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The mean field limits of systems of interacting diffusions (also called
stochastic interacting particle systems (SIPS)) have been intensively stud-
ied since McKean (Proc. Natl. Acad. Sci. USA 56 (1966) 1907-1911) as
they pave a way to probabilistic representations for many important nonlin-
ear/nonlocal PDEs. The fact that particles are not independent render classical
variance reduction techniques not directly applicable, and consequently make
simulations of interacting diffusions prohibitive.

In this article, we provide an alternative iterative particle representation,
inspired by the fixed-point argument by Sznitman (In Ecole D’Eté de Prob-
abilités de Saint-Flour XIX—1989 (1991) 165-251, Springer). The represen-
tation enjoys suitable conditional independence property that is leveraged in
our analysis. We establish weak convergence of iterative particle system to
the McKean—Vlasov SDEs (McKV-SDEs). One of the immediate advantages
of the iterative particle system is that it can be combined with the Multi-
level Monte Carlo (MLMC) approach for the simulation of McKV-SDEs.
We proved that the MLMC approach reduces the computational complexity
of calculating expectations by an order of magnitude. Another perspective on
this work is that we analyse the error of nested Multilevel Monte Carlo es-
timators, which is of independent interest. Furthermore, we work with state
dependent functionals, unlike scalar outputs which are common in literature
on MLMC. The error analysis is carried out in uniform, and what seems to
be new, weighted norms.

1. Introduction. The theory of mean field interacting particle systems was
pioneered by the work of H. McKean [25], where he gave a probabilistic inter-
pretation of a class of nonlinear (due to the dependence on the coefficients of
the solution itself) nonlocal PDEs. Probabilistic representation has an advantage,
as it paves a way to Monte-Carlo approximation methods which are efficient in
high dimensions. Fix 7" > 0. Let {W;};¢[0,7] be a r-dimensional Brownian mo-
tion on a filtered probability space (€2, {;};, F, IP). Consider continuous functions
bh:RI xR - R4, o :RY x RY — R®" and their corresponding nonlinear (in

the sense of McKean) stochastic differential equation (McKV-SDE) given by
(1 1) dX[=b[X[,lbL[X]dt+O—[Xt,MlX]th,
' ul =Law(X,), te€l0,T],
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where Xog ~ o € Pr(R?Y) and G[x, m] = Jpa G(x, y)m(dy), for any x € R4 and
m € Pr(RY) (square-integrable laws on Rd). Notice that {X;};c[0,7] is not neces-
sarily a Markov process, and hence it is not immediate what the corresponding
backward Kolmogorov equation looks like. Nonetheless, using 1t6’s formula with
Pe Cg(Rd), one can derive the corresponding nonlinear Kolmogorov—Fokker—
Planck equation

(1.2) 0 (us, P <lubt, Z ., PO)(oo ),,[ Mz]-i-zax,P()b[ Mt>

i,j=1 i=1

where (m, F) := [pa F(y)m(dy), [2, 11, 30]. The theory of propagation of chaos,
[30], states that (1. 1) arises as a limiting equation of the system of interacting

diffusions {Y;" } N on (Rd)N given by

dY,i’sz[Y,”N CMYde+ o[y w N dwl,

(1.3) rv ., 1
i :=ﬁZ5Y;"N’ 20,
i=1

where {Yé’N}iZI ,,,,, N are i.i.d samples with law po and {Wti }i=1,....n are indepen-
dent Brownian motions. It can be shown, under sufficient regularity conditions on
the coefficients, that u¥"N e P,(C([0, T1, R%)) converges in law to 1 *X; see [26].
This is a not trivial result as the particles are not independent. Moreover, (1.3) can
be interpreted as a first step towards numerical schemes for (1.1). To obtain a fully
implementable algorithm, one needs to study time discretisation of (1.1). As in
seminal papers by Bossy and Talay [6, 7], we work with an Euler scheme. Take
partition {#} of [0, T], with ty — tx_1 = h and define n(¢) := t if t € [y, tr+1).
The continuous Euler scheme reads

a4 v _Y +b[ ﬂ(f)’“n(t)](t tk)—i—cr[ ,,(,) un(,)](wl w;).

Note that due to interactions between discretised diffusions, implementation of
(1.4) requires N2 arithmetic operations at each step #; of the scheme. This makes
simulations of (1.4) very costly, but should not come as a surprise as the aim is to
approximate nonlinear/nonlocal PDEs (1.2) for which the deterministic schemes
based on space discretisation, typically, are also computationally very demand-
ing [4]. It has been proven that the empirical distribution function of N particles
(1.4) converges, in a weak sense, to the distribution of the corresponding McKean—
Vlasov limiting equation with the rate O ((\/ﬁ )_1 + h); see [2, 3, 5, 7]. Hence the
computational cost of achieving a mean-square-error (see Theorem 4.6 for the def-
inition) of order £ > 0 using this direct approach is O(s7>).

The lack of independence among interacting diffusions and the fact that the
statistical error coming from approximating a measure creates a bias in the ap-
proximation, render applications of variance reduction techniques nontrivial. In
fact, we are not aware of any rigorous work on variance reduction techniques for

.....
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McKV-SDE:s. In this article, we develop an iterated particle system that allows
decomposing the statistical error and bias. We also provide an error analysis for
a general class of McKV-SDEs. Finally, we deploy the MLMC method of Giles—
Heinrich [16, 19] (see also 2-level MC of Kebaier [20]). In Section 2.2, we show
that a direct application of MLMC to (1.3) fails. It is worth pointing out that the
idea of combining an iterative method with MLMC to solve nonlinear PDEs has
very recently been proposed in [14]. However, their interest is on BSDEs and their
connections to semi-linear PDEs.

The key technical part of the paper is weak convergence analysis of the time
discretisation that allows for iteration of the error in a suitable norms. It is well
known at least since the work [31] that weak error analysis relies on the corre-
sponding PDE theory. However, as we already stated the solution to (1.1) is not
Markovian on R?. To overcome, we work with the forward- backward system

t 0.6 t 0,X
x?’X°=s+/0 bIXPE, ]ds-i-/o o[ XPX0, 1 aws,

ui = Law(X]0),

and note that X ?’X" *X ?’x |x=x, in general (see [8]). This makes building of stan-

dard PDE theory on [0, T'] x R problematic and lead to theory of PDEs on mea-
sure spaces proposed by P. Lions in his lectures in College de France ([24]) and
further developed in [8, 11]. Here, we work with

t t
(5 A = [ Yas+ [ ol wl Jaw,,

Notice that (1.5), unlike (1.1), is a Markov process. Furthermore, if (1.1) has a

unique (weak) solution, then X,O’x lx=x, =X ?’X". This means that

/Rd E[P(X>)]1o(dx) = E[E[P(X,)| Xo]].

It can be shown that v(0, x) = IE[P(X,O’X)] is a solution to backward Kolmogorov
equation on [0, 7] x R? which we will explore in this paper.

1.1. Iterated particle method. The main idea is to approximate (1.1) with a
sequence of classical SDEs defined as

m—1 m—1 m
(1.6) dX" =b[X™, X" ldt +o[X", " 1dwn, wE =ud,

where (W™, X{') are independent for all m € N as well as (W™, X{') and
(W", X)) m #n € N, are independent. The conditional independence across itera-
tions is the key difference of our approach from the proof of existence of solutions
by Sznitman [30], where the same Brownian motion and initial condition are used

at every iteration. The Euler scheme with ,uOY = ,u(’f reads

m—1 m—1

~m ~m X ~Mm X
(1.7) Xm :b[XT](I)’MII(l‘) ]dt+G[XU(I)’Mn(Z) ]thm
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To implement (1.7) at every step of the scheme, one needs to compute the integral
with respect to the measure from the previous iteration m — 1. This integral is

~m—1
calculated by approximating measure uff(z) by the empirical measure with N, _1

samples. Consequently, we take ,ugl’m = /Lg and define, formeNand 1 <i <
Nm5

im 7 N 7" N 3
(1.8) V" =b[Vyt gy T de O[Ty T AW,

and call it an iterative particle system. As above, we require that Wim 1 <i <N,
m € N and ?:)’m, 1 <i < N,,meN, are independent. By this construction, the
. —i . e —i,m—1

particles (Y ;’m)i are independent upon conditioning on o ({Y im h<i<n, it €
[0, T']). The error analysis of (1.8) is presented in Theorems (4.6) and (4.7). From
there, one can deduce that optimal computational cost is achieved when {N,, },, is
increasing and the computational complexity of computing expectations with (1.8)
is of the same order as the original particle system, that is, 7.

1.2. Main result of the iterative MLMC algorithm. To reduce the computa-
tional cost, we combine the MLMC method with Picard iteration (1.6). Fix m
and L. Let T* ={0=1§,....1{,...., T =15}, £=0,..., L, be a family of time
grids such that t,f — t,f_ | =he= 72~¢. To simulate (1.7) at Picard step m and for
all discretisation levels ¢, we need to have an approximation of the relevant expec-
tations with respect to the law of the process at the previous Picard step m — 1 and
the time grid IT%, that is,

(E[b(x, Xg )], B[b(e, Xy )], B[b(x, X7 ))),

(Elo(x, X ). Elo (e, X )], -, Elo(x, X7 ))).

