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WEIGHTED MULTILEVEL LANGEVIN SIMULATION OF
INVARIANT MEASURES

BY GILLES PAGES AND FABIEN PANLOUP
UPMC and Université d’Angers

We investigate a weighted multilevel Richardson—-Romberg extrapola-
tion for the ergodic approximation of invariant distributions of diffusions
adapted from the one introduced in [Bernoulli 23 (2017) 2643-2692] for reg-
ular Monte Carlo simulation. In a first result, we prove under weak confluence
assumptions on the diffusion, that for any integer R > 2, the procedure allows

us to attain a rate n T whereas the original algorithm convergence is at a
weak rate n!/3. Furthermore, this is achieved without any explosion of the
asymptotic variance. In a second part, under stronger confluence assumptions
and with the help of some second-order expansions of the asymptotic error,
we go deeper in the study by optimizing the choice of the parameters involved
by the method. In particular, for a given ¢ > 0, we exhibit some semi-explicit
parameters for which the number of iterations of the Euler scheme required
to attain a mean-squared error lower than &2 is about £ 2 10g(e?71 ).

Finally, we numerically test this multilevel Langevin estimator on several
examples including the simple one-dimensional Ornstein—Uhlenbeck process
but also a high dimensional diffusion motivated by a statistical problem.
These examples confirm the theoretical efficiency of the method.
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1. Introduction. Let (X;);¢[0,7] be the unique strong solution to the stochas-
tic differential equation (SDE)

starting at Xo where W is a standard R9-valued standard Brownian motion, inde-
pendent of X, both defined on a probability space (2, A, P), where b : RY — R¢
and o : R? - M(d, q,R) (d x g-matrices with real entries) are locally Lipschitz
continuous functions with at most linear growth. The process (X;);>¢ is a Markov
process and we denote by PP, its distribution starting from Xo ~ w. Let £ denote
its infinitesimal generator, defined on twice differentiable functions g : RY — R
by

1
Lg=b|Vg) + 5 Tr(o*D*go),

where (-|-) denotes the canonical inner product on R?, D?g denotes the Hessian
matrix of g and Tr denotes the trace operator. As soon as there exists a continuously
twice differentiable Lyapunov function V : R — R such that
(1.1) sup LV(x) <400 and limsup LV (x) <0,

xeRd |x]——+00
there exists an invariant probability measure v for the diffusion in the sense that
X is a stationary process under P, so that X; ~ v for every te R,.. Under appro-
priate (hypo-)ellipticity assumptions on o or global confluence assumptions (on
this topic see, e.g., [17]), this invariant measure v is unique, hence ergodic. In
particular,

1 a
Py(dw)as.  pu(.d§)=- fo 5x, @) ds v,
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where gg denotes weak convergence of distributions on R4 (see, e.g., [2] or [11]
for background). We will assume that this uniqueness holds throughout the paper.
Under slight additional assumptions, one shows that the diffusion is stable in the
sense that

d
Vx eRY P, (do)-as. o (w,dg) 2 v,

This P,-a.s. convergence is ruled by Bhattacharya’s CLT (see [1] for detailed
assumptions), namely, if f : RY — R is such that the Poisson equation f — v(f) =
—Lg admits a solution, then

(12) Vil @, £) — () EZ N0, 02()

with o2(f) = Jrd |o*Vg|?dv where o* denotes the transpose matrix of o.

In a series of papers (see, e.g., [12, 13, 15, 19, 20, 22]), the above prop-
erties have been exploited in order to compute by ergodic simulation integrals
J fdv =E,f(X;) or, more generally, E,F((X;);ec[0,7]) Where F is a (path-
dependent) functional defined on the space C([0, T'], R?) (see also [30] or [24]
for other references on the topic or more recently [6]).

The starting idea is to mimic (1.2). First, we replace the diffusion X by a an Eu-
ler scheme with decreasing step. To be more precise, we consider, for a given non-
increasing sequence of positive steps y, | 0, n > 1, the associated Euler scheme
with decreasing step defined by

(1.3) Xp+1 = Xp + Yut16(Xp) + 0 (X)) (Wr, — Wr, ), n >0, Xo= Xo,

where I, = y1 + - -+ + ¥4, n > 1. Then we introduce (for technical matter to be
explained further on) a general nonnegative weight sequence (1,),>1 and the re-
sulting n-weighted empirical (or occupation) measures of the above Euler scheme,
namely

1 n
v (@, dx) = - D Mz, (w)-
k=1

The computation of

vV (f) :=/fdv;”7’

can be performed recursively, once noted that

n 5 n , :
A8 =G+ (1= TP T =0
H, Hy
It is clear that, in order to let the scheme explore the whole state space R¢ and to
let the empirical measures take into account new values as n grows, we ask that
the pair (1, Yn)n>1 satisfies
Hy:=n+--+n, = +00, Yn 4 0 and

(1.5)
Cpi=yvi+-+yu—> +o0,
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as n — +o0o. When 5 = y, the y-empirical measure v¥*? is the natural counter-
part of u; and one expects that, under natural mean-reverting assumptions similar

to (1.1) (or slightly more stringent), P, (dw)-a.s. v (w, dx) @ v taking advan-
tage of the fact that the step y;, | 0. The major difference with the above continuous
time Birkhoff’s pointwise ergodic theorem is that, provided » and o can be com-
puted easily, these random measures taken against a (computable) function f can
in turn be simulated. This suggests to look for ergodic simulation methods, also
known as Langevin Monte Carlo simulation to compute v(f). To be more precise,
the term Langevin Monte Carlo simulation commonly refers to the case where the
diffusion satisfies b(x) = —VV(x) and o (x) = o > 0 is constant whereas, most
often but not always, the Euler discretization scheme also has a constant step (see,
e.g., among others, [27, 28]). It can be seen as a general terminology for ergodic
simulation. Note that, though we will not go deeper in that direction, when v has
a density & with respect to the Lebesgue measure Ay on R?, such an approach
appears as a probabilistic numerical scheme for solving the stationary Fokker—
Planck equation £*h = 0 by providing the values of as many integrals [ fhiy as
requested.

Let us first recall one simple convergence result for the a.s. weak convergence
of the weighted empirical measures (vy! ’V)nzl [see Theorem V.2 borrowed and
slightly adapted from [12] (see also [14])].

PROPOSITION 1.1. Assume b and o satisfy the mean-reverting assumption:

(S) There exists a positive C*-function V : R — R and p € (0, +00) such that

V(x) 2 2
m = 400, IVVI"<CV and sup||D7V(x)| <+o0
[x[>+o00 |x|P xeRd

and there exist some real constants Cp > 0, @ > 0 and > 0 such that:

(1) |b|2 <CpV,Tr(co™®)(x) =0(V(x)) as |x| = +o0.
1) (VVIb)<B—aV.

Then (SDE) admits at least one invariant distribution v and for every x € R4
and p > 0, sup, E, V7 (X,) < 4o0.

Assume v is the unique invariant measure of (SDE). If the pair (N, Yn)n>1 sat-

isfies (1.5)

2
(1.6) Z%(n—n—nnl) <400 and Z( I )<+oo
n +

n>2 Vn Vn—1 n>1 Hy .\ /Vn

Rd
then, P, (dw)-a.s. v, (w, dx) (:g V.
Moreover, Py-a.s., for every v-a.s. continuous functions RY — R with V-
polynomial growth,

(1.7) VI (w, ) — v(f) asn — +oo.
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REMARK 1.1. > By V-polynomial growth, we mean that f = O(V?) at in-
finity for some p > 0.

> The condition (S) is stronger than (1.1). It implies that there exists o’ € (0, +00)
and B € R such that LV < g’ — «’'V. In fact, the conclusions of the above
proposition are also true for the continuous time occupation measure u;(w) =
L[5 8, (@) ds of the diffusion itself.

> The above result remains true under weaker Lyapunov assumptions of the fol-
lowing type: LV < ' —a’V* with a € (0, 1]. For the sake of simplicity, we choose
in this paper to state the results under (S) only but all what follows can be extended
to the weaker setting owing to additional technicalities [involving the control of the
moments of the diffusion or of the Euler scheme (1.3)].

> In the above proposition, the condition

V(x) _

im
lx|—>+o0 |x|P
can be relaxed into

lim V(x)=+o0.
[x]—+00
The interest of this slightly strengthened assumption is to ensure that, in the sequel,
every function f with regular polynomial growth has a V-polynomial growth as
well.

DEFINITION 1.1. A pair (n,, ¥u)n>1 (with decreasing y,) satisfying (1.5)
and (1.6) is called an averaging system.

EXAMPLES. If y, = yin™¢ and n, = nin~°¢, then the pair (9,, Yn)n>1 1S
averaging as soon as 0 <a < 1 and 0 < ¢ < 1. In practice, we will exten-
sively use that, furthermore, the pairs of the form (y,f, Yn)n>1 are averaging for
ee{l,....[}1 -1} sothatat < 1.

The rate of convergence of v ( f) toward v(f) has also been elucidated and
reads as follows (when d =1 and 7, = y,, for the sake of simplicity, keeping in
mind that even in that setting, various averaging systems are involved):

Set F,EZ) = i1 ykz, n > 1. Assume the Poisson equation f —v(f) = —Lg has

) e) ~
a smooth enough solution and that Lh 5 B, then
VT

(1.8) VT, (01 (F) = () 2 N(Bv(Wa)i 02(f)  if B €0, +00),
r,
)

n

(1.9) WY () —v(f) S5 v(ly)  iff =400
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with 02(f) = v(Jo*Vg|?) = —2v(g.Lg) and
Wy (x) == %ng(x)b(x)®2 + %E[D“)g(x)(a U, U~NQ, 1.

When y, = n~¢, the unbiased CLT (8 = 0) holds for a € (%, 1], the biased CLT
fora = % and the biased convergence in probability for a € (0, %).

On can interpret this result as follows: if (y;,) decreases to O fast enough (B =
0), the empirical measures v;"” behaves like the empirical measures p; of the
diffusion. When (y,,) goes to O too slowly, there is a dlscretlzatlon effect which
slows down the convergence of the empirical measure at rate i (2) The convergence

then holds a.s. (or at least in probability) which confirms that what slows down the
convergence is a bias term whose rate of decay is lower than 1/4/T,,. The top rate
of convergence is obtained with a biased CLT.

We will see in Theorem 2.1 further on that, in fact, there are many of these
bias terms which go to O slower than the CLT rate for slowly decreasing steps.
So killing these terms is a major issue to speed up such ergodic simulations (or
Langevin Monte Carlo method) compared to the regular Monte Carlo method.

The multilevel paradigm has been introduced by M. Giles in the late 2000s
(2008, see [8]). Ever since, it has been extensively adapted to various types of
simulations (nested Monte Carlo, see [16], stochastic approximation [5]) and dy-
namics (Lévy driven diffusion, random maps, etc.) as a bias killer. The principle
is the following: assume that a quantity of interest to be computed does have a
representation as an expectation, say [EYj, but that the random variable Yy can-
not be simulated at a reasonable computational cost. Then one usually approx-
imates Yy by a family (¥3)n-0 of random vectors that can be simulated with a
reasonable complexity, usually inversely proportional to %, relying on simulable
time discretization schemes of the underlying dynamics. The typical situation is
Yo = f(X1) or F((X¢):ef0,71) Where (X;) is a Brownian diffusion as above and
Y, = f(X ) or F((X})ieq0,71) Where (X,),E[O 7118 a discretization scheme, say an
Euler or a Milstein scheme with step & = ; eH= {; ,m € N*}. A multilevel esti-
mator with depth L € N* of [£Y; is designed by implementing a nonhomogeneous
multilevel Monte Carlo (MLMC) estimator of size N € N* of the form

1

Z Y(l) k + Z Z Y(é) k Y(L/zl,k
N s

Z k=1 M[ M2

where h € H is a fixed coarse step, ((Yéz)’k)heH)g:1,“.,L,k20 are independent
copies of (Yp)nem, M > 2 is a fixed integer and Ny, ..., Ng is an appropriate
(optimized) allocation policy of the simulated paths across the levels ¢ such that

N1+ -4+ Ng = N (in practice, at a given level £, only ¥ (E) and Y (1@) have

M( 1 MZ -2
to be simulated). The level £ = 1 is the coarse level whereas the levels £ > 2 are
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the refined levels. Within a refined given level ¢, Y (Z) ¥ denotes the coarse scheme
Ml 2
and Y(Zz’k the refined scheme. For some fixed k and £, the random variables are

ue—1
“consistent” in the sense that they have been simulated from the same underlying

Brownian motion W ). A way to quantify this consistency is that ¥, converges in
(squared) quadratic norm to Yp at an hP rate, namely ||Y, — Y0||% <Vi|h|B, h e H.
The parameter 8 depends on f or F' and on the selected discretization scheme in
a diffusion framework. Thus, with an Euler scheme, if f or F are locally Lips-
chitz continuous with polynomial growth (with respect to the sup norm as for F'),
B = 1. This parameter 8 and the constant V| are key parameters to optimize the
allocations of the paths to the various levels (see [8, 16]).

Among other results, it is proved in [8] that, if « =1 and § = 1—which is the
standard situation in a diffusion discretized by an Euler scheme with step & = %
when Yo = f(X7), Y= f (X ), f, b, o0 smooth enough (or o uniformly elliptic if
f is simply Borel and bounded)—the resulting complexity of the optimized mul-
tilevel Monte Carlo estimator to attain a prescribed mean squared error £2 behaves
like O ((log(1/¢) /8)2) as & — 0. When $ > 1 (fast strong approximation like with
the Milstein scheme or its antithetic Giles—Szpruch simulable variant [9] in higher
dimension), this rate attains O (s~2), that is, the rate of a (virtual) unbiased sim-
ulation. The case 8 < 1 provides even better improvements compared to a crude
Monte Carlo simulation.

