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BIAS BEHAVIOUR AND ANTITHETIC SAMPLING IN MEAN-FIELD PARTICLE
APPROXIMATIONS OF SDES NONLINEAR IN THE SENSE OF MCKEAN

O. BENCHEIKH! AND B. JOURDAIN?

Abstract. In this paper, we prove that the weak error between a stochastic differential equation with
nonlinearity in the sense of McKean given by moments and its approximation by the Euler discretization
with time-step h of a system of N interacting particles is O(N 71+h). We provide numerical experiments
confirming this behaviour and showing that it extends to more general mean-field interaction and study
the efficiency of the antithetic sampling technique on the same examples.

INTRODUCTION

According to [16], the strong rate of convergence of particle approximations of McKean-Vlasov Stochastic
differential equations with Lipschitz coefficients is O(N~/2) when N denotes the number of particles. This
rate is driven by the statistical error and one may wonder whether the bias vanishes quicker. A parallel can be
drawn with the time discretization of standard stochastic differential equations where, for Lipschitz coefficients,
the strong rate of convergence of the explicit Euler-Maruyama scheme is (’)(\/ﬁ) [12] with A > O denoting
the time-step. Using the Feynman-Kac partial differential equation associated with the stochastic differential
equation, Talay and Tubaro [17] checked that, for smooth coefficients, the weak error behaves in O(h) and can
even be expanded in powers of h. In the context of particles interacting through jumps, the O(N~!) behaviour
of the bias is known. According to [6], for particle approximations of generalized Boltzmann equations, the total
variation distance between the law of the path of a particle and the one of the limiting nonlinear Boltzmann
process behaves in O(N~1). For Feynman-Kac particle models, expansions in powers of 1/N are obtained in [4].

The interest in the bias introduced by particle approximations is motivated by numerical efficiency. Indeed,
the numerical experiments performed in Section [2|show a general O(N ~1) behaviour of the bias, even in models
with not so smooth coefficients. Under this behaviour, simulating v/N independent copies of the system with
V'N particles leads to the same order of error (bias with the same order as the O(N~1/4 x N=1/4) = O(N~1/?)
statistical error) as one simulation of the system with N particles (bias smaller than the O(N~'/2) statistical
error). And the former approach is less expensive than the latter as soon as the computational cost of the
particle system grows more than linearly with the number of particles. The behaviour of the bias is also
of interest in order to adapt to the number of particles the multilevel Monte Carlo method introduced by
Giles |7] in the context of time discretization of standard stochastic differential equations. In [10], Haji-Ali
and Tempone combine both discretizations through the Multi-index Monte Carlo method. In this perspective,
another interesting question is the possibility to take advantage of the antithetic sampling technique introduced
in 9] to reduce the variance (see [1,3] or [8] p57 for the use of this technique in nested Monte Carlo computations).
Does the variance of the difference between the empirical mean of the system with 2N particles driven by the
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i.i.d. couples (X§, W?)1<;<an (X{ and W' respectively denote the initial condition and the Brownian motion
of the i-th particle) and the mean of the empirical means of the two independent systems with N particles
respectively driven by (X§, W*)1<;<n and (X, W*)nt1<i<an converge quicker to 0 than O(N~1)?

In this paper, using the Feynman-Kac partial differential equation associated with the limiting nonlinear
process and its moments, we prove the respective O(N 1) and O(N~! + h) behaviour of the bias for systems of
diffusive particles interacting through moments and their Euler discretization with time step h. Of course, the
computational cost of such systems is linear in the number N of particles and the above numerical motivation
is not valid. Nevertheless this result can be seen as a first step before addressing more general interactions
which could necessitate more advanced tools like the master equation for mean-field games introduced by Lions
in his seminal lectures at Collége de France and studied in |2| from a probabilistic point of view. Theorem
3.2 13| is proved using the master equation and implies the O(N 1) behaviour of the bias for one-dimensional
stochastic differential equations with general interaction in the drift coefficient but no interaction in the diffusion
coefficient. We provide numerical experiments showing that the O(N~!) behaviour holds in more general
situations including ones with non smooth coefficients. Last, on the same examples, we check that the antithetic
variance does not generally decrease quicker than O(N~1).

1. ESTIMATION OF THE BIAS FOR SYSTEMS OF PARTICLES INTERACTING THROUGH
MOMENTS

Let o : R® — RP be Lipschitz continuous and o = (Ué)lgjgn,lglgd 2 [0,T] x RP x R* — R™¥4 b =
(bj)1<j<n  [0,T] x R? x R™ — R™ be Lipschitz continuous in their p + n last components uniformly in their
first component and such that sup,c(o r(lo(t,0,0)| + [b(¢,0,0)]) < co. We consider the stochastic differential
equation in dimension n nonlinear in the sense of McKean

X: = Xo+ /Ot o(s, Ela(Xy)], Xs)dWs + /Ot b(s, Ela(X5)], Xs)ds, t € [0,T] (1)

where X is some square integrable R™-valued random variable independent from the d-dimensional Brownian
motion (W;)¢>0. The drift and diffusion coefficient at time s depend on the law of X, through the moments
E [a (X,)]. Since o may only depend on a subset of coordinates of this expectation on b on another subset,
moments in drift and diffusion can differ as well as their respective dimensions. By a solution, we mean a
continuous process (X¢);e[o,r] adapted to the filtration generated by the Brownian motion W and Xg such that
supeo, 7] Ella(Xt)|] < oo and the above equation holds with the integrals with respect to dW and ds making
sense. Notice that for any solution, z — (o(s, E[a(X5)], x), b(s, E[a(Xs)],)) has affine growth uniformly for
]E[|Xt—Xs|2]
t—s
oo so that, by Lipschitz continuity of «, t — E[a(X})] is Holder continuous with exponent 1/2 on [0, T].

