CENTRAL LIMIT THEOREM FOR THE MULTILEVEL
MONTE CARLO EULER METHOD

MOHAMED BEN ALAYA! & AHMED KEBAIER*!

1 Université Paris 13

Sorbonne Paris Cité, LAGA, CNRS (UMR 7539)
99, av. J.B. Clément 93430 Villetaneuse, France
mba@math.univ-paris13.fr kebaier@math.univ-paris13.fr

September 16, 2013

Abstract

This paper focuses on studying the multilevel Monte Carlo method recently introduced
by Giles [8] which is 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 with the Euler discretization scheme. To do so, we prove first
a stable law convergence theorem, in the spirit of Jacod and Protter [16], for the Euler
scheme error on two consecutive levels of the algorithm. This leads to an accurate descrip-
tion of the optimal choice of parameters and to an explicit characterization of the limiting
variance in the central limit theorem of the algorithm. A complexity of the multilevel
Monte Carlo algorithm is carried out.

AMS 2000 Mathematics Subject Classification. 60F05, 62F12, 65C05, 60H35.
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Euler scheme, finance.

1 Introduction

In many applications, in particular in the pricing of financial securities, we are interested in the
effective computation by Monte Carlo methods of the quantity Ef(X7), where X := (X})o<t<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 + le\il f(XE};), where f(X7,)i<i<n 18
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a sample of N independent copies of f(X7). This approximation is affected respectively by a
discretization error and a statistical error

wi= E(F(X]) = f(Xr)) and 13" J(X3,) ~ EF(X).

On one hand, Talay and Tubaro [21] prove that if f is sufficiently smooth, then €, ~ ¢/n with ¢
a given constant and in a more general context, Kebaier [17] proves that the rate of convergence
of the discretization error €, can be 1/n® for all values of o € [1/2,1] (see e.g. Kloeden and
Platen [18] for more details on discretization schemes). On the other hand, the statistical error
is controlled by the central limit theorem with order 1/v/N. Further, the optimal choice of
the sample size N in the classical Monte Carlo method mainly depends on the order of the
discretization error. More precisely, it turns out that for &, = 1/n® the optimal choice of N is
n?*. This leads to a total complexity in the Monte Carlo method of order Cy;c = n?**1 (see
Duffie and Glynn [5] for related results). Let us recall that the complexity of an algorithm is
proportional to the maximum number of basic computations performed by this one. Hence,
expressing this complexity in terms of the discretization error €, we get Cyc = en 2-1/

In order to improve the performance of this method, Kebaier introduced a two-level Monte
Carlo method [17] (called the statistical Romberg method) reducing the complexity Cy;c 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(X7) by

N1 N2
1 A B 1 s
N ;:1 FXr) + ;:1 f(X7,) = F(X7))

where X%B is a second Euler scheme with time step T//n” and such that the Brownian paths
used for X7 and Xjnfg has to be independent of the Brownian paths used to simulate Xgiﬁ. It
turns out that for a given discretization error &, = 1/n® (a € [1/2,1]), the optimal choice is
obtained for f = 1/2, N; = n?* and N, = n?**~(/2_ With this choice, the complexity of the

(1/2) = ;27 which is lower than the

statistical Romberg method is of order Cgp = n?*+
classical complexity in the Monte Carlo method.
More recently, Giles [8] generalized the statistical Romberg method of Kebaier [17] 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], Giles and Szpruch [10], Heinrich [11],
Heinrich and Sindambiwe [13] and Hutzenthaler, Jentzen and Kloeden [14] 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

1 No ) L 1 N, e mt-1
=57 ;f(xm) + ; N ; (P = £ ) s mee NA{0,1),

where the fine discretization step is equal to T'/n thereby L = %% For ¢ € {1,---, L}, pro-

logm”

£.m¥ f.mt-1 . . ¢.mt 0.mt-1
cesses (X;7", X;7" Jo<i<r, K € {1,---, N}, are independent copies of (X, , Xy™ o<i<r