In arecent paper (see [16]), a weighted version of the above multilevel estimator
has been devised to take advantage of a higher order expansion of the weak error
(bias expansion) up to an order R € N*, namely

R
]EYh — Zcrh(xr + O(ha(R+l)),
r=1
still under the above quadratic convergence rate assumption. Then the so-called
multilevel Richardson—Romberg estimator (ML2R in short) is still based on the
simulation of independent copies of (Y}),cm and reads

W N

(R) N
Y(l) k Y(r) .k Y(r)’k ,
LA DRSPS

rfl Mr—2

w;

where the R-tuple (WﬁR))lfrE g of weights has a closed form entirely determined
by a, M and R and not on (Yj),>¢ (that means on the specific form of f, b,
o in a diffusion framework). For this weighted estimator, the complexity is re-
duced mutatis mutandis to O(log(1/€)/€?) in the setting = 1. When B < 1,
this estimator dramatically outperforms the above “regular” multilevel method
since it only differs from a (virtual) unbiased simulation (when M = 2) by a fac-

tor exp(*-L \/log(2)Tog(T/&)/2)=0(¢ "), ¥n > 0, instead of ¢ with MLMC.
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The underlying idea for this weighted multilevel method is to combine the multi-
level paradigm with the multistep Richardson—Romberg extrapolation introduced
in [18] in its modern form but which historical form goes back to [25, 26] and has
been extensively used in the Monte Carlo literature.

We refer to [16] for more precise results and proofs.

The aim of this paper is to transpose the weighted multilevel paradigm to the
Langevin Monte Carlo simulation with decreasing step described above, with the
issue that, in contrast with regular Monte Carlo simulation, canceling the bias
terms directly impacts the rate of convergence of the method by enlarging the
range of step parameters for which a CLT holds at rate /T, to coarser steps
(so that I';, goes faster to infinity where the stationary regime takes places). So
we will adapt the ML2R estimator to the occupation measure v, = v, intro-
duced before. Like in the regular Monte Carlo setting, we introduce, for a function
f, a weighted estimator involving v, (f) and some correcting terms denoted by
,uflr’M) (f),r=1,..., R based on some pairs of coupled refined schemes [see (2.3)
for details]. Since the ergodic estimation of the invariant measure is based on only
one path, the idea here is to replace the allocation policy of realizations Ny, ..., Ng
of the ML2R method by a sizing policy ¢, ..., gg of the length of the coarse path
[involved in v, (f)] and those of the correcting sequences u,(f’M) .

In order to asymptotically kill the successive terms of the bias induced by

the estimator, we will need some asymptotic expansions of v, (f) and Mf,r’M) f)
such as (2.4) and (2.5) below. These expansions, which require the invertibility of
the infinitesimal generator (or equivalently the existence of solutions to the Pois-
son equation) can be viewed as the counterpart of the weak error/bias expansion
E[f(X7)] —E[f(X7)] in finite horizon.

As for the strong convergence rate used to control the variance of the corrective
terms of multilevel estimators, its counterpart in our ergodic setting will require a
contraction-type assumption [see (Cy) and (Cs) below], which guarantees a mean
confluence result between the diffusion and its Euler scheme with decreasing step
of the following form:

1
r

2 n——+00
_—

n
> vl Xy, — Xil 0 as.asn— +oo.

k=1

It says that the (y, y)-empirical measure of the couple (X, X) concentrates on
the diagonal of RY. Furthermore, under Assumption (Cs), the rate of concentra-
tion on the diagonal can be quantified leading to a long-time setting roughly corre-
sponding to the case 8 = 2 (even with the Euler—-Maruyama scheme). Such proper-
ties hold in particular when the diffusion itself is exponentially confluent (typically
like a mean-reverting Ornstein—Uhlenbeck process) as it is the case under Assump-
tion (Cyg).

The methods of proof heavily rely on limit theorems for martingale borrowed
from stability theory for nonhomogeneous discrete time Markov chains (see,
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e.g., [4]) and radically differ from those used to analyze multilevel methods in
finite horizon. For convenience, we will work in one dimension, but the extension
to the multidimensional setting would be essentially a matter of notation.

Outline of the paper and main results. The paper is organized as follows. We
begin by introducing precisely the weighted empirical sequence built for the esti-
mation of the invariant measure, called ML2Rgodic and denoted by Ti,’f*w. Then
our main results are divided in three parts. In Theorem 2.1, we obtain some CLT's
for BR-W: we show that the ML2Rgodic-Algorithm with R — 1 levels of correc-

tions and an appropriate sequence ();),>1 has an optimal rate of order nTRH with
an asymptotic variance which is the same as the one of the original procedure.
Then, in view of the optimization of the choices of the parameters, we exhibit
in Theorem 2.2 some first- and second-order asymptotic expansions of the mean-
squared error. Based on this result, we proceed to the optimization in Theorem 2.3
and provide some choices of the parameters involved by the algorithm which lead
to a complexity of order 2 log(%) (instead of =3 for the original procedure).
The main tools to establish Theorems 2.1 and 2.2 appear in Sections 3 and 4. Then
the proofs of Theorems 2.1, 2.2 and 2.3 are achieved in Section 5. In Section 6,
we carry out several numerical experiments, first on an Orsnstein—Uhlenbeck toy
model, then on more involved diffusion related to a double-well potential and
finally on a statistical example (sparse regression learning inspired by [3]). Fi-
nally, in Section 7, we briefly compare with a more classical multilevel method
based on finite horizon simulations combined with a convergence of (X;);>0o to-
ward its invariant distribution (at an exponential rate), close in spirit to that re-
cently introduced in [29] [in which a complexity at the order of s‘z(log(%))3 is
attained].

2. The Multilevel-Romberg Ergodic (ML2Rgodic) procedure.

2.1. Design of the ML2Rgodic Langevin estimator. We aim at adapting the
multilevel paradigm to devise an ergodic estimator for the approximation of the
invariant distribution. For a given integer R > 2, the idea is to modify the original
procedure with the aim to kill the R first terms of the expansion of the discretiza-
tion error without impacting too much the simulation cost of simulation.

Let y = (¥,)n>1 be a sequence of steps, and M and R be two integers such that
R > 2 and M > 2. First, we consider an Euler scheme X" = X with decreasing
step y associated to a standard Brownian motion W® = W. We associate to this
scheme R — 1 independent coupled schemes (X, Y"M)) r =2 . . R, inde-
pendent of X where:

Y
Mr—2

2.M) _

e X is an Euler scheme with decreasing step y ""*) = (so that y =y)

associated to a Brownian motion W ).
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e Y"M) is a refined Euler scheme with decreasing step 7" associated fo the
same Brownian motion W) where

(r,M)
S(r.M) 2
(21) Vme{],,M} yM(n—1)+m_7_Mr—2’ nz]
Set, for every integers £ > 1 and r > 2,
n n
(22) Fff’r) — Z(yk(r,M))e — M—(r—2)€ Z Vke — M—(r—Z)KF’SE)’
k=1 k=1
where T'Y =& 2 =D y,f. Note that T\ = F,(,e’z).
Then we define for every r =2, ..., R the sequence of difference of the empir-
ical measures of the two schemes by
M (dx)
- ") o
~(r r
(2.3) F(l ) Z(( Z YM(k—1)+m Y}gzk l)+m> 8X(r) ) n=l

F(l r) Z M= 2( Z 8Y131(k D+m X,Er)|> n=l

The expected weak limit of ,u(r M) (f) is 0 as a difference of occupation measures
of two Euler schemes with decreasing step. Thus, this empirical measure plays the
role of a correcting term.

Now, let g1, ..., gr denote some positive real numbers, called re-sizers from
now on, satisfying

Vrefl,...,R}, 0<g, <1, g1+---+qgr=1,
and, for a given integer n > 1, set
nr:LqrnJ, r=1,...,R.

Let f:R? — R be a smooth function, coboundary for the infinitesimal genera-
tor L [existence of solutions to the Poisson equation f — v(f) = £(g)]. Under
some appropriate assumptions (including weak confluence), we can prove in a
sense made precise later on [see Propositions 3.1(b) and 3.2(b)] that the sequences
(W, (f))n=1 and (u,(,r,’M)( S )n>1 satisfy the following asymptotic generic type-
expansions:

R+1 ~(£)

r
v () =v(H)+ Y

EQF”I

(R+1)
1 r
+o(_ A Lo )

JTn T

2.4)
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R+1 Fr(lf)
V() =30 MO (M — 1) o u (W)
=2 nr

( | F,(f“))
+ol— A ,

N

where (M), >1 is a martingale and (W;),>1 is a sequence of functions made pre-
cise further on. At this stage, the reader can remark that there is no martingale term
in the main part of the second expansion. This point, which is strongly linked with
the weak confluence assumption (Cy) introduced below, can be understood as fol-
lows: the martingale term induced by Mf,r’M) is asymptotically negligible against
the one of v,,(f). In a rough sense, this means that if we build an appropriate

combination of vy, (f) and "™ (), r =1,..., R, we will be able to kill the
bias error without growing the asymptotic variance. But a numerical computation
holds in a finite (nonasymptotic) setting so that this heuristic needs to be refined
in practice. One of the objectives of the paper is thus to go deeper in the study of
the expansion in order to be able to propose an efficient and potentially optimized
method of approximation of the invariant distribution.

(2.5)

REMARK. Variants in the definitions of the schemes are possible. Thus, an
alternative to the independence of the levels is to make the two schemes of each
level (the coarse and the fine one start from the terminal value of the fine scheme
of the former level and, for the second level, from the terminal value of the coarse
scheme). Doing so, one only needs the increments of a single underlying Brownian
motion in the spirit of the original Langevin Monte Carlo simulation. However, it
turns out that the theoretical computation the asymptotic variance of the resulting
multilevel estimator—on which is based the optimization of its design—seems less
tractable.

THE ML2RGODIC-ALGORITHM. As mentioned before, the first step toward
our ML2Rgodic estimator is to design an appropriate combination of the formerly
defined empirical measures in order to “’kill” the bias. Furthermore, we require that
this combination does not depend upon the size n of the estimator. We thus define

a sequence of empirical measures denoted by (T)’,SR’W))nzl by

R
(2.6) VAW = Wi, + > W uM n>1,

np
r=2

where W = (W,)f:1 is a sequence of real numbers. For the sake of simplicity,

we do not mention the dependency of ﬁf,R’w)in M and y. Also, let us remark

that the weights W, clearly depend on R and will sometimes be denoted WﬁR)

in order to recall this dependence when necessary. Let us now specify W. First,
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by (2.4) and (2.5), one remarks that it is necessary to assume that Wi = 1 in order
to ensure the convergence toward v.

Let us now consider the construction of Wy, ..., Wg. To this end, we consider
from now on step sequences with polynomial decay
2.7) Vi =ik with y1 > 0,a € (0, 1).

Then by plugging the expansions of the bias resulting from (2.4) and (2.5) in the
definition (2.6) of the ML2Rgodic estimator we derive that

R
EFRW) = WiEv, () + Y W,Ex"M(f)

r=2
R+1 F}SE)
=W (f)+ Z|:W1 T ]
=2 n

)

R r (R+D
+ 3 Wm0 (1=t gy v(\lfg)+0( L )
r=2 F”r 1§

R+1 ~(0)
~Wiv(f)+ > lf v(lIJg)|:W1ql—a(£—l)
=2

n

R (R+D)
+ 3 W, MEDA=0 (a1t l)qr—a((—l)i| +0< n )

r=2 T
where the notation =~ is used to keep in mind that one implicitly assumes that
O O o
% —qr a(¢-1) I}Lﬂ is negligible (see further on the proof of Theorems 2.1 and 2.2).

Then as soon as the weights (W,)1<,<r are solutions to the linear system: W = 1
and

Ve € [2, R]
2.8) —a(t—1) 1—¢ 4 —(r=2)(¢=1) ,—a(t—1)
Wig; + (M=) WM q; =0,
r=2
the bias is “killed” up to order R and reads

F’SR—H))

~ 1—a ~ B
EGEW)~ —— oWy )Wryin K —|—0< -
n

l—a(R+1)
where we set, more generally,
Wrii = qul_a(R+i)

(2.9) , R . .
4+ (M—R—H—l _ 1) ZWrM_(r_2)(R+l_1)qr_a(R+l)’ i > 0.

r=2
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The main difference at this stage with the regular weighted multilevel estimator
is that these weights depend on the re-sizers g, which will make a complete opti-
mization of these allocation parameters out of reach.

In the following lemma, the linear system (2.8) is solved. In short, it shows that
the weights are uniquely defined provided the re-sizers g, satisfy , —ia F ﬁ,
s # r. Note that these weights depend on the exponent a [and the (qr)] but not on
Vi

Another important point is that, by contrast with the regular weighted multilevel
Monte Carlo setting, this system in its general form is not a regular Vandermonde
system though it shows some similarities. In fact, it can be related to a sequence
of (R — 1) x (R — 1)-Vandermonde systems with closed solutions. A notable ex-
ception to this situation occurs in the very special of uniform re-sizers g, = %,
r =1,..., R where we retrieve exactly the weights of the regular Monte Carlo
ML2R introduced in [16]. For a given depth R > 1, the closed form of (Wi)lR:2
(keeping in mind that W; = 1) is given by the following lemma.

LEMMA 2.1. (a) General re-sizers: If q := (g1,...,9gr) € Sg := {(x1,...,

xr) € (0, +00)k, ZiR:l x; = 1} and satisfies s # r, then the above
system (2.8) has a unique solution given by

R s—2—k
W — -2 azi I L CL IV
' M* 1 — M*="(q5/qr)"

q K
Mrr/a # M;/“’

(2.10) 917 =0 ™M s=2.52r
r=2,...,R.
Moreover, the coefficients W%_ﬁ ,i=1,2, as defined in (2.9) read
s _ (= k—r (41 \*
(2.11) w = <1 —-M ( ) )
R+1 qil 1;) kR 1_[ Gri2
and

W 1— MR-l <1+Z o MF (A )“)
k=0

qr+42
R+2 — qa(R+1) MFKR+1)
1

(e - ()
r=0 dr+2
(b) Uniform re-sizers: If g, = %, r=1,..., R, the following simpler closed
form holds for the weights WgR):

(2.12)

(2.13) WR —w® LWl r=1,....R
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with
R (5 —
M—G=D
(R) _
ro 1_[ M—G6=1D _ p—G-1)
(2 14) s=1,s#r

R
= J] T TeLeoR
s=1,s#r

The weights WX are uniformly bounded, that is, SUP,e[1,R],R>1 WP < oo,
Furthermore,

~ ~ _ _R(R—1) 1—MR
(2.15) (W W) = (= DRTRR pp =73 (1,—R”4>.

