)dBY,  te0,T], (6)
; 0

ij=1

where (Zy)o<i<r 15 the R yalued process solution of the linear equation
q t '
Z :1d+2/ ¢; (X,)dYiZ,, telo,T],
j=0 0

©; is a dxd matriz with (Q;)i s the partial derivative of @;; with respect to the k-th coordinate,
and (B7)1<; j<4 is a standard ¢*-dimensional Brownian motion independent of W. This process

is defined on an extension (Q, F, (F;)i0,P) of the space (Q, F, (Fi)i0,P).

2.4 Central limit theorem for Monte Carlo Euler method

In many applications (in particular for the pricing of financial securities), the effective compu-
tation of Ef(Xr) is crucial. The Monte Carlo method consists of the following steps:

e Approximate the process (Xj) by the Euler scheme (X}) with step 7'/n, which can
be simulated.

e Evaluate the expectation on the approximating process f (X7) by the Monte Carlo method.
In order to evaluate Ef (X7) by the Monte Carlo method, N independent copies f(X7;)i<i<n
of f(X7) are sampled and the expectation is approximated by the following quantity

0<t<T 0<t<T?

rn,N 1 2 n
o= N Zf(XTz)
=1

The approximation is affected by two types of errors. An analytical error given by
e = Ef(X}) — Ef(Xr)

and a statistical error f™N —Ef(X2), controlled by the central limit Theorem and which is of
order 1/v/N. An interesting problem (studied by Duffie and Glynn [5] and Kurtz and Protter
[20]) is to find N as a function of n so that both errors are of the same order. Talay and
Tubaro [24] prove that if f is sufficiently smooth, then ¢, ~ ¢/n with ¢ a given constant. A
similar result was proven by Kurtz and Protter [20] for a function f € 4. The same result
was extended by Bally and Talay [2] for a measurable function f but with a nondegeneracy
condition of Hormander type on the diffusion. In the context of possibly degenerate diffusions
X and ¢'-functions f, Kebaier [16] prove that the rate of convergence of the discretization
error €, can be 1/n® for all values of a € [1/2,1] (see Proposition 2.2 of [16]). The following
result highlights the behavior of the global error in the classical Monte Carlo method. It can
be proved in the same way as the limit theorem given in Duffie and Glynn [5].
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Theorem 3 Let f be an R¥*-valued function satisfying
(He)  |f(x) = f)l < CA+ |2 + [yl’)|le =y, for some C,p > 0.
Assume that P(Xr & Dy) = 0, where Dy := {x € R% f is differentiable at x}, and that for

some « € [1/2,1] we have

(Hen)  lim n%, = C¢(T, ).

n—oo

Then

n2a

> F(X7) —Ef(Xr)) = oG + (T, )

=1

with 0* = Var(f(Xr)) and G a standard normal.

1

na(ﬁ

A functional version of this theorem, with o = 1 was proven by Kurtz and Protter [20] for a
function f of class €3. One can interpret the theorem as follows. For a total error of order
1/n® the minimal computation effort necessary to run the Monte Carlo algorithm is obtained
for N = n2>. This leads to an optimal time complexity of the algorithm given by

Cyc =C x (nN)=C x n?*tt with C some positive constant.

3 The Multilevel Monte Carlo Euler method

It is well known that the rate of convergence in the Monte Carlo method depends on the variance
of f(X}) where X7 is the Euler scheme of step 7//n. This is a crucial point in the practical
implementation. A large number of reduction of variance methods are used in practice. The
multilevel algorithm proposes an iterative control variate reduction of variance that extends
the the statistical Romberg method of Kebaier [16] (see also section 1 above). Its specificity is
that the control variate is constructed in an iterative way by the Monte Carlo method using
different time steps m~“T, £ € {0,1,---, L} and m € N\ {0,1} and such that m* = n. Let
us be more precise, it is clearly that

Ef(X7) = Ef(XD) + 3B (X3 = F(x7 ). (7)
(=1

The multilevel method is to estimate independently by the Monte Carlo method each of the
expectations on the right-hand side. Hence, we approximate Ef(X7}) by

No L Ny
Qu =50 Do FXh) = 30 o (£ - £OXR ). ®
k=1 (=1 k=1

The process (X )o<i<r denotes the Euler scheme with time step m=“T for ¢ € {0,--- , L},
where L = logn/logm. Here, it is important to point out that all these L + 1 Monte Carlo
estimators have to be based on different, independent samples. However, for each k£ and ¢ the
simulations f (X:’Fb,i,) and f (X;’f,iﬁl) come from the same Brownian path but with different time
steps. The following result gives us a first description of the asymptotic behavior of the variance
in the Multilevel Monte Carlo Euler method.



Proposition 1 For a function f : R — R® which is Lipschitz continuous of constant [fliip

that is [f]ip = SUp,, %, we have

L

Var(@Q,) = 0()_N/'m™). (9)

=0

Proof : We have

Var(Qn) = Ny 'WVar (f(X})) + ZN[1V(1T (f(ijé) _ f(X%nzﬂ))

(=1

< Ny War (F(X1) +2 30 N7 (Var(F(XE) = f(Xr) + Var(f(X7) = f(Xr)))
0

The inequality (9) shows that the variance of @,, depends on the choice of sample size Ny,
¢ €{0,1,---,L}. This variance can be smaller than the variance of f(X7}), so that @Q,, appears
as a good candidate for the reduction of variance method.

The main result of this section is a Lindeberg Feller central limit theorem for the Multilevel
Monte Carlo Euler algorithm (See Theorem 5 below). In order to prove this result, we need to
prove first a stable law convergence theorem for the Euler scheme error. This is the aim of the
following subsection.

2
-1
+ sup ‘XZ” - X
0<t<T

L
< Ny'WVar (f(X7)) + 2[f]h-pz N, 'E { sup ‘Xtm“ - X,
/=1

0<t<T

We complete the proof by using P1) on the strong convergence of the Euler scheme.