2



whose components denote the Euler schemes with time steps m—*T and m~“"DT. However,
for fixed /¢, the simulation of (Xf’m[)ogtST and (Xf’mlfl)ogtST has to be based on the same
Brownian path. Concerning the first empirical mean, processes (X};)o<i<r, k € {1,---, No},
are independent copies of (X}')o<;<r which denotes the Euler scheme with time step 7. Here,
it is important to point out that all these L + 1 Monte Carlo estimators have to be based on
different independent samples. Due to the above independence assumption for the paths, the

variance of the multilevel estimator is given by
L
0 i=Var(Qn) = Ny 'Var(f(Xp)) + > N, 'of,
=1

where o7 = Var ( f (Xé’mz) —f (Xé’mefl)). Assuming that the diffusion coefficients of X and

the function f are Lipschitz continuous then it is easy to check, using properties of the Euler
scheme, that

L
o? < ey E N[lm’Z
=0

for some positive constant ¢y (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 the multilevel
estimator, Giles [8] uses the above computation on ¢? 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

1
Ng = 202712“ (1 ogn

T
+1>W’ for € {0,---,L} and L= (1)

ogm logm’

Hence, for an error ¢, = 1/n®, this optimal choice leads to a complexity for the multilevel
Monte Carlo Euler method proportional to n**(logn)? = €,%(loge,)?. Interesting numerical
tests, comparing three methods (crude Monte Carlo, statistical Romberg and the multilevel
Monte Carlo), were processed in Korn, Korn and Kroisandt [19].

In the present paper, we focus on central limit theorems for the inferred error; a question
which has not been addressed in previous research. To do so, we use techniques adapted to
this setting, based on a central limit theorem for triangular array (see Theorem 2) together
with Toeplitz lemma. It is worth to note that our approach improves techniques developed by
Kebaier [17] in his study of the statistical Romberg method (see Remark 2 for more details).
Hence, our main result is a Lindeberg Feller central limit theorem for the multilevel Monte
Carlo Euler algorithm (see Theorem 4). Further, this allows us to prove a Berry-Essen type
bound on our central limit theorem.

In order to show this central limit theorem, we first 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 [16]. Indeed, we prove the following functional result (see Theorem 3)

mt

e Xé,mz o Xé,mz’l :>stably U e —
(m _ 1)T< ) Y as 007



where U is the same limit process given in Theorem 3.2 of Jacod and Protter [16]. Our result
uses standard tools developed in their paper but it can not be deduced without a specific and
laborious study. Further, their result, namely

(Lp—— bl
7<X T X)=S g as £ — oo,

is neither sufficient nor appropriate to prove our Theorem 4, since the multilevel Monte Carlo
Euler method involves the error process X%™ — X%™ ™" rather than X%™ — X.

Thanks to Theorem 4 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)T
mtlogm

logn

N, = n**logn, for € {0,---,L} and L=

logm’ 2)
This leads us to a complexity proportional to n?**(logn)? = ¢, ?(log ¢,)* which is the same order
obtained by Giles [8]. By comparing relations (1) and (2), we note that our optimal sequence
of sample sizes (Ny)o<s<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. However, some numerical tests comparing the runtime with respect to the root
mean square error, show that we are in line with the original work of Giles [8]. Nevertheless,
the major advantage of our central limit theorem is that it fills the gap in the literature for
the multilevel Monte Carlo Euler method and allows to construct a more accurate confidence
interval compared to the one obtained using Chebyshev’s inequality. All these results are
stated and proved in section 3. The next section is devoted to recall some useful stochastic
limit theorems and to introduce our notations.

2 General framework

2.1 Preliminaries

Let (X,) be a sequence of random variables with values in a Polish space E defined on a
probability space (€2, F,P). Let (Q,]:", If”) be an extension of (2, F,P), and let X be an F-
valued random variable on the extension. We say that (X,,) converges in law to X stably and
write X,, =5t X if
E(UNX,)) = E(UM(X))

for all h : E — R bounded continuous and all bounded random variable U on (2, F) . This
convergence is obviously stronger than convergence in law that we will denote here by “=".
According to section 2 of Jacod [15] and Lemma 2.1 of Jacod and Protter [16], we have the
following result.

Lemma 1 let V,, and V be defined on (Q, F) with values in another metric space E'.
if Vi, 5V, X, =" X then (V,, X,) =" (V, X).
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Conversely, if (V,X,) = (V,X) and V generates the o-field F, we can realize this limit as
(V, X) with X defined on an extension of (Q, F,P) and X,, =1 X.

Now, we recall a result on the convergence of stochastic integrals formulated from Theorem 2.3
in Jacod and Protter [16]. This is a simplified version but it is sufficient for our study. Let X™ =
(X™%)1<i<a be a sequence of R%valued continuous semimartingales with the decomposition

X=X A MM 0t <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

(M™)r + / |dA|
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, [ HIX).