The proof is postponed to [21], Section 1.

EXAMPLES. o R=2: W =1, Wy = M (2,
e R=3:
q g
(W(3) W(3)) M ((‘]2) M+1( 3)a ( ) M)

When there is no ambiguity, the superscript ‘¥ will be dropped in the nota-

tion WR, w® and W%Rll In the sequel, T5°"" will be always defined with W
satisfying (2.8) or (2.10).

ASSUMPTIONS. We introduce below the assumptions for the first theorem. As
recalled in the Introduction, the study of the rate of convergence brings into play
the Poisson equation related to the SDE. In this paper, where we are going deeper
in the expansion of the error, we will need to use it successively. For the sake of
simplicity, we thus assume the following (strong) assumption:

(P) For every C* function f, there exists a unique (up to an additive constant)
C*°-function g, such that f — v(f) = —Lg. Furthermore, if f is a function
with polynomial growth, then g also is.

For instance, it can be shown that, when o is bounded and uniformly elliptic
[in the sense that (o0*(x)x|x) > Ag|x|? for some Lo > 0], when Assumption (S)
is in force and f, b and o are smooth have polynomial growth as well as their
derivatives, then (P) holds true. Actually, we first recall that under the ellipticity
and Lyapunov assumptions, the semi-group converges exponentially fast toward v
(in total variation) so that g(x) = fooo P; f(x) —v(f)ds is well defined and it is
classical background that g is the unique (up to a constant) solution to the Poisson
equation f — v(f) = —Lg (see, e.g., [23]). Then, by [7], Theorem 6.17, under
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uniform ellipticity, g is in fact C*° as soon as f, b and o are. The polynomial
growth of g and Vg has been proved in [23], Theorem 1. The property is obtained
through the a priori estimate, see equation (9.40) in [7], which in fact also holds for
D?g. Then we can establish by induction that all the partial derivatives of g have a
polynomial growth. Assume it is true up to order k. First, note that u = 9;, . ;, &
is a solution to Lu = — f, where f, is a function which depends on f, b and o
and their first-order partial derivatives and some derivatives of g up to order k.
Hence, f, has polynomial growth and the a priori error bound (9.40) in [7] for the
second-order partial derivatives of u yields the polynomial growth of the partial
derivatives 9;,,.. ;. &-

The second additional assumption has been introduced in [20] and deeply stud-
ied [17]: it requires the diffusion to be weakly confluent, that is, two paths of the
diffusion, with different initial values, but driven by the same Brownian motion,
asymptotically cluster in a weak (or statistical) sense as follows: let (X, ¥;);>0 be
the duplicated diffusion (or two-point motion) associated with the diffusion (SDFE)

by

dXt = b(Xt)dl +U(Xt)dW[,

(2.16)
dY, =b(Y,)dt + o (Y,)dW,,

where Xg, Yo are two starting values independent of W. If v is an invariant dis-
tribution for (SDE), va :=v o (x — (x,x))”! is trivially invariant for the couple
(X, Y). The diffusion (SDE) is said weakly confluent if v is the only invariant dis-
tribution for (X, Y) [which implies implicitly that v itself is the unique invariant
distribution of (SDE)]. In the sequel, this assumption is referred to as

(Cw) (SDE) is weakly confluent.

REMARK 2.1. > Under slight additional assumptions on the stability of
(SDE), it can be shown (see [17]) that, if (Cy) holds, the diffusion is statistically
confluent in the sense that

/ S(x,,v,) ds => VA a.s. ast — +o0.

> For the empirical measure v,gR W), the role of (Cy) is to ensure that the empir-

ical measures [LnL, built with some differences of schemes X ,(f) and f,fr) have a
negligible asymptotic variance (with respect to that of v,). This property will be
made precise in Section 4.

We are now in position to state the first main theorem.

THEOREM 2.1 (CLT). Assume (S), (P) and (Cy). Let (R, M) € (N*\ {1})?
and let (W,)1<,<g denote the R-tuple of weights defined by (2.10). Let q =
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(4r)1<r<r € Sk be an R-tuple of re-sizers satisfying = # b, s #r. Let y, =
yin~% n eN* a e (0,1/R), be a discretization step sequence. Let f : RY — R
be a C*® function and denote by g the solution to f — v(f) = —Lg. Let W =
,,,,, g be defined by (2.10).

(@) Ifae (m, ﬁ), then

La (C(RW) oy d ) B Ar(0: R
nz (vn f) /Rf V) = N( of(a q.R)) asn — 400
with

l—aol(f)
4! q1

(2.17) o7(a.q.R)= with o2 (f) = v(|o*Vg|?).

®) Ifa= ﬁ, the CLT holds at an optimal rate toward a biased Gaussian
distribution, namely

n2R+1( (RW) () — /Zfdv)gN(mf(q,R);g]%(q’R)) as n — +00

with o (q R) := c72(2RJrl qg,R)andmy(q, R) :== 2)/1 WR+1CR+1 where WR+1
is given by 2.9) and cr+1 =V(Wgrt1), YR+ being a C®°-function with polynomial
growth [whose explicit expression in the one-dimensional case is given by (3.4)].

(©) Ifa € (0, zg+7)- then

n”R<§,(lR’W)(f)—f fdv)ﬂmf(a,q,R) asn — +oo
R .

with

(2.18) my(a,q.R) = Y Wri1cR41-

l—a(R+1)

REMARK 2.2. Note that the definitions of m ¢(a, g, R) and m ¢(q, R) in the

above claims (b) and (c) are consistent since m ¢(q, R) =my(a,q, R) when a =
1
2R+1"

REMARK 2.3. It is worth noting that in this long run setting where we
manage jointly Monte Carlo, long-time and discretization errors, the interest of
ML2Rgodic and especially of the multilevel Richardson—Romberg strategy is to
increase the order of the rate of convergence of the procedure. In particular, such a
property would not be satisfied with a MLMC alternative.

From an asymptotic point of view, the above result says in particular that when

. 1 . . .
R grows, the optimal rate of convergence tends to n2 without increasing the
(asymptotic) variance. However, from a nonasymptotic point of view, one has cer-
tainly to go deeper in the result to try to optimize the choice of the parameters.



3374 G. PAGES AND F. PANLOUP

This implies to take into account the effect of the choice of q, M and R on the
residual bias term, the variance and on the computational cost. This is the purpose
of the next paragraph.

L2-expansions of the error. The aim of this part is to study the quadratic error to
prepare the optimization of the parameter of the multilevel estimator (a, g, R, n)
algorithm subject to a prescribed quadratic error ¢ > 0. To this end, we will not
only provide a reformulation of Theorem 2.1 in quadratic norm, we will also go
deeper in the study of the asymptotic error. In particular, in the previous result, the
variance induced by the correcting terms uX-M does not appear and we would like
to quantify it. We will also need to control the residual error terms not only in »
but also with respect to the depth R, since this parameter is intended to go to +00
in the optimization phase. This will lead us to carry out the expansion to the order
R +2 and not R or R + 1 like in the above theorem and to introduce a second and
more constraining confluence assumption denoted by (Cs):

(Cs) There exists @ > 0 and a positive matrix S such that for every x, y € R4,
1 5 2
(b(x) =bW)|x —y)g+ §||0'(X) —o|s = —alx—yls,

where (-|-)s and by | - | s stand for the inner product and norm on R¢ defined

by (x]y)s = (x|Sy) and |x|% = (x|x)s, and for A € M(d,d,R), A% =
Tr(A*SA).

Furthermore, to get closer to practical aspects, we only consider the optimal

case a =a = 1/(2R + 1) which clearly provides the highest possible rate of con-

vergence for a given complexity. Finally, we will focus on the uniform re-sizing

vector g, = %, r=1,..., R. They turn out to be most likely rate optimal and, as

emphasized in Remark 2.1 of [21], in that case the first term of the bias of the
ML2Rgodic estimator does vanish whereas for other choices of vectors ¢ a resid-
ual bias [at rate O (n~'~%)] still remains. Though theoretically negligible, it turns
out to have a strong numerical impact on simulations.

THEOREM 2.2 (Mean squared error fora =a = ﬁ). (a) Suppose that the

assumptions of the previous theorem hold and let a = ﬁ. Then

[DEWF) = ()2 =0~ (03(q, R) +m3(q, R) +0(1)  asn— +oo.
(b) If, furthermore, (Cs) holds

[FEW () = v ()3 =n" 5 (03 (q. R) +m(q. R))

1 ~
+ ;(5}(61, R)+iif(g, R)+o0(1))  asn— oo,

where, on the one hand

- 1 1
Q19 TR = ol (1= 57 ) ¥R MI355)
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with

2.20 V(R,M) = w
(2.20) (R, M) 4R2_1§( )

and 02 1(f) and o3, 2( f) are some variance terms explicitly defined further on
by (4.1) and (4.4) in Propositions 4.1 and 4.2, respectively. On the other hand,
m¢(q, R) is given by

~ SR R (R
myg(q, R) = R [CRHICRE2Y] RHW( )1W§e+)2-

(c) If furthermore the re-sizers are uniform, I:lilmely qr =~ér = %, r=1,...,R,
then the weights WgR) are given by (2.14) and W(R)1 and W%Rlz by (2.15) so that

~ 4R 2R+1 Rr-n 1l —M~F
(2.21) myg(q, R) = TR [ CRHICRR2Y] RM™ 1w

2.2. Optimization procedure. It remains to optimize the parameters to min-
imize the complexity of the estimator for a given prescribed mean square error
(MSE). In view of the above Theorem 2.1, it is clear that the parameter a should
be settled ata =a = 2R1ﬁ' We thus start from Theorem 2.2(b) with

1
R+ 1 and  ¢r =g = 4.,
Then the weights W,, r = 1,..., R and WR+1 are given by (2.14) and (2.15)
(those coming out in standard multilevel Monte Carlo, e.g., in the case of the ap-
proximation of a diffusion by its Euler scheme).

We denote by @ = (R, y1,n, M) € TT = N* x (0, +00) x N* x N* the remain-
ing set of free simulation parameters that we wish to optimize. With this specifica-
tion for a and the allocation vector g, the MSE(w) reads

1
2 _ -
oW —v(H); = —(07@, 4, R) +m7(@. 4, R))
(2.22) n2RE
1, ~
+;(0j%(a,q,R)+mf(q,R)+0(1))
as n goes to oo where, owing to (2.18), (2.21), (2.17) and (2.19),

a=a= r=1,...,R.

- R(R—1)
mf(a,q,R):zle(_l)R_leRR+1M_ T CR41,
~ - 8R 1
mf(CI,R)Z—R_ 1CR+ICR+2V1 +1RM R(R- l)m,

2R 5 ]
R2RToi (f)y,

-
9 ’R=
o7@4. R =55

53a@.3. 0 = R[a21(H* + (1 - 7w M) |
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On the other hand, the complexity K (zo, n, M) of the multilevel Langevin estima-
tor devised in (2.6) reads

K(w,n,M)=n(q1 + (M + 1)(g2+ -+ qr))ko
= n(l + M(1— ql))K()

R

where kg denotes the unitary computational cost of one iteration of an Euler
scheme.

To calibrate the above parameter &, we want to minimize the complexity sub-
ject to a prescribed RMSE ¢ > 0, that is, solving the constrained optimization prob-
lem:

inf  K(w).
MSE(w)<eg?

To state the main result of this section, whose proof is postponed to Section 5,
we need to introduce a function related to the weights WﬁR) and on the depth of

the simulation. We know from Lemma 2.1(c) that (WﬁR))lfrE R.R>2 is uniformly
bounded. Consequently, M being fixed, W (R, M) = O(R) as R — 400 [where W
is defined by (2.20)]. This leads us to define

V(R, M)
(2.23) V(M) =sup —————.
R>1 R

We refer to Table 2 for some numerical values of W and W.

THEOREM 2.3. Under the assumptions of Theorem 2.2, and if, furthermore,
1
Mg oo 1B = 0 and |cg|® — € € (0, +00), then

CR
(a)
inf K(w) 2 K(f, M).e™? <1og<l)> ase— 0,
MSE(w)<e2,mell &
where
_ 2ko(M + 1) (M — )W (M) -
(2.24) K(f,M)= Tog M ( i) + 1)(:01 (f)

2
with 0, (f) = ;}1;{]}).
’ 1

(b) The above bound can be achieved by the (sub)optimal w™ given by q* = %,
R* = R(e, M) = [x(e, M)]| where x(g, M) is the unique solution to the equation
08y (x — 1) + x log x + log(e) = 0 and

2R
2R+1

1
2R+1 _ 1 __2 2 1 R(R—1)
(SR) 2R+1 |CR+1| 2R+10{ (f) 2R+1 M 2R+T |

.o =
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TABLE 1
Values of x(e, M)

e=10"1 £=10"2 ¢=10"3 e=10"4

M=2 2.08 2.79 3.38 3.89
M=3 1.94 2.56 3.06 3.50
M=4 1.87 2.44 2.90 3.30

Furthermore, as € — 0,

e M) = 2log(})  logy (D) L1, log(logM) —log2 | 0<log(2)(1/s)>

and the (minimal) number of iterations n(e, M) necessary to attain an MSE lower
than €?* satisfies

(2.25) n(e, M) = 2 <(M_1)‘I’(M)+1)012(f)82log<l> as e — 0.

logM 01 (f) e

REMARK 2.4. Though difficult to check in practice, note that the assumptions
on the sequence (c,),>1 are satisfied as soon as

. CR+1
lim
R—+00

=c € (0, 400).

CR

REMARK 2.5. Note that the choice of R(e, M) does not depend on the pa-
rameters. In Table 1, we give the values of x (g, M) for several choices of M and ¢.
As expected, one can check that R(e, M) increases very slowly when ¢ decreases.

