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Weak error for nested Multilevel Monte Carlo

Daphné Giorgi* Vincent Lemaire! Gilles Pagest
June 17, 2018

Abstract

This article discusses MLMC estimators with and without weights, applied to nested
expectations of the form E [f(E[F(Y,Z)|Y])]. More precisely, we are interested on the
assumptions needed to comply with the MLMC framework, depending on whether the
payoff function f is smooth or not. A new result to our knowledge is given when f is not
smooth in the development of the weak error at an order higher than 1, which is needed
for a successful use of MLMC estimators with weights.

Keywords: Multilevel Monte Carlo; Weighted Multilevel Monte Carlo; Nested Monte Carlo;
Weak error expansion.
MSC 2010: primary 65C05; secondary 65C30.

1 Introduction

Multilevel estimators are commonly used when the underlying random variable of interest —
here f (E[F(Y,Z)|Y]), with Y and Z independent as far as nested simulation is concerned —
cannot be simulated exactly at a reasonable computational cost. However, such approximations

— here f % Zi\;l F(Y, Zk)) — induce some bias. Nested simulation is one of the two most

popular setting where Multilevel method are implemented, the other being the numerical
schemes associated to stochastic dynamics.

The optimal calibration and the resulting performances of Multilevel Monte Carlo estima-
tors depend on the weak and strong error rate of convergence of these simulable proxies toward
F(E[F(Y,Z)|Y]). By weak error, we mean here an expansion of the bias as a function of a
given parameter h representative of the (inverse) complexity.

The existence of weak error expansions at order one leads to the (regular and original)
Multilevel Monte Carlo (MLMC) method introduced by M. Giles in [Gil08], whereas higher
order expansions led naturally to develop a weighted multilevel framework, called Richardson-
Romberg Multilevel method (ML2R) introduced in [LP17]. However, the existence of such an
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expansion not only depends upon random variable of interest and its approximations but also
on the regularity of the “payoff” function f, as it has been widely popularized by the analysis
of time discretization schemes of Brownian diffusion processes (see [TT90] and [BT96a)).

The seminal result concerning the first order weak error expansion for nested Monte Carlo
simulation when f is not regular — namely a quantile — is due to Gordy and Juneja in [GJ10].

For such indicator function the strong rate of convergence remains slow and reduces the
efficiency of regular multilevel estimators since their performances are ruled by this strong con-
vergence rate. In particular they no longer behave as unbiased or almost unbiased estimators
as it is the case for faster strong convergence regimes.

By contrast weighted multilevel estimators are still almost unbiased in some sense but this
performance strongly relies on higher order expansions of the weak error. So the main objective
and result of this paper is to establish (see Proposition 5.1) such a higher order expansion for
non-smooth payoff function f in a nested simulation framework.

Let us briefly recall the multilevel paradigm (see [Pagl8]). Let Yy € L?(Q, A,P) be a
random variable and Y}, he H = {%, n = 1} be a family of approximations of Yy such that
limy 0 | Y, — Yo|l2 = 0 with a simulation cost of the form

Cost(Yy) = kh™!

so that the parameter h is inverse linear in the complexity. Its role in the weak expansion error
will lead us to call it bias parameter.

The central idea behind the regular MLMC estimator is to consider a R-tuple of parameters
hj=h/M=t j=1,...,R (h€ H) and to write the telescopic sum

R
EY,]=E[Y,]+> E[Y;, -V, ]
j=2

which suggests to introduce the estimator (see [Gil08])

N1 R Nj
o 1 1 : :
N o _ 1),k 2 : 2 : (4).k (4).k
k=1 j=2 k=1

where (Yh(j )’k)kzl,..., N, Are independent copies as k varies of Yh(j ) itself “attached” to Yo(j ) where

(YO(I), e ,YO(R)) are i.i.d. with the same distribution as Y. The size N; of each simulation at
level j is of the form N; = [¢;N], j=1,...,R.
If a first order weak expansion error assumption