We recall also the following Lindeberg Feller central limit theorem that will be used in the
sequel (see for instance Theorem 7.2 and 7.3 in [1]).

Theorem 2 (central limit theorem for triangular array) Let (k,).en be a sequence such
that k, — oo as n — oo. Foreachn, let X,,1,--- , X, 1, be k, independent random variables
with finite variance such that E(X, ) =0 for all k € {1,--- ,k,}. Suppose that the following
conditions hold.

AL Timy, e S0 B X 12 = 02,0 > 0.

A2. Lindeberg’s condition: for all € > 0, lim,,_, Zﬁ’;l E (|Xn7k|21{|Xn’k‘>€}) = 0. Then

kn
ZX"J“ = N(0,0%) as n— co.
k=1

Moreover, if the X, have moments of order p > 2, then the Lindeberg’s condition can be
obtained by the following one

A8 Lyapunov’s condition: lim,, . ZZL E| X, xP = 0.



2.2 The Euler scheme

Let X := (Xy),.,., be the process with values in R?, solution to
dX; = b(X,)dt + o(X,)dW,, Xo=xcR? (3)
where W = (W',..., W) is a q-dimensional Brownian motion on some given filtered probabil-

ity space B = (Q, F, (Ft)i>0, P) with (F;)i>0 is the standard Brownian filtration, b and o are
respectively R? and R%*¢ valued functions. We consider the continuous Euler approximation
X" with step § = T'/n given by:

dth = b(Xnn(t))dt + O'(Xnn(t))dVVt, ’I]n(t) = [t/5]5
It is well known that under the global Lipschitz condition
(Hoo) 3 Cr >0, such that, [b(x) —b(y)| + |o(z) = o(y)| < Crly —zl, w,y €R,

the Euler scheme satisfies the following property (see e.g. Bouleau and Lépingle [2])

K, (T
P)¥p>1, X, X"e€l” and E| sup |X;— X]'|P| < ol ), with K,(T) > 0.
0<t<T np/?

Note that according to Theorem 3.1 of Jacod and Protter [16], under the weaker condition
(ﬁb,a) b and o are locally Lipschitz with linear growth,

we have only the uniform convergence in probability, namely the property

P) sup |X; — X[ 0.

0<t<T

Following the notation of Jacod and Protter [16], we rewrite diffusion (3) as follows
dX, = p(X,)dY; = Zcp] (X,)d

where ¢; is the j-th column of the matrix o, for 1 < j <gq, po =band Y; := (¢, W}, .-, W),
Then, the continuous Euler approximation X™ with time step 6 = T'/n becomes

dXy = o(X5) )dY, = Z% me®) Y7 () = [t/5)0. (4)

7=0

3 The Multilevel Monte Carlo Euler method

Let (X[’Le)ogtST denotes the Euler scheme with time step m =T for ¢ € {0,---, L}, where
L =logn/logm. Noting that

Ef(X7) = Ef(X}) + DB (F(X7) = F(x ). (5)

6



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

1 X Lo X o -
Qn:ﬁOZf(XTk +Zﬁz< X7y ) — [(X7) )) (6)
k=1 k=1

=1 ¢

Here, it is important to point out that all these L + 1 Monte Carlo estimators have to be
based on different, independent samples. More precisely, for each ¢ € {1,---, L} the samples
(Xf}’fgz, Xfl7rg£71)1§kg n, are independent copies of (Xfp’ml, Xfp’mlfl) whose components are the Eu-
ler schemes with time steps m =T respectively m~~DT and simulated with the same Brownian
path. Concerning the first empirical mean, the samples (le“,k)lgkg N, are independent copies of
X1. The following result gives us a first description of the asymptotic behavior of the variance
in the multilevel Monte Carlo Euler method.

Proposition 1 Assume that b and o are functions satisfying condition (Hp). For a Lipschitz
continuous function f : R — R we have

L

Var(Q,) = O(Z N[lm_g). (7)

=0
Proof : We have

Var(Qn) = 1Var (f(le,)) + Z N[lvar (f<X§;me) B f(Xé’m[_l)>

< NyVar (F(X) +2 3087 (Var(£(xXg") = F(X2)) + Var(F(XF) = f(Xr)))

)
where [f]iip 1= sup,, W We complete the proof by using P) on the strong convergence

of the Euler scheme.