REMARK 2.6. A remarkable point to be noted is that we retrieve the same
asymptotic rate as that obtained with the original ML2R Monte Carlo simulation
at finite horizon, that is, for the computation of expectations E f (X7) where X =
(Xt)re0,17 1s a standard diffusion discretized by its Euler scheme.

Practical aspects are investigated in the practitioners’ corner (see Section 6.1)
especially how to calibrate the parameters which are involved in the definition
of m*.

3. Expansion of the error. For the sake of simplicity, the proofs are detailed
in dimension 1. In the following subsections, we begin by decomposing the quan-
tity v)""(f) — v(f) for a given smooth coboundary function f (i.e., such that the
Poisson equation f — v(f) = —Lg has a smooth enough solution) and for a gen-
eral weight sequence (7,,). Then, in the next subsections, we successively propose
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some expansions of the error, vl ( f) —v(f) for the original sequence ) ( I)n=1
(implemented on the coarse level) and for the sequences of correcting empirical

measures (/,L,([’M)( f)) forr =2,..., R defined in (2.3) and corresponding to the
successive refined levels of our estimator.

Note that by expansion, we mean an expansion of the bias of our estimators
(Ievel by level then globally) until we reach an order at which we reach a martin-
gale term involved in the weak rate of convergence.

3.1. Higher order expansion of vy, Y ( f)—v(f) (coarse level). For every integer
n > 1, for every sequence (v,),>1, we set Av, = v, — v,—1. We will also use the
following notation:

_1
Up=vn >(Wr, =T ) £N(©0:1,) and p, =E[U]"], meN.

LEMMA 3.1. Let L € N. Assume that f — v(f) = —Lg where g is a C*L13-
function. Then, for every integer n > 1,

L+1
Ag(Xp) = —yn(f Knct) = v(f) + [Z vl o ()X 1)}

3.1) =

+ZAM(’ g)+AR(1 g)+AR(2g)+ARr(l3Lg)’
i=1

where, setting T, = {(m1, my) € N2 L my + mz —s),

@e(f)(x) = Zg<’”1+m2><x> — "M ()™ (x),

Zy

AMr(ll’g) — \/y_n(g,o’)()_(n—l)Un,

1 _ _

AMPS = Zyug” (Xn)o”(Xu—n)[Uy — 1],
31 - S 5

AM>S =y, (58”(an)b(xn1>a<xn1)Un

1 _ _
+ —g(3>(Xn1)a3(Xn1>U3),

6
(Lo 2L+1 o]
8 + Y Y
AR, = v 7 )0 8" (Xm) ,mz,b'”l(anl)a'"%xn,l)U;”z
=2 IZ-%—;
2L+1

+ >0 pE g (X, )
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™ ()_(n—l)amz()_(n—l)[U;;n2 - sz],

ml!mgl
2,
AR = Z rh 3 (K B (K )0 (R ),
{=L+2 )
3, S S 2 3
ARG = g@””(sn)(ynmxn_]) + Vo (XU ?E,
én n 1, X]

Asa consequence,

v " (f) = v(f)

L+1

-1
) :__Z UkA (Xk)+ Z D= 177ka Urrl;ye-l,y(w(f))
. ”k 1

1
k=1

PROOF. By the Taylor formula with order 2L + 2, we have for every x and y
in R?,
2L+2 4
glx+y) —gx) = Z 8y 4 g @)y,

where & € [x, x + y]. Then, if y = yb(x) + /7o (x)u with u € R?,

1, 1
LY

| |
mi+mo=k my:ma:

ym1+m72bm1 (x)o™2(x)u™2.

The decomposition of Ag(x) easily follows by separating odd and even m, and by
remarking that

1
g'(x)y+ g "(x)y* =~y Lg(x) + /Yo (X)u + 5)/0*2(x)(u2 —1)

- %g”(x)(yzb%x) +2y 3o ().

Since

1 & -
Y= = 3 %(yk(ﬂxk_]) —v(f))),

the second part of the lemma is a direct consequence. [
For notational convenience, we will denote by Q f in what follows the solu-

tion of the Poisson equation f — v(f) = —L(Qf) satisfying v(Q f) = 0. [Under
Assumption (P), Q f is well defined.]
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DEFRINITION 3.1. (a) Under Assumption (P), one may define a mapping
(pél](-) from C*°(RR, R) into itself defined for every f € C*°(R, R) by

33 o= ¥ Py

mi'my!
(my.ma),m+"2 =0 2

B (a2 () (Q )M (),

where %) denotes the kth derivative of a function /. Then, for every £ € N, one
sets go%m] = <p£m_1] o (py]. To alleviate notation, we will often write ¢, (f) instead
of (p,g}] (f) in what follows.

(b) Still under Assumption (P), we define the mappings ¥, £ € N*,

-1
(3.4) W@:Z Z ©m, OO Py

k=1 (my,....mp)e[2,€]F,
my+-tmy=L+k—1
For example, note that

W) = ¢, ‘I'3=<03+<p£2] and ‘P4=<p4+¢3ocpz+¢zo¢3+¢£3]-

We have the following expansions of the error, depending on the averaging prop-

erties of the step sequence y.

PROPOSITION 3.1 (Bias error expansion for the coarse level). Assume (S),
(P) (and uniqueness of the invariant distribution v). Let R € N, R > 2 and let
f € C®° R, R) with polynomial growth and g = Q f.

(a) If(yf, Yn)n>1 is averaging for every £ € {1, ..., R},

R () (1,8 (R)
r M Vvl
W (@, ) = v(f) = 3 —u(By(f)) = +oLz(#).
=T, Ty Ty
(b) If, furthermore, the pair (ynR+1, Vn)n>1 Is averaging
R O Mrgl,g) R+
vy (@, ) =v() = 2 v (W) = —— + ——v(¥r41(f)
=2 n n n
( /—anF,(1R+1)>
+op| —————— ).
Iy

(c) The following sharper expansion also holds when (ynR+2, Yn)n>1 IS averag-
ing
R )

v (w, ) —v(f) =Y ——v(W(f))

=2 T
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M + N, | T

= v
T, + T, v(Wre1(f))
(R+2) /F(3 y F(R+2)
+ T, V(Wri2(f)) + 0L2< >

where Ny =0 and

3
2

AN, = AMPS + AMS + v (085) (Xe—1) U,
with g = Q(2(f)). that is, the solution to p3(f) — v(ga(f)) = —Leg.

REMARK 3.1. The first expansion is adapted to the proof of Theorem 2.1(a),
the second one to Theorem 2.1(b) and (c) and Theorem 2.2(a). Statement (c) is
written in view of Theorem 2.2(b) where one needs to handle the second-order
term of the asymptotic expansion of the MSE. Note that the bias term of order
R + 2 in (c) will contribute to 7 ¢ (g, R) in Theorem 2.2(b). At this stage, it can be
justified by the following remark: whena =1/(2R + 1),

[(R+D (R+2) n_)joo( IR )21
r, T, 2R+1) n

As concerns the contribution of the martingale correction AN,,, we refer to Propo-
sition 4.1 for details. Finally, remark that all the negligible terms are given with
the L?-norm. For Theorem 2.1, “op” is enough.

PROOF. (a) and (b): Let R > 2 be an integer. Let us consider the decompo-
sition given by (3.1) in Lemma 3.1. When (y,)n>1 =7 = (Vu)n>1, L = R and
g=9f, we get

R (&)
vy (f) = v(f) =Y =—v(ee(f))
=1 Ty
Xo) — g(Xn r¥
o Lt L o (0 (e () = vlpe(£)
(3.5) ! =20
D s
o v Y (ere1 () + r,
n k=1 \i=2
By Lemma 3.2(i) applied with (1,) = (vn),
Hg(ffo) —gXy| _C

Iy Z_Fn.



3382 G. PAGES AND F. PANLOUP

As well, by Lemma 3.2(ii) applied for different choices of (6,,), & and (Z,),>1, we
have

2.9) (3.9 (1.
(AM,” + AM™® + ARk ) T
n

<C
2

H ”kl

Finally, Lemma 3.2(iii) and (iv) are adapted to manage AR,S}{?) and AR,S}?’), re-
spectively. This yields

(R+3) (R+3)

(R+2)
SC(F" + En ) SCF”
2

n n

n

H ”kl

The above terms are thus negligible in expansions (a) and (b). As concerns

R+1
vy ' Y (@r41(f)), one can deduce from the polynomial growth of ¢r41(f) and

from (3.7) that there exists C > 0 such that

va>1 " (g ()], < C.

( R+1

This means that this term is negligible in the expansion (a). In (b), , Vn) 18

averaging so that by Proposition 1.1,

R+1

vy Y (ers1()) Uit v(pr+1(f)) a.s.

But using again (3.7), one checks that (||v,},/R+l’y(<pR+1(f))||2+5)n is a bounded
sequence for a positive 8. Thus, an uniform integrability argument yields that
v (orir (1) S vlpria () in L2,
But for any £, ¢y is the component corresponding to k = 1 in the definition (3.4) of
Wy In (b), v(pr+1(f)) will thus contribute to v(Wg41). As well, the terms v(¢y),
£ =2,..., R exhibited in this first expansion will certainly contribute to v(\W;),
£=2,...,R

Now, we focus on the second bias term of (3.5). More precisely, for each £ €
{2,..., R}, we have to repeat the previous procedure: we apply the expansion (3.1)
of Lemma 3.1 with n = (y\)n>1, L=R — €+ 1, fy = ¢y and g, = Qpy (defined
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above). After several transformations, this yields

r(E) R—(+1 F(E+m—1) .
o WL () —v(f0) = 3 ——v(en'o gy (1)
m=2 n

=—— Z v AQpe(Xp)

Ty k=1
R—t+1 Iﬂ(E-i-m 1)
3 6) i+m—1?y _
3. + Y = v)(@m © @e(f))
m=2
F,§R+1) R+1

T v Y (@r—e+2 0 9e(f))
n

3
o 2 (T amO e+ ARCE ).
k=1

n i=1

Applying again Lemma 3.2 allows us to control the L?-norm of the negligible
terms:

C)/lg_1

n

/F(zg 1>\/F(R+ 5+€—1)
<C .

Iy

ny 'AQpy(X)

”kl

S

and

3
(i,g¢0) (i,g¢)
Z (Z AME + ARk,RZ—E—H)

"k 1 i=1

2

Again, the penultimate term of the previous decomposition is negligible for ex-
pansion (a) and satisfies the following convergence property when (yX+1, y) is
averaging:

n——+00
e

(R+1)
F F L+1 1 1
. ( - V(ﬁa[Lle_i_z o @(g ](f)),

" 7,)’){,)/
lﬂr(l1e+1) r,

(¢rlesao ‘Pzgll(f)))
a.s. and in L2, This brings a second “contribution” to v(Vgr41).

Finally, it remains to consider for every £ € {2, ..., R} each term of (3.6). Set-
ting £ = m1, m = my, the sequel of the proof consists in repeating the procedure
until k :=inf{i : m1 +---+m; = R +i}. The result follows.

(c) The proof is based on the same principle but is slightly more involved since
we aim at keeping all the terms which are going to play a role in the second-order
expansion of Theorem 2.2(b). This implies to start the previous proof with L =
R + 1 (and in the second step with L = R — £ + 2). Furthermore, the main other

difference comes from the martingale component. As a complement of M,(,l’g),



3384 G. PAGES AND F. PANLOUP

one also keeps whole the martingale terms whose L2-norm is not negligible with

[+®
respect to F” . In short, this corresponds to the martingale increments with a

2
factor yx or y,”. This yields the two martingale increments AM, ,E ®) and AM 153,g)

of the first expansion but also the dominating martingale increment of the second
expansion above: yy AM ,El’gg). The result follows. [

LEMMA 3.2. Assume (S). Let h be a smooth function with polynomial growth.
We know from Proposition 1.1 that, for every p € (0, 4+00),

(3.7) Chnp= Sup”h(X”)”p < +00.
n>1

Then:

(1) If Mn/Vn)n>1 is a nonincreasing sequence of real numbers,

> An(X)
k

k=1

< Ch,zﬂ-
) 2

(1) If (Zr)k>1 is a sequence of i.i.d. centered random variables with finite vari-
ance, then for any deterministic sequence (6x)k>0,

n
<CnallZill2 | Y67
2 k=1

(ii1) For any sequence (6x)k>1 of real numbers,

n
> Okh(Xi—1) Zi
k=1

n
<Cn2)_ I6kl.
2

k=1

(iv) For any sequence (6k)k>1 of real numbers and any r > 0, there exists a
real constant C = Cy.p 5,1, Such that

n r
<C Z |0k ly -
2 k=1

ZQk sup |h(Xk 1+ UAX)|AX]
k=1 ME[O

PROOF. Using that (17,,/¥n)n>1 1S a nonincreasing sequence, we have

Zn]]:Ah(X)‘ |h(X)|+Z<——M)|h(X)|+y h(X,)]

kl Yk

so that

SIS
k

k=1

n—1
<Ch2<’71+2(@__77k+1>+77n> Ch2_
2 yl k=1 Vk Vk+1 Vn Vl
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This concludes the proof of (i). Items (ii) and (iii) are straightforward conse-
quences of the fact that sup,-; E[|h(X,)]?] < 4+00. For (iv), the polynomial
growth of & implies that there exists p > 0 and a constant C > 0 such that for
any x,y € RY,

sup [h(x +uy)| < C(1+ x[” +[yIP).
uel0,1]

Using that b and o are sublinear functions and Minkowski’s inequality,

H sup |h(Xp_1 +uAX)|| AKX
uel0,1]

2

<C(L+ 1Xx—1l”]4 + NAXP| ) 1AXI |, < v

The last statement follows using again Minkowski’s inequality. [J

3.2. Error expansion of the correcting levels. For a given sequence y := (),
let us denote by ()_(k)kzo and (?k)kzo the two Euler schemes of the diffusion
(X:)r>0 driven by the same Brownian motion W and with the step sequences
(vn) and (y,, /M), respectively. We then define a sequence of empirical measures

(un"") by

M, _ ) _
uMY (dx) = = Z((Z P | 108 ) =L

k=1 m=0

(r)
By the definition (2.3), one first notes that forr =2, ..., R, uﬁf’M) = uﬁl’y built

with the Euler schemes X and ¥ (keep in mind that yk(r) = +755)- As aconse-

quence, expanding (,u,ly V' (f))n>1 will elucidate the behavior of the refined levels
in the ML2Rgodic procedure.
In the proposition below, we thus state a result similar to Proposition 3.1 but for

the sequence (un"" (f))n=1-

PROPOSITION 3.2 (Bias error expansion for the refined levels). Assume (S),
(P) and uniqueness of the invariant distribution v of the diffusion is unique. Let
R eN* R>2andlet f € C®(R, R) with polynomial growth and let g = Q f .