By approximating these expectations with the MLMC (signed) measure M "~
(see Section 2.3 for its exact definition), we arrive at the iterative MLMC particle
method defined as

| 1 o |
(L9)  dyy™ = (MR DY e+ (MY, o (VT )W

where Y06 = Xo. Under the assumptions listed in Section 2, the main result of
this paper gives precise error bounds for (1.9).

THEOREM 1.1. Assume (HReg) and (HInt). Fix M > 0 and let P € Cg(]Rd).

Define MSE;M)(P) = E[((./\/lgM), P)—E[P(X,)])?]. Then there exists a constant
¢ > 0 (independent of the choices of M, L and {Ny, ¢}m ¢) such that for every
tel0,T],

M —m L he CM—l

(M)
MSE") (P) < §: >3
i (P) S ephp + (M —m)! = ONm?ﬁL M!
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The proof can be found in Section 4.2. The first term in the above error comes
from the analysis of weak convergence for the Euler scheme. The second con-
tains the usual MLMC variance and shows that computational effort should be
increasing with with iteration m (rather than equally distributed across iterations).
Finally, the last term is an extra error due to iterations. Using this result, we prove
in Theorem 4.5 that the overall complexity of the algorithm is of order ¢ ~#|log e/
(i.e., one order of magnitude better than the direct approach). We remark that the
MLMC measure acts on functionals that depend on spatial variables. We work with
uniform norms as in [17, 19], but also introduce suitable weighted norms, which
seems new in MLMC literature.

We remark that the analysis of stochastic particles systems is of independent
interest, as it is used as models in molecular dynamics; physical particles in fluid
dynamics [28]; behaviour of interacting agents in economics or social networks
[10] or interacting neurons in biology [13]. It is also used in modelling networks
of neurons (see [12]) and modelling altruism (see [14]).

1.3. Convention of notation. We use ||A| to denote the Hilbert—Schmidt norm
while |v| is used to denote the Euclidean norm. For any stochastic process R =
{R:}ter, the law of R, at any time point ¢ € [ is denoted by ,uf . P>(E) denotes the
set of square-integrable probability measures on any Polish space E. On the other
hand, P; (E) denotes, on any Polish space E, the set of random signed measures
that are square-integrable almost surely.

Moreover, we denote by Cl?:127 (R™ x R™, R) the set of functions P from R” x R"
to R that are continuously twice-differentiable in the second argument, for which
there exists a constant L such that foreach x e R™, y e R", i, j € {l,...,n},

|0y, P, DI < L1+ 1yIP), (35, PO < L(1+1y17),

where 9y, and a;’ ¥ denote respectively the first- and second-order partial deriva-

tives w.r.t. the second argument. Finally, we denote by C 5 };1 R™ x R*, R) the set
of functions from R” x R” to R that are continuously p times differentiable in
the first argument and continuously ¢ times differentiable in the second argument
such that the partial derivatives (up to the respective orders, excluding the “zeroth-"
order derivative) are bounded.

2. The iterative MLMC algorithm.

2.1. Main assumptions on the McKean—Vlasov SDE. Here, we state the as-
sumptions needed for the analysis of equation (1.1).
ASSUMPTION 2.1.

(HReg) The kernels b and o belong to the sets Ci:; (RY xR, RN Cg:i(Rd X
R4, R?) and Cg:; (R? x RY, RI®y N Cg:f, (R4 x RY, RI®"), respectively.
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(HInt) The initial law pg := ,ug satisfies the following condition: for any p >
1, no € L?(2; RY), that is,

/R xIP po(dx) < 0.

Note that if (HReg) holds, then

(HLip) the kernels b and o are globally Lipschitz, that is, for all x1, x2, y1, 2 €
R4, there exists a constant L such that

|b(x1, y1) — b(x2, y2)| + o (x1, y1) — o (x2, y2) | < L(Ix1 — x2] + [y1 — y21).

If (HReg) and (HInt) hold, then a weak solution to (1.1) exists and pathwise
uniqueness holds (see [30]). In other words, {X;};>¢ induces a unique probabil-
ity measure on C ([0, T'], R¢). Furthermore, it has a property that
2.1 sup E|X,|? < 0.

0<t<T
The additional smoothness stipulated in (HReg) is needed in the analysis of weak
approximation errors.

2.2. Direct application of MLMC to interacting diffusions. There are two is-
sues pertaining to the direct application of MLMC methodology to (1.4): (i) the
telescopic property needed for MLMC identity [16] does not hold in general; (ii)
a small number of simulations (particles) on fine time steps (a reason for the im-
proved computational cost in MLMC setting) would lead to a poor approximation
of the measure, leading to a high bias. To show that telescopic sum does not hold
in general, consider a collection of discretisations of [0, 7] with different resolu-
tions. To this end, we fix L € N. Then Y’T’K’N‘, £=1,...,L, denotes for each i a
particle corresponding to (1.4) with time-step sy, where N, is the total number of
particles. Let P : RY — R be any Borel-measurable function. With a direct appli-
cation of MLMC in time for (1.4), we replace the standard Monte—Carlo estimator

on the left-hand side by a MLMC estimator on the right-hand side as follows:
1 &

P(Yl L, NL)

NL

1 o,
(22) %FOZ IONO +Z Z leNl P(Ytl,f l,N[)].

i=1
However, we observe that such a direct apphcatlon is not possible, since in general,
y &N, 1,¢,N
B[P, )] #E[P(Y, )],

which means that we do not have equality in expectation on both sides of (2.2). On
the contrary, if we required the number of particles for all the levels to be the same,
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then the telescopic sum would hold, but clearly, there would be no computational
gain from doing MLMC. We are aware of two articles that tackle the aforemen-
tioned issue. The case of linear coefficients is treated in [29], in which particles
from all levels are used to approximate the mean field at the final (most accurate)
approximation level. It is not clear how this approach could be extended to gen-
eral McKean—Vlasov equations. A numerical study of a “multi-cloud” approach
is presented in [18]. The algorithm resembles the MLMC approach to the nested
simulation problem in [1, 9, 17, 23]. Their approach is very natural, but because
particles within each cloud are not independent, one faces similar challenges as
with the classical particle system.

2.3. Construction of the iterative MLMC algorithm. We approximate each of
the expectations by the MLMC method, but only have access to samples at grid
points IT¢ that correspond to (Y~ 1-¢); ,. Consequently, for £ < ¢/, the empirical
measure % vazl Syti,nﬂ,z is only defined at every timepoint in IT¢, but not ¢ and
one cannot build the MLMC telescopic sum across all discretisation levels. For
that reason (as in original development of MLMC by Heinrich [19]), we introduce

m—1,¢ .
a linear-interpolated measure (in time) ﬁtY N given by

~mel,Z’N
Mt
1 ,
N ZSYILm—l,Z, t eIt
(2.3) = i=1
t—me(®) ] oym-1t N t—=ne() ] oym-1t N P
[T] new+he ¥ 1T [P T TEIT

where 1, (1) :=tf,if t € [{, t,f+1). For any continuous function P : RY x RY — R
and any x € R?, we define the MLMC signed measure M;mil) by

L

. ~Ym_1’l,Nm7 ) NYm_l’l_l,Nm7

(24) (M;n 1’ P(x7 )) = <Z(Ml M- My 1,5), P(x9 )>9
£=0

~ym-L-l N . . .
where [1; ¥ := 0. We interpret the MLMC operator in a componentwise

sense. We then define the particle system {Y*"¢} as in (1.9). As usual for MLMC
estimators, at each level ¢, we use the same Brownian motion to simulate particle
systems (Y©"™ ¢, yim£=1y, to ensure that the variance of the overall estimator is
reduced. As for the iterative particle system, we require that wim 1 <i< Nm.e,
m e N, and Yé’m’e, 1<i<Npuy, | <€<L,meN,are independent.

3. Abstract framework for MLMC analysis. To streamline the analysis of
the iterated MLMC estimator, we introduce an abstract framework corresponding
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to one iteration. This simplifies the notation and also may be useful for future
developments of MLMC algorithms.

Letb: RY x P (R?) — R and 7 : R? x P3 (R?) — R4®" be measurable func-
tions. Also, V € P3(C ([0, T'], R%)) is fixed (the precise conditions that we impose
on b, & and V will be presented in Section 3.1). We consider SDEs with random
coefficients of the form

3.1) dU; =b(U,, V) dt + U, V) dWi,  uf = g

The solution of this SDE is well defined under the assumptions in Section 3.1, by
[22]. For £ =1,..., L, the corresponding Euler approximation of (3.1) at level £
is given by

L __ 7L — (7l zt X
(3.2) deZb(zn((t)vvw(t))dt+U(an(t)’vw(t))th’ Mo =Ho-

We require that 1V does not depend on £ and that (W;);¢(0, 7] is independent of V.
Subsequently, we define a particle system {Z’-*} as follows:

il __ 77t — (il i i0
(33)  dZ =b(Zy i Vi) d1 +5(Zy 0 Vo) AW G =g -

3.1. Analysis of the abstract framework. Using the notation defined in the pre-
vious section, we formulate the conditions needed to study the convergence of the
iterated particle system. Recall that V € P5(C((0, T, R%)) is given and we con-
sider equations (3.2) and (3.3). We assume the following.