3.1 Stable convergence

In what follows, we prove a stable law convergence theorem, for the Euler scheme error on two
consecutive levels m‘~! and m?®, of the type obtained in Jacod and Protter [15] (see Theorem 2
above). Indeed, their result namely,

m’ ¢ tabl
?(Xm - X)="" U, as L — o0,
is not sufficient to prove our Theorem 5 below, since the multilevel Monte Carlo Euler method
involves the error process X m _ xm ™" rather than X™ — X. Note that the study of the error
X™ — X™" as £ — 0o can be reduced to the study of the error X" — X™ as n — oc.

Theorem 4 Under notations of Theorem 2, we have the following result

mn

xXmn _ xn stably U

where U is solution to equation (6) and m € N\ {0, 1}.



Proof : Counsider the error process U™™" = (U;""")o<i<7, defined by
Uttt = X - X0 te [0, 7],

Combining relation (5), for both processes X™" and X", together with a Taylor expansion yield
us

dU™" = Z@tg an _X:;Ln(t))dytja

77'mn

where .
P :/0 Vi (X + MXm ) = X)) dA.

Therefore, the equation satisfied by U™ can be written as

Umn N / Z 505 ; Umn ndyj Gmn n

with .
t
G = / D gn(XE =X )Y — / Z%J (X — X ) dY)

In the following, let (Z;""")o<i<r be the R™*¢ valued solution of
t q '
ZtTan,n — -[d + / (Z QOZ’] d}/s-]> Z;nn,n‘
Theorem 48 p.326 in [22], ensures the existence of the process ((Z;""")™") <,y solution to

q

t
eyt =gk [ S pas - [z Zw avy.
0

j=1
Thanks to theorem 56 p. 33 in the same reference [22], we get

q

t t
e =z [z aarn - [ - X
0 0

j=1
t
+ [y S o = X ) ds).
j=1

Since the increments of the Euler scheme satisfy

[}

ZSOH s Z )) and X;Tm_ 7777:::1(5 ngszn s nmn(s))

10



with @7; = ¢;(X) () and @ = (X)), it is easy to check that

Umnn sznn/ Hz,jmnn Yy Yz (S>dY +Rmnn+Rmnn

3,j=1

. Z Zmnn/ Hz,g mnn z ) )dY Rmnn o RZ’L;LJL (10)

Nmn(8)
1,j=1

with
mnn sznn/ sznn z Yz (s)) 7 mnn sznn/ HO,Jmnn S_nn( ))dy]

and

q q

t
=y oz / Kimn(yizyi o)ds, Ryy™ ="z / AP (5 =1 (5)) Y.

i=0 0 j=1
where, for (i,7) € {0,--- ,¢} x {1,--- ,q},

q
K;,mn,n _ (Z;nn,n)—l (Sbg,o(p?,i . Z(‘:bg,j)z(p?,i) 7 H;Jmm,n — (Z;rm,n) 190731,]95217

j=1
and

q
i,mn,n __ mn,n\—1 n o —mn E ‘n \2,-mn r7i,j,mn,mn __ mn,n\—1,:n —mn
Ks - (Zs ) (%,O%,i ((ps,]) (psz ) ) Hs - (Zs ) @s7j¢5’i .

Jj=1

Now, let us introduce Z; = D, X; solution to
t 4 ‘
Zy =15+ / Z (@s;dY)) Zs,  with ¢ = Vip;(Xy).
Moreover, ((Z;)™")y<,<p exists and satisfies the following explicit linear stochastic differential

equation
¢ q t q
(Z) ' =14+ / (Z)7" (ps;)7ds — / (Z)7' Y ydYy.
0 j=1 0 =0

Note that using the same techniques as in the proof of existence and uniqueness for stochastic
differential equations with Lipschitz coefficients (i.e. Gronwall inequality), we obtain that for
any p > 1 and for any ¢ € [0,T], Z""", Z;, (Z;""")7', (Z;)~' € L? and

n—00 0<t<T n—oo 0<t<T

lim E | sup |Z,"™" — Zt|p] =0, and lim E [ sup |(Z;"™") (Zt)_lﬂ =0. (11)

11



Furthermore, in relation (10), one can replace respectively Hi/™" and H%"""" by their com-
mon limit
Hy' = (ZS)_IQbs,j@S,ia with ;5 = V(X)) and @s; = ¢i(X5).

So that, relation (10) becomes

q

Umnn _ Z Ztmn,n/ Hzg(yz &) — Yz )de + Rmnn’ (12>

Nmn (S

,j=1

with
mn,n mn,n mn,n mn,n ~mn,n mn,n mn,n
Rt —R +Rt2 +Rt3 Rt,l _Rt2 _R

where R;;™" and RE"’”, i € {1,2}, are introduced by relation (10) and

q t
= S [ (Y Y, ) Y
ij=1 0
q

t
o=y 4 /0 (Hm™® = HP) (Y] =Y o) dYY,

i,j=1

The remainder term process R™"" vanishes with rate y/n in probability. More precisely, we
have the following convergence result.

Lemma 2 The rest term introduced in relation (12) satisfies supy<;<p|v/nR;"™"| converges to
zero in probability as n tends to infinity.

For the reader convenience, the proof of this lemma is postponed to the end of the current
subsection.
The task is now to study the asymptotic behavior of the process given by relation (12)

=1

In order to study this process, we introduce the martingale process,

t
Mtn’z,‘] - A (}/771777.11(5) - }/;n(S)> dYSJJ (ZM]) e {17 e 7q}27

and we proceed to a preliminary calculus of the expectation of its bracket. Let (i, j) and (¢, j') €
{1,--- ,q}?*, we have
e for j # j/, the bracket (M™% M™"3") =0

e for ] — j/ and 1 # 'i,7 ]E<Mn,i,j7Mn,i/,j> =0

12



o for j = j" and i = ¢, E(M™"), = [/(1hmn(s) — 1a(s)) ds, t € [0,T] and we have

o (1)
B = [ (ns) = (s + O

m— 1[t/5] L (mk40+1)5/m

1
- > ];/( (n(5) = 1a(s)) ds + O(=)

k+£)6/m
m—1[t/8]—1

N
E

m

60 (mk+ ¢ 1
—( _k>+0(ﬁ):