(a) Assume that for every £ € {1,..., R}, the pair (y,f, Yn)n>1 IS averaging.
Then,

R 1—‘,(15) M, , T F,(ZR)
B () = S ) () = Ay (VYT

=2
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where for a Borel function ¢ : R? — R,

Mu(9) =Y o(Xk—)(Wr, — Wr,_))
k=1

M-l
- P pk—1)+m)(Wr, _

1T er—1+% )-
m=0

m+
1+ 557

(b) If furthermore, the pair (ynR+1, Yn)n>1 IS averaging, then the following
sharper expansion also holds:

R )

Iy
/L,’,”’”(w, - Z(MFZ — 1)F—U(‘I’(Z(f))
(=2 n
My (og' oy
= - HTE) (R ) a(Wra ()
1—1’52) v Fr(LR+1)
+0L2<—Fn ).

(c) The following sharper expansion also holds when ()/nR +2, Yn)n>1 IS averag-
ing:
R )

I
T () = Do (M = 1) v (e ()

(=2

M, (ag") + Nu(302g")
__ =

(R+1)
n

= v(Wrs1(f))
’5R+2)

Iy
/F,SZ) v Iﬂr(lRJrz))
| ’

where, for a Borel function ¢ : R¢ — R,

+ (MR —1)

+ (MR 1)

v(Wri2(f))

+0L2<

Na(@) =" oK) ((Wr, — Wr_)* — vk)
k=1

M-1
_ % _ 2_ %
mZ:o(p(YM(k_le)<(WF"‘+W Wry_iom) M)'
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PROOF. With the notation introduced in (2.1), set

—1 n

~2.M = ~ ~
NP )= (Z ”’) 7 Moy, -
k=1
One can check that for every n > 1,

M (@, f) =y (Fo )= () = (] (F) = v(F)).
For (a) and (b), it remains now to apply Proposition 3.1(a) and (b) to both terms

S2M -
on the right-hand side of the above equation [with step 7> for v,’; u (Y, )] The
result follows by concatenating martingale components and by noting that for any
integer £ > 2,

~ _ 4
i@t M

~2M - :
Zk 1Yk L

For the proof of (c), the only difference with Proposition 3.1(c) is that one only

keeps the martingale increment M, 2.8) of the corrective term N,. More precisely,

the terms of N,, appearing with a factor )/n are here viewed as negligible terms. Us-
ing Lemma 3.2(ii), one easily checks that these martingale corrections are bounded

in L, by I /T, [which is o(/T/T,)]. O

REMARK 3.2. The fact that we keep less martingale terms in expansion (c)
can be understood as follows: in Section (4.2), we will show that the apparently
dominating martingale component M, (0g’) is in fact negligible at the first order
of the expansion under confluence assumptions. This implies that the covariance
terms induced by the product of this martingale and the martingale corrections

3

appearing with a factor ykz in N, (see Proposition 3.1) will be also negligible at a
second order.

4. Rate of convergence for the dominating martingales. In the continuity
of Propositions 3.1 and 3.2, we now propose to elucidate the weak or L rate of
convergence of the dominating martingales, that is, the martingales coming out in
the above error expansions established in the former section.

4.1. The dominating martingale term involved in v} (f) — v(f). We begin
by stating some asymptotic results for the first- and second-order martingales

(M,gl’g))nz1 and (N,),>1 which appear in the expansions of Proposition 3.1. The
associated statements describe the asymptotic martingale contributions of the first
(dominating) term of the ML2Rgodic procedure. With the view to Theorem 2.1,
the first statement concerns the convergence in distribution of the dominating mar-
tingale (M,Sl’g )),,21 whereas the second and third ones are crucial steps in the proof
of Theorem 2.2(a) and (b), respectively.
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PROPOSITION 4.1.  Assume (S) and (P). Let g = Qf. Then

(a)
1 /
«/_F_,,M'?’g) &N(O; A;(og )zdv>.
(b)

(1.g)y2

M

E[M} :/ (ag/)zdv +o(1) as n — +oo.
'y R

(©) If (u, v;0) is averaging,

E[(Mn(l’g) + NN}
T

r
:/R(gg/)Zdv+ T (ofl(f)+0(1)) asn — 400,

n

where

@) k(0= [[elog))+30%) + 05) 00 +208s) | v

where go = Qua(f), that is, the solution to g2 (f) — v(pa(f)) = —Lg>.

REMARK 4.1, If y, = yjn™ 7%91,

1 n>+00 2R _ 2R Fr(12) n——+00 2R
~  ——n 2R+ and — ~ ———.
T, 2R+ )y g Q2R+ Dn

One thus retrieves the orders of the expansions established in Theorem 2.2.

PROOF. (a) Using Proposition 1.1,

M9
(4.2) <F7>n =" ((0g)) =25 v((0g))?)  as.
n
Furthermore, by the Cauchy—Schwarz inequality and (3.7), we have for every
e >0,

n n (2
(1,82 1 (1,9)\4 '’ no+oo
];E[(AMIC ¢ ) 1(AMI£1'5'))2>5] = ;;E[(AMk ¢ )] = CF—% —0.
This second convergence implies that the so-called Lindeberg condition is ful-
filled. Then (a) is a consequence of the CLT for martingale arrays (see [10], Corol-
lary 3.1).
(b) By the Jensen inequality, for a given function f,

E[(v} ()] <EWY ()]
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and it follows again from Proposition 1.1 and from the fact that o g’ has (at most)
polynomial growth that

(4.3) supE[(v,{((ag’)z))z] <supE[1 +]X,|"] < +o0

owing to (S) and (3.7). As a consequence, vy ((og )2)),121 is a uniformly inte-
grable sequence so that the convergence of Y ((og )2)) toward v((og )2) also
holds in L'. The second statement then follows from (4.2).

(c) First, using that E[Un(U,% — 1)] =0 and that ]E[U,f] =1, one can check that

2
(M0 4+ N, ] =D ()] + B ()

n n

where

1
Fo=[3(0%) + (0¢)(e V0" +2(083) o).

On the one hand, since (ynz, Yn)n>1 1s averaging, we deduce from Proposition 1.1
that

n——+o0o
—_—

VY (F) W(F)  as.

But using uniform integrability arguments similar to (4.3), the convergence also
holds in L!. On the other hand, let us focus on E[v."” ((ag’)z)]. We set h = (crg/)z.
Using Proposition 3.1(a) (and the fact that W, = ¢;) with R =2, we have

(1,Qh) (2) (2)
M r JTa VT
v (h) —v(h) = —— 4 v(<p2(h))+0Lz(7n>.
Iy I'n I

By (4.2), we deduce that
(1,8 2 (2
M, °" + N, 'y
E[(F—")} =/R(ag')2dv+ = (v(p2(h) + F) +0(1).

The last statement follows. [

4.2. The dominating martingale in the error expansion of (u,{yl’y( fDn=1. In
this section, we focus on the behavior of the martingale terms involved by the
refined levels of the MLL2Rgodic procedure. Thus, this corresponds to the variance
induced by this procedure. On a finite horizon, Euler schemes are pathwise close
(in an L?-sense for instance) and this property implies one of the important features
of multilevel procedures: reducing the bias without increasing significantly the
variance. As mentioned before, on a long run scale, such a property is not true in
general. More precisely, without additional assumptions, the martingale (M), >1
defined in Proposition 3.2 is a priori not negligible compared to the one induced
by the first term of the ML2Rgodic procedure. However, this turns out to be true
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in presence of an asymptotic confluence assumption. This is the first statement
of the next proposition. In the second one, we go deeper in the analysis of the

martingale contribution of (M,/y Y f))n>1 under a stronger confluence assumption.
The second property will contribute only to Theorem 2.2(b).

PROPOSITION 4.2. Assume (S) and (P). Let h| and hy be locally Lipschitz
Sfunctions with polynomial growth:

(a) If (Cy) holds, then (M"?l(f”))nzl converges to 0 in L?.

(b) Assume (Cs) holds and that (yy, ynz)n is averaging. Assume that hy is C2
and that hy and its derivatives have polynomial growth. Then the martingales

(M, (h1)) and (N, (hy)) are orthogonal and
Lomtov, i) + N 2122223 (1 VL [ o) 2av +2 [ 124
F(z) E[(Mn(h1) + Na(h2)) ]—>( _M)[EA;( 10)"dv + / 2 V]

In particular, when hy = og’ and hy = —02 " (with g = Qf), this variance is
denoted by (72’2( f) which subsequently reads

1
ag,z(f):[E/R( ’lo)za’v+2/h%dv}
_/ ( +cra/g/g//+ ;( )2) dv.

PROOF. (a) Set ¢ = h;. First, using that X and Y are built with the same
Wiener increments,

(4.4)

n

M—1
(M(g)), ZVM 3 (@(Xie1) — 9 Taae—1ysm))
k=1 m=0
so that
M@ &
T, Z

where D" (f) = r Sy vk f Xik—1, Yrg—1y+m) and @(x,y) = ¢(x) — o(y).
With similar arguments as for the proof of Proposition 1.1, for every m €
0,....,.M—1}, ®F™), converges a.s. to the unique invariant distribution of the
duplicated diffusion v [since Assumption (Cy) holds]. By uniform integrability
arguments, one can check that the convergence holds along continuous functions
with polynomial growth so that

n——+00

DM@ S [ (o) — 9 (1)) valdx, dy) =0 as.
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Again with uniform integrability arguments (using that sup, E[|X,|"] < +oo for

every positive r), one can check that E[D) ’m(gﬁz)] 22H% 0. 1t follows that

E[(MF(SD))n] n—>+09 0.

(b) The proof of this statement is the purpose of the end of the section. First,
remark that the orthogonality of M (k) and N (hy) follows from independency
of the increments of the Brownian motion and from the fact that for every s < ¢,
E[(W, — W) (W, — W)? — (t — 5))] = 0. Then it remains to study these two
martingales separately. In Lemma 4.1, we go deeper in the study of the long run
behavior of the martingale M (/1) under Assumption (Cs) and in Lemma 4.2, we
investigate the one of the martingale N (hy). O

4.2.1. Long run behavior of M(p) under strong confluence.

LEMMA 4.1. Under the assumptions of Proposition 4.2(b),

1 21 n—>+0 1 1 / 2
@E[Mn(hl) [ 5(1— M) /R( (o) dv.

PROOF. We temporarily write ¢ instead of /.

Step 1: We decompose M () as the sum of terms involving the limiting diffu-
sion process X:

M-1 m—1
M(p) = mD Z MEm 4 Z M(3’m),

m=0 m=1
where

n

M = Z(ﬁﬂ()_fk—l) —@(Xr,_,))AWr,,

k=1
n
MG = ];(‘/’(YM(k—l)-i—m) - (p(XkaH%))(WFk—me“ - WI‘k71+%)s
n
M = kX:jl(go(er,H%) — X ) Wry | = W )

We first deal with M (D whose predictable bracket given by

(MDY <> yi(o(Ximt) — (X, ))°
k=1

n
<lelup Y_ vl Xe—1 — Xr,_, 1%
k=1
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Let A® be the infinitesimal generator of the duplicated diffusion (X7, X ;‘/);20
and let us denote by b : R x R > RY x R? and & : RY x RY — Myy 24 the
associated drift and diffusion coefficients. If we temporarily set S(x, y) = (x — )2,
then

1
ADS(x.y) = (b(0) = b)) (x = ) + 5 (0 () = o(y)?

and (Cs) reads, AP S < —aS or equivalently 0 < S < —éA(Z)S .
Now, by mimicking the proof of (1.9) (where the result has been established for
VT

functions of the Euler scheme alone), we get that, as soon as ol 0, for every

n

smooth function f:RY x RY — R,

1 < = 5. 1 ~
5 LA FXr K S5 ) = va (5 D2f<->.b<->®2)
n k=1
1
+—E[DW f()(c(h)U)®],

24
where U ~ N (0, I;) and v, is the image of v on the diagonal of R2 (which is the
unique invariant distribution of the duplicated diffusion). Straightforward compu-
tations show that m(S) = 0 since VS(x, y) = 2(’;:%) DPS(x,y) = 2[_1l _11]
and DYWS =0, ¢ > 3. Thus, taking advantage of the strong confluence, we derive
that

. 1 n - 2 l
hr{n@;yk(ka_l—Xk_l) s—-m$=0 as

Uniform integrability arguments imply that the above convergence also holds
in L!. Thus,

MOy
]E[%T))] —0 asn — +oo.
n

The same method of proof sh(_)ws a similar result for MZ™ m =0,..., M —
1 [by considering the scheme (Ypx4m)k>0 and the filtration G} = ]-"1!‘: m 1. It
—l+a

@.m)
follows that E[ (Mr(z) )”] —> 0asn— +oo.

Step 2: Now we deal with MG™ =1, ..., M — 1. First, we compute the
predictable bracket

1 n
<M(3,m)>n —— Z yk((p(er_H_%) — (p(Xl—‘k_l))z.

M k=1
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Then we decompose
¢(er7|+%) - @(er,])
= (p/(XFk_l)(XFk_l+% - XFk_l)
(@)
+ (QD/(Ek—l) - (P/(XF/(,I))(XI‘,HH% - erfl)’

D)k

k-1 € (X X1y )-

Let us deal first with (b);. The function ¢” being with polynomial growth, there
exists some positive C and p such that for every x and y in R?,

o' (x + ) — @' @) < C(1+|x|” + |yP)Iy].
Thus,

- ,  C & 4 2
- - — P 2p
Fr(lz)];Vk(b)kf Fr(lz)];yk(er#% Xy )1+ X1, 2P)(1+ |UPP).