ASSUMPTION 3.1.

(HyInt) The random measure V is independent of Wi and Zé’ ¢ Foreach p=>1,

sup E’/Rd Iyl”Vs(dy)’ < 00.

0<s<T

(HyReg) There exists a constant ¢ such that

sup sup E[|b(x, V) — b(x, Vs)|2 +|o(x, V) — o (x, Vs)||2] <c(t —s).

xeRd 0<s=<t<T
(HyLip) There exists a constant ¢ such that for each r € [0, T] and x, y € R,
|E(X, Vi) —E(y, Vz)| + HE(X, Vi) —a(y, Vt)” <clx—yl,

B |+ o vl <e(1+ 11+ | [ yvican) ).
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Analysis of conditional MLMC variance. For the rest of this section, we denote
by ¢ a generic constant that depends on 7', but not on £ or Ny. We first consider
the integrability of process (3.2).

LEMMA 3.2. Let Z* be defined as in (3.2). Assume (HyLip) and (HInt). Then
forany p > 2 and £ > 0, there exists a constant ¢ such that

E| sup |zf|1’]5c<1+1€[foT /ﬂ;d|y|"vw(s)(dy)‘dsD.

t€[0,T]

The proof is elementary and can be found in Appendix A. The following two
lemmas focus on the regularity of Z¢ in time and its strong convergence property.
The first lemma bounds the difference in Z! over two time points, at a fixed level £.
The second lemma bounds the difference in Z¢ over adjacent levels, at a fixed
time ¢. Their proofs follow from standard estimates in the theory of SDE and are
therefore omitted.

LEMMA 3.3 (Regularity of Z!). Let Z' be defined as in (3.2). Assume
(HyLip) and (HyInt). Then, for p >1,0<u <s <T,

(B[|Z¢ — ZL[")7 < (s — )t

LEMMA 3.4 (Strong convergence of Zf). Assume (HyLip), (Hylnt) and
(HyReg). Then for any £ € {1,2, ..., L}, there exists a constant ¢ > 0 such that

E[ sup |Zf — Zf_1|2] <chy.
0<t<T

We define the interpolated empirical measures ﬁtZ LN exactly as in (2.3) and the
corresponding MLMC operator M; (corresponding to (2.4), but for one Picard
iteration) as

L

¢ -1 ~1

<Mz,P(x,->>=<Z(utZ Nt ’N@),P(x,-)>, pl Moo,
=0

We also define o-algebra ]-}V = {0 (Vs)o<s<:}. Since samples {Z;’f([)}, i =

1,...,N¢, £=0,..., L, conditioned on ]-"}/ are independent, we can bound the
conditional MLMC variance as follows.

LEMMA 3.5.  Assume (HyLip), (HyInt) and (HyReg) hold. Let ;. € P> (C ([0,
T1,R%)). Then for any Lipschitz function P : R? x R? — R, there exists a constant
¢ such that

L
h
(3.4) sup [ E[Var(M, ), P, NFY)metdx) < 3 =L,
0<t<T JR? 1—o Ne
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PROOF. The independence condition in (HyInt) implies that

E[Var((My, ), P(x, )| FF)]

No L Ny

1 V =1, 7y
:ZN E[Var| nL(t)|]: +ZZ E[Var[P, nL(t) :]L(f) 7711,
i=1""0 l=1li= 1
where
N V4 il
(3.5) Pyl = (1= AP (. Zyl ) 2 PO Zy oy )

A = LO=pL®) ¢ [0, 1]. Using the fact that E[Var(X|G)] < Var(X) < E[X?],
we obtain the bound
E[Var({My, ). P(x. )1 F7)]
No 1 L N o1
io—
=2 EIP + ZZ Prio = Py |
i=1"0 i=1im1 N
Since P is Lipschitz, it has linear growth. By Lemma 3.2, it follows that
BIP o <e sup | (3 +EIZi, )"+ EIZyy, oD dx) < +oo.

0<t<T JR4

Next, we consider levels £ € {1, ..., L}. Recall from (3.5) that

l il
)+ P Zy ) 4ne)-

il—1 _ -1 i,0—1 -1 i,0—1
Py ==X )P Z 7 uan) T PO Zo ey he )

i¢ l V4
Pyl =(=2)Px, 2 o)

We decompose the error as follows:

4 -1
Py = Prio) |

Px,zl Y — P, ZB )

—1 il
=(I=a")|P(x.2Z ne(1L () ne—1 (0L (1))

nea o)) £

—1 i,0—1
+ AT PO Zy g aend) £ PGS 2o oren)
i, 0—1
- P(x’ Zi?l—l('?L(’))'f‘hl—l)}

— il L
I =P 2 ren) — P2 )
By Lemma 3.4,
—1 2
(3.6) EIP(x, Zy i, 0) = P06 Zyliayan)I = che,
i, 0—1 2
3.7 E|P(x. Zyi, anend) = PO 20 aan)|” =< che.
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Also, by Lemma 3.3,

i, —1 i, 0—1 2
E[P(x. Zy, ) = PO Zy )]

(3.8) <c(me(ne (@) —ne—1(ne (1)) < chy,
i,0—1 i,0—1
(3.9) EIP(x Zy ) = PO 2y open )N = ches
and
(3.10) E|P (%, Zyo i) = P Zo )P =

We obtain (3.4) by combining (3.6), (3.7), (3.8), (3.9) and (3.10). Since ¢ and x are
arbitrary, the proof is complete. [

3.2. Weak error analysis. We begin this subsection by defining X'** as
t t
XS =x +f b[XS, X du +/ o[XS*, uXlaw,.
N N
For P € Cb b(Rd x R4 R) and 7 € [0, T], we consider the function

(B.A1)  vy(s,x):=E[P(y,X>")], yeR?and (s,x) €[0,1] x R?.

We aim to show that vy (s, x) € C 1.2 The first step is the lemma below.

LEMMA 3.6. Assume (HInt) and (HReg). Then

bl uX] e Cpy(RY x [0, T1,RY) and o[-, uX] € C ) (R? x [0, T], RI®").

PROOF. Forany x e RY, s € [0, T] and ¢ € [s, T, we apply Ito’s formula to
each coordinate k € {1, ...,d} of b to get

; d or
bk(-x’Xl)=bk(x9Xs)+/ Zzayjbk(X,Xu)o'jz[ ual’Lu]dWl
S oj=li=1

/ 28 D (x, Xubj[X w X du
1 r g 2 X
(3.12) +5 / ,Zlayi,y,»bkoc,Xu)aij[Xu,uu]du,
1,j=

where a[x, u] = o[x, plo[x, u]7 and 0y, bk, ' jbk indicate the derivatives w.r.t.
the the second argument. Assumptions (HReg) (HLip), (HInt) and (2.1) imply
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that the above stochastic integral is a martingale. By the fundamental theorem of
calculus,

Elbe(x. X))] = [Z By, br(x. X)bj[x, ¥

j=1

d
Z Abk(X,Xt)aij[xnutX]]'

(3.13)

l\.)l*—‘

By (HReg), dy,bi and afl yibk are bounded. Moreover, by (HLip), we know
that b and a are respectively of linear and quadratic growth in x. Therefore, by
(2.1), we conclude that 9,by[x, M,X ] is bounded. To conclude, we can apply the
same argument to o[-, wX1. O

LEMMA 3.7. Assume (’HReg) and (HInt). Then for any (s, x) € [0, t] x R,

G, j)e(l,....dY> and P € Cy (R x R, R),
(Hoy) sup (|, vy (s, )| og + 13,035, 1) | oo < L.
yeRd ’

PROOF. We only provide a sketch as the argument is standard. By the fact
that the first-order spatial derivatives of b[-, MX ] and o[-, M,X] are bounded, it is
straightforward to deduce that

(3.14) sup sup E[|dy, (X} x)(J)| ] < o0.
xeRd s€[0,1]
Theorem 5.5.5 in [15] establishes that
d
(3.15) vy (s, x) = Y E[dy, Py, X])dx, (X7)].
j=1

By (3.14), it is clear that the assertion for the first-order derivatives in (#vy) holds

if Pe CS’Z(R‘] x R4, R). Similarly, we can prove the assertion for the second-
order derivatives in the same way. [

By the Feynman—Kac theorem ([21]), it can be shown that vy (-, -) satisfies the
following Cauchy problem:

d

1
A5y (s, x) + 5 Z (o[x, uX]o[x, Mj‘]T)l.jafi’xj vy (s, x)
i,j=1

3.16 d
( ) +Z X, ,us axjvy(s,x)zo, (s,x) €[0,1] x RY,
j=1

vy(t,x) = P(y, x).
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The following theorem reveals the order of weak convergence of (3.2) to (1.1).

z4FY . . .
We denote by wu; T the regular conditional probability measure of Z¢ given

F}} . (See Theorem 7.1 in [27] for details.) The existence of regular conditional
probability measure follows from the fact that we work on a Polish space with the
Borel o -algebra.