Having disposed of this preliminary evaluations, we can now study the stable convergence
of < 2’””) Mt ) . By virtue of Theorem 2-1 of [14], we need to study the asymptotic

1<i,j<q
behavior of both brackets n(M™" M™"7"), and /n(M™"1 Y7, for all t € [0,7] and all
(i,4,4',5') € {1,--- ,q}*. The case j # j' is obvious and we only proceed to prove that

o for j =5, /n(M™ Y3, 50, for all ¢t € [0, 7).

n—oo
o for j =y and i # i/, n{M™", M”’i/’j>ti>0, for all t € [0, 7).
o for j =j and i =, n(M™), — - UT4 for all t € [0, 7.

n—oo

For the first point, we consider the L? convergence

t 2
E(M™ Y7 = (/ (Y o) = Yoy (s))ds )
= / / () ™ Yo ) Yoy — Youw)) dsdu

= / g(s,u)dsdu
0<s<u<i

with
9(8,1) = N (8) A N (W) = N (8) A (1) = 70 (8) A D (1) + 7 (8) A 1 (0). (14)
It is worthy to note that
Un(s) < nmn<5) <s< nn(u) < 77mn<u) <u, V s< Un(u) (15>

Hence g(s,u) =0, for s < n,(u), g(s,u) = Nmn(s) — nu(s), for n,(u) < s < u, and
2

o T [t T
E (M Y7)? = 2/ (N (8) = Na(s)) dsdu < 2— [ (u —n,(u))du < 2—t.
n Jo n

0<nn (u) <s<u<t

13



This yields the desired result. Concerning the second point, the L? norm is given by

/

t 2
E(M™7 M™"9)} = E </ Yoo = Y)Y (s) — Yﬁn(s))da?)
7 7 2
= / / 77mn s Y77 ( ))<Y77mn(“) - }/Wn(u)))) deU

= / g(s,u)*dsdu,
O<s<u<t

with the same function g given in relation (14). By properties of g developed above, we have
in the same manner

o T3
E(M™ M)2 = 9 / (1hn(8) = M (s))*dsdu < 2—t,
n

0<nn (u) <s<u<t

which proves our claim. For the last point, that is the essential one, taking into account the
development of E(M™%), given by relation (13) we obtain

nyi,j (m —1)T ? 2 N\ 2 (m — 1)2T2
E (n(M Ny — ——t | =nEM™); — oz

2m

2 +0(%). (16)

Otherwise, we have

t
E<M”’z"7>? = (/ (YZ () — Yln(s))2d5>

- / / ~ Y)Y — Yoa(w))?) dsdu

2

= / h(s,u)dsdu (17)
O<s<u<t
with
h(s,u) = B (V0 = Y0 Vi) = Yauw)?) - (18)
On the one hand, for s < n,(u), by property (15) and since the increments Y;mn(s) — Ynin(s) and
Y, () ~ Y, (u) A€ independent, it follows immediately that

h(s,u) = (Nmn(8) = 0u(8)) Nmn (1) — Na(u)).

On the other hand, in relation (18) we use the Cauchy-Schwartz inequality to get h(s,u) =

O(#) and this yields
1
/ h(s,u)dsdu = O(—).
0<nn (u) <s<u<t n

Now, noting that (9mn(s) — 17.(5)) (an (1) — 7 (w)) = O(Z5), relation (17) becomes

B () = 2 [ (als) = 050 (1) = )+ O

- (/ Uinnls) — nn<s>>ds)2 +0().

14



Once again thanks to the development of E({M™"7),) given by relation (13), we deduce that

(m —1)2T? , 1

By = LT 0, (19)

Combining relations (16) and (19), we deduce the convergence in L? of n(M™"7), towards

(m=-UT;  Hence ( Zmn__ |\ fn.i. ) converges in law stably to a standard ¢-dimensional
am (m=1)T 1<i,j<q

Brownian motion (B%);<; j<, independent of W. Consequently, by Lemma 1 and Theorem 1,
we obtain

— t ' , t  dBY
[T gy Y ydY > 0) = stably (/ Hy —= t> 0)
( (m — 1)T/0 Nmn(s) M (s) \<i<q 0 V2 1<ij<q

Finally, we complete the proof using relations (11), (12), Lemma 2 and once again Lemma 1 to
obtain
mn

1 < to
[ymnn :>stably U h U = — VA / H“dBY .
—(m — 1)T , where t \/5 Z t o s s

7,7=1

O

Proof of lemma 2 : At first, we prove the uniform probability convergence toward zero of
the normalized rest terms /nR;;"" for i € {1,2}. The convergence of \/ﬁfiznn i e {1,2} is
a straightforward consequence of the previous one. The main part of these rest terms can be
represented as integrals with respect to three types of supermartingales that can be classified
through the following three cases

t t ¢
D0 = \/ﬁ/ (s—nn(s))ds, D" = \/ﬁ/ (Ki—an(s))d& M = \/ﬁ/ (s =na(s)) dY?,
0 0 0

where (i,7) € {1,--- ,q}* and t € [0,T]. In the first case the supermartingale is deterministic
of finite variation and its total variation on the interval [0, 7] has the following expression
T 0.0 T T2
dD;}"™""| = \/ﬁ/ (s —mu(s))ds < —.

/0 40 0 vn
So, the process D™%Y converges to 0 and is tight. In the second case, for i € {1,--- ¢}, the
supermartingale is also of finite variation and its total variation on the interval [0, 7] has the
following expression

/ \de’“O}:\/ﬁ/ Yi—Y, | ds.
0 0

It is clear that sup, E (foT |d Dm0

Therefore, we only need to establish the convergence of D" towards 0 in L2(2), for t € [0, T].
In fact, we have

7170

> < 0o which ensures the tightness of the process D"

E ((D/"%)?) = 2n/ E((Y] =Y ) Yi=Y! ) dsdu.

Mn
O<s<u<t

15



When s < n,(u), we have 1,,(s) < s < n,(u) < u and by independence of the Brownian motion
increments, we deduce that the integrand term is equal to 0. Otherwise, when s > n,(u), we
apply the Cauchy Schwartz inequality to get

E ((D)?) < 2T /t(u — p(u))du < 2%21%.