s € [0,T]. With the square integrability of X, this implies that E [suptE[O,T] |Xt|2} +SUPg<s i<t

The particle approximation of the SDE nonlinear in the sense of McKean is given by the system with
mean-field interaction

t t N
i i 1 j i, i 1 j i .
XN = Xi +/O o<s, v Za(Xg’N),XS/N> AW +/0 b<s, ¥ Za(ng),stN) ds, 1<i<N, tel0,T],

j=1 j=1
. @)
with ((X{, W?"));>1 i.i.d. copies of (Xo, W). By the Lipschitz assumptions, existence and trajectorial uniqueness
hold for this N x n dimensional equation. The Yamada-Watanabe theorem ensures weak uniqueness and
therefore exchangeability of the particles ((XZ7N)t€[O,T])1§i§ ~- Let us also introduce the Euler discretizations
with time-step h > 0 of the SDE (/1)) and the particle system :
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Fort € [0,T], 1 <i <N,

t t
Xt = Xo+ [ ot Ela(Xt)), X)W, + [ o Ela(X2y )], Xly)ds, where = [s/hlh,  (3)
0 ! 0 ! !
i,N,h ; K l N,h N,k ’ no 1 a N, i\N,h
XZ’ ’ :X(’)_|_/o <S’NZQX3—’L Xz )dWl A b(TS’NZa(Xf_;h ’ ),X:_’Sh’ )dS.
j=1 j=1
It is natural and convenient to consider that 70 = s, (Xto)te[o,T] = (Xt)tepo,r) and (XZ’N’O)te[o,T]JgigN =

(XZ’N)te[o,T]JgigN and we use these notations in what follows.
Reasoning like in the laboratory example in [16] or in Theorem 1.3 [11], one easily checks the following result.

Proposition 1.1. Strong ezistence and trajectorial uniqueness hold for the SDE nonlinear in the sense of
McKean and its Buler discretization (). Moreover sup;,>,E [supte[o,T] |Xth|2} < C(1 + E[|Xo]?]) where

the finite constant C' does not depend on Xg. Last, if for i € N*, (XZ’h)te[o,T] denotes the process obtained by
replacement of (Xo, W) by (X§, W*) in (3), then

1+ E[| Xo|?]

3C < o0, VN € N*, sup max E N

>0 1<iSN

p XN szﬂ <o
t€[0,T]

If for 1 € N*, (Xf)te[o,T] denotes the process obtained by replacement of (Xo, W) by (Xi, W) in , this
implies the following estimation of the bias introduced by the particle discretization: for any function ¢ : R™ — R
Lipschitz with constant Ly and in particular for each coordinate of c,

Vs € [0, 7], [E[(X; )] - E[p (X))l = [E[p (X)) — ERp (X)) < LyE[IXY - X[]

1/2
1+ E[[Xo[?]
< Ly [ supE | sup XN xR <VCLy+——.
P <h>0 L€[07T]| t ¢ P N

The first inequality is crude since it prevents cancelations in average and one may wonder whether the bias
converges faster to 0 as N — co. Under additional regularity, the answer is positive, which is our main result.

Theorem 1.2. Assume that

e o is Lipschitz continuous in its p + n last components uniformly in its first component and such that
Supte[O,T](‘U(t7 0,0)] + [b(¢,0,0)]) < oo,

e «, 1) are two times continuously differentiable with bounded derivatives up to the order two and Lipschitz
continuous second order derivatives,

e a=o00" andb are globally Lipschitz continuous, continuously differentiable with respect to their variables
with index in {2,...,14+p} with derivatives Lipschitz continuous with respect to their p+n last variables
uniformly in their first variable, i

o there exists d € N*, & : [0,T] x R? x R* — R™ 4 such that for all (t,y,z) € [0,T] x R? x R",
a(t,y,x) = 56*(t,y,x) and &,b are continuous and two times continuously differentiable with respect to
their n last variables with bounded derivatives up to the order two and second order derivatives Lipschitz
continuous with respect to their n last variables uniformly in their 1 + p first variables,

Then
3C < o0, Vh >0, YN € N*, sup [E[p(XNM)] —E[p(X,)]| < C (1 + h) .
te[0,T) N
The idea of the proof is, like in [17], to use the Feynman-Kac partial differential equation associated with
the nonlinear SDE to first check that the estimation holds for the coordinates of « before concluding that
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it holds for each test function 1. The following proposition ensures existence and smoothness to this Feynman-
Kac PDE which only depends on ¢ through a = oo*. In its statement and its proof based on a stochastic flow
approach, we take advantage of the flexibility given by the choice of a square root of a which explains the last
assumption in Theorem Let (W;)¢>0 be a d-dimensional Brownian motion with coordinates (W}), ;.7 and

for (s,x) € [0,T] x R™, (X;"*);c[s, 7] denote the solution to
Xt = :ch/ o(r,Ela(X,)], X2%)dW, +/ b(r, Ela(X,.)], X" )dr, t € [s,T)] (4)

where the coefficients depend on E[a(X,)] and not E[a(X5%)].

Proposition 1.3. Let ¢ : R™ — R be two times continuously differentiable with bounded derivatives up to the
order two and Lipschitz continuous second order derivatives. Under the last assumption in Theorem for
each t € [0,T], the function [0,t] X R" 5 (s,z) — uyy(s,z) :=E [’(/)(XE"L)} is once (resp. twice) continuously
differentiable with respect to the time (resp. space) variable s (resp. x) and such that ws ., together with its

spatial derivatives up to the order two are Lipschitz continuous in x uniformly in 0 < s <t < T. Moreover,
Uty 95 @ classical solution to the Feynman-Kac PDE

as‘utﬂ[)(sa x) + % Z?Jg:l ajk(st[a(Xs)]v x)ajkutﬂﬂ(sv .23) =+ Z?:l bj (S’ E[a(XS)]7 x)ajutﬂb(sa Ji) =0,
(s,z) €0,¢] x R™ . ()
up(t, z) =P(z), x €R"

Here 0; and 0ji, denote the partial derivative with respect to the j-th coordinate of x and with respect to its j-th
and k-th coordinates.