Using that sup, E[|X;|"] < 400, one easily checks that for every r > 2,
Sl]':pE[|er7|+% - XF/(,] |r] < Cv)/k7

so that with the help of the Cauchy—Schwarz inequality,

N B 2
hr{n W Z viE(b); =0.
n k=1

For (a)y, we write
(Cl)k = (wla)(er,])(WFkilJr% - er,]) + (Zi)ka

where

@k = (p,(XFkl)(/ i b(Xs)ds +

Cr—1 Fr—1

r |

#0060 — o Ctr, )W, ).
It is clear, owing to Doob’s inequality that

B@ = o'y (r2sup DX
=

+nloltpE( sup X=X, )

IE[XF,(,ITF%)

2
<Ch.o.pYi-
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Then (2) ke Yk (@)? 3 —> 0 as above.

The last term of interest is again a martingale increment. We note that

E((QD,O') (er71)(WFk7]+% - erq)zlfl'w;_]) I\Zk ((,0 U)(er ])

The sequence (¥, ,>)n>1 being averaging,
r® Z Vi (¢'o)(Xr,_)? = /R((p/a) dv as n — +oo.
n’ k=l

Uniform integrability arguments imply that (2> Y1 Vi ZE[ (¢’ o)(Xr,_ l) ] —
rle '0)? dv and one deduces that

(MO, m 2

The result then follows from the orthogonality of the martingales MG m =
1,...,M — 1 (the fact that the martingales M! and M?>™ are negligible also
implies by Schwarz’s inequality that so is their cross product). [J

4.2.2. Long run behavior of N'(hy). We consider now the martingale
M-1

Na(ho) =N, — " N2,

m=0

where

=Y (X)) ((Wr, — Wr,_)* = %),
k=1

Yk
j\/’?,m E hz(YM(k 1)+m)<(W1"k bl W]"k em )2 M)
k=1

LEMMA 4.2. Under the assumptions of Proposition 4.2(b),
+oo 2
F(z) [N(h)] 2(1——>/h dv.

PROOF. Like in the previous proof, we write ¢ instead of 4. We focus on the
asymptotic behavior of (N),.
First, noting that for a random variable Z ~ N (0; 1), E(Z? - 1)2) =2, we get
since (¥y, ynz)nz 1 is averaging,
1 n
4.5) W%:%Zykzﬁ()?kl)HZ/‘ gozdv a.s.asn — +00
In Ly k=1 R
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likewise one shows that form =0, ..., M — 1 that

N2, 2,
W—)WA‘%QO dv a.s. as n — +o0.
By uniform integrability arguments, the above convergence extends to the expecta-

tions. Second, we focus on the “slanted” brackets. Let us set A, x = (Wer g
M

er+% )2 — yx /M. Using the chaining rule for conditional expectations, we note

that, for every m # m’,
Ex—1(@(Yamre—1) + Mm@Vt k—1)4m') Dmk—1 Ay f—1) =0

so that (N2 N2m'y =,

Now, let us compute (N, N2™"), where m € {0, ..., M — 1} and (N1, NZ™")
is viewed as a couple of (F)-martingales. Writing the increment W, — Wr,_, as
follows:

WFk - WFk,1 = (er - er71+m7+1) + (erf - WFk71+%)

m+1
1+ e

+ (er—H»% - erfl)

and using some standard properties of the increments of the Brownian Motion, one
can check that

/ 2 2 _ _
W N2 = e > VR Xk DE(@(Trte—1)+m) | Fr—1)-

k=1

Usi_ng second-order Taylor expansions of ¢ between (p(fM(k_QM_l) and
@(Ypm—1)+¢) for £ =1,..., m, combined with the fact that sup; E[Y;]"] < +o0
for every r > 0, one derives

/ 2 2 _ _
W), =25 3 oK De 1) + 011 (1)
k=1
e
e

) 2
DI (e ®@@)+ 0. (TH),

2 — — 2
where D)7 (f) = # Si_y f(Xk—1, Yprk—1)). Thus, the sequence (D" ), of

empirical measures associated to the duplicated diffusion (2.16) has a unique in-
variant distribution v . By an adaptation of the proof of Proposition 1.1, it can thus
be proved that

77 (0 ®9) 225 1a (0 @ 9) =/<p2dV-
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Once again, by a uniform integrability argument (and using what precedes), one
obtains

oo 2
WE[(/\ﬂ NP2 2 [ g,

As a conclusion of the previous convergences, one deduces that

el {3 [ G o) [

2(1 1)/ 2d
= - — V.
)¢ O

5. Proofs of the main theorems (CLT and optimization). Owing to the re-
sults established in the previous sections, we are now in position to prove the three
main results: Theorems 2.1, 2.2 and 2.3. First, keep in mind that in these theorems
the step sequence reads y, = yin~ ¢ for some y; > 0 and a € (0, 1).

5.1. Proof of Theorem 2.1. 'We mainly detail the proof of Theorem 2.1(b) and
we will only give some elements of the ones of (a) and (c) (which are based on the
same principle) at the end of this section.

First, by (2.6), one reminds that v N(R W
uf,rrM) with n, = |g;n], r =2,..., R. For v, (f) and an M)(f) we will make
use of the expansions given in Proposmons 3.1(b) and 3.2(b), respectively. For

w™(f), r=3,...,R, as defined by (2.5), we apply Proposition 3.2(b) with
step sequence (y,,/ M _z)nzl. More precisely, by (2.2),

is a linear combination of v,, and of

1—¢ " ry) 1—¢ (r=2)(t—1)
— r r . — —(r— —
(M — 1) F(Lr) = mr,gl_‘—m with myy = (M - I)M s

so that by Proposition 3.2(b), we have for every r € {2, ..., R},

(Z) (R+1) r—2 (r)
'y | MM, (cg)
M) — V(We(f)) = CRp1My, R 1 —— —
Fnr Fnr
(R+1)
VT, vy
+0L2< i ),
Ty,

where (Mﬁ,r,))nzl is deﬁrled §imilar to M, but with the step sequence (y,/
M _2),,2 1. In particular, (X;,, Ya714m) is now a couple of Euler schemes with step
sequences (yn/M’_2)n21 and (yn/M’_l)nzl, respectively.
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f~(R w)

It follows from the expansions of order R + 1 of each term o established

in Propositions 3.1(b) and 3.2(b), respectively, that
B ) —v(f)

= v, (f) —v(f) + Zwrun, Mf)

r=2

5.1 F(R-H) M(lvg) R Mr—ZM(”) /
= n n n (08")
=cr+1WR+1 + -> W
Ty Lw, = Ty,

v F,(1R+1>>

—|—Bias(1)(a,R,q,n)+Bias(2)(a,R,q,n)+0Lz( T
n

where Bias(1>(a, R, g, n) is defined in Lemma 2.2(b) of [21] and
[ (R+D) ok Fr(;RH))

Bias® (a, R, g, n) =CR+1W1< 2 1
Iy, r,

R F(R+1) F(R+1)
ny — n

+CRy1 Y :Wrmr,RH( —q; “R—)
Iy Iy

r=2 r

By Lemma 2.2 of [21],

(5.2) |Bias(1)(a R,q,n)|+ |Bias(2) (a,R,q,n)| < c = 0<L).
’ s Y 9 s Y — nl_u m
As concerns the martingale components, one deduces from Propositions 4.1(a)
and 4.2(a) that

(€3] R r—2 A 4(r) /
\/><Mi - ZW M Al:l”’ (ag)> &N(O;é(ag/)zdv).

ny

Theorem 2.1(b) then follows by the Slutsky theorem and the following remarks:

1—a
. n—4o00 V14| nl—a, F(R+1)F l1—a RnaR
1—a 1—a(R+ 1)
and that when a = TIH’
2R 1—a
l1—a=2aR =

— and ——— =
2R+1 l—a(R+1)

For the proof of Theorem 2.1(c), the only difference comes from the fact
that the martingale component becomes negligible since 1 —a > 2aR when a €
(0, 2R + 1)) so that (S,SR’W>),,21 converges in probability toward m ¢ (a, g, R).
Finally, the proof of Theorem 2.1(a) follows the same lines but with the help of the
expansions of Propositions 3.1(a) and 3.2(a).
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5.2. Proof of Theorem 2.2. Claim (a) is an L2-version of Theorem 2.1(b) so
that it relies on the same decomposition. More precisely, it is a direct consequence
of (5.1) and (5.2) combined with Propositions 4.1(b) and 4.2(a).

Claim (b) is based on the (sharper) second expansions of Propositions 3.1(c)
and 3.2(c) up to order R + 2. More precisely, using the same strategy as in (5.1),
one obtains

FEW(f) —v(f))

R+ r(R+2)
g n X7 n
= Ccr+1WR4+1 + cr+2Wpr42
T, T,
M 4 Moy Sty MM 08 + N G ')
Ty ' Ty
1 r=2 r

3
+ ZBias(i)(a, R.q.,n)+ "+,
i=1

where WR+2 is defined by (2.9) [and explicitly given by (2.12)], Bias®® is given
by

F(R—I—Z) F(R+2)
Bias®(a, R, q,n) = CR+2W1< o - ql_aR . )
T, T,
R (R+2) rR+2)
ny — n
+ Cr42 Z Wrmr,R-i-Z( — 4 ar )
r=2 Fnr Fn

and nf,l) (resp., n,(,z)) denotes a remainder term induced by the coarse level (resp.,

by the levels r =2, ..., R). By Propositions 3.1(c) and 3.2(c), one obtains when
a=1/Q2R+1),
R+1

”771(11)”2:0(”7%) and 7],(12)=Sn+0(n7m),

where S, is a centered random variable independent of M,g}’g ) and Ny, and such

e)
that E[Sf] = 0(1“1:’2 )= 0(%). [In fact, for n,(f), one is slightly more precise than in
Proposition 3.2(c)nby separating the martingale component and the bias component
in the oy, .]

On the other hand, we obtain similar to (5.2):

N c C
Z{Blas (a,R,q,n){f 1—a = —"r -
i=l n n2R+T

With the help of these properties (and from the independence of the strata), we
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deduce that

RN ) — v ()

(R+1) (R+2)\ 2
~ I ~ I
=\ cr+1WRr+1 + cr+2Wr+2

r, r,

R (r) / () (1 2 1N\ 2

M, (0g") + 50

+ZW%M2(r_2)E|:< ny ( g) F ny (2 g )) :|
r=2 nr

(1.g) 2
M, + N, 1
+ [( T +o "

The result is then a consequence of Propositions 4.1(c) and 4.2(c) combined
with the following expansion available for any p € (0,1): >j_ k=" = (1 —
) 'l + 0() (see equation (2.6) of [21]). In particular, it is worth noting
that whena = 1/(2R + 1),

I.’(1R+1) Fr(lRH)

2R+1
n—+oo 4R Y1 +

r2 R—1 n ’

which induces the rectangular term 77i ¢ (g, R).

5.3. Proof of Theorem 2.3. Step 1 (Optimization of the step parameter y;):
This step is devoted to the optimization of the starting step y1, in order to equalize
the impact of the bias and of the variance in the first term of the expansion of the
MSE in (2.22). It amounts to solving the elementary minimization problem:

. 2 2 i 2R
min|o (@) +my(w) = R

-1 _ _
a3,
y1>0

2R+1

We rely on the following elementary lemma (whose proof is left to the reader).

LEMMA 5.1. Let A, B,R > 0. Then

A\ 2RA
u* = argmin[Au~" + Bu?R] = (—) "
u>0 2RB

and

1
min[Au~" + Bu?R] = 2R + 1) B(u*)*R = Azk+1 Brrei QR) w1 (1 n ﬁ)'

u>0
Consequently,

I ) 2 i 1Rl 5 1, 2R
;Ilil(l)[o’f(q,R)+mf(q,R)]:(2RR(2R+1)2RM 7 o] (f)|CR+1|R)2R+1
1
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attained at y;* = y{"(R, M) given by

Tlﬁ»l 1 2 2 R(R-1)
(8R)™ 2R ey 1|~ K1 0y () 7KF1 M 2R

53 *:(
(5-3) "=\2r+1

Step 2 (Optimization of the size of the coarse level): We introduce an auxiliary
allocation parameter p € (0, 1) to dispatch the target global MSE &% so that the
contribution of the first and the second term in the right-hand side of (2.22) are
pe? and (1 — p)e?, respectively. The first of these two equalities reads

n 7T [0} (@) +m ()] < pe?,

where the step parameter y; = y;' (R, M) is given by (5.3). One straightforwardly
derives that

(S54)  n=n(e,R.M.p)=[p~ "W uRRGT ()M T e,
where
W(R) =2F 2R + 1) |cpyy |k —> & as R — +o00.

Step 3 (Calibrating the depth R): To calibrate R = R(¢), we will now deal with
the second term "f"’# of the MSE expansion (2.22). Since we have no clue on the
sign of the residual bias term 7 ¢ (¢, R, y1), we will replace it by its absolute value.
Moreover, we can plug in its formula the above expression (5.3) of the optimal step
size y;*(R, M) which yields

lcr+2| R 1—M_R02(f)
lcRetl R—11—M-171 7

M7 (q, R, v1)| = Licgyi 20}

Consequently, using the function ¥ introduced in (2.23) and the obvious fact that
1 — M—R <1, this second term will be upper-bounded by (1 — p)e? as soon as

R 1
s @(n( £ R M) + 021 (f)+ \If(M)R(l - M)Uzz,z(f))

< (1-p)e?,

_ lcr+2] 1 .
where n(f, R, M) = 1cq. 20 sl R=DA=I 0 as R — 400 owing to the
assumption made on the sequence (c¢y),>1.
Given the expression obtained for n(e, R, M, p), this inequality is satisfied in

turn as soon as

1
o2 (f) + \II(M)R(I - M)o%,xf)

_ 1 _R-1 _ 1
<(1—p)p YRR (fYM™ T 7R,
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or equivalently

56 shm R <170 -k (RO (f)
' T (I — )W (M) + R=1O:(f) +n(f, R, M))’
where
ol (f) o5, (f)
0 =1 d 6 == .
1(f) 2,() an 2 (f) o,(f)

In order to ensure the above condition, we begin by rewriting the left-hand side as
follows:

1 R-1 1 /logM
(5.7) ERM ™2 R:exp(E<

R(R—1)+ RlogR +loge)>
and will apply the next lemma with § = (log M)/2 and R = [x(¢)].