It follows from all these that D™*° = 0. In the last case, for j € {1,--- , ¢}, the process M;"*’
is a square integrable martingale and its bracket has the following expression

3

(M09)y = / (s — nu(s))Pds < —.

n

It is clear that sup, E(M™%); < oo, so we deduce the tightness of the process (M™%7) and
the convergence M™% = (.

Now thanks to property P1) and relation (11), it is easy to check that the integrand processes
Kimmn and H%9™mm - introduced in relation (10), converge uniformly in probability to their

respective limits K = (Z,)~! (gbs,ogbs,i —Z?:1<¢s,j)2@s,i> and HX = (Z,) s j@si, where
s = Vo;(Xs) and @s; = ¢;(X;). Therefore, by Theorem 1 we deduce that the integral
processes given by

t
Vi [ = v dsand Vi [ H = () dv
0

vanish. Consequently, we conclude using relation (11) that \/nR."™" = 0 for i € {1, 2}.

We now proceed to prove that Ry"™" = 0. The convergence of the process Ry"™" toward 0 is
obviously obtained from the previous one. The main part of this rest term can be represented
as a stochastic integral with respect to the martingale process given by

N = /n / — Y} ) dYd,

with (i,7) € {1,--- ,q} x {1,--- ,¢q}. It was proven in Jacod and Protter [15] that

m .. B
NI :>stably —
T V2

where (BY)i<;j<q is a standard ¢°-dimensional Brownian motion defined on an extension
(Q, F, (F)iz0, P) of the space (Q, F, (F;)i>0, P), which is independent of W. Thanks to property
P1) and relation(11), the integrand process H*»""" — H% = () and once again by Theorem 1
we deduce that the integral processes given by

¢
Vit [ 9 =Yy ) av?
0
vanish. All this allows us to conclude using relation (11). U
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3.2 Central limit theorem

Let us recall that the multilevel Monte Carlo method uses information from a sequence of
computations with decreasing step sizes and approximates the quantity Ef(X7) by

Ny

1 S| e 1 1
Q= 5 L) + 3 3 (O = FOGE)) o m €N\ (0.1} and L= 280

logm’

In the same way as in the case of a crude Monte Carlo estimation, let us assume that the
discretization error

en = Ef(X7) — Ef (X7)

is of order 1/n® for any a € [1/2,1]. Taking advantage from the limit theorem proven in the
above section, we are now able to establish a central limit theorem of Lindeberg Feller type on
the multilevel Monte Carlo Euler method. To do so, we introduce a real sequence (as)e>1 of
positive terms such that

L

L
. o . 1 p/2
W) ng{)lo ag = oo and nggo W ;ag =0, for p > 2.

and we assume that the sample size N, depends on the rest of parameters by the relation

20(m —1)T &
Ny = n2e, NFMZ% te{l,--,L} and L=
=1

mtay

logn

: 2
logm (20)

We choose this form for N, because:
e it is a generic form covering our different studies for both first and second order discretization
schemes (see subsection 4.3 below),
e it allows us a straightforward use of Toeplitz lemma that is a crucial tool used in the proof
of our central limit theorem.

We can now state the analogue of Theorem 3 in our setting.

Theorem 5 Let f be an R¥*-valued function satisfying
(He) | f(x) = f(y)l < CA+ |2’ + [yl")|lz —y|,  for some C,p > 0.

Assume that P(Xr & Dy) = 0, where Dy := {x € R% f is differentiable at x}, and that for
some « € [1/2,1] we have

(He,)  lim n%, = C¢(T, o).
n—oo
Then, for the choice of Ny, £ € {0,1,--- , L} given by equation (20), we have
n(Qn —E(f(Xr))) = N (Cy(T,a),0°)

with 0® = Var(f(X+)+Var(Vf(Xr)Ur) and N (C4(T, ), 0%) denotes a normal distribution.

17



Proof : To simplify our notations we give the proof for & = 1, the case a € [1/2,1) is a
straightforward deduction. Combining relations (7) and (8) together we get

Qn —E(f(Xr)) = Q + Q;, + &0,

where

0! = Niog(ﬂxik)—E(ﬂX%)))
A Ly
Qn = ZE

/=1

Using the assumption (H.,) we obviously obtain the term C';(T’, &) in the limit. Taking Ny = n?,
we can apply the classical central limit theorem to nQ}. Then we have

(f(X;;f,i) — f(Xp ) —E (f(X:’F‘Z) - f(Xz’?l*l))) :

nQl = N (0,Var(f(X7))) .
Finally, we have only to study the convergence of n@% and we will conclude by establishing
nQ? = /\/(0, f/ar(Vf(XT).UT)>.
To do so, we plan to use the Lindeberg Feller theorem [10] with Lyapunov condition. We set

—1

Ny
n mE’mE—l mz,m mé mZ—l ml m[—l
Xn,z = E E ZT,;C and ZT,;C f(XT,k> - f(XT,k ) —E (f(XT,K) - f(XT,k )) :
k=1

In other words, we will check the following conditions :

o lim, oo Sor, E(X,0)? = Var (Vf(Xr).Ur)

e (Lyapunov condition) there exists p > 2 such that lim,_, 21{}:1 E|X, " =0.
For the first one, we have

L L L o
n mé,mf—l
S E(X0)? =Y Var(X,.) = AL (ZT71 )
/=1 /=1 /=1
1 EL: mZ v (Zme m271> (21>
= ap———=Var ’ .
Zf:l (e p—y (m —1)T o

Otherwise, since P(Xp ¢ Dy) = 0, applying the Taylor expansion theorem twice we get

1

-1 ml mlf
FOOY — X = VF(X).UP ™ +
(X — Xp)e(Xp, X2 — Xp) — (X2 = Xp)e(Xp, X" — Xop).