THEOREM 3.8. Let P € Cg:g(]Rd x R4 R) be a Lipschitz continuous func-
tion.! Assume that (HReg), (HInt), (HyInt) and (HyLip) hold. Then there exists
a constant ¢ (independent of the choices of L and N1, ..., Np) such that for each
1[0, T],£€H0,...,L} and x e R?,

sup |E[P(x, ZY)] - E[P(x, X,)]|

0<s<t

! - zYFY
=c hl+/(; E A\{d|b(xavng(s))_E[b(x»Xr]g(s))“Mw(S) (dx) |ds

t . le}—}/
+ [ VB[ [ o Vo) =Bl (e X g (@) [ds ).

PROOF. To lighten the notation in this proof, we use #, 1(s) and Z to denote
t,f, ne(s) and Z¢, respectively. First, we observe that

[E[P(y. Zs)] — E[P(y. X,)]| <E[E[P(y. Z)IFy] - E[P(y. X,)]|.

From definition of v(-, -) in (3.11), we compute that

B0, 0. X0)] = [ 0,0.50p0(dx) = [ E[P(3. %) Juo(dx)
=E[E[P(y, X)) |Xo]]-
The Feynman—Kac theorem, hypothesis (#yInt) and the fact that [L())( = ,uOZ give

E[P(y, Z)IFY] —E[P(y, X)] =E[vy(t, Z)|FY] — E[vy(0, Zo)]
=E[v,(t, Z)|F¥] — E[vy (0, Zo)|FY]

n—1

= Elvy(tkt1. Zi1) — vy (tx, ZOIFY ],
k=0

INote that the regularity of P can be relaxed to C 2?) R x R4, R). We prove the result in a slightly
stronger assumption for the sake of simplicity.
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where n =t/ hy.? By Itd’s formula,
E[vy(t, Z,)|F¥] — E[vy(0, Zo)]

n—l Tk d _
= ZE / 8tvy(S, Zs) + Zaxjvy(S, Zs)bj(Zn(s), Vn(s))
Tk

k=0 j=1

+ = Z xjvy(s,Zs)ﬁij(zn(s)»vn(s)))ds

1]1

Tk+1 r
+/ Zzaxjvy(s Z5)0 ji(Zy(s)» Vn<s>)dW()‘fv],
j=li=1

where a(x, ) = a(x, w)a(x, u)’. Condition (Hvy), as well as hypotheses
(HLip), (HInt) and (HyInt), along with Lemma 3.2 and part (a) of Lemma A.1
(with the filtration {F;};¢[0,7] such that F; = a(]—"}), {Wyo<u<t> {Zuo<u<t)) im-
ply that

Tk+1
3.17) U ZZavay(s 295 11 (Zn(s), Vn(s))dW()‘]-"V}

t j=li=l1
Subsequently, using the fact that v(-, -) satisfies PDE (3.16), we have

Elvy(t. Z)|FY] - E[vy<0» Zo)]

n-l fk+1
5 [ [ 3000, 2006 @ Vi) — 2202
k=0T j=1
| 4
5 D0 008, Z9) (@ (Zns), Vi) —aij[stuf])’f})] ds
ij=1
Hence,
v n=lony 4 y
Ev, (1. Z)\FF] ~E[0,0.Z0] = 3 [ E| S Ri(o)|F¥ | ds
k=0""k i=1
where

d

Rl(s) = Zaxjvy(s’ ZS)(bj[ n(s)» /’Ln(s)] bj [ZS’/‘LS ])’
=1
d

Ry(s) := Y 0y;0y(5. Zo) (B (Znis)» Vas)) = bi[Zns)s s)))-
j=1

2For simplicity, we assume that n is an integer.
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R3(s) == Z 05, vy (5, Z)(aif[ Zycsy, may)] = @i Zs, 1)),
lj 1

Ra4(s) := Z 8x, x,vy(s Zs )(a,,(Zn(s) Vais)) _“t/[zn(S) Mr;(s)])
lj 1

Error R;. Let FTZ be the sigma-algebra generated by {Z;};c[0,7]. From part
(a) of Lemma A.1 and Itd’s formula, we have

E[R)(s)|FY]

d s
= ZE[anvy(sa ZS)E|:/( )|:8ubk[zuv Mff]
n(s

d

+ Y bk Zus 1) 10i (Zyys Vi)
i=1

d
Z 3 Ok Zu, 11 X (Zyw, Vn(u)):| d”‘f’ (FF. F7) }‘IV}

l\)l'—

Condition (Hvy) and the conditional Jensen inequality imply that

E|E[R; (s)|F¥]|
d S
< E
B C,g (/n(s)

1 d
(3.18) 5 Z Zy, My ]alj (Z () V (u))

d
aubk[zua /,L,i(] + Z axibk[zuv Mff]zl (Zn(u)a Vn(u))

o)

Using these two bounds along with Lemma 3.6 and assumption (#yLip), we can

see that
d u) .

S
E|E[R1(S)|.7'—})]|§c</ 1+ sup E|Zg>+ sup E‘/ 1x|*Vy (dx)
n(s) s'€l0,1] sef0,] 1/RE

Assumptions (HLip), (HInt) and ({yInt) allow us to conclude that
sup E[E[R)(s)|F¥]| < che.

O<s<t

Error R;. Condition (Hvy) implies that

B[Ry FF]| < cE[|b[Zys)s )] — B(Znisys Vo)) [IFT -
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Using the notation of regular conditional probability measures,

— V
E|E[Ry(s)|F¥]| < cE[/RdHE[b(x, Xy)] = b(x, v,,(s))mf('sf)”r (dx)j|.

Similarly, by the condition on the second-order derivatives from (Hv,), we can
establish that

(3.19) sup E[E[R3(s)|FY]| < che
0<s<T
and
(3.20) [E[Rs()FF]| < cElo[Zys), )] =T (Znsy, Vas) IIFF]. - O

Next, we introduce an artificial process Z* in order to remove the dependence of

ZYFY . A
Z* on .7-"}’ . Note that My, (IS)T is a random measure, whereas ,uf( (s) 18 nonrandom.

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

LEMMA 3.9. Let P € Cg:Z(Rd x R4, R) be a Lipschitz continuous function.
Assume that (HReg), (HInt), (HylInt) and (HyLip) hold. Then there exists a con-
stant c¢ (independent of the choices of L and Ny, ..., NL) such that for each
tel0,T],2€{0,...,L}and x e R?,

sup E[[E[P(x, Z)|F¥] - E[P(x, X)]]*]

0<s<t

t _ 70
< c<h§ +/0 [/RdE\b(x, Vi) — E[b(x, XW(S))]FM@(S)(dx)} ds

t 7L
+ /0 I:[l‘%d EHE(X’ V'?Z(S)) - E[U (x, XW(S))] Hzﬂnzl(g) (dX)] dS),

where Z* is a process defined by

) 50 X >0 X
dz; = /Rd b(Zﬂz(l)’ y)'une(t)(dy) dt + /]Rd G(an(f)’ y)u“mz(t)(dy) dW;.
PROO_F. As in the proof of Theorem 3.8, we use 7 (s), Z and Z to denote ne(s),
Z% and Z%, respectively. By (HLip) and (HyLip),
E[| (6] Z5) 1iys)) = B (Znis)s Vo))

= 5 2
- (b[Zn(s), M;((s)] —b(Zy(), Vn(S)))| |f¥]
(3.21) < E[|Zys) = Znes) P 1 FY]-
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We further decompose the error as follows:
E[1Zy(s) — Zyo *1FF]

< 2(EH/0 (Bl Zyawy- 1] — B(Zywy Vo)) du

2
]
s —
+EH/(; (U[Zn(u)’ Mff(u)] — 0 (Zyw)» Vn(u)))qu

1))
=: 2(R21 (s)+ R22(S))'

By the conditional Fubini’s theorem and the Cauchy—Schwarz inequality, there
exists a constant K > 0 such that

R>1(s)

N
7 B(7 2

=5 - 2
+E[|(Zywy> Vow) = b(Zywy> Vaw))| |f}}]du>

) 7 b(7 2
= C(,/() E[}b[zn(u)a //LUX(M)] - b(ZVI(M)7 Vr)(u))| |f})]

+E[Zyw — Zyw*1FY] du)’

where assumption (7 Lip) is used in the final inequality. Since Z is independent
of .7-"}’ and that ,uX(u) is a nonrandom measure, we use the properties of regular
conditional distributions as outlined in Theorem 7.1 of [27] to prove that for each
w e Q,

BB Z ) 1] = B Zyays Vo) P IFF]) (@)

= /Rd |b[x7 M,,X(u)] — E(x, Vn(u)(a))) |2,u§(u)(dx).

Therefore,

s —
Ry1(s) < C</0 |:E[|Zn(u) - Z,,(u)|2|]-“}’]

— 2 7
+/Rd}b[x,,unx(u)] —b(x, Vyw)| ,uf(u)(dx)} du).