LEMMA 5.2. Leté € (0, 400). Then, for every € € (0, 1], there exists a unique
x(¢e) € (1, +00) solution to
dx(x — 1)+ xlogx +log(e) =0.

The function € +— x(¢) is increasing and satisfies

(5.8) lim x(e) = + BPLENL. N
. m £) =100, g) < — —
a—)Ox . 2 S 4
and
log(L) logoy() 1 logs log ) (1/¢)
5.9) x(e) =y —ore) _ C2@%) 1 0( _) 0,
(5.9) x(e) 5 15 +2+ 15 + Toe (/5 as e —

where log ;) x =loglogx, x > 1.

PROOF. The function & : (e,x) — dx(x — 1) + xlogx + loge defined on
(0,1) x [1, +00) is continuous, increasing in both ¢ and x, h(e, 1) =loge <0
and limy_, 1 (e, x) = 400 which ensures the existence of a unique solution
x(e) € [1, +00) to the equation i(e, x) = 0. The monotony of x (&) follows from
that of 4. Its limit at infinity follows from the fact that lim,_,o 4 (e, x) = 400 and
the inequality in (5.8) is a consequence of the fact that Sx(g)? —8x(e) — log(%) <0
as x(&) > 1. For the expansion, we first note that x(¢) satisfies the second-order
equation

1
8x(e)> + bx(e) — log(—) =0
&
with b = log(x(e)/a) where a = exp(§) so that

x(e) = \/ log(;) (J [ 4 Qg @)/))® oEr(0)/))

8 481og(;) 2,/81og(1)

(5.10)
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We derive from the inequality in equation (5.8) that, for small enough &,
- log(x(e)/a) 0(log(2)(1/s))
- Jlog(h VIog(1/¢)

Consequently, we derive from (5.10) that

[log(L 1 1
(5.11) x(e) = Og(s(g) (1 + 0(7()‘%%2((1;;)))

so that

0 =o0(1) ase — 0.

IOg(z)(l/E))

1
logx(e) = 3 (log ) (1/¢) —logd) + 0<JW

Plugging this back into (5.11) yields

log(1) ( log(z)(l) —logdé — 26 (log(z)(l/e)>>
= (11— £ +0
@=yy 4/slog(h) log(1/¢)

_ [log(®) logn() 1 logh 0(log<2)<1/s>>
) 48 2 48 VIog(1/e) ) U
log M

Now let x (g, M) be the solution of the above equation where § = §(M) =

We have
2log(L)  logn(3) 1
(e M) = g@) g@)(8>+_
log M 2logM 2

log(log M) — log?2 0 <log(2)(1/s))
2logM Jog(1/e) )’

2

Now, we set
R(s) =R(e, M) = [x(e, M)].

We derive from the above lemma the following useful estimates for R(¢):

2log(L 3 2log(d) 1
Re)~ | 08 20 o and Ry <o+ |8 L
log M 2 log M 4

Now, it follows from the very definitions of x (¢, M) and R(¢) that
h(e, R(e)) > h(e, x(e, M))=0> h(e, R(¢) — 1),

where £ is defined in the proof of the previous lemma. Plugging these inequalities
into (5.7) yield

m)
©)

1 Re)-1 1\ Hxm
(5.12) 1<egROM 2 R(e)<M[1——
R(e)
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The above inequality on the right-hand side implies that (5.6) will be true as soon
as p = p(e, M) € (0, 1) satisfies
l—p

1
—p RO

0
1\~ &
zM(l— )
R(e)

5 <R<e>>ﬁ<R—l(8>ez<f> +(1— ﬁ)\lf(M))
M W(R()01(f) '

In fact, one will try to saturate the above condition, that is, to choose p (e, M) such
that

1
p(e, M) 2R©

1 \re
:M<1 _ )
R(e)

5 <R<e>>%<R<s)—lez<f> +(1— ﬁmM))
M n(R(£)01(f) '

As the function p I_Tp pfﬁe) is a decreasing homeomorphism from (0, 1)
onto (0, +00) this equation always has a solution p = p(e, M). Unfortunately, it
turns out to be of little interest in its present form for practical implementation
since both 6; (f) are unknown.

However, as R(¢) — +oo as ¢ — 0, and w(R(g)) — ¢ as € — 0, we derive that

1—p(e, M) (M—-DWM)
p(e, M) co1(f)

that is,

1
,O(S,M)NW ase — 0.
c01(f)

Step 4 (MSE, number of iterations and resulting complexity):

> Resulting MSE: From what precedes, we deduce that after n(e, R(¢), M, p(¢))

iterations, the MSE is lower than & 2.

> Size: it follows from equation (5.4) in Step 1 combined with the left inequality
in equation (5.12) that

n(e, R(e), M, p(¢))

~ <1 (M —1)¥ (M)
co1(f)

R(e)—1
2

1
gRD) g2

Jotnere) (M
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< (1 (M: DHW (M)
co1(f)

o0 2 (L (MDD , ., (1
logM(c+ 61(/) )"‘(f)g 1°g<e)‘

)af(f)gR(g)zg—z

> Complexity: Setn(e, M) =n(e, R(e), M, p(¢)). The asymptotic resulting com-
plexity satisfies

K (n(e, M), M) = n(e, M)(1+ M+ 1)(R(e) — 1))ko “=° (M +1)R(e)n(e, M)ko,

so that
oM +1) (. (M=D¥M)\ , . 5 (1
K (nte. 3. ) 3 S (4 D Yok (e log ;)
as ¢ — 0.

> Initialization of the step: it follows from (5.3), the assumption made on cg4|
and the convergence of R(g) — +oo that

* ~ 1 R0 3
yi(e)~c M2 M4 ase — 0,
where we used that RZ(II;ID = g — % + %TIH' Finally, using the expression of

x(g), we get

log M\ 1
e—0 — _3 [x(e,M)]—x(e,M) O
yi(e) ~'¢ tmMTA . < g2 )

longog(%) 1N\ %
<o (=550 ) (1e(7))

6. Numerical experiments.

6.1. Practitioner’s corner. In this section, we want to provide some helpful
informations for some practical use of the optimized algorithm given in Theo-
rem 2.3. Let ¢ > 0 denote the prescribed RMSE and let M be an integer greater
than 2. In what follows, we aim at computing v(f) for a given function f such
that f — v(f) is supposed to be a smooth enough coboundary.

> The weights W;R))r=1 ,,,,, R- When the re-sizers are uniform, they are com-
puted by an instant closed form (2.14). Otherwise, they are given in full gener-
ality by the R-tuple of series (2.10) whose computation is also (almost) instanta-
neous. When R =2, 3, one has again an instant closed form (see examples below
Lemma 2.1).
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> Computation of R(e, M). We recall that R(e, M) = [x(e, M)] where
x(e, M) is the unique solution to 10g%x(x — 1) + xlogx + log(e) = 0. For the
computation of x (¢, M), we use the classical (one-dimensional) zero search New-

ton algorithm. For standard values of R and M, the reader may use Table 1. Finally,

note that, “though”
2log(1
Re) ~ | 210gd/e)
log M
[21log(1
lim R(g) — M - —00
e—0 10gM

> Values for W(M) and choice of M. The quantity W (M) appears in the size
parameter n(e, M) [and in the complexity parameter K (f, M) given by (2.24)].
Going back to the optimization procedure of the previous section, one remarks
that for some fixed R and M, one can replace ¥ (M) by w. This strategy
leads to sharper bounds on the size parameter n(e, M) for a given RMSE ¢. We
refer to the first paragraph of Section 6.2 for further investigations on this topic
[see (6.4) below and what precedes]. Consequently, in Table 2, we give some val-

ues of W (M), but also of w, corresponding to some standard specifications
W(R,M)
R

one has

encountered in practical simulations. This also allows to check how varies
for such low values of R compared to ¥ (M). The conclusion is that W (M) is an
acceptable proxy of w.

> Computation of n(e, M). The specification of the size of the coarse level
n(e, M) and, which is less important, the a priori estimation of the global com-
plexity, denoted K (f, &, M), both require to estimate, at least theoretically, the
parameters ¢, 01 (f) and 012( f). We will focus on their calibration in the next para-
graph. To some extent, the estimation of 6>(f) is less important and any way out
of reach at a reasonable cost.

But even at this stage, it is inserting to analyze their impact on n(e, M) in order
to optimize the choice of the root M. To this end, we assume for a moment that

TABLE 2
Values of WV (R, M) and ¥ (M)

YRM) R=2 R=3 R=4 WM
M=2 2133 2591 2674 2674
M=3 1200 1278 1245 1278
M=4 0948 1021 1024 1.024
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C = ¢01(f) is known. Going back to the sharper upper-bound of at our disposal,
namely (2.24), it suggests to minimize, for fixed C, the function

M+1((M— 1C)\II(M) +1).

Without going further, let us just note that 2W(3) < W (2) so that gc(3) < gc(2)
for any C since 3/log2 > 4/log3 so that it seems that M = 3 is always a better
choice than M = 2. But as emphasized in the next Section 6.2 (the first paragraph is
devoted to a “toy” Ornstein—Uhlenbeck setting), a sharper study of the complexity
involving w leads to temper the answer.

gc M+—

> Calibration of the parameters. This calibration can be performed as a pre-
processing phase based on a preliminary short Monte Carlo simulation, having in
mind that only rough estimates are needed.

— Estimation of 012( f) and 61(f). First, let us consider 012( f). Through an L2

version of (1.8), one deduces that for a family of independent random empirical
measures (v,gb)%:l, namely

1 L
6.1) = STE[O) - (H)D] = ol (f)  asL,n—> 400,
n =1
where y, = yin~ ¢ witha > 1/3 (say a = % in practice to get rid of the bias effect

even for small values of n) and i,(lL)( )= % Zle v,ﬁ‘)( .

2
As01(f) = :2212(3) , it remains to provide an estimator of 022’ »(f). To do so, we

take advantage of the fact that ai »(f) is the (normalized) asymptotic variance of

(M,’X”V)nzl. We thus may use the same strategy as above. More precisely, under
Assumption (Cs), we deduce from Propositions 3.2 and 4.2 that

1 L n——+00
6.2) o 2 Bl () = P OP] 5 ada()
n (=1

if y, =y1n"“ witha > 1/5 (say a = z]T in practice to get rid of the bias effect even
for small values of n) with 25" (f) = L Y5, u(f).

—About ¢ and 0, (). The coefficient ¢ will probably always remain mysterious. On
1
the other hand, in practice, what we really need is rather |cg()| ¥® . However, un-

der the assumption limg_, 4 |cR|% =¢ € (0, +00) made on cg in Theorem 2.3,
one can make the guess from its very definition that its value is not too far from 1 or
is at least of order a few units. In particular, if the coefficients cg have a polynomial
growth or even cg = O (exp |R|%0), 99 €[0,1),c=1.1If they have an exponential
growth, it remains finite (but possibly large). The point of interest is that, anyway,
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this value is much more stable than the first coefficient itself ¢; which would come
out in a standard MLMC Langevin simulation framework (not investigated here).

The parameter 65 ( f) seems to be unaccessible as well, but for another reason:
it is the variance induced by a second order martingale. However, as noticed in
Section 6.2 (first paragraph), 6»(f) is the ratio of two variance terms so that it
seems not so much dependent on the magnitude of the diffusion coefficient [in fact
it can be noted that the same property holds for 81 (f)].

REMARK 6.1. The numerical investigations of the next section show that the
algorithm is very robust to the choice of the parameters. For simple practice, we
thus recommend to get a rough estimation of 0*12( f) and possibly of 8;(f) and to
set 62(f) = ¢ = 1. In the following simulations, the rough estimations of 012( )
and 01 (f) [using (6.1)] and (6.2) are achieved with n = 10* and L = 20.

6.2. Numerical tests. We propose in this section to provide some numerical
tests of our algorithm.

Orstein—Uhlenbeck process: Oracle and blind simulation. We begin with the
Ornstein—Uhlenbeck process in dimension 1 solution to

1
dXt :—EXtdf-i—O'th

with f(x) = x2. We recall that this case is a toy example since all the computations
can be made explicit. In particular, v ~ N (0, 02) sothat v(f) = o2. Furthermore,
glx) = x2 is the unique solution (up to a constant) to the Poisson equation [ —
v(f) =—Lg and it follows that

Ulz(f)=0'22,2(f)=404 and o%l(f):504,

The reader can remark that in this case, the ratios 61 (f) and 6>(f) do not depend
on o. Even though this property cannot be really generalized, it however empha-
sizes a stability of these parameters with respect to the variance of the model. The
bias terms can also be computed: using that ¢, (f) = % f and that ¢, = 0 for £ > 3,
we get cry1 = 02 /4R (so that é = 1/4).

We want in this part to get a sharp estimate of the complexity for several choices
of couples (R, M). Following the optimization procedure, we go back to the defi-
nition of n(e, R, M, p) given in (5.4):

n=n(e.R.M.p)=[p" VI u(RIR] (M 'T e 2]

and for each value of R and M, we solve by a Newton method the following
equation for p € [0, 1]:
- 1— R)6
63) kM R=17P % 1 (R) 11(f) ’
P R=16:(f) + (1 — 1) R-TW(R, M)
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where the values of W (R, M) for R, M =2, 3, 4 are given in Table 2.
We denote by p* the solution of this equation. Then the complexity K (¢, M)
(where we assume that ko = 1) is given by

(6.4) K(e, R, M) = (1 + M(l - %));1(8, R.M, p*).

This yields the following results for ¢ = 1072: On this example, we retrieve the
property which says that M = 2 is a good choice when ¢6 is small whereas M =
3 can be greater when this quantity increases. However, as expected, the main
parameter is the level R of the method which increases when ¢ — 0.