Proof. Even if this result seems to be well-known, we could not find its proof in the literature. Therefore, we
are going to give a sketch of its proof. For notational simplicity, we set 6° = b and Wto =t.

Let for j € {1,...,n}, ¢; denote the j-th vector of the canonical basis of R* and for [ € {0,...,d}, 95" =
(81+p+k&§)1§j7k§n where 014,41 is the partial derivative with respect to the (1 + p + k)-th variable. Let also
for I € {0,...,d} and y,z € R, 9%5'yz € R™ be defined by (9%5'yz); = Ez,mzl(81+p+k61+p+m5§-)ykzm for
j € {1,...n}. Since z — [5,b](r,E[a(X,)],x) has affine growth uniformly in r € [0,7], standard moment
estimations ensure that

Vg>1, 3C < o, V(S,l‘) S [O,T} X R"7 E| sup |)~(T9,r|q

rels,T)

< C(L+ |z|).

By [15], Theorem 3.3 p223 and its proof, for r € [s,T],  — X% is twice continuously differentiable P-almost
surely with derivatives satisfying for j, k € {1,...,n}

d
do; X" =Y 06! (r, Bla(X,)], X "), X" dW}, r € [5,T], 0,X3" =¢;
=0
~ J ~ ~ ~ ~ ~ ~
oy X" =3 (8&l(r, Ela(X,)], X57)0:, X5 + 025 (r, Ela(X,)], X:»z)ajxs@akxivr) AW, r € [s,T],
=0
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where ;X 2® = 0. Moreover, for any ¢ € [1, 00),

0 X5 — 9 X 5Y |1
sup sup ZE[WX”W—FZ(W R X5 4 103X Tk |>} < 00

0<s<r<T z£ycRn Pt |z — yla
and 3C < co,Vx e R", V0 <s<5<r<T,
B (|X07 = X074 ) (|8j5(ﬁ’“’ — XTI+ Y o X - ajkf(fﬂq) < O(1+ [2|) (5 - 5)7/2.

j=1 k=1

These properties ensure that o — u,y (s, ) is two times continuously differentiable with derivatives 0ju¢ (s, ) =
E[Vy(X").0; X" and 0jpus (s, z) = E[V(XP").0 X" + 0 X" . V2(X)d;X;"] bounded and Lips-

chitz contlnuous in z uniformly in 0 < s <t < T Moreover, u; ., and its spatlal derwatlves up to the order

two are continuous in the time variable. Let us now check that u,,, satisfies the Feynman-Kac PDE (f). Let

€ (0,¢] and € € (0, s]. By the flow property stated in Theorem 3.3 [15], ut4(s —e,2) = E {ut,w(s, )N(Ss_g’g”)}.
On the other hand, by Taylor expansion,

ut@(s,X’g*E’I) —up (s, ) = Vaue ¢ (s, ). (/ &(T,E[Q(XT)],Xffe’m)dWr +/ b(r,E[a(Xr)],XfE’$)dr)

€

d s
+Z Z Djnus (5, ) Z/ X,)], X375 aw! Z/ 7, Ela(X,)], X757 dW™ | + R.
m=0"5"¢

]k:l

where R, is some random reminder such that |R.| < C|X5~5% — z|® with C' a deterministic finite constant.
Since E [f;s &(T,E[Q(Xr)],f(ﬁ’g’x)dﬁ/r] = 0 and, by Ito’s isometry,

E| g [ st Ko mi_ [ st =iy |
|

S
/ ajk(r,E[a(Xr)],Xf_E’w)dr] ,
S—¢€
we deduce that

utﬂ/l(‘S?x) - Ut,zp(S - E?‘T)
[

+ Vaug (s, x).b(s, Ela(Xs)], z) + % Z Ojnutp (s, x)ajr(s, Ela(Xs)], x)
j k=1

< C(’b(s, (X)), z) — 71E V b(r, Ela )],X:w)dr]

E[|X:~=" — af]
9

+ +

oo, Bla(X,)] ) ~ B [ | alrEl (X»LX;f-svm)dr}

e

gl i S [ )

By continuity and uniform integrability of 7 — [, b](r, E[a(X,)], X3~%) on [s — &, T}, the two first terms in
the right-hand side converge to 0 as € — 0. Moreover the expectations in the two last terms are smaller than
Ce3/2. Taking into account the continuity with respect to s of
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Vot (s, 2).b(s, Ela(Xs)], 2) + 2 3711 w5, @)ain(s, E[a(X,)], z), we conclude that u is a classical
solution of the Feynman-Kac PDE . O

We are now ready to prove Theorem

Proof of Theorem[I.4 Let t € [0,T]. Applying It6’s formula and taking into account the Feynman-Kac PDE
(), we obtain that

t
Uty (t7 th) — Uty (t7 th)NJL) = utﬂb(oa X(%) - ut,w(o’ Xé) + / V:L’utﬂb(sa Xsl)'g(& E[O‘(XS)]v Xsl)dWsl
0
t 1 & .
f/ Vot (s, X3N").0 (ﬂl, ¥ Za(xjﬂ,fvvh),xj;fv’h) aw!
0 i—1 ° °
t 1 & .
+/ Vot (s, X2V, <b (5, E[a(X)], XINM) — b (ﬂ: v Za(Xi’hj,V’h),Xi’hN’h>> ds
o : ! !
1 i
3 50 [ eto, X <a3k<s Bla(X.)L XEN) — ag (78, DD a(x ”’%Xizfv’h)) ds.