-1 4 2
< Ny 'War (f(X7)) +2[f M,ZN E[ sup ‘X;" - X,

0<t<T

+ sup )Xtmlfl - X,
0<t<T

OJ
Inequality (7) indicates the dependence of the variance of ),, on the choice of the parameters
No, ..., Np. This variance can be smaller than the variance of f(X7%), so that @,, appears as a
good candidate for the variance reduction.
The main result of this section is a Lindeberg Feller central limit theorem (see Theorem
4 below). In order to prove this result, we need to prove first a new stable law convergence
theorem for the Euler scheme error adapted to the setting of multilevel Monte Carlo algorithm.
This is crucial and is the aim of the following subsection.



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 mf, of the type obtained in Jacod and Protter [16]. Our result in
Theorem 3 below is an innovative contribution on the Euler scheme error that is different and
more tricky than the original work by Jacod and Protter [16] since it involves the error process
X6mt — Xtm™ rather than X%™ — X. Note that the study of the error Xomt _ xemT g
¢ — oo can be reduced to the study of the error X™" — X™ as n — oo where X™" and X" stand
for two Euler schemes with time steps 7'/(mn) and T'/n constructed on the same Brownian
path.

Theorem 3 Assume that b and o are C' with linear growth then the following result holds.

mn

For allm € N\ {0,1}, m(

Xm—X") =stably 17 s — oo,

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

q t
>z [ Hoal teT) (®)
0

1,7=1

1
U, = —
V2

where N
H = (ZS)il‘p&j@S,ia with s = V%‘(Xs) and P ; = ©i(Xs), 9)

and (Z;)o<i<r 18 the R valued process solution of the linear equation
q ‘
7, = 1d+2/ 0s,;dYIZ,, t€0,T).
j=0 "0

Here, Vi, is a d x d matriz with (Vy;), is the partial derivative of @;; with respect to the k-th
coordinate, and (B7)1<;j<q s a standard q*-dimensional Brownian motion independent of W.
This process is defined on an extension (2, F, (Fi)i>0,P) of the space (0, F, (Ft)i>0,P).

Note that by letting formally m tend to infinity we recover the Jacod and Protter’s result [16].

mn,n

Proof: Consider the error process U™™" = (U, )o<i<7, defined by
Ut = X X e [0,T].

Combining relation (4), for both processes X™"* and X", together with a Taylor expansion
q
U™ =3 (X o = Xiw) 47,
=0

where ¢ is the d x d matrix whose i-th row is the gradient of the real-valued function ¢;; at
a point between Xgn(t) and X;’:n’;(t). Therefore, the equation satisfied by U" can be written as

t 4
v = [ vy« G
0
J

—0



with .
t
G;rm,n:/ Z@?,j(X?— " (S dY] / Z‘Psy (X — an )dYSJ.

In the following, let (Z;""")o<i<7 be the R™? valued solution of

t q
0

=0
Theorem 48 p.326 in [20], ensures existence of the process ((Z"")~') < defined as the
solution of

q

t
VA /0<Z:1"’">—1Z<¢z,j>2d8— / (&) Z%W

J=1

Thanks to Theorem 56 p.333 in the same reference [20], we get

t t I
U?%n::zrm”{/<2?m%%me”—g/<ZTm%IEZGﬂQVQXS—dﬁﬁwﬂdS
0 0

Since the increments of the Euler scheme satisfy

q
XD = Xp =D nYS =Y ) and X" — X = Z‘P — Y, )
=0

with ¢F; = gpi(X:

n(s)

) and @77 = @i(X]™ ), it is easy to check that

mnn ZZmnn/ Hzgmnn ’L Y@(S>dY _'_Rmnn_'_R;ngLn

2,7=1

_ZTW/HW"’W o) dY{ = R — RI5(10)

nmn

i,j=1
with

q q

RZLln,n _ Zztmn,n/ Kz ,mmn, n(Yz Yz (s )) d RZLan _ ZZmnn/ HO]mn n( nn( )) dY;],
i=0 0 j=1

and

q

t q t
R = / Ky (Y=Y, @) ds, R5™ =2 2" / H M (5= () dY7.
0

i=0 0 j=1



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

q
i,mn,n __ mn,n\—1 n —=n n \2-=n i,J,mn,n __ mn,n\—1 :n —=n
Ks - (Zs ) (st,Oﬁps,i - § (@s,j) @s,i) ) Hs - (Zs ) (ps,j(ps,b
J=1
and

q
e (@?,o@?? =Y ()P ) LT = () T

J=1

Now, let us introduce
t 4d ‘
Zt = Id + / Z (Qbs,j dYZ) ZS, with Sbt,j = V(P](Xt)