Taking only the first term of the expansion of the MSE for the crude procedure,
the optimized complexity (with ko = 1) for a MSE lower than & = 1072 is equal to
K (g) =6.93 x 10° and K (¢) = 1.77 x 10° if ¢ = 1 or o = 4, respectively.

In Figure 1, we compare numerically the evolution of ML2Rgodic with the
crude algorithm for 0 = 1 and o = 4. Note that to obtain a rigorous comparison,
the graphs are drawn in terms of the complexity, that once again with a slight abuse
of language, is the number of iterations of the Euler scheme involved by procedure.
One remarks that the effect of the multilevel-RR procedure is increased in the case
o =4 where the bias is larger. One also remarks in this case that, even though the
algorithm is robust to the choice M and R, the best choice seems to be the one
given in Table 3.

Of course, in practice, one can not make use of the exact parameters. As ex-
plained in Section 6.1, it is possible to get a rough estimation of 012( f) and 01(f)
using the CLTS induced by the procedure. The coefficient cg1 can also be esti-
mated but for this coefficient, this requires to use a multistep method or the proce-
dure ML2Rgodic itself with one more stratum than in the algorithm that we will
implement after. Finally, the coefficient 6>( f) seems to be impossible to estimate.
This implies that the natural question that the practitioner may ask is: is it possible
to get rid of the estimation of the above parameters?

FIG. 1. Comparison of the evolution in terms of the complexity of the ML2Rgodic with the crude
algorithm.
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TABLE 3
K (s, R, M) for e =102

o=1 R=2 R=3 R=4 o=4 R=2 R=3 R=4

M=2 109x10° 158x10° 255x10® M=2 7.02x10% 523 x10% 7.34x 108
M=3 111x10® 143x10° 205x10® M=3 7.17x10% 476 x 108 6.10 x 108
M=4 121x10° 157x10° 227x10® M=4 756x10% 499 x 10® 6.55 x 108

10
%108

FI1G. 2. Orstein—Uhlenbeck process: Evolution of the algorithm in terms of the estimation of the
parameters, exact value: v(f) =16. M =3, R =3 and M =2, R = 2 with exact parameters in
red (continuous) and green (dashed), M = 3, R = 3 with estimation of 012 (f) only and without
estimation in blue (dot) and black (dashed).

To answer to this question, we propose in the case o = 4 to look at the dynamics
of the procedure when we choose to fix:

e Cry1 =602(f) =1 and to estimate alz(f) and 601 (f),
o cri1 =60:(f) =07 () =01(f).

With these two choices of parameters and with ¢ = 10~2, we follow the procedure
described in the previous section to estimate y;", R, p and M. Note that we again
obtain R =3 and M = 3 as an optimal choice. In Figure 2, we thus compare the
evolution of the previous method (with semi-estimated or not estimated) parame-
ters and we can remark on this example that the algorithm seems to be very robust
to the choice of the parameters.

Double-well potential. 'We consider a second example in dimension 1

Ci}(t = — ‘7{(QXTI) dt +o Cl‘d/t,
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where Vj(x) = x2 — log(1 + x2) which is a nonconvex potential (with two lo-
cal minima in —1 and 1) so that Assumption (Cs) is not fulfilled. However, As-
sumption (Cy) is true (see [17], Theorem 2.1). Let us also recall that the invariant
distribution v satisfies

1 Vi(x)
U(d)C) = Z—Vlexp<— 202 ))\.(d)C),
where Zy, = [ exp(— 25 (dx).

We test the algorithm in this setting with f(x) = x? and o = 2. Figure 3 shows
that MLL2Rgodic is still efficient in this setting. The results are obtained using a
rough estimation of 012( f) and 61 (f) and the other parameters are fixed to 1. Once
again, the evolution is compared with the crude algorithm with an optimized choice
of y;* and the evolution is drawn as a function of the complexity.

Statistical example (sparse regression learning). In [3], the authors consider
the problem of sparse regression learning by aggregation. For the sake of simplic-
ity, we only recall here the case of linear regression: let p denote the number of
variables and N the number of observations and suppose we are given n couples of
observations (X1, Y1), ..., (X, Yx) where the vector X; = (X}, ..., X) is the
predictor and the scalar Y; is the response. Suppose that there exists 6y € R? such
that

Viel{l,...,N}, Y = X0 + &,

where (S,-)lN: | denotes a sequence of i.i.d. random variables with distribution
N (0, %) for a given (generally unknown) o > 0. Then the classical question is:

ML2Rgodic

FI1G. 3. Double-well potential: approximation of v(f) with f(x) = x2, 0 =2, exact value: 3.1207.
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how to estimate 6y ? When p > N, the classical methods (such as the least-square
method) do not work and it is necessary to introduce some alternative procedures.
The estimator of 6y proposed by Dalalyan and Tsybakov—called EWA (for expo-
nentially weighted aggregate)—is designed as follows:

6= / Oy, (d),
RP

where 7y, is the Gibbs probability measure defined by

1
7v,(d0) = —— exp(—Va(0))A(d0)
Zy,
and Zy, is a normalizing coefficient and V> : R” = R is the potential defined for
some given positive numbers «, § and T by

Y - X92 l
eRrr vy =X + Y (log(t* +67) + w(ab)))

j=1

with w(0) = 6% A (2|16] — 1). )
As mentioned (and already numerically tested) in [3], 8 is but the expectation
related to the invariant distribution of the following SDE:

(6.5) d; = =V Vo (6;) dt +~2dW,.

It can subsequently be estimated through a Langevin Monte-Carlo procedure. The
difficulty in this context is the fact that p is potentially large so that the numerical
computation needs some adaptations. More precisely, in order to avoid an explo-
sion of the Euler scheme, we need to impose the step to be not to large for small
values of n. We thus assume in what follows that

.(Vl* 1)
Yp =min| —, — ).
n p

Below, we test our ML2Rgodic estimator on a compressed sensing example given
in [3] (see Example 1) with the parameters given in this paper. We fix!

4o
Tr(X!X)?
and the computations are achieved with p = 500, N = 100 and § = 15 where
S denotes the sparsity parameter, that is, the number S of nonzero components
of 6y (of course we do not know which ones). Then the matrices X and Y are

generated from simulated data as follows: in this compressed sensing setting, the
matrix X has independent Rademacher entries with parameter 1/2. The unknown

a=0, B=40%, 1=

IFrom a theoretical point of view, o should be a positive number such that « < 1/(4p7).
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3
ﬁv,-—-.-—————'7 —————————————————
zsr Crude
2z
15N
MLZRgodic
1 -
05 1 1 1 1 1 1 1 1 1 ]
i} 0.s 1 1.5 2 2.5 3 3.5 4 4.5 5

FI1G. 4. Sparse regression learning: n 16, — 0o |l2 for the crude and ML2Rgodic (R = 3) pro-
cedures.

6o is defined simply by 6y(j) = 1;<gs, for every j € {1, ..., p}. Finally, following
again the parameters given in [3], we set o2 = §/9.

Denoting by 6, the approximation of 6 obtained after n iterations of the scheme,
we depict in Figure 4 the evolution of n ||én — 6o||>. Note that ||én — 6|2 con-
verges to 16 — 6oll2 (which is not equal to 0). We compare it with the crude proce-
dure [taken with a = 1/3 whereas for the MLL2Rgodic procedure, a = 1/(2R + 1)
as usual]. We can remark that the correction on the bias involved by the weighted
multilevel Langevin procedure strongly improves the estimation of . This remark
is emphasized if we compare with the results of [3] based on an Euler scheme with
constant step where the corresponding quantity is equal to 8.917 [in this case, the
constant step is about (Np)~'].

7. About multilevel finite horizon approach for approximation of invariant
distribution. In this paper, we have chosen to develop a multilevel-type estima-
tor of the invariant distribution based on a time discretization of the occupation
measure 7~ fé dx, ds. As mentioned before, such an ergodic like approach only
requires the simulation of one path of the process for the regular procedure (and
2R + 1 in our weighted multilevel setting). However, alternative approaches based
on spatial averaging, that is, regular Monte Carlo simulations can be considered:
thus, one may take advantage of the weak convergence of £(X;) toward the invari-
ant distribution. The simplest way to proceed is to fix a large enough horizon T
so that |Ex[f(X71)] — v(f)] is small and to approximate E,[ f (X7)] by a Monte-
Carlo simulation.
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Let us conclude this paper by a rough study of the complexity of such an ap-
proach when the above Monte Carlo method is a standard multilevel procedure
and by some comparisons with our algorithm. To begin with, let us consider a
continuous-time discretization scheme (%‘,h) >0 With constant step &.

For a given T, we recall that the standard MLMC method consists in considering
the following type-estimator:

Y(T, R,N) = ZYk(” +Z ZY,}’),

Ny k=1
where N = (Nq, ..., Ng), (¥, k’ )k.r 1s a sequence of independent random variables
with Yk(l) ~ f(“;‘%) k=1,..., Ny whereas forr =2, ..., R, Y} is based on a con-
sistent® coupling of schemes with step /2" =2 and h /2’ L. (r) ~(f (5#214) —

2—r
FEZ ).
In the following proposition, we show that under (Cs), a complexity propor-
tional to 2 log(1/¢) can also be attained.

PROPOSITION 7.1. (i) Let f : R? — R be a given function and x € R?. Let
(éth )r>0 be a (continuous-time) discretization scheme with constant step h start-
ing from x. Assume that the following properties hold:

(a) (Rate of convergence) dp > 0 and c; > 0 such that for any T > 0,
IELf (XP)] = ()] <cre™T.
(b) (Weak error) There exists ¢y > 0 such that supysg [E[f(X7)] —

ELf(EM] < cah.
(c) (L?*-error) There exists B > 1 and a real constant c3 such that for every
T >0,

8
| X7 871, < esh.

Then there exists a real constant C depending on c1, ¢z and c3 such that for any

& > 0, the choice
1 1 log(4
=_10g<_>’ R{ g(e)J’
o £ log?2

v {Lz—’@s—zlogu/s)J iFB=1,

B+l

2772 672 ifB>1,
forr=1,..., R, leads to the following properties:
I°(T, R, N) —v(f)||, = Ce

2By consistent, we mean that the discretization schemes are built with the same Brownian motion.
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and the complexity of the discretization scheme is proportional to
1
g2 10g3(—) ifp=1,
e

e—zlogG) if B> 1.

(i1) Assume that f is a Lipschitz continuous function with Lipschitz constant
[f11. Let " denote the Euler-Maruyama scheme with constant step h. If (Cs)
holds, assumptions (), (b) and (c) of (i) hold true with with p = o and B =2 (and
c1 2: [f]11,5 [ llx = yllsv(dy)). As a consequence, the complexity is proportional to
e “log(s).

(7.1)

The proof of this proposition is postponed in [21], Section 3. Let us conclude
by a series of comments about this alternative approach.

Comments. In the previous result, we thus obtained that the spatial averaging
has also the capacity to lead to the complexity & 2 log(%) Furthermore, it is worth
noting that the strong convexity-type assumption (Cs) is a guarantee to obtain
B =2 for the classical Euler-Maruyama scheme. In other words, one does not
require the use of Milstein scheme or antithetic schemes (see [9]) to get 8 =2
under the contraction assumption (Cs). In fact, one retrieves a similar property

in Proposition 4.2 where the order (F’(12))% of the rate of convergence in the CLT
(related to the coupling of consistent coarse and refined Euler schemes) does not
depend on the variability of o. In the same spirit, one can cite the recent paper [29]
where an alternative finite horizon approach is developed under (Cg) but leading
to a less competitive bound &> 10g3(%) (which corresponds to the case § =1 in
our previous result).

However, let us insist on the fact that the previous result is rough in the sense that
there is no precision about what we mean by “proportional to” and about the con-
stant C. In fact, as in our setting, a precise implementation would need to estimate
the parameters c1, ¢, c3 and to optimize the choice of the parameters (including
certainly the choice of the step /). Such developments should be considered in a
future paper to really compare the performances.

Nevertheless, one can objectively consider that the pathwise approach has an
important advantage with respect to the finite horizon approach: there is only one
asymptotic and it does not directly depend on the parameter p [which corresponds
to the parameter « in (Cg)]. Actually, it seems that in contrast with our method,
the “finite horizon” procedure really requires (Cs) to be implemented. In fact, for
the occupation measure, the order of the rate of convergence is about /7 in a very
general setting (including nonconvex settings). Then, as explained before, we only
need to get a rough estimation of the limiting variance 012( f) whereas in the finite-
horizon approach, one really needs to have a precise idea of p to fix the value
of T.
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For instance, for a gradient-diffusion, dX; = —VU (X;) dt + o dW; with a C?
strictly convex potential U : R? — R, we can fix p = o = min, cga App> U(x) Where
for a symmetric matrix A, A4 is the lowest eigenvalue of A. This estimate is sat-
isfying for the Ornstein—Uhlenbeck process since D>U is constant. However, in
some less regular settings (where for instance, Ap2yy(, is close to 0 in some areas
of the space), this parameter p can be estimated but may be very pessimistic. Fi-
nally, in the nonconvex example (6.5), p is clearly unknown and there is no natural
way to fix T so that the application of the previous result is not really possible.

In the same way, the long-time control of the L’-error and the constant c3
strongly depend on (Cs) and on the corresponding parameter «. Actually, let us
first recall that in a general nonergodic setting, this constant may dramatically in-
crease with 7. The existence of a ¢3 independent of 7 under (Cg) means that the
true and discretized Euler schemes get closer when 7' increases with the help of
the contraction involved by the drift term. In fact, the parameter c3 is the finite-
horizon counterpart to 022( f). Without going into details, let us remark that an ex-
plicit computation of c¢3 would involve the pessimistic parameter o whereas 022( )
seems to be a more robust and realistic parameter since it is averaged over the in-
variant distribution.

SUPPLEMENTARY MATERIAL

Supplement to ‘““Weighted multilevel Langevin simulation of invariant mea-
sures”. (DOI: 10.1214/17-AAP1364SUPP; .pdf). In order to improve the readabil-
ity of the current article, several technical proofs have been postponed in a supple-
mentary document. In the case in point, the precise reference is given at the end of
the proposition.
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