jkl

Integrability deduced from Propositions [I.1] and [I.3] and the properties of o ensure that the expectations of the
stochastic integrals vanish. Therefore, settlng for s € [0, 1]

N
1 .
e’(s) := E[vzut,w(s,xgﬂ)h). (b (s, Ela(X,)], X0N") — b (75*”, N > a(Xj;h?V*h),st;zNah» ]

i=1

N
1 .
el (s) == E[ajkuw(s,XiN’h) (ajk(sv]E[a(Xs)]’Xi’N’h) — ik (T?’ N ZO‘(X;}NJL)’XEN’}L)) } 1<jk<n,
i=1

and using that u; (t,.) = ¢(.), we obtain

BL(x] - B O = [ (05 3 i) as ©)

Let us now estimate eg’k(s) :

e}pk(S)ZE[aijt,w(Sstl’N’h) (aju (s, Ela(X)], Xo ") = aj(r Ela( X, 'L)]»Xsl’N’h))}

Th

+E (ajkut,ws,X;’N’h)fajkut,zp(s,XigzN’h)) (asm (72 Bla(X )], X2N0) = aju(rl Bla(X )], X““)ﬂ

+E| 0k (s, X530 (ajk Xon)], XPNI) — ajk(Tsh,E[a(XT;l)],XiS;LN’h))]
+E| 0t (s, X2V (a]k (X, X5 = agy (TQ,E[Q(X%NW)],XjS;LNv”))]

N
1 .
+E [ 0jur (s, X2 <a3k XML XN = a4 (Tsh’ NZ@(Xi’;lN’h)yXiéNﬁ)) ]
=1
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Let us respectively denote by e}}j’(s) e?;}’(s)7 e?;j’(s)7 e?;ﬂw(s) and é;{’k(s) the five terms in the right-hand

) ot depending in t and a is

side. Since, by Proposition Ojkut,y is bounded by a finite constant Mf
Lipschitz continuous with constant L,, |e;;€w(s)| < Mf)La ((s =1 + [E[a(X)] — ]E[a(XTg)H). Since a is C?
with bounded derivatives and Lipschitz continuous second order derivatives, for 0 < r < s < T, computing
a(Xs) — a(X,) by Ito’s formula, taking expectations and remarking that the expectation of the stochastic

integral vanishes, we obtain the existence of a finite constant C' not depending on 7 and s such that |E[a(X,)] —
Elo(X,)]] < C(s — 7). Hence s’ (s)] < MSP La(1+C)(s — 71') < M{P Lao(1+ C)h.

Since, by Proposition 0jkut,y is Lipschitz continuous in space with constant Lff) not depending on ¢
and a;j is Lipschitz continuous in space with constant L, we have |e?;€w(s)| < LSE)LGEHXSLN”"” — XiS;LN’hF].

Combining the fact that supy =1 ,>0.s¢0,7] E[| X }N"2] < 0o deduced from from Proposition the Lipschitz
continuity of « and the affine growth of o,b in their p + n last variables uniform in their first variable, one
easily checks that there is a finite constant C' not depending on N and h such that for all 0 < r < s < T,
E[| XN — XLNR2) < C(s — r) and deduce that |e?}cw(s)| < Lff)LaCh.

Remarking that the first and second order derivatives of a;, with respect to its n last variables have affine
growth under our assumptions, computing a;x (7!, Ela(X, )], X2V") — ajp (78, Elo( X )], Xi;LN’h) by 1td’s for-
mula, multiplying by the random variable 8jkut7¢(s,Xi;lN’h) bounded by M (2), taking expectations and re-
marking that the contribution of the stochastic integral vanishes, we obtain that |e:;.;j}(s)| < Ch with C not
depending on N, s,t, h. Last, |6?}€w(8)| < Mz(f)La Ela(X7n)] — E[oz(Xi;LN’h)]‘. Hence there is a finite constant
C not depending on N, s,t, h such that .

VO <5 <t < T, leli(s)] < C (h+ [Bla(Xo)] - Ela(X5"M)]|) + (o)l (7)

Let us now estimate |éj’k(s)| Denoting by Vaa;i, the partial gradient of a with respect to its variables with
indices in {2,...,1+ p}, we have

N
_ 1,N,h 1 i,N,h
ej(s) =E {@‘kut,w(sa X <E[04(Xrg = ZIQ(XT:L ))
! 1—vw N ;
/ {ijk <T:,U1E[a(xj;?“)]+ o Za(X:h?V”‘),Xj;W) —Vgajk(Tsh,E[a(Xi;,N’h)},Xi;N’h)}dv}
o ! £ ! ! ! !

s Ts s

N
1 i
+E [ (E[a(Xi;LN’h)} -N > oz(XT’;zN’h)> Dt (s, X IV gas (71, Bla(X 5N, Xj;Lth)} .
1=1

Let us respectively denote by e?}j’(s) and eg}f (s) the two terms in the right-hand side. By Proposition (1.3} 0;xus,y

is bounded by Mif) and Lipschitz continuous in space with constant Lff) with (Mf), Lff)) not depending on
t. By assumption Vaaj; is bounded by M,§2) and Lipschitz continuous in its p 4+ n last variables with constant

ng) . Therefore,
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The second term in the right-hand side of the inequality is the variance of the empirical mean of i.i.d. random
variables. It is therefore equal to + (EHOA(X;hh)P] - |E[a(Xihh)]|2) The first term is also a variance and we

upper-bound it by the corresponding second order moment, which is not greater than
, A 2
+ va:l E ‘a(X:Shh) - a(X:ShN’h)‘ } according to Jensen’s inequality for the empirical mean. Therefore, denoting

by L. the Lipschitz constant of «, we have

i 1
5] < MP LY ( ZE it~ aCei™[ ] + 5 (Bllacesty - |E[a<xi;>1|2)>
C’
< L2 MPLY =

Z, (®)
with C' finite and not dependlng on N, s,t according to Proposition
Since ]E[a(Xi’hN’h)] ~ (Xz N1y is centered and by exchangeability of (X5NhY ) cic v, we may replace
8jkut,w(57Xsl’N’h)V2ajk( T [ (x} M1 X N by:
N il Ot (8, XIN h)VWJ (!, Bl X g )X ~Eldjrue (s, XN Vaaj (7l Ela (XI’N’h)]» > Sl
in the expectation defining e ¥ (s). With the Cauchy Schwarz inequality, we deduce that |e Y(s)| is upper-
bounded by:

24\ /2 N
1 ; 1,N,h i,N,h
D (EHN;ajkuaw(s,xzv“h)vzajkv Ea(XVM), XN

)"

Since R" 3  +— 0jrusy(s,z) (resp. R" 3 z Vgajk(Tsh,IE[a(Xi;LN’h)],:E)) is bounded by Miz) (resp. Méz))

—E [@'kuw(&Xsl’N’h)Vzajk(Tsh’]E[Oé(Xl’N’h)]’XliN’h)}

h
Ts Ts

and Lipschitz continuous with constant L(Z) (resp. L(z)), reasoning like in the derivation of (| . we obtain
that the second factor in the right-hand s1de is smaller than (M(2)L(2) + M )L(Q))T so that |e Y(s)| <
La(Mz(p 'L+ M2 )L(z))— with C finite and not depending on N, s,¢,7. With (7)), we deduce that

Tb’

VO <s<t<T, |el(s >|<c( +h+’ & (XT:,)]—IE[Q(XliN,h)]D.

Estimating e¥(s) in a similar way and using @, we deduce the existence of a finite constant C' not depending
on N and h such that

vt €[0,7], sup |E[(X,)]—Ep(XINM)]| < C( +h) +C/ ’E X)) —E[a(XTl;LN’h)]‘ds. 9)

s€[0,t] s
Summing for j € {1,...,p} this inequality applied with ¢ equal to the j-th coordinate of ¢, remarking that
Proposition and the Lipschitz continuity of a ensure that sup;cp 1 ‘E[a(XZ’N’h)} - E[a(Xt)]’ < oo and

applying Gronwall’s lemma, we deduce that sup,co 7 ’E (Xy)] - ]E[a(th’N’h)]’ < C (% 4 h). We conclude by
combining this estimation and (9). O
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Remark 1.4. e A careful look at the proof shows that the Lipschitz continuity of @ and b in the time
variable is not needed to obtain that sup,co m IE[p(XM)] — Ely(X,)]| < €. Indeed, this property is

only used to estimate e;}cw(s) which vanishes when h = 0 since 70 = s. Moreover, if a and b are only

Holder continuous with exponent « € (0, 1) in the time variable, then the above estimation deteriorates
0 supyc 0.7 [E[L (X)) — ERp (X))l < C (& + h?).

e On the other hand, when there is no nonlinearity in the sense of McKean in the SDE (1)) (p = 0), we
obtain that the weak order of convergence of the Euler scheme is 1 under mere global Lipschitz continuity
of a,b, continuity of o,b and C? regularity in space of o, b, with bounded and Lipschitz derivatives.
The key step is that the decomposition of e?}j’ (s) + e?}fw(s) avoids to differentiate the solution to the
Feynman-Kac partial differential equation more than two times in space and only requires Lipschitz
continuity of the second order spatial derivatives.

2. NUMERICAL EXPERIMENTS

We conduct two types of numerical tests. First, we estimate the bias using regular Monte-Carlo for examples
of one dimensional (n = 1) mean-field SDEs taken from [14] to provide numerical evidence of the O(N 1)
behaviour of the bias for a fixed value of the time step h. Then we present the antithetic sampling results on
these same examples.

The code for running these experiments has a number of iterations as an input parameter. This latter is
useful to observe the behaviour of the bias when increasing the number of particles. Therefore, we give an initial
number of particles that we multiply by two from an iteration to the other. Except for the polynomial drift and
the plane rotator examples where it is respectively equal to 8 and 4, the number of iterations chosen is equal to
five and the initial number of particles is twenty so that the final number of particles is 320. The simulation is
done with 5.10% runs except for the Plane rotator example where we push further the number of Monte Carlo
runs up to 4.9 x 108.

We also define the precision as half the width of the 95% confidence interval of the empirical mean i.e.

Precision = 1.96 x,/ —variance__ where Variance denotes the empirical variance over the runs of the empirical
number of runs

mean over the particles.

In order to measure the relevance of the antithetic sampling technique for variance reduction, we compute
the variance of the difference between the empirical mean of the system with 2N particles and the mean of the
empirical means of the two independent systems with N particles:

Var

12N . | N N
3w 2 V) - 5 3 (W) + ey ))]. (10)

Here (}/ti’NhgigN is the system with N particles driven by (X§, W*)ni1<i<an-

2.1. Generalised Ornstein-Uhlenbeck process

Model
We consider the following generalization of the Ornstein-Uhlenbeck SDE to a linear mean-field SDE:

dX, — [7)(,s n ﬂE[Xt]} dt + vdW,, with X (0) = o

for parameters v, 3, v € R and initial data zg € R.
The functions a(z) = z, b(t,y,z) = y& + By and o(t,y,x) = v therefore satisfy the hypotheses of regularity
of Theorem [[.2
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The first and second moments of X; are respectively given by E[X;] = xgexp ((’y + B)t) and E[X?] =

x3 exp (2(7 + 5)t) + % (exp(th) - 1).
The associated particle approximation of the SDE is given by the following system:

N
ax; N = XN+ 5 ST XPN a4 vawi 1< < N with X§N =
j=1

2l

where ((Wti)t>o) are independent Brownian motions.
="/ 1<i<N

Because of the linearity of the drift coeflicient, it is possible to obtain closed form expressions for E[th’N’h]
and E[(X;™""")2] and deduce the asymptotic behaviour of the biases of the first and second order moments as
N — oo and h — 0.