We proceed similarly as Ry (s) and apply part (b) of Lemma A.1 (with the filtra-
tion {F; }e0,7) such that F; = o (F¥, {Wy bo<u<s» Zo)) to get

s —
R (s) < C(/(; [E[|Zn(u) - Zn(u)|2|}—7y]

_ 2 7
+/];§d lo[x, Mf,((u)] —5(x, Vyw) | Mf(u)(dx)} du).
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Combining both bounds give
- s -
EUZU(S) - Zn(5)|2|~7:¥] = C(/o [E“Zn(u) - Zn(u)|2|f¥]
X T 2 7
+ [l ] =B V) Py (@)

_ 2 5
+ .AIAM ||G[x, /“L,}]((u)] - U(X, Vn(u)) ” /ng(u)(dx)] du),

for any s € [0, #]. By Gronwall’s lemma and integration from O to ¢ in time, we
obtain that

t —_
/(; E[|Zys) — Znes))*1FY ] ds
z — -
= C</0 [A&d [blx. 'unX(S)] — b(x, Vn(S))|2M$(s)(dx)
— 2 7
By (3.2) and (3.21), it is clear that
t t _
/0 |E[R2(s)|}'¥]|2ds < C(/o E[|Z ) — Zn(s)|2|]-"‘T’]

> 5 2
+E[[b[Zys). 1)) = D(Znesy: Vo) 1 FF] dS)-

This shows that

t t . -
[ IElRIF P s < c( [ [ bl k) = B Vi Py @)

+ /Rd lo[x, IL,,X(S)] —o(x, Vn(s))HzlL,,Z(s)(dx)} ds).

We repeat the same argument for R4(s) and conclude that
/Ot|E[R4(s)|f}’]|2ds < c(/ot[ [0l )] = Bx, Vo) P @)
T /Rd o[, “;((S)] —o(x, Vn(S))HZILnZ(s)(dX)} ds). 0
4. Iteration of the MLMC algorithm.

4.1. Interacting kernels. Fix m > 1 and correspond each particle 75t in the
abstract framework with Y ¢ defined in (1.9) and ]-"}/ with the sigma-algebra
F"~1 generated by all the particles Y ~1-¢ in the (m — 1)th Picard step, 0 < £ <
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L, 1<i<Npu_1s Weset V, ;=M™ (defined in (2.4)), b(x, ) := b[x, u]
and o (x, u) :=o[x, u], so that

bx, M"Y = (M b(x,)) and 7 (x, M"Yy = (M o (x, ),

for each x € R?. The measure M1 satisfies the independence criterion in
(HyInt), since (Y"1} L (W™, Zy'). The criteria (HyInt), (HyReg) and (HyLip)
are verified below.

In the results of this section, ¢ denotes a generic constant that depends on 7', but
notonm, £ or Ny, 4.

LEMMA 4.1 (Verification of (HyLip)). Assume (HLip) and (HInt). Then, for
each t € [0, T], there exists a constant ¢ such that for all x1, x, € R,

(M D by, ) = b, )] + (M 6 (et ) — o (2, )| < clxt — xal,

R TR e (AR AT

)

PROOF. Forany 1 € [0, T] and x1, x2 € R?, by the definition of M{" ™",

(M™D b(xr, ) = (MY b(xg, )|

L N1,
Tt - nz(ﬂ) im—1,¢ im—1,¢
E E — 7). (b(x1, Y b(x2, Y, 1)
ez1Nm | N 2— [( he (b1, W(’HW) (x2 nz(t)+hz))
t—mf(f) im—1.0 im—1,0
(1= Y g v bl v )

Ne—1()+he—1 Ne—1()+he—1

ne—1(t) Ne—1(t)

(
(t—w 1(:)) (b(x L yim=le )_b(xLYi,m—l,Z—l )
{

t— t : :
1 hn; 11( )) (B, Y1 ey, Yl,m—l,z—1))]

1 Nim-1,0

t —no(t) im—1,0 im—1,0
Nu—-10 Z |:( ho ) . (b(xl’ Y’)()(f)+h()) - b(x2, Ym)(t)-i-ho))
’ i=1

+

t —no(r) i,m—1,0 ,m—1,0
(1= 50) i -t )|

The required bounds follow from (#Lip). The corresponding estimates for
lo (x1, Vyr)) — 0 (x2, Vo) Il and [|o°(x1, Vyy(r)) || can be obtained in a similar way
and are hence omitted. [
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LEMMA 4.2 (Verification of (HylInt)). Assume (HLip) and (HInt). Then for
any p > 2, there exists a constant ¢ such that

sup  sup IE/Rd 1x|P M™ (dx)

neNU{0} 1[0, T]

<c.

PROOF. For simplicity of notation, we rewrite

/Rd [P M (dx) = — ZP10+Z Z pirt _ pit= 1),
where

Pzi,Zz(t_nE(t))|YlnE |p+<1_t_77€(t)>| lnﬁ‘p

he ne(t)+he he ne(t)
We first fix £ € {1, ..., L} and define
z Z — E|Pt A Pl A—1

. die{l,...,Ng).

By exchangeability, there exists a constant ¢ (independent of the Picard step n)
such that

£
N4 1,n 2 1,n, e
|Al | S ¢ Z E|Yr]£/n(l) {p +E|Yr]£/n(1‘)+hl/|p)
U=t—-1
By the triangle inequality,

il
i 2

i=1

14
NG I,nt L,nt
<NZ IZE}AZ | =c Z (E|Yn /th) |P+E|Ynl/’;t)+he/{P)‘
i=1 '=0—1

Similarly, we can show that

‘ ZPZO

1,n,0 1,n,0
E‘Yno?t) ‘p +E’Yno?t)+ho‘p)'

Note that

E‘ [ s @
Rd

<E[—Y P04+ — S Al
No i =i Neio

L
1,ntp 1,n,¢ )4
=c ) BV, +EY, G, |-
We can see from the proof of Lemma 4.1 that the constant ¢ in Lemma 3.2 does
not depend on the particular Picard step. Therefore, by Lemma 3.2,
T
< c(l + sup E ds).

0 O<u<s

sup E
0<t<T

[, et M )

[ im0
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By iteration, we conclude that

( T)’ (CT)”

n—1
sup E‘/ |x|p/\/l(n)(d )‘

0<t<T

+ sup E‘/dlxlp/\/l O (gxy| L

0<t<T

eCT<1+ sup IE‘/ 1x1? MO (dx)
o<t<T /R4

><—|—oo.D

LEMMA 4.3 (Verification of (HyReg)). Assume (HLip) and (HInt). Given
any Lipschitz continuous function C,(?):,% 5 P:RYxRY — R and n € NU{0}, there
exists a constant ¢ such that

.1 E|(M;", P(x, ) = (M, P(x, ) < et —s),
foranyx eRYand 0<s<t<T.
PROOF. When analysing the regularity of the MLMC measure (4.1), one

needs to pay attention to the interpolation in time that we used. Pick any £* €
{0,1,2,...L}. For simplicity of notation, we rewrite (M, P(x, -)) as

N0 an
(4‘2) (M(n) P(x ) 10 zﬁ zZ l)
where
e (t—ne() in t —ne(t) int
F —< e )P(X’Ynz(t)+he)+ (1 )P e)
Givenany k € {0, 1, ..., 2% — 1}, we compute
(M2 Px, ) — (M @”P@ )
fet1
(Y L o ¢ ¢ -1 -1
= P Pl — PR — (P - P .
Nno [:1( tk+l g Z tk+1 1 ) ( o i ))
Thus, we only need to consider P} ,_7* - Pz‘* ,foreach £ € {0, 1,..., L}. There are

k+1 k
two cases depending on the value of ¢: Z < {* and > 0*.

For levels ¢ < £*, at least one of P [* and P e* is an interpolated value. Then
k+1

there exist a unique s € {0, 1,...,2° — 1} (chosen such that ny (tk )= ts) and con-
stants A € (0, 1 — %‘] and X, given by

tf* 12 B o t(
A= u and A= M’
hy he
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such that

’ef_(l—A)P( YY) + P (x, YY) and

s+1

lef —(I—A)P( ln€)+)\P( thlnﬁ)‘

tk+1 s+1

Note that 2 — A = hL By taking the difference between P} g* and Pl(f , We com-

ket I
pute that
N s
il il 12 ind ind
(4.3) Pyt =Pyt =o (P, Y1) = P, ¥")

For levels £ > £*, both of them are not interpolated. This gives
(4.4) Pt — Pif=P(x, Yi) = P(x, Y1),
k+1 k k+1 k

By Lemmas 4.2 and 4.1, the hypotheses of Lemma 3.3 are satisfied. By applying
Lemma 3.3 to (4.3) and (4.4) along with the global Lipschitz property of P, we
have

E]P;f - P;f\z <chp VLe{0,1,...,L).

k+1
This shows that
BJM L PG, ) = (MR, Px )
k+1
Nno
ZE|P’£9 —P’°|2
n,O et
Lo R -1 i0—1)2
+ IEP*—P* +EP’ — P
3 e LB~ P BRIy
< chyx.

The proof is complete by replacing s and ¢ by 1y, (s) and 5y (¢), respectively, if any
of them (or both) does not belong to nt. o

Lemma 4.4 below gives a decomposition of MSE (mean-square-error) for
MLMC along one iteration of the particle system (1.9).