18



with e(Xp, X — XT)) —>O and e(XT, Xp —XT))Ei)O . By Theorem 2 we get the tightness

—00
of \/ 1)T(Xm XT) and \ =T (Xm — X7) and we deduce
mt mt e e .
(TTL . 1)T ((XT - XT) (XT7 X — XT) (XT — XT>€(XT7 XT — XT)) QOO

So, according to lemma 1 and Theorem 4 and since Vf(X7 ") % V f(X7) we conclude that
—00

mt

(m—1T (f(X?#) - f(XFH)> =1 T f(X7).Up, as {— oc. (22)

Using (Hy) it follows from property P1) that

Ve >0, supE
¢

We deduce using relation (22) that

E ( ﬁ (f(X;p‘) . f(X;ﬁ“))) = E(Vf(XT).UT>k <o for ke {1,2}.

Consequently,

m[

(m—1)T
Hence combining this result with relation (21), we obtain the first condition using Toeplitz

lemma. Concerning the second one, by Burkholder’s inequality and elementary computations,
we get for p > 2

VaT(ZmZ e ) — Var (Vf(X7).Up) < oc.

p
np ¢
<C,——=E ’Zm m
> 0Gp T,1
Nf/Z

Ny

e, 0—1
§ : m°m
ZT,l

(=1

p
)

np
E| X, P = ~—F
Ny

—1

where C), is a numerical constant depending on p only. Otherwise, property P1) ensures the
existence of a constant K, > 0 such that

mlmt=1p Kp
EZTJ ‘ < mpt/2
Therefore
L L = L
~ n” Cy p/2

ZEanA < sz Np/Qmp@/Q L p/2 Zae 7:00

=1 =1 *V¢ <Z£:1 ae) =1
This completes the proof. ([l

19



3.3 Complexity analysis

As in the Monte Carlo case we can interpret Theorem 5 as follows. For a total error of order 1/n®
the computational effort necessary to run the multilevel Monte Carlo Euler method is given by
the sequence of sample sizes specified by relation (20). The associated time complexity is given
by:

L
Cume = CX <n2a +2Ng(mé+mﬁ_1)> with C >0

(=1

The minimum of this complexity is reached for the choice of weights a; =1, ¢ € {1,---,L},
since the Cauchy-Schwartz inequality ensures that L? < Zle % Zle ag, and the optimal
complexity for the multilevel Monte Carlo Euler method is given by

2
_ 20 2a o m”—1 _ 20 2
Cuymc =C x (n + n**(logn) —m(logm)Q) =0 (n (logn) ) )

Note that this optimal choice a; = 1 corresponds to the sample sizes given by

(m — 1)Tn**logn
Ny = ted{l,---  L}.
¢ mtlogm ’ Lo 1}

Hence, our optimal choice is consistent with that proposed by Giles [8]. Nevertheless, unlike the
parameters obtained by Giles [8] for the same setting (see relation (1)), our optimal choice of
the sample sizes Ny, £ € {1,---, L} does not depend on any given constant, since our approach
is based on proving a central limit theorem and not on getting upper bounds for the variance.
Note also that the optimal choice of the parameter m is obtained for m* = 7. Otherwise, for
the same error of order 1/n®* we have shown that the optimal complexity of a Monte Carlo
method was given by
Cue = C x n?*tt

which is clearly larger than Cjspe. So we deduce that the multilevel method is more efficient.

4 Multilevel Monte Carlo and Asian options

The payoff of an Asian option is related to the integral of the asset price process. Computing
the price of an Asian option requires the discretization of the integral. The purpose of this
section is to apply Multilevel Monte Carlo to the approximation of the integral and to carry
on a complexity analysis in this context. This will lead us to prove a stable law convergence
theorem for the discretization error, which can be viewed as the analogue of our Theorem 4
above. Let S be the process on the stochastic basis B = (£, F, (F)i>0, P) satisfying
dsS; .
< = rdt + odW,,  witht € [0,T], T >0,

t
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where o and r are real constants, with ¢ > 0 and (Wt)te[o,T] is a standard Brownian motion on
B. The solution of the last equation is given by
2

Sy = Spexp((r — %)t +oW,), where Sy > 0.

1 T
IT = 5;{/{ f;u du.

Let f be a given real valued function. Our aim will be to evaluate

e "R f(Ir).

We set

In a financial setting, if f(x) = (z — K),, this last quantity is the price of an Asian call option
with fixed strike K. In this case there is no explicit formula that gives the real price. So, the
computation of this price, by a probabilistic method, requires a discretization of the integral Ir.
There are several approximation schemes used in practice and one can consider either Riemann
scheme or the trapezoidal scheme. We have

n—1 n—1
n_ 1 a1 Sks + Stkt1)s T
It = - E Sks, and Jp = - g #(H), where 0 = —
k=0 k=0

We call the first approximation Riemann scheme because it is closely related to the Riemann
approximation of the integral and the second the trapezoidal scheme because it is closely related
to the trapezoidal approximation of the integral. We recall some results proved by Lapeyre
and Temam [21] on the expansions for the strong and weak errors associated to both Riemann
and trapezoidal schemes. Indeed, concerning the strong errors they prove that for p > 1, there
exist K,(T) > 0 and K,(T) > 0 such that

1/2p KT
PR1) <E<Sup |I[L—It|2p>> < it ),

t€[0,7 n
1/2p ~
K, (T
PT1) (E| sup |J" — L|* < it )‘
te[0,T] n

Hence, it is obvious that both schemes are of second order. Concerning the weak errors they
prove that for any R-valued function f satisfying condition (#g), if P(Ir ¢ Dy) = 0, where
Dy := {x € R% f is differentiable at x}, then there exist real constants C]Ic and C’]‘c] such that

PR2) lim n(E M —E f(IT)> —cl,
n—oo
PT2) lim n<Ef(J;) - Ef(IT)> — .
n—oo
In order to obtain central limit theorems for the multilevel Monte Carlo method associ-
ated with both Riemann and Trapezoidal schemes, we study the asymptotic behavior of the
distribution errors as in the previous Euler scheme case. We establish two stable convergence

theorems for each scheme.
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4.1 Stable convergence of the Riemann scheme error
The Riemann approximation of the process is given by

[t/ 8]-1

W L[ ()
It_?/o nnu)du* ZSngr S o (t)

with 7, (t) = [t/6]0. One have to study the distribution of the error process 1" — I™.