Moreover, ((Z;)™') << exists and satisfies the following explicit linear stochastic differential

equation
t q t q
(Z) =1+ / (Z,)™! Z(Sbs,j)QdS — / (Z)™! Z@S’jdysj_
0 - 0

Thanks to the uniform convergence in probability of the Euler scheme and according to Theorem
2.5 in Jacod and Protter [16], we have

sup |Z,""" — Zy| L 0and sup ((Z"™) = (Zy)

1 ‘ P
0<t<T 0<t<T

— 0. (11)

Furthermore, in relation (10), one can replace respectively H»™"" and H»"™" by their
common limit H%J given by relation (9). So that relation (10) becomes

o e [yt e e,

1,7=1

with
mn,n mn,n mn,n mn,mn mn,n mn,n Nmn,n
R, =R, + Ry + Ri3” —Rt1 —R —R3

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

)

Riz™" = ZZ’”“”" / (HFmm — HP)(Y] =Y, () dY]

7]1

g = 0z [ B Y,

1,j=1

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

10



Lemma 2 The rest term introduced in relation (12) is such that supOStST’\/ﬁR;n"’"} converges
to zero in probability as n tends to infinity.

For the reader’s 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)
> vz [ HIY, = Vi)
i,7=1

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

t
thm - /0 <Y77Zmn(5) o YUZn(S)) dy;, (ZJ) S {17 e ,Q}2,

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

o for j = j" and i # ', E(M™" M™"J) =0

o for j =7 and i =4/, E(M™"), = fot(nmn(s) —nn(s))ds, t € [0,T] and we have

o (1)
B9 = [ ns) = m()ds + O()

m— 1[t/5} L (mk+e+1)5/m 1
/ (o (5) — 1(3)) ds + O(—)
g 0 k=0 Y (mk+0)§/m n

m—1[t/d]—1

(m —1)82
2m

g
=

1/5]+ 0(-3)

m

6% (mk + /¢ 1
—( —k)+0(ﬁ):

- 4 0) (13)

Having disposed of this preliminary evaluations, we can now study the stable convergence
of ( 2m”) M5 ) . By virtue of Theorem 2-1 in [15], we need to study the asymptotic

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

o for j = j/, /R(M™ YY), 50, for all t € [0, T].
n—oo
o for j = j and i # ¢, n(M™i, M™"3), 50, for all ¢ € [0, T).
n—oo

o for j = j and i = ', n(M™*), — T

[0, 7).

n— o0

11



For the first point, we consider the L? convergence
¢ 2
E<Mn,2,.]’ YJ>§ = E (/ ( 7Ilmn(5) Yr]ln(s)>d8)
- / / 77mn s) YTYZn(S))<YWZmn(U) o Ynln(u)» dsdu

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

9(5,1) = N (8) A N (W) = Ny (8) A (1) — 00 (8) A N (1) + 0 (8) A (). (14)
It is worthy to note that

M (8) < M (8) < s < ma(u) < Hnu) <uy Vs <y (u). (15)
Hence g(s,u) = 0, for s < n,(u), g(s, u) = Nmn(s) = 1a(s), for nu(u) < s < wu, and

E (M™%, Y72 = 2/

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

with

2

<mm@»—%w»dwus2%[}u—nammugzgﬁ

This yields the desired result. Concerning the second point, the L? norm is given by
t 2
E(M™ M™7)} = E (/ (Yns) — ;n(s))(yr;mn(s - Ynln(s))ds)
yi i i i 2
- / / nmn - Ynn(s))(y;?mn(u) - Y;M(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
3

. g T
B =2 [ (o (5) = 1a(5))*dsdu < 2,

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™"7), given by relation (13) we obtain

E (n(M”’W)t - Mt)z _prpqriayz - M DT o L (16)

2m

Otherwise, we have

t 2
E<Mn’l’]>? = E (/ ( nlmn(s) Yln(s))QdS)
= / / nmn s) Ynln(s))Q( Jmn(u) - Ynzn(u))Q) deu
= / h(s,u)dsdu (17)
O<s<u<t

12



with A A A A
his,u) =E (Y o= Yo ) o )= Ye w)?)- (18)
On one hand, for s < n,(u), by property (15) and since the increments Ynimn(s) - Y,;n(s) and

i

() Ynin(u) are independent, it follows immediately that

h(s,u) = (Nnn(8) = 00(8)) (Nnn (u) — 10 ().