Let h = T/K for some K € N*. For k€ {0,...,K —1} and i € {1,..., N}, we have

N

iN,h i.N,h SN, i i .1 oNh i\N,h

Xy = (L +h) X" + BhX " + oWy, — Wip) with X" = N ZXIJch .
=

Hence E[X/}V"] = (1 + (v 4 B)h)¥z0 so that
; 1
E[Xr] - EIX3""] = 5 (v + 8)* T+ T hay + O(h) as h— 0.

To compute E[(X,i;LN’h)Q], we remark that for k € {0,..., K — 1}

1 N-1 \
EKX&ﬂ%V%:O*JWVENG$WVL+@G+VM+¢%wh(NEKXﬁmWﬂ+jvﬁﬂbijﬁNﬂ)+v%
N -1

1
ELX 3 X ) = (U AR BT XG0 + 21+ 4h) + 5h) Bh (NEKX;W)Q] + NE[X;#V’”XEAN’”])

Since XS’N’h =z for all ¢ € {1,..., N}, subtracting the two last equations, we obtain

1,N,h 1,N,h v2,N,h (14 ~yh)?* —1
Vke{l,...,K}, B[(Xg, ") —E[Xp 5 "X, ] = 2 +2h x v
and deduce that

1-N (14+~vh)?F —1
N 27 +~2h

E[(XGNE0% = (L (v + B)RPEIXGY™)?] + (2(1 + k) + Bh)B « v2h + v2h.
We conclude that

E[(X V"2 =1+ (v + B)h)*ad +

1+ (y+ B — 1 <1+N—1 y 25+(257+52)h>vz
2(y+B8) + (v + B)?h N 2y +7%h
1-N  (I+@+B8h)* —(1+)*
N = 2y +v%h Y

N-1 (Q4++v0)%* -1 o 1 (1+@+B8h* -1
N T VTN g a s e

_|_

=(1+ (v + B)h)*af +
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so that

e T — 14 2yTe T T — 11— 20FATY 2
Bl - B = (4 81T + 1 S (So ) §

o1
+O0h*+ <+ =)

N 27+72h 2(y+8)+(v+B)2h

of the time discretized second order moment is exactly of order 1 in %

as h — 0 and N — co. Moreover, E[(X%)?] — E[(X%’N’h)z] =& <(1+7h)2k*1 + 17(1+(7+5)h)2k) x v2. The bias

Results

In order to illustrate the behaviour of the first and second order moments, we compute the difference between
the closed-form discretized moments and the estimated moments and expect the difference to be null up to the
statistical error. The results are shown in Tables [I] and [2] below where we denote by "Difference" that entity.
As a test case, we use this model with v = %, b= %, v? = % and zg = 1.

Concerning the first order moment, we proved above that the bias does not depend on the number N of
particles, which is what is observe in the first row of the table below.

Nb. particles 20 40 80 160 320
Estimated first moment | 1.34862 | 1.34861 | 1.34869 | 1.34866 | 1.34866
Difference 0.00003 | 0.00004 | -0.00004 | -0.00001 | -0.00001
Precision 0.00016 | 0.00011 | 0.00008 | 0.00006 | 0.00004

TABLE 1. Generalised Ornstein-Uhlenbeck SDE: Comparison of the estimated first moments
with the closed-form discretized value 1.34865 as well as the associated precision when increasing
the number of particles for a number of 5.10° runs, 50 time steps and a time horizon T=1.

As for the second order moment, from the third row we observe that the estimation fits the closed-form
discretized value which confirms the behaviour of the bias of order 1 in

-
Nb. particles 20 40 80 160 320

Closed-form discretized second moment | 2.15552 | 2.14648 | 2.14195 | 2.13969 | 2.13856

Estimated second moment 2.15531 | 2.14655 | 2.14205 | 2.13970 | 2.13859

Difference 0.00021 | -0.00007 | -0.00010 | -0.00001 | -0.00003

Precision 0.00045 | 0.00032 | 0.00022 | 0.00016 | 0.00011

TABLE 2. Generalised Ornstein-Uhlenbeck SDE: Comparison of the estimated second moments
with their closed-form discretized values as well as the associated precision when increasing the
number of particles for a number of 5.10% runs, 50 time steps and a time horizon T=1.

Concerning the antithetic sampling of the first order moment, using the linearity of the model, one exactly
checks that for & € {0,..., K — 1}, X’lz,]lv’h = % (X,?;L’h + Yk]X’h> where ?k]yfh denotes the empirical mean of
the discretized system driven by (W*)nt1<i<on. The first row of Table [3| confirms that the variance for
Y(x) = x is null.

For the second order moment, we compute the variance for 1(z) = 2 and observe the ratio of decrease
%‘W when increasing the number of particles. The results are shown in the third and forth rows of
Table [3]
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Nb. particles 20 40 80 160 320
Variance for the first moment 7.82256e-32 | 9.52151e-32 | 1.52652e-31 | 2.79857e-31 | 5.39704e-31
Precision 9.88245e-35 | 1.18553e-34 | 1.89269e-34 | 3.47065e-34 | 6.69575e-34
Variance for the second moment | 0.000766641 | 0.000191654 | 4.77727e-05 | 1.19847¢-05 | 2.99537¢-06
Ratio of decrease X 4.00013 4.01179 3.98613 4.00109
Precision 2.4997e-06 | 6.27208e-07 | 1.55659e-07 | 3.9365e-08 | 9.75389e-09

TABLE 3. Generalised Ornstein-Uhlenbeck SDE: Evolution of the antithetic variance for both
¥(z) = x and ¥ (z) = x? with its associated precision when increasing the number of particles
for a number of 5.10° runs, 50 time steps and a time horizon of 1.