LEMMA 4.4. Assume (HReg) and (HInt). Let P € Cyp(R? x R, R) be a
Lipschitz continuous function. Let

MSE{"(P(x,)) 1= E[(E[P(x. X))] — (M{™, P(x.)))’]. 1€[0,T].
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Then there exists a constant ¢ > 0 (independent of the choices of m, L and
(Nm.¢)o<e<L) such that for every t € [0, T,
MSE(’") (P(x, )z, (dx)
nL(r) ’ nL(r)
2 (m—1) 2zt
< c(h +f [/ E|( ./\/lnr:(s) b(x, ) —E[b(x, Xy, 5)]] ,qu(s)(dx)} ds
' (m—1) 2 gt
|G e = Blo e X)) P ) | ds
L
hy
+ ) —).

Furthermore, if we assume that the functions b and o are both bounded, then there
exists a constant ¢ > 0 (independent of the choices of m, L and (N, ¢)o<e<1) Such
that for every t € [0, T,

sup MSE{"} | (P (x, "))
xeR4

( +f sup Ef MY bGx, ) = E[b(x, Xy, 6] ds

xeRd

+/ sup E” 5}’21(:)1),0()6, )> [U(X XnL(s))]” ]ds+ Z Nm )

xeRd

PROOF. Forx e R? and 7 € [0, T], we consider

E[(E[P (x. Xn, )] = (My 1. P ()]

= E[(E[P (v, Xy,.)] = BIMy . PO )l 7]

HE[MU, L P NF ] = (MU, P )]

nL()’ nL()’

Observe that

MSE") (P (x. ")

=E[(E[P(x. X;,()] — E[P(x. ¥, ") F"1])?]

(4.5) +E[E[M™) P, ) F ] = (M Px, ),

nL()’ nL()’
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as E[(M"), . P(x. )|F"1] = E[P(x, Y, ") F"~1] by exchangeability.

Next, from Lemma 3.9, there exists a constant ¢ such that

E[(E[P(x, X, )] — E[P(x. Y, ) F" ')
aoy =e(i+ [ [ BIMUE b )~ Blbe X )] Pul @]

# L BIMEG o) = Blo . Xy )P s ).

By Lemma 3.5, there exists a constant ¢ such that

[ ELELAMG Y P NF"T = (MG P9l @)

1) Z/RdE[Var«Mgfzz)’ P IF" i ) = C,;)m

Combining (4.5), (4.6) and (4.7) yield the result. [

The complete algorithm consists of a sequence of nested MLMC estimators
(M P(x, ))}m=1,....m and its error analysis is presented in Theorem 1.1. Note
that we iterate the algorithm by replacing P by the component real-valued func-
tions {b;}1<i<q4 and {o;, ]}l<z<d 1<j<r-

Stz 1=/ =

4.2. Proof of Theorem 1.1.

PROOF. First, the assumption that Y%-¢ = X, gives

e, o ELUEL G X )] = (M o b )

0 29 7L
(4.8) + [Efo G, Xpp0)] — (M oG )P, ) (dx) < c.
Fixing M > 0and P € CZ(]Rd), we set

E[(M™),, P) = E[P(Xy,0)])?]. m=M,

49) o™ = /Rd E[(M" ) b(x. ) = E[b(x, Xy, )]

— 7L
M o e, ) = Bl X)) PJly ) (@),
m<M-—1.

From Lemma 4.4, we observe that

t
(4.10) a,(’")gc<b<m>+/0 a§m—‘)ds> Vme{l,2,..., M},
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where b = h2 + 3L —o - Then one can easily show that
M—1 M
T T
4.11) sup at < Z pM=—m) =7 ) (cT)" +( sup a£0)> . &
0<t<T m—0 m! 0<s<T M!

Inequalities (4.8) and (4.11) conclude the proof. [J

We are now in a position to present the complexity theorem for iterated MLMC
estimators of {E[P (X, () ]}ref0,71-

THEOREM 4.5.  Assume (HReg) and (HInt). Fix M > 0 and let P € C}(RY).
Then there exists some constant ¢ > 0 (independent of the choices of M, L and

{Num ¢}m.¢) such that for any € < e, there exist M, L and {Nm ¢}m.¢ such that for
everyt €[0,T],

MSE(L(t)(P) - [«ME;/Z[()z)’ ) E[P(XUL(I))])Z]E%‘Z,

and computational complexity is of the order £ ~*|loge|>.
PROOF. The cost of obtaining (M;M()[), P) involves M iterations. In each it-
eration, one performs the standard MLMC algorithm, where the cost of approxi-
mating the law in the drift and diffusion coefficients is Z?/:o Ny,—1,¢. Hence the
overall cost C := C(M, L, {Ny ¢}m.¢) of the algorithm is

(4.12) C= Zh ng—i—ZZ(h N,MZNm M/>

=2{¢=0

For convenience, we use the notation x < y to denote that there exists a constant ¢
such that x < cy. We shall establish specific values M*, L*, {N,, ;},n¢ (depending
on ¢) such that the mean-square error satisfies

M* M*—m M*—1

L*
c hy c
4.13 E T S—— hz*—i-g + <g?
( ) o’ (M*—m)!( e:oNI:;,E) M*!

and show that corresponding computational complexity is of order £ ~*|loge|.
First, we define

.14 M*i=llogle™)] = MM 5

by Stirling’s approximation. For m € {1, ..., M*}, we define 531 = wmsz, for
some sequence {wm}n]‘fi1 (depending on M* and &) which satisfies the following
conditions:
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(C1) Minimum condition: For each m, w,, > wy = 1;
‘M*fm

(C2) Weight condition: Zm 1 me <K;

(C3) Cost condition: Z lw_l <K,

for some constant K > 0. (See Lemma A.2 for a concrete example.) Subsequently,
we define

N (R

We also define

@16 Npei=le (L7 Dhe], Lef0 L) mell,... M),

Note that hp+ S &p, for any m € {1, ..., M*}. To see this, we show that hpx < &

by considering the following three cases:

1. Casel: g, > e. In this case,

s o, (T2} 727!
hL:ﬂn=T2 m="T2 = p e < . Em.

2. CaseIl: 1 <¢g,, <e.Inthis case,
hps = T2 L = ollogen)) — po—losten) < 7 < T, .

3. Case III: 0 < ¢, < 1. Without loss of generality, we assume that 7 < 5 (We
can scale 7' by an appropriate factor if it is greater than 5.) In this case,

log2T) _ log(%) _ | (&n)
= =10 —_
log?2 log?2 2\2r

tog(en) < (o5 ) logten) -

log?2
which implies that

hps =T2 b = 72~ logenh) < p—logle;H)=1) — pologlem) < o

We can therefore observe that

M CM*_m ) L hy
Z(M*_m)!<h* ZN* )

m=1 =0 ""m,L
C 2 hg

e D — —)
2 a4 S o
M* M*—m

< c 2«2

~ (M* — (Em S €
m=1 m)

by property (C2). Combining this estimate with (4.14), we conclude that the con-
straint (4.13) is satisfied.



2256 L. SZPRUCH, S. TAN AND A. TSE
It remains to compute the complexity of the cost under the values M*, L*,
{N g}m £-

C= Zhel[s (L* + 1)he])

+ZZ< J e 2 (L + 1)k i[s L*+1)hg/]>

m=2{=0 /=0

< LZ*(hz Y2 (L* + 1)he + 1)
=0

+iihe e (L* + Dhe + 1) (e, 2 ((L* + 1) + (L* + 1))
m=2 (=0

M*
SeH L 1)+ Y (enen 2 (L +1) + 6,2 (L + 1)

m=2

+e (L 1) +e (L*+1)2)

< 8_2|10g( )] + |log (e~ Z e2e o 1 + |log(e™ Z &
m=2
4.17) e Hlog(e™ Z €ny +871|10g(871)|2M*,

where we have used in the last two estimates the bounds L* < log(¢~") (by prop-
erty (C1)) and hil = T_12"Z <T 12" < Dlog(e™h < ¢~!. Finally, by properties
(C1) and (C3) of {w,}M together with (4.17) and (4.14), we conclude that
C <e*log(e))?. O

ml’

4.3. Noninteracting kernels. Here, we remark how the theory developed in
this work would simplify, if we only treated McKV-SDEs with noninteracting
kernels given by

@18)  axi=b(x. [ Fomlan)di+o(x. [ swul)aw,

for some continuous functions b : R? x R? — R? and o : RY x R? — R®" We
assume (HReg) and (HInt). We also assume that each component function of f
and g belongs to the set Cg (R4, RY). The corresponding MLMC particle system
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is

j,m, L V4 ( 1) 0 ( 1) A
dy;"™ = (v MY F)d o () MY g) dWE

To study this case, we adopt the abstract framework with b(x, p) :=b(x, (1, mh,
o(x,u):=o0(x,{u,g)) and V being defined as before. Clearly, this is a special
case of the equation studied so far, and hence all the results apply. The main differ-
ence stems from the complexity analysis as the term Zf:o hzl Nue Zé/:o Np—1.0
in (4.12) is replaced by Zézo h;le’g + Z?:o hZINm_M/. By performing the
same computation as in the proof of Theorem 4.5, we can show that the computa-
tional complexity is reduced to the order of ¢ ~2|log|?.

4.4. Plain iterated particle system. The proof of the following theorem con-
stitutes a special case of Lemma 4.4 and Theorem 1.1.