Theorem 6 We have the following result

77;71 1(]mn . In) :>stably§
m J—

where £ is the process defined by

fm =18~
& = mrl 2 2\/_/an37“

where B is a standard Brownian motion on an extension B of B, which is independent of W.

Proof The error, £"™", is given by

mnn mn n e
gt = [t - [t - ?/0 (Snmn(s) - Snn(s)) ds.

Noting that the integrand vanishes on the interval [1,(s), n.(s) + this error can be written

as follows

b

&= T/o (Snmn(s) - Snn(s)) l{nn(8)+i<s<n (8)+5 }ds + Ry

mn —

t/§ —1m—1

= % Z ; (mk+£)6/m — SkJ) + R:Snnma

1 t
where R;"™"" = ?/ ) (Sn(s) — Snn(s)) ds. Now, using the dynamic of S; we get

[t/6]— 1m 1 (mk+0)6/m 1 [t/s]— 1m L (mk+0)5/m
gmnn S, du + — S dW, + R™"
O 3 EY T D B R

k=0 (=1 k=0 ¢=1
[t/8]-1m—=1  .(k+1)s

= Z Z/ Sy 1{k5<u<(mk+g)5/m}(rdu + odW, ) + R?mn
k=0 (=1

1 1
_mn/ 7Sy g u+—/ oSy E )dW, + R™™
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with the digital function defined, for £ € {1,--- ,m — 1}, by

dy"" () 2= 1y, u)<usnn(u)+t6/m}
Hence we get

t t
mn&"" = / rS,dD;"™" + / oS, dM]"™" + mnR]"™"
0 0

with the martingale integrand

ann_ /nnt)mzldmnn

and a drift term with bounded variation

n(t) M— 1
Dmnn_ /77 ® denn

To study the convergence of the martingale, we compute its quadratic variation

Mn (1)
(M / Z 4" () du, + 2 /0 Z d,""" (w)d,"™" (u)du

1<0<l/<m—1
For the first term, we note

m—1 —1

Z dmn N

(=1

3

L (w) <usnn (u)+06 /m} -
1

o~
Il

Concerning the second integral, since for 1 < ¢ < ¢’ < m — 1 we have

() < 1 (u) + £0/m < nn(u) + £6/m < na(u) + 6,

(23)

the expansion of d,"""(u)d,"" (u) = d,"""(u). Therefore, coming back to the bracket (23), we

get after computation
m—1

n—00

m
(=1 1<b<t/ <m—1

Furthermore, by simple computation we get

0 £/6]5 "= 1 1
(M W, = / Z d""" (u)du = [t/0 ZE = [t/0]0 — m
0 —1 m =1 n—o00
Besides, using this last computation it is easy to check that
1 -1
sup |D;"™" — M=y = sup |[t/0]d —t| — 0.
0<t<T 2 2 0<t<T n—00
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By virtue of Theorem 2-1 of Jacod [14] we obtain the stable convergence of

-1 -1 21
rD?n’n%—aMfm’n:Stablymz Tt+m2 oWy + m12

O'Bt

where (B;)>0 is a Brownian motion independent of (W};);>o. Moreover, according to the above
computations, it is easy to check the tightness of (M™™™)+ fOT d|D{"™"| and thanks to Lemma
1 and Theorem 1 we get

¢ ¢ S, — S 21 [*
/ TSudDZm’n + / O_SudMZnn,n :>Stably (m . 1) t 0 + m / O'SudBu

in probability to zero. This rest

Now, it remains to prove the convergence of sup |mnR;"™""
0<t<T

term is bounded up to a constant factor by supg<icr |Spnt) — Spa|- Finally, the proof is
completed using the holder regularity of the process S.
O

The above subsection is devoted to the study of the trapezoidal scheme error.

4.2 Stable convergence of the trapezoidal scheme error
The trapezoidal approximation of the process is given by
[t/8]-1

n 1 tS7LU+SnU ) 1 Sk5+Sk: 1) Sn +St
Jtzf/o () 2("()+Wd“:gz (413 44 (1)) 210

k=0
with 7, (t) = [t/6]0. One have to study the error process given by J""* — J".

Theorem 7 We have the following result
TT;TL - (Jmn o Jn) :>stably X
m —

where x is the process defined by

1 t
— — [ 65,dB,,
Xt 2\/5/0‘

where B is a standard Brownian motion on an extension B of B, which is independent of W.

Remark The process y above is the same limit process given in Theorem 4.1 of Kebaier [16].
In fact, he proves that ,
mf(J™ — )=y as 0 — oo,

which is not sufficient to prove our Theorem 9 below, since the multilevel Monte Carlo method
involves the error process J m’ _ Jm~" rather than J™ — J.
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Proof Considering the trapezoidal scheme, for the fine time discretization step d/m, we can
write it as follows

. 1 (m® I
Jt = ﬁ (Snmn + S 77mn +5/m )du + ﬁ ( )(Snmn + S nmn +5/m)/\t)du
m—1 t/(ﬂ 1 1 t
= (mk+£)5/m + S mk+€+1)5/m) To5p / (Snmn + S (Nmn (u +5/m)/\t>du
2mn ; kzo 2T Jyoy

The first term in the right hand side, can be arranged as follows

1 [t/0]-1 1 ™ 1[t/8]—1
S kz_; (Sk5+S(k+1 %; ; S(mk+0)8/m-

So that, the error, &™", can be arranged as follows

[t/0]—1 m—1[t/d]—1

1
gmn,n = Jmn . Jn _ S S o Sm . Rmn,n’
t e Z (Sks + Ste41)s mn; % kros/m + By
with
R = — (Stn) + Stimn+o/mnt = Snaw) = St w)+8)a¢)du-
2T St
Furthermore, we rewrite the error as
[t/6]-1m—1
B = S S (ke Swswin) — (Soneraon — Sk)) + B
k=0 (=1