For the second order moment, the ratio of successive variances is around 4 which means that the variance of
the antithetic estimator is roughly proportional to N~2. The antithetic sampling technique therefore shows an
important improvement for this diffusion.

2.2. Plane Rotator
Model

The following SDE refers to a model for coupled oscillators in the presence of noise, also known as the
Kuramoto model:

dX, = [K/ sin(y — Xy)dP!'(y) — sin(Xt)} dt ++/2kpTdW;
R
= [K cos(Xy) / sin(y)dP!" — K sin(X;) / cos(y)dP}' — sin(Xt)} dt ++/2kgTdW;
R R

where X is distributed according to i, P} denotes the distribution of X;, K > 0 a coupling parameter, kp the
Boltzmann constant and T the temperature.

The functions o(z) =v/2kpT and a(z) = [Z:)I;g))] satisfy the hypotheses of Theorem One may also find

a function b(t,y, ) coinciding with K (cos(x)y; — sin(z)yz) — sin(z) on [0,7] x [~1,1]2 x R which satisfies the
hypotheses even if (z,y) — cos(z)y1 — sin(z)ys is not Lipschitz continuous.

The particle system has the following dynamics:

N N
. . 1 . ) 1 ) ) )
ax;N = {K(cos(XZ’N)N Yy sin(x{) - sin(XZ’N)NE cos(X{) - sin(X;vN)} dt +/2kgTdW;}
j=1 j=1

where ((Wt’i)po) are independent Brownian motions.
="/ 1<i<N
Results
We use this model with K =1, kT = § and initial distribution = N'(F, 2F) as a test case. The reference

value was computed for 2.5 x 10% Monte Carlo runs, 1000 particles and the same input parameters as for the
general estimation of the bias (time horizon T'=1 and time step h = 50). The value obtained is 0.737576. The
results are shown in Table
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Nb. particles 20 40 80 160
First moment error 0.000725 0.000355 0.000175 0.000067
Ratio of decrease X 2.04225 2.02857 2.61194
Precision 4.79156e-05 | 3.38946e-05 | 2.39723e-05 | 1.69533e-05

TABLE 4. Plane Rotator SDE: Evolution of the first order moment errors as well as the associ-
ated precision when increasing the number of particles for a number of 4.9 x 10® runs, 50 time
steps and a time horizon T=1.

These results are consistent with a bias proportional to N 1.

Table [5| exposes the results obtained for the antithetic variance.

Nb. particles 20 40 80 160
Variance 0.000119023 | 3.12526e-05 | 8.01086e-06 | 2.0277e-06
Ratio of decrease X 3.80842 3.90128 3.95071
Precision 2.51877e-08 | 6.75418e-09 | 1.75258e-09 | 4.4622e-10

TABLE 5. Plane Rotator SDE: Evolution of the antithetic variance and its associated precision
when increasing the number of particles for a number of 4.9 x 10® runs, 50 time steps and a
time horizon T=1.

The antithetic sampling method is therefore relevant in this example since the ratio of decrease is close to
four which means that the variance of the antithetic estimation is roughly proportional to N ~2. This behaviour
has also been observed in Section 3.2.2 |10].

2.3. Polynomial Drift

Model
Let us consider the following mean-field SDE:

AX, = [fth FEX,] - XtE[Xf]} dt + X,dW,; with X(0) = zq

for a certain parameter v € R and initial data z¢ € R.
The function o (¢, y, z) = x satisfy the hypotheses of regularity. However, the functions b(t, y, ) = yx+y1—zys2
and a(z) = 52 are not Lipschitz.

From the evolution of the Euler discretization
X(}3c+1)h =X}, ((1 +vh — hE[(X,’CLh)Q])) + RE[X},] + XP, (W(;Hl)h — W;Ch), we deduce that:

E[Xfsna) = (14 (v + Dh = E[(X})?0)EIX]
B[] = (14 9h — BIXE)?I0) BIOK)?) +2(1 4 7h — EIOK)?I ) HE XJ] + E(OXE, A + B2[X 02

And we solve this system of inductive equations numerically to obtain reference values of the first and second
order moments.
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The idea here, once again, is to approximate E[X] and E[X?] by their empirical means in order to define the
dynamics of the particle system:

N N
i i 1 j i 1 j i i
axp™ = [y XN+ S 3PN - XN SN e+ XY aw
i=1 =1

where ((Wf)t>0) are independent Brownian motions.
="/ 1<i<N

Results

We use this model with v = 2 and © = 1 as a test case. The reference values obtained for the time discretized
first and second moments are respectively 1.3845 and 3.13743 . For this example, we push the iterations further
until 8 so that the final number of particles is 2560. We denote by "Ratio of decrease 1" and "Ratio of decrease 2"

. .1+ First moment error(N/2) Second moment error(N/2) . . .
the respective entities 5 ——"— error(N) and =g - error (W) - The results are shown in Tables|6|and

Nb. particles 40 80 160 320 640 1280 2560
First moment error | -0.02597 | -0.01561 | -0.00898 | -0.00492 | -0.00261 | -0.00138 | -0.00071
Ratio of decrease 1 X 1.66368 1.73831 1.82520 1.88506 1.89130 1.94366

Precision 9.348e-05 | 7.402e-05 | 5.779e-05 | 4.431e-05 | 3.330e-05 | 2.459e-05 | 1.789e-05

TABLE 6. Polynomial Drift SDE: Evolution of the first order moment errors as well as the
associated precision when increasing the number of particles for a number of 5.10% runs, 50
time steps and a time horizon T=1

Nb. particles 40 80 160 320 640 1280 2560
Second moment error | 0.06025 0.03575 0.02077 0.01157 0.00637 0.00333 0.00171
Ratio of decrease 2 X 1.68531 1.72123 1.79516 1.81633 1.91291 1.94737
Precision 0.0005018 | 0.0003940 | 0.0003029 | 0.0002297 | 0.0001707 | 0.0001251 | 9.063e-05

TABLE 7. Polynomial Drift SDE: Evolution of the second order moment errors as well as the
associated precision when increasing the number of particles for a number of 5.10% runs, 50
time steps and a time horizon T=1

We observe that the ratios of decrease of both the first and the second order moment errors seem to grow as

the number of particle increases. It confirms the behaviour of the bias in O(%;) of Theorem and even tends

towards a behaviour of order 1 in % when the number of particle is large.