THEOREM 4.6. Assume (HReg) and (HInt). Fix M > 0 and let P € C}(R?).
We define the mean-square error as

2
MSE§M)(P):=]E[( ZP vt P(X,)])}

Then for every t € [0, T],

M) M—m 1 cM—l
MSE, ;) (P) < c{h* + Z :

\ (M —m)! Ny, M!
for some constant ¢ > 0 that does not depend on M or Ny, ..., Ny.
The following theorem concerns the computational complexity in the estimation

of {E[P(Xy))1}rel0,1, whose proof follows similar procedures as the proof of
Theorem 4.5 and is omitted.

THEOREM 4.7.  Assume (HReg) and (HInt). Fix M > 0 and let P € C}(R?).
Then there exists some constant ¢ > 0 (independent of the choices of M and
{NmY1<m<m) such that for any ¢ < eV, there exist M and {Nm}o<m<m such that
foreveryt el0,T],

2
(4.19)  MSE{)(P) ::E[( ZP ) P(Xn(,))]> }5&92,

and computational complexity C is of the order £ .
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5. Numerical results. In this section, we present numerical simulations that
confirms that iterative MLMC method achieves one order better computational
complexity comparing to classical particle system. Furthermore, numerical exper-
iments indicate that the iterative MLMC method works well even if the coefficients
of the McKV-SDE:s do not satisfy previously stated regularity and growth assump-
tions. We compare the following methods:

e Classical particle system (1.4),

e MC Picard I—iterative particle system (1.8) with fixed number of particles N
for all Picard steps,

e MC Picard lI—iterative particle system (1.8) with an increasing sequence
of particles {Ny}m=1,..m where N, = w,,Ny (see the choice of w, in
Lemma A.2),

e Iterated MLMC particle system outlined in Algorithm 1.

,,,,,

5.1. Kuramoto model. First, we provide a numerical example of a one-
dimensional stochastic differential equation derived from the Kuramoto model:

dXt=/ sin(X; — y)uX(dy)dt +dW,, t€[0,1], Xo=0,
R

= sin(X,) [ cos(y)u(dy) —eos(X,) [ sin(y)ya @y)di +dw.

For the numerical tests, we work with the the bottom representation. We set
P(x) = +/1+ x2. For the initial condition of the iterative algorithm, we choose
Y2t~ N(O, 7).

Figure 1(a) shows that both MC Picard I and MC Picard II are less effi-
cient than the classical particle system. In Figure 1(b), the iterated MLMC par-
ticle system achieves computational complexity of order £~2 (note that here the
cost of simulating particle system is N per Euler step and not N?; see Sec-
tion 4.3).

Figure 1(c) illustrates that the approximation error of iterated methods is within
2¢ of that of the classical particle system and that it decreases as number of parti-
cles increases.

Figure 1(d) depicts Var[Y%’m’elM(m_l)] and Va.r[YTl’m’Z — Y;’m’zfl | M=
(in log scale) for each Picard step across levels £. We see that that the conditional
MLMC decays with rate 2. This is higher than the rate given in Lemma 3.4, since
this example treats SDE with constant diffusion coefficient for which Euler scheme
achieves higher strong convergence rate.

5.2. Polynomial drift. 'We consider the following McKV-SDE:
(5.1)  dX,=(2X, +E[X,]— X,E[X?])dt + X, dW,, t€[0,1],Xo=1.
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FI1G. 1. Result of Kuramoto model.

Assumption 2.1 is clearly violated. Note that
dE[X;]= (3E[X,] — E[Xt]E[th])dt, E[Xo]=1,
dE[X7] = (SE[X7] +2(E[X/))’ - (E[X7])*)dr. E[X3]=1.

By solving the above system of ODEs with Euler scheme, we obtain particle-free
approximation to the solution of (5.1) that we use as a reference for the iterative
MLMC method. Figure 2(a), shows that the iterated MLMC achieves computa-
tional complexity of order ¢ 2. Figure 2(b) indicates that the approximation error
of iterated methods is within less than 2¢ of that of the reference value and that it
decreases as number of particles increases.

5.3. Viscous Burgers equation. Last, we perform a numerical experiment for
the discontinuous case (not Lipschitz) corresponding to the Burgers equation ([4])
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FI1G. 2. Result of Polynomial drift.

given by
- 1
(52) dX[=Ft(X[)dt+Zth, IG[O, 1],X():0,

where F; (x) =P(X; > x). Linking to the Fokker—Planck equation of X, it is im-
portant to notice that Fy(x) is the solution to the viscous Burgers equation:

1
dv(t, x) = 3—23xxv(t, x) —v(t, x)dxv(t, x),

where Fj (x) = 1{x <0y since the initial condition Xy = 0. The Cole—Hopf transfor-
mation results in, for any ¢ € (0, 1],

N(#ZE)
exp(16x — 8NN (45) + N (A=)

I:",(x):

2 —
where NV (x) = [* exp(%)%. Then we take F;(0.5) = 0.5 as the reference
value. In Figure 3(a), the iterated MLMC achieves computational complexity of
order £ ~*. Figure 3(b) demonstrates the similar desired behaviour of the approxi-
mation error as observed in the case of the polynomial drift.

APPENDIX A: PROOFS AND USEFUL LEMMAS

PROOF OF LEMMA 3.2 . Given any £, let us define a sequence of stopping
times Ty = inf{r > 0 : |Zf — Zgl > M}. For any t € [0, T], we consider the
stopped process Zf ary, and compute by the Burkholder-Davis-Gundy and Holder
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FI1G. 3. Result of viscous Burgers equation.

inequalities and assumptions (#yLip) and (#Int) to obtain that

t —
B[ sup (Zire, 7] < (EIZ017) + 077 [ [ B(Zigyn0y Vi) 5|

O<u<t

p_ f =
5| [ 152 ) Vi) |7 d5]):

t
< (1 +E[/O fRd |y|pvn(s)(dy)‘ds]

t
¢
+f0 E[ sup |ZMMM}p]ds).

O0<u<s
Note that, by (HInt),
E[ sup |Z£Ar |p] = C(E[ sup |Z1€Ar - Z£|p] +E|Z£|p> < +o0.
O0<u<s M O0<u<s M

By Gronwall’s lemma,

T
E[ sup |Z1€A‘L'M‘p] = C<1 +E|:/0

O0<u<t

[ 1V as))

t Pisa nondecreasing sequence (in M) con-

AT
verging pointwise to supy<; <7 |Zf |?, the lemma follows from the monotone con-

vergence theorem. [

Furthermore, since supy., <7 |Z

LEMMA A.1. Let {Q:}icf0,1] be a cadlag square-integrable process adapted
to the filtration {F}ic0,11. Suppose that {Wi}ici0,1] is a {Ft}refo,71-Brownian mo-
tion. Let G be a o-algebra such that G C Fy. Then the following equalities hold
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foranyt e|0,T]:

(@ E[/O 0, dW,

o B[([ 0.aw.) ] =5[[ 02aslg]

The proof follows from standard results of stochastic calculus and is omitted.

g} o0,

LEMMA A.2. The sequence {w,,}_ | defined by
(M* —m —2)!
CM*—m—Z
1, M*—1<m<M*,

max{ ,1}, l<m<M*-2,

Wy 1=

satisfies properties (C1) to (C3) stipulated in the proof of Theorem 4.5.

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

M* CM*—m

<M*Z_2 cM—m ((M*—m—Z)!+1)+ % M —m
T (M —m)! cM*—m=2 L ar (M —m)!
M* oM*—m M*-2 1
"L T L G mor D
L M 2 ¢ 2
:mzlm+c (1—M*_1)§e +c”.

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

%*: | Mi—:Z CM*—m—Z
w,, = —————— 4+ 2<¢ 42
el o= (M*—m—2)! 0
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APPENDIX B: ALGORITHM FOR THE MLMC PARTICLE SYSTEM

Algorithm 1: Nested MLMC with Picard scheme

Input: Initial measure u° for Y9¢, global Lipschitz payoff function
CIZ7 > P :R? — R and accuracy level &

Output: (M(TM), P), the approximation for our goal E[P(XT)].
1 Fix parameters M (see (4.14)) and L (see (4.15)) that correspond to ¢

2 Given u° = Law(Y%%9), sample {Y;io’o}k:() oL
1

3for m=1toM—1do

. . . i,m—1,£,£=0,...,L
4 During mth Picard step, given samples {Yt,f }k=0,...,25’ take (1.9) and

run MLMC to obtain {Y;gm’z}iig““’ég. This requires calculating
! =0,...,
—1 —1
(MG b ) (MY b ),
2

((M;g_l), o(x,))..., <M§’Lj_1)’ o(x,))),

where in place of x, we put particles {Y;

m,Z}EZO,...,L
tf k=0

=0,...,2¢—1

5 Given samples {Y,’éM‘l’E}iig“"fw
¢

to obtain the final vector of approximations ((M;ILW), Py, ..., (M;ILW), P))
0 oL

run standard MLMC (with interpolation)

6 Return (M(TM), P).

Acknowledgements. We are grateful to Mireille Bossy, Mike Giles and David
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REFERENCES

[1] AL1, A. L. H. (2012). Pedestrian flow in the mean field limit. Ph.D. thesis, King Abdullah
Univ. Science and Technology (KAUST).