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

O(-5) 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 () = O(Z5), relation (17) becomes

E ((Mmmﬁ) = 2 /0< ) <t(77mn(3) = 1n(8)) (Nmn (1) — N (u))dsdu + O(%)

2

= ([ ol = D)+ 00

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

E(M"9)? = ). (19)

Combining relations (16) and (19), we deduce the convergence in L? of n(M™"7), towards
(m 1) t. By virtue of Theorem 2-1 in Jacod [15], ( 2mn M””) converges in law stably

(m=1)T 1<i,j<q
to a standard ¢*-dimensional Brownian motion (B%);<; j<, independent of W. Consequently,
by Lemma 1 and Theorem 1, we obtain

dB#
(,/ / HP (Yo, ) = You) Y7 t>0) = Stably (/ HY—= t>0)
- 1 1<i,j<q 0 \/Q 1<4,j<q

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

mn

7(]7”"" stably 17 wwhere U, = Z 7, / H™dBY.
(m—-1)T ’ f

i,7=1

O

Proof of Lemma 2 : At first, we prove the uniform convergence in probability toward zero
of the normalized rest terms y/n RZ”Z"" for i € {1,2}. The convergence of \/n Rm"" ie{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 t
Dy = \/ﬁ/ (s—mn(s))ds, D" = \/ﬁ/ (Ki—nyn(s))dsa M = \/ﬁ/ (s =na(s)) dYY,
0 0 0

13



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

TQ

/OT |dD;) = \/E/OT(S — n(s)) ds < NG

So, the process D™ 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

/ Dy }:\/ﬁ/ YE-YE ] ds.
0 0

It is clear that sup, E ( fOT |dD;“70|) < oo which ensures the tightness of the process D™°.

Therefore, we only need to establish the convergence of D" towards 0 in L*(), for ¢t € [0, T7.
In fact, we have

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

O<s<u<t

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

2

E ((D}°)?) < 2T /t(u — np(u))du < Q%t.

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

3

() = [ s = (s))?ds <

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 75) and relation (11), it is easy to check that the integrand processes
Kimnn and HY9™mn - introduced in relation (10), converge uniformly in probability to their

respective limits K! = (Z,)~! (@ao@m — 23:1(@8,]‘)2@8,@') and HX = (Z,) '¢s i @si, where
s = Vo;(Xs) and @s; = ¢;(X;). Therefore, by Theorem 1 we deduce that the integral
processes given by

t t
Vi [ =y s and Vi [ 9) v

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

14



We now proceed to prove that Ry™" = 0. The convergence of the process Rj"™" 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

NP = \/n / — Y, () dY7,

with (i,7) € {1,---,q} x {1,---,¢q}. It was proven in Jacod and Protter [16] that

n o B
— NI :>stably —
V' T V2

where (BY)i<;j<q 18 a standard ¢°-dimensional Brownian motion defined on an extension
(Q, F, (F)iz0, P) of the space (Q, F, (F)e=0,P), which is independent of W. Thanks to prop-
erty 73) and relation(11), the integrand process H*»™"" — % = ( and once again by Theorem
1 we deduce that the integral processes given by

t
Vi [ = ) Y ) av?

vanish. All this allows us to conclude using relation (11). O

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

N,

S ¢ -1 logn
Q":Niozﬂx%,kﬂziz(f(Xf}’fZ)—f(Xf}’fE )), meN\{0,1} and [ = -8

logm’

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

en = Bf(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 (ay)sen of
positive terms such that

(W) Lli_)rr;OZag:oo and  lim - p/QZ a?’* =0, for p> 2.
=1 <Ez 1“4)

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

logn

N=" 10 Zag, ¢e{0,---,L} and L=

2
mgaé (20)

logm’

15



We choose this form for N, because it is a generic form allowing us a straightforward use of
Toeplitz lemma that is a crucial tool used in the proof of our central limit theorem. Indeed,
property (W) implies that if (z4),>1 is a sequence converging to x € R as ¢ tends to infinity

then .
ApZy
hm ZZ 1 B

L—)+OO Zﬁ 1a€

In the sequel, we will denote by E respectively Var the expectation respectively the variance
defined on the probability space (Q F, IP’) introduced in Theorem 3. We can now state the
central limit theorem under strengthened conditions on the diffusion coefficients.