Now, using the dynamic of S; we get

[t/5]- 1m L (k+1)5
¢ an Z /k5 ( {(mk—+0)8 /m<u< (k+1)8} {k6<u<(mk-+£)s/ })
k=0 (=1
[t/5] 1m 1 (k+1)s
B ]-m m<u — Lips<u<(m my) dW,, + R
G-~ /k {(mk—+0)6 /m<u<(k+1)5} {k6<u<(mk-+£)s/ }) t
k: 0 (=1
— _%/0 rSugzle (u)du—%/ oS, Zd w)dW, + R™

where the digital function defined, for ¢ € {1,--- ,m — 1}, by

d""" (1) = L, (w06 /m<u<nn (w)+6} — Lin (u)Su<in (u)+26/m} -

Hence, we get

¢ ¢
mn&"" = / rS,dD;"™" + / oS, dM]"™" + mn R
0 0
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with the martingale integrand

M= —5/0 > d " (w)dW,
=1
and a drift term
D" = —5/0 Zzldg " (u)du

To study the convergence of the martingale, we compute its quadratic variation

7771 nn

1<E<f’<m 1
For the first term, we note that
m—1 m—1
> (dm = ) L rts/meucnn @6} + L) <ucn w)+06/m}
/=1 (=1
m—1

= L, (wy<u<nn(wy+6y = (M —1).
1

~
Il

Concerning the second integral, since for 1 < ¢ < ¢ < m — 1 we have
Na(w) < nu(u) +£05/m < ny(u) + 06 /m < n,(u) + 0,
the expansion of d,"""(u)d,""(u) is equal to

L, (w406 /m<u<nn(w+6} = Lina (w)+05/m<u<n, (w)+06/m} T Lin, () <u<n, (w)+65/m}

(24)

that we rewrite as 1 — 2 X Ly, (w)406/m<u<n, (u)+s/m}- Coming back to the bracket (24), we get

after computation

AM™Y, = (m— 1)t — % Y- — mio 1,

n—00 3
1<e<t/<m—1
Furthermore, by simple computation we get
N (t) m—1 / 5m1 /]5m—1
< . Z m z:1 mo3

Finally, We can proceed analogously to the Riemann case to achieve the proof.

We can now formulate our main results for both Riemann and trapezoidal schemes.
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4.3 Central Limit Theorems

In the same way as in Euler scheme frame, we consider a real sequence (ay)s>; of positive terms
satisfying

L L
. . 1 p/2
(W) nh_)rrgoz ag =00 and nh_{rolo PR~ Zae =0, for p > 2. (25)
= (Zzzl aé) =1
Let us assume that the sample sizes Ny, for £ € {1,--- L}, for the multilevel Monte Carlo
method, have the following form
(m? —1) logn
N, = m%a Zae, tef{l,---,L} and L= ogm’ (26)
4.3.1 Riemannian Scheme
Now, we consider the Riemann scheme
L
n mt mt-1
E(f(I) =E (F(1}) + 3B (f7) = ). (27)
=1

It is worth to note that f(I}) is deterministic equal to f(s¢). Hence, the multilevel method in
this case can be written as

Qu = oo+ 3" 5 S () - 1)) (28)
/=1 k=1

We can now state the Central limit theorem in this setting.

Theorem 8 Let f be a R-valued function satisfying condition (Hg) and such that P(Ip ¢ Dy) =
0, where Dy := {x € RY f is differentiable at x}. We have

n(Qn —E(f(Ir)) = N (Cf,0?)

where 02 = Var (f’(IT)fT) and CJ{ is given by property PR2). Here £ is the limit process in
Theorem 6.

Proof : Combining relations (27) and (28) we obtain
Qn—E(f(Ir)) = Qu +E(f(I1)) = E(f(Ir)),

where
ZMZ( (1) — F ) = E (£ = £ 7))
/=1

Using assumption PR2), we obviously obtain the term C]Ic in the limit. So, we have only to
establish

nQ, = N(O, Var(f’([T)fT)).
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To do so, we plan to use the Lindeberg Feller theorem [10] with Lyapunov condition. More
precisely, We set

Ny

1 -1

n
Xn,f :

o mé,mg_ ml,m
=) Zry and Zr .
NeiH

= FI) = P B (£ - FUET))

and we have only to check the following conditions :

o lim, oo So1, E(X,0)? = Var(f'(Ir)ér)

e (Lyapunov condition) there exists p > 2 such that lim, ., Y7 E|X, " = 0.
For the first one, we have

L L L o
2 B n mt mt=1
DB = 3 VarlXo) = 3 ver (277

{=1
20

L
1 m mb.mt—1
AT ke e (z2) . (@)

=1% p—q

Otherwise, since P(Ir ¢ Dy) = 0, applying the Taylor expansion theorem twice we get

POy = FE ™) = f/ () (I — 1)+
(I = Ip)e(Ip, I — Ip) — (I = Ip)e(Ip, I3 = Ip).

with (I, IT" — IT))%O and e(Ip, Im'™" — IT))%O. By property PR1), we get the tightness
of —00 —00
—m (' — I;) and

m2—1

\/;([m — I7) and we deduce

mé

(" = F)e (e, 1 = 1) = (I = e, 177" = 7)) =550,

m? —1 {—00

So, according to lemma 1 and Theorem 6 and since f'(I") % f'(Ir) we conclude that
— 00

mé

(PO = FET) = f(Ir)er, as €= oo (30)

m?—1
Now, using (Hs) it follows from property PR1) that

2+4¢

Ve > 0, supE < 00.

e (s - )
We deduce using (30) that

¢ k k
E (L (f([;z*) — f([;ﬁ“))) - E(f’(IT)§T> < oo with k€ {1,2}.

m?2 —1
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Consequently,
20

m? —1
Combining this last convergence with relation (29), we obtain the first condition a using Toeplitz
lemma. Concerning the second one, by Burkholder’s inequality and elementary computations,
we get for p > 2

Var(Zpy™ ) — Var (f'(Ir)ér) < oc.

p
p

)

n? mt.m
SC Né)/Z ‘ZTl

-1

n
E| X’ = 15E

Ny

mi’mi—l
E Zr
/=1

where C), is a numerical constant that depends on p only. Otherwise, property PR1) ensures
the existence of a constant K, > 0 such that

memt=1ip K,
IE|ZTl | mpf
Therefore,
L L G L
2
2EXl <G p/z L S—E> a0
=1 (Zz=1 ae) =1
This completes the proof. O

4.3.2 Trapezoidal Scheme

Now, we consider the trapezoidal scheme.