[2] ANTONELLI, F. and KOHATSU-HIGA, A. (2002). Rate of convergence of a particle method
to the solution of the McKean—Vlasov equation. Ann. Appl. Probab. 12 423-476.
MR1910635

[3] Bossy, M. (2004). Optimal rate of convergence of a stochastic particle method to solutions of
1D viscous scalar conservation laws. Math. Comp. 73 777-812. MR2031406

[4] Bossy, M., FEzouUl, L. and PIPERNO, S. (1997). Comparison of a stochastic particle method
and a finite volume deterministic method applied to Burgers equation. Monte Carlo Meth-
ods Appl. 3 113-140. MR1459898


http://www.ams.org/mathscinet-getitem?mr=1910635
http://www.ams.org/mathscinet-getitem?mr=2031406
http://www.ams.org/mathscinet-getitem?mr=1459898

2264

(5]

(6]

(7]
(8]

(9]

(10]

(1]

[12]

[13]

(14]

[15]
[16]

(17]

(18]
[19]
(20]
[21]
(22]
(23]

[24]
[25]

L. SZPRUCH, S. TAN AND A. TSE

Bossy, M. and JOURDAIN, B. (2002). Rate of convergence of a particle method for the so-
lution of a 1D viscous scalar conservation law in a bounded interval. Ann. Probab. 30
1797-1832. MR1944006

Bossy, M. and TALAY, D. (1996). Convergence rate for the approximation of the limit law of
weakly interacting particles: Application to the Burgers equation. Ann. Appl. Probab. 6
818-861. MR1410117

BossyY, M. and TALAY, D. (1997). A stochastic particle method for the McKean—Vlasov and
the Burgers equation. Math. Comp. 66 157-192. MR1370849

BUCKDAHN, R., LI, J., PENG, S. and RAINER, C. (2017). Mean-field stochastic differential
equations and associated PDEs. Ann. Probab. 45 824-878. MR3630288

BuJOK, K., HAMBLY, B. M. and REISINGER, C. (2015). Multilevel simulation of functionals
of Bernoulli random variables with application to basket credit derivatives. Methodol.
Comput. Appl. Probab. 17 579-604. MR3377850

CARMONA, R., DELARUE, F. and LACHAPELLE, A. (2013). Control of McKean—Vlasov dy-
namics versus mean field games. Math. Financ. Econ. 7 131-166. MR3045029

CHASSAGNEUX, J.-F., CRISAN, D. and DELARUE, F. (2014). A probabilistic approach to
classical solutions of the master equation for large population equilibria. Available at
arXiv:1411.3009.

DELARUE, F., INGLIS, J., RUBENTHALER, S. and TANRE, E. (2015). Global solvability of
a networked integrate-and-fire model of McKean—Vlasov type. Ann. Appl. Probab. 25
2096-2133. MR3349003

DELARUE, F., INGLIS, J., RUBENTHALER, S. and TANRE, E. (2015). Particle systems with a
singular mean-field self-excitation. Application to neuronal networks. Stochastic Process.
Appl. 125 2451-2492. MR3322871

E, W., HUTZENTHALER, M., JENTZEN, A. and KRUSE, T. (2016). On full history recur-
sive multilevel Picard approximations and numerical approximations of high-dimensional
nonlinear parabolic partial differential equations. Available at arXiv:1607.03295.

FRIEDMAN, A. (2006). Stochastic Differential Equations and Applications. Courier Corpora-
tion.

GILES, M. B. (2008). Multilevel Monte Carlo path simulation. Oper. Res. 56 607-617.
MR2436856

GILES, M. B., NAGAPETYAN, T. and RITTER, K. (2015). Multilevel Monte Carlo approx-
imation of distribution functions and densities. SIAM/ASA J. Uncertain. Quantificat. 3
267-295. MR3338004

HAJI-ALIL A.-L. and TEMPONE, R. (2018). Multilevel and multi-index Monte Carlo methods
for the McKean—Vlasov equation. Stat. Comput. 28 923-935. MR3766051

HEINRICH, S. (2001). Multilevel Monte Carlo methods. In Large-Scale Scientific Computing
58-67. Springer.

KEBAIER, A. (2005). Statistical Romberg extrapolation: A new variance reduction method and
applications to option pricing. Ann. Appl. Probab. 15 2681-2705. MR2187308

KRrYLOV, N. V. (1980). Controlled Diffusion Processes. Applications of Mathematics 14.
Springer, New York. Translated from the Russian by A. B. Aries. MR0601776

KRYLOV, N. V. (2002). Introduction to the Theory of Random Processes. Graduate Studies in
Mathematics 43. Amer. Math. Soc., Providence, RI. MR1885884

LEMAIRE, V. and PAGES, G. (2017). Multilevel Richardson—-Romberg extrapolation. Bernoulli
23 2643-2692. MR3648041

LIoNs, P. L. (2014). Cours au college de france: Théorie des jeux a champs moyens.

MCKEAN, H. P. JR. (1966). A class of Markov processes associated with nonlinear parabolic
equations. Proc. Natl. Acad. Sci. USA 56 1907-1911. MR0221595


http://www.ams.org/mathscinet-getitem?mr=1944006
http://www.ams.org/mathscinet-getitem?mr=1410117
http://www.ams.org/mathscinet-getitem?mr=1370849
http://www.ams.org/mathscinet-getitem?mr=3630288
http://www.ams.org/mathscinet-getitem?mr=3377850
http://www.ams.org/mathscinet-getitem?mr=3045029
http://arxiv.org/abs/arXiv:1411.3009
http://www.ams.org/mathscinet-getitem?mr=3349003
http://www.ams.org/mathscinet-getitem?mr=3322871
http://arxiv.org/abs/arXiv:1607.03295
http://www.ams.org/mathscinet-getitem?mr=2436856
http://www.ams.org/mathscinet-getitem?mr=3338004
http://www.ams.org/mathscinet-getitem?mr=3766051
http://www.ams.org/mathscinet-getitem?mr=2187308
http://www.ams.org/mathscinet-getitem?mr=0601776
http://www.ams.org/mathscinet-getitem?mr=1885884
http://www.ams.org/mathscinet-getitem?mr=3648041
http://www.ams.org/mathscinet-getitem?mr=0221595

[26]

[27]

(28]
(29]

(30]

(31]

ITERATIVE MLMC FOR MCKEAN-VLASOV SDES 2265

MELEARD, S. (1996). Asymptotic behaviour of some interacting particle systems; McKean—
Vlasov and Boltzmann models. In Probabilistic Models for Nonlinear Partial Differen-
tial Equations (Montecatini Terme, 1995). Lecture Notes in Math. 1627 42-95. Springer,
Berlin. MR1431299

PARTHASARATHY, K. R. (1967). Probability Measures on Metric Spaces. Probability and
Mathematical Statistics 3. Academic Press, New York. MR0226684

POPE, S. B. (2000). Turbulent Flows. Cambridge Univ. Press, Cambridge. MR1881598

RICKETSON, L. F. (2015). A multilevel Monte Carlo method for a class of McKean—Vlasov
processes. Available at arXiv:1508.02299.

SZNITMAN, A.-S. (1991). Topics in propagation of chaos. In Ecole D’Eté de Probabilités
de Saint-Flour XIX—1989. Lecture Notes in Math. 1464 165-251. Springer, Berlin.
MR1108185

TALAY, D. and TUBARO, L. (1990). Expansion of the global error for numerical schemes solv-
ing stochastic differential equations. Stoch. Anal. Appl. 8 483-509 (1991). MR1091544

SCHOOL OF MATHEMATICS

THE UNIVERSITY OF EDINBURGH

JAMES CLERK MAXWELL BUILDING

EH9 3FD

UNITED KINGDOM

E-MAIL: L.Szpruch@ed.ac.uk
Shuren.Tan@ed.ac.uk
A.T.H.Tse@ed.ac.uk


http://www.ams.org/mathscinet-getitem?mr=1431299
http://www.ams.org/mathscinet-getitem?mr=0226684
http://www.ams.org/mathscinet-getitem?mr=1881598
http://arxiv.org/abs/arXiv:1508.02299
http://www.ams.org/mathscinet-getitem?mr=1108185
http://www.ams.org/mathscinet-getitem?mr=1091544
mailto:L.Szpruch@ed.ac.uk
mailto:Shuren.Tan@ed.ac.uk
mailto:A.T.H.Tse@ed.ac.uk

	Introduction
	Iterated particle method
	Main result of the iterative MLMC algorithm
	Convention of notation

	The iterative MLMC algorithm
	Main assumptions on the McKean-Vlasov SDE
	Direct application of MLMC to interacting diffusions
	Construction of the iterative MLMC algorithm

	Abstract framework for MLMC analysis
	Analysis of the abstract framework
	Analysis of conditional MLMC variance

	Weak error analysis
	Error R1
	Error R2


	Iteration of the MLMC algorithm
	Interacting kernels
	Proof of Theorem 1.1
	Noninteracting kernels
	Plain iterated particle system

	Numerical results
	Kuramoto model
	Polynomial drift
	Viscous Burgers equation

	Appendix A: Proofs and useful lemmas
	Appendix B: Algorithm for the MLMC particle system
	Acknowledgements
	References
	Author's Addresses