In order to measure the relevance of the antithetic sampling, we compute the variance for the first and
second order moments. We denote by "Ratio of decrease V1" and "Ratio of decrease V2" the respective entities

Variance for first moment error(N/2) Variance for Second moment error(N/2) .
: S and : . The results are shown in Tables |8 and
Variance for first moment error(N) Variance for Second moment error(N)
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Nb. particles 40 80 160 320 640 1280 2560
Variance for the first moment | 0.0008910 | 0.0004406 | 0.0001930 | 7.474e-05 | 2.584¢e-05 | 8.000e-06 | 2.262¢-06
Ratio of decrease V1 X 2.023 2.283 2.582 2.892 3.230 3.537
Precision 3.621e-06 | 2.260e-06 | 1.312e-06 | 6.650e-07 | 3.278e-07 | 1.294e-07 | 7.131e-08
TABLE 8. Polynomial Drift SDE: Evolution of the antithetic variance for ¢(x) = z with its
associated precision when increasing the number of particles for a number of 5.10% runs, 50
time steps and a time horizon T=1.
Nb. particles 40 80 160 320 640 1280 2560
Variance for the second moment | 0.02380 | 0.01078 | 0.00440 | 0.00170 | 0.00058 | 0.00018 | 5.282¢-05
Ratio of decrease V2 X 2.2074 2.45094 2.60197 2.89779 3.20462 3.44723
Precision 0.000113 | 6.672e-05 | 3.597e-05 | 2.415e-05 | 1.125e-05 | 5.042¢-06 | 2.862e-06

TABLE 9. Polynomial Drift SDE: Evolution of the antithetic variance for ¢(x) = x? with its
associated precision when increasing the number of particles for a number of 5.10% runs, 50
time steps and a time horizon T=1.

The results exposed in Tables [§ and [9] both show that when increasing the number of particles, the ratios of
decrease grow gradually. Therefore, the antithetic sampling method may be relevant when simulating with a
large number of particles.

2.4. Viscous Burgers equation

Model

Let us consider the following mean-field SDE for a parameter v > 0:
dXt = Ft(Xt)dt + ’Uth

where F(z) = P(X; > 7). B
Using the Fokker-Planck equation satisfied by the density of Xy, we show that F;(x) is solution to the viscous
Burgers equation:

2

OV (t,2) = -0V () = V()0 V ()

We now suppose that the initial condition is X(0) = 0 so that Fy(x) = 1yz<g}. Then the Cole-Hopf
transformation gives:

z 2
Yo\ dy

where N (z :/ exp(—=)—.
@ =] ew-)7L

The function o(¢t,y,z) = v and b(t,y,x) = y are regular enough to satisfy the hypotheses of Theorem |1.2

However, this type of example is not interacting through moments but through a kernel and even a discontinuous

one.
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_ _ N
We approximate Fy(x) by its associated empirical mean FN(z) := % 1 (XIN >a} calculated upon N
=1 =
particles which leads to the following dynamics for the particle system:

N
axpt = Z XN xionydt 4+ vd WY
where ((Wti)t>0) ey € independent Brownian motions.
=/1<i<
Results
We use this model with v = i and zo = 0 as a test case. We estimate the solution F (%) of the viscous
Burgers equation. Since for t = 1 and x = %, t —x =x and 2z —t = 0, one has Fl(%) = % The results are
shown in Table
Nb. particles 20 40 80 160 320
Solution Error 0.0141425 | 0.0070329 | 0.00352185 | 0.00174521 | 0.000870359
Ratio of decrease X 2.01091 1.99693 2.01802 2.00515
Precision 9.84069e-05 | 6.94588e-05 | 4.90673e-05 | 3.46603e-05 | 2.45057e-05

TABLE 10. Viscous Burgers equation: Evolution of the solution errors as well as the associated
precision when increasing the number of particles for a number of 5.10° runs, 500 time steps
and a time horizon T=1.

Solution error(N/2)

Solution error () 18 consistent with an

We observe that the ratio of decrease of the solution error defined by

error proportional to N1 confirming a bias behaviour of order 1 in %
As for the antithetic sampling, we compute the corresponding variance as well as the related precision
and obtain:

Nb. particles 20 40 80 160 320
Variance of the solution | 0.00286895 | 0.00109648 | 0.000413156 | 0.000155082 | 5.89916e-05
Ratio of decrease X 2.61651 2.65392 2.66411 2.62889
Precision 3.98911e-06 | 1.49543e-06 | 5.52988e-07 | 2.04566e-07 | 7.65869e-08

TABLE 11. Viscous Burgers Equation: Evolution of the antithetic variance and its associated
precision when increasing the number of particles for a number of 5.10° runs, 500 time steps
and a time horizon T=1.

From Table [11| we observe that the ratio of decrease of the variance V\a}”a}me of solution(N/2) 4o avound 2.64
ariance of solution(N)

which is slightly greater than two. Therefore, there is a slight gain in using the antithetic sampling for this type
of diffusion.
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