E(f(J1) = E (F(J}) +ZE( - FE ).

Hence, the multilevel method in this case can be written as

1 & /S + Sr . e
anﬁo;f(O ) ZNEZ( (175) = £ ).

In the following we consider the same real sequence (ay)s>1 of positive terms given by relation
(25) and the sequence of sample sizes (N;)o<¢<r given by relation (26). We can now state the
Central limit theorem for the trapezoidal scheme.

Theorem 9 Let f be a R-valued function satisfying condition (Hg) and such that P(Ip ¢ Dy) =
0, where Dy := {x € RY; f is differentiable at x}. We have

n(Qn —E(f(I1)) = N (C},07)

where

o® = Var <f (SO ; ST)> +Var(f'(Ir)xr)

and C{ is given by property PT2). Here, x is the limit process in Theorem 7.
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Proof: We can write

Qn —E(f(Ir) = Q)+ Qr + E(f(J1) —E(f(Ir)),

where

> (F0m) ~ B (£05))
@ = > (U - fOR ) - E (F0E) - 1))

Using assumption P7T2) we obviously obtain the term C}] in the limit. Afterward, one can
apply the classical central limit theorem for the quantity Q}L with Ny = n? to get

nQL = N (0, var(f(JgL“))) .

On the other hand, the convergence of n@i is obtained by following the proof steps of the
Central Limit Theorem for the Riemann scheme, Theorem 8. Using this approach, we have only
to use respectively property P7T 1) and Theorem 7 instead of PR1) and Theorem 6. Hence, we
obtain the following convergence

nQ? = N (O, f/ar(f'(IT)XTD .

This completes the proof.

4.4 The complexity

The following complexity analysis stands valid for any second order discretization scheme.
In particular, it remains valid for both Riemann and trapezoidal schemes. As in the Monte
Carlo case we can interpret Theorems 8 and 9 as follows. For a total error of order 1/n
the computational effort necessary to run the multilevel algorithm applied to the Riemann or
trapezoidal scheme, with step numbers m¢, (m,¢) € N\ {0,1} x {1,---, L}, corresponds to the
sequence of sample sizes (Nyp)o<s<r given by relation (26). Consequently, the time complexity
in the multilevel Monte Carlo method for these second order schemes is given by

L
Cyume = Cx ZNg(mz + mf_l) with C' >0
=1
L L
(m+1)2%(m-1) , 1
= C .
x D i D
=1 =1
The minimum of this complexity is reached for the choice of weights a; = m=2 (e {l,--- L},

2
since the Cauchy-Schwartz inequality ensures that (ZeL:1 m=t 2) < Zle m+ae 2521 ag, and
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the optimal complexity for the multilevel Monte Carlo method for this choice is given by

m

2
a 1)2(m — 1 L
C]\;Mczox(m—i_ )(m )712 (Zm—€/2> :O(n2)
/=1

/2 corresponds to the sample size

of the " level in the multilevel algorithm, which is consistent with the complexity analysis
given in Giles [8]. More precisely, by taking 5 = 2 in Theorem 3.1 of [8] we recover the same
complexity as well as the same order of sample sizes (Ny)o<s<1 (see also relation (2) ). However,
this optimal choice a}, leading to the complexity n?, does not satisfy condition (W) and even the
Lyapunov condition. Hence, there is no reason that the Central limit theorem holds. Actually,
Giles’s analysis is based on the control of the variance, whereas, for the same framework, to
obtain the central limit theorem, we need in addition a Lyapunov type condition that controls
a moment of order greater than 2. As a consequence for applications, we recommend not to use
the multilevel Monte Carlo method associated to second order schemes with the sample size
N, given by relation (31), since the central limit theorem, essential when we use Monte Carlo
methods, does not hold.

So, how to choose this sequence (Ny)o<s<r in an optimal way and such that the central
limit theorem still holds? We shall exhibit three sequences (a;)1<s<r satisfying our condition
(W) and reducing significantly the complexity and for which the complexity is explicit. In the
following, we fix Ny = n? and for all £ € {1,---, L} we have

Note that this optimal choice a; = m™

m2 —1

0 n2L . This leads to

a) the choice ap; = 1, corresponds to the sample size Ny =

a 1)?
a complexity Cyjye = C X | n® + mnz log n> = O (n?*logn). In this case, the
mlogm
optimal choice of the parameter m is equal to 4.
2 1)
b) For ago = 1/¢, we get Nyo = <m—%>n2 S 7. This leads to a complexity
m

. D2(m—1) e £ a1
C]\j’]@C:C’x<n2—l—(m+ )7n(m )HQZWZZ>

1 2
~ (C' x wnz loglogn = O (n2 log log n)
m_

and the optimal choice of the parameter m is equal to 3.
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(m? — 1)llog /¢

c¢) For ap3 =1/(Clogl), we get N3 = n? S0 Tlogz and a complexity

m2e
" (m+1 m—1) 2 llog/t
Chrrie = C % (n + z_: mt Zflogﬁ
1 -1 1
NCX (m+ ) (m )nQZE Oggn logloglogn_ O(nglogloglogn)
m m

(=1

In this last case, the factor depending on m, in the above complexity, can be interpreted

as (m:;l E (G log(G,,)), where G, o Geometric(1 — 1/m). So, a simple Monte Carlo
approximation yields the optimal choice of the parameter m which is equal to 5.

Through these examples, we note that the central limit theorem is conserved and the complexity
can be very close to the order n? without reaching it. In the other hand, for the same error of
order 1/n we have shown that the optimal complexity of a Monte Carlo method was given by:

CMcszn3

which is clearly larger than Cjspe. So we deduce that the multilevel method is more efficient.

5 Conclusion

The multilevel Monte Carlo algorithm is a method that can be used in a general frame-
work: as soon as we use a discretization scheme in order to compute quantities such as
Ef (X;,0<t<T), we can implement the statistical multilevel algorithm. And this is worth
because it is more efficient than a classic Monte Carlo method.
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