Theorem 4 Assume that b and o are C' functions satisfying the global Lipschitz condition
(Hor). Let f be a real valued function satisfying

(He) | f(x) = fW) < CA+ 2P+ [y|")|z —yl,  for some C,p > 0.

Assume P(X7 ¢ Dy) = 0, where Dy := {x € R% [ is differentiable at x}, and that for some
a € [1/2,1] we have

(He,)  lim n%, = C4(T, a).

n—o0

Then, for the choice of Ny, £ € {0,1,---, L} given by equation (20), we have
n*(Qn —E(f(Xr))) = N (C4(T, @), 0?)
with 0* = Var(Vf(Xr).Ur) and N (Cy(T,a),0?) denotes a normal distribution.

The global Lipschitz condition (H,,) seems to be essential to establish our result, since it
ensures property P). Otherwise, Hutzenthaler, Jentzen and Kloeden [14] prove that under
weaker conditions on b and o the multilevel Monte Carlo Euler method may diverges whereas
the crude Monte Carlo method converges.

Proof: To simplify our notations we give the proof for @ = 1, the case o € [1/2,1) is a
straightforward deduction. Combining relations (5) and (6) together we get

Qn —E(f(Xr)) = Qs + Q;, + &0,

where
. 1
Qb = 3 2 (Xt ~E(F(XD))
A L kjl Ne 14 —1 -1
Q= 3 2 (PO — T B (S - )
/=1 k=1
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Using assumption (H.,) we obviously obtain the term Cy(T,«) in the limit. Taking Ny =
n2(m—1)T
ap

0. Finally, we have only to study the convergence of nQi and we will conclude by establishing

Zle ag, we can apply the classical central limit theorem to Q%L Then we have n@}1 5

nQ? = /\/(0, f/ar(Vf(XT).UT)).

To do so, we plan to use Theorem 2 with the Lyapunov condition and we set

Ny
n

L 01 14
. m-,m m=,m
Xnt 1= 7 > ZE™ and Zi,
t =1

T PO - PO B (PO - FXET).
(21)
In other words, we will check the following conditions :
o lim, o0 7, E(X,0)? = Var(Vf(X7).Ur)
e (Lyapunov condition) there exists p > 2 such that lim,, ELI E | X, " =
For the first one, we have

L
Z ZV@T nt) NZVar (Z:Tlm[ 1)

/=1

£ -1
[ Var <Zm o ) . (22)
Zz 1 e ZZ o

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

-1

mt mt m ;M
PO = FXE) =V F(X) U
(X = Xp)e(Xr, Xg™" = Xr) = (X§™ " = Xp)e(Xp, X" = Xr).

The function € is given by the Taylor-Young expansion, so it satisfies £(Xr, X bm _ XT)LO

f—00

and (X, X%m[ — XT)—>O By property P) we get the tightness of , | T 1)T (sz — X7)

and 4 /ﬁ()(%m — X7) and we deduce

mt mt mt mt-1 mt-1
T (e = Xr)e (X, X = Xp) = (XF7" = Xp)e (X, X5 = X)) 0.

(m —1 {—00
So, according to Lemma 1 and Theorem 3 we conclude that

mt

m (f(X%mz)_f(X%mZA)) _ stably Y f(X7).Ur, as € — oco. (23)

Using (Hg) it follows from property P) that

Ve >0, supE
¢




We deduce using relation (23) that

k

E ( ﬁ (f(X;m‘) _ f(Xgm“‘l))> = fE(Vf(XT).UT)k < oo for ke {1,2).

Consequently,
¢

(m—-1)T

Hence combining this result with relation (22), we obtain the first condition using Toeplitz
lemma. Concerning the second one, by Burkholder’s inequality and elementary computations,
we get for p > 2

Var(Zpy™ ) — Var (Vf(Xr).Ur) < cc.

p

np
<

Ny

e 0—1
m°,m
>_ 7

/=1

p

: (24)

np -1
E| X, 0P = NfE

E|zp,™

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

mé’mé—l p Kp
E ’ ZT,l ’ — mpt/2’
Therefore
L L
P p/2

Z E |Xn’é| S Z pg/Q - p/2 Z a n—)oo <25>

=1 =1 (Z 1 az) =1
This completes the proof. O

Remark 1 From Theorem 2 page 544 in [6], we prove a Berry-Essen type bound on our central
limit theorem. This improves the relevance of the above result. Indeed, take o = 1 as in the
proof, for X, o =nQ) and X, , given by relation (21), with ¢ € {1,---, L}, put

L L
s = ZE|Xn,€‘27 2O ZE|Xn,€‘3
=0 =0

and denote by F, the distribution function of n(Q, —Ef(X}))/s,. Then for all x € R and
n € N* P

Fule) - Gl)| < 6%, (26)
where G is the distribution function of a standard Gaussian random variable. If we interpret
the output of the above inequality as sum of independent individual path simulation, we get

sp = (m — 1)T1 EL a (aoVar (f(X})) + ZaemZVar (f(Xfﬁm[) B f(Xf}’mf_l))> |
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According to the above proof, it is clear that s, behaves like a constant but getting lower bounds
for s, seems not to be a common result to our knowledge. Concerning p,, taking p = 3 in both
inequalities (24) and (25) gives us an upper bound. In fact, when f is Lipschitz, there ezists a
positive constant C' depending on b, o, T and f such that

L

C 3/2
yAPETP a,’”.
(EZ:I W) =1

For the optimal choice ay = 1, given in the below subsection, the obtained Berry-FEssen type

bound is of order 1/+/logn.

Remark 2 Note that the above proof differs from the ones in Kebaier [17]. In fact, here
our proof is based on the central limit theorem for triangular array which is adapted to the
form of the multilevel estimator, whereas Kebaier used a crude approach based on studying the
associated characteristic function. Further, this latter approach needs a control on the third
moment, whereas we only need to control a moment strictly greater than two. Also, it is worth
to note that the limit variance in Theorem 4 is smaller than the limit variance in Theorem 3.2
obtained by Kebaier in [17].

Pn <

3.3 Complexity analysis

From a complexity analysis point of view, we can interpret Theorem 4 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
Cumc = CX (No + ZNz(mz —i—le)) with C' >0
=1

The minimum of the second term of this complexity is reached for the choice of weights a; = 1,
¢ e {1,---,L}, since the Cauchy-Schwartz inequality ensures that L? < Zle ai[ EZLZI ay, and
the optimal complexity for the multilevel Monte Carlo Euler method is given by

(m—-1)T (m*—1)T
aglogm m(log m)?

Crnie = C' x ( n? (log n)Q) = 0 (n*(logn)?).

It turns out that for a given discretization error &, = 1/n® to be achieved the complexity is
given by Ciyne = O (g,%(loge,)?). Note that this optimal choice aj = 1, £ € {1,---, L}, with
taking ag = 1 corresponds to the sample sizes given by

(m—1)T

Ny=———""—
£ mflogm

n**logn, £ € {0,---,L}.
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Figure 1: Comparison of both routines.

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.
Otherwise, for the same error of order ¢, = 1/n® the optimal complexity of a Monte Carlo

method is given by
CMC’ -0 (n2a+1) =0 (85271/0{)

which is clearly larger than Cy/p;c. So we deduce that the multilevel method is more efficient.
Note also that the optimal choice of the parameter m is obtained for m* = 7. Otherwise, any
choice Ny = n?*(logn)?, 0 < B < 2, leads to the same result. Some numerical tests comparing
original Giles work [8] with the one of us show that both error rates are in line. Here in Figure
1, we make a simple log-log scale plot of CPU time with respect to the root mean square error,
for European call and with Ny = n?*(logn)**.

It is worth to note that the advantage of the central limit theorem is to construct a more
accurate confidence interval. In fact, for a given root mean square error RMSE, the radius of
the 90%-confidence interval constructed by the central limit theorem is 1.64x RMSE. However,
without this latter result one can only use Chebyshev’s inequality which yields a radius equal
to 3.16xRMSE. Finally note that, taking a = 1/2 still gives the optimal rate and allows us to
cancel the bias in the central limit theorem due to the Euler discretization.
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4 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 an efficient method according to the original work by Giles [8]. The central limit
theorems derived in this paper fill the gap in literature and confirm superiority of the multilevel
method over the classical Monte Carlo approach.

Acknowledgments The authors are greatly indebted to the Associate Editor and the referees
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