E [Yh] =FE [Yb] + Clha + O(ha) (WEa,l)

is fulfilled for some « > 0, then

E [T;LYR,[]] —E[Y,,] =E[Yo] + a1 +o(h/MEY),

h
ME-1
which dramatically reduces the bias compared to a crude Monte Carlo simulation based on
ii.d. copies of Y},. At this stage the calibration of the allocation parameters qi,...,q, across

the R levels relies on a strong error convergence rate assumption

Vh,WeM, ||Yi—Yu|, <Vilh—17, (SEp)




or its variants (see e.g. [Pagl8] among other references where this conditions are discussed).
Thus, it happens that Y}, —Y}, is replaced by a random variable Y, / satisfying (SEj3) and such
that E [Yh,h’] = E[Y}, — Yj]. This calibration aims at minimizing the effort of the estimator
7 ,]LV W that is the product of its variance by its complexity, given a prescribed Root Mean
Square Error (RMSE) level H/I\,JL\’TR’q —Yoll2 < e

If a higher order weak error expansion can be established, namely

R
E[Y;] =E[Y] + > ¢h® +o(h™f), (WEa,r)
r=1
then there exists weights (W;);=1,...r, only depending on o, M and R such that ZKKR w; =1
and satisfying

R
> Wik [Yi,] = E[Yo] + W, cqh® + o n°F).
j=1

These weights, solution to a Vandermonde system (see [LP17]), as well as w | have closed for-

mulas (W, , = szl win;aR). This naturally leads to define the weighted multilevel estimator

(or Richardson-Romberg multilevel estimator, ML2R) as

- L&k R WEI Gk o
Bpg =372 Y "+ 2 : (=) (2)
k=1 =2 k=1

where Wf =w;+--+Wwg,, j=1,...,R and the Y}fj)’k are as above. One checks that such

an estimator “kills” the bias in a much more efficient manner yet since
k& [T;LYR,Q} =E [YO] + ‘R}R+1CRhOCR + O(haR> .

Then I/ }]LV R,q €A1 be calibrated like the MLMC estimator to minimize its effort for prescribed
RMSE. For more precise results on the performances of these two families of estimators, we
refer to [LP17] or [Giol7] or [Pagl8]. But the important fact to be kept in mind is that,
as far as nested Monte Carlo simulations are concerned with f = 1j, 4 (see next section
for the specification of the r.v. Y} for this purpose), the § parameter is lower than 1 (see
Proposition 5.2) so that, as a consequence, the ML2R estimator I }]LV R behaves “almost” like
an unbiased estimator, for which the cost is known to be Ke~2, K > 0 constant. More precisely,
if (W E,, r) holds for every depth R > 1 and limp_, |cR|% = Coo € (0,+00), then

2log(1/e) log(M)

7NE) 2 L
Cost (Ih(e;R(e),q(s)> 2 Kapgme “-eve ,

where we recall that f(g) < g(e) if and only if limsup,_,o g(¢)/f(e) < 1, Ko, > 0 is constant

and we highlight that e% 2log(1/e) log(M) _ (e7M) for all n > 0. Note that some numerical
experiments carried out in [LP17] and in [Giol7] confirm the fact that weighted multilevel
ML2R simulations outperform regular MLMC estimator.

The paper is organized as follows. In Section 2 we give the description of the nested
framework. In Section 3 we give some useful results which will be valid in both frameworks,



both f smooth and not. Section 4 is devoted to the smooth case, with a particular attention
to the antithetic approach, and in Section 5 we treat the non smooth case and we give a new
result concerning the weak error.

2 Nested Monte Carlo simulation

The purpose of the so-called nested Monte Carlo method is to compute by simulation nested
expectations of the form
E[f(EEN])],

where (Z,Y) is an R x R%valued couple of random variables defined on a probability space
(92, A, P) satisfying Z€ L? and f: R — R is a specified function such that f(E[Z|Y])€ L.

We assume that there exist a Borel function F' : R* x R? — R and a random vector
Z : (9, A) — RY independent of Y such that

== F(Y,2).

Let us introduce the Borel function ¢ : R* — R defined by ¢¢(y) = E[F(y, Z)] so that one
may set E[F(Y,Z)|Y] = ¢o(Y). Then one has the following representation

BIEV] = (V) = [ P2 Po(d:)

To comply with the multilevel framework, we set Ky € N* and H = {1/K, Ke KON*},

K
1
Xo:=E[EY], X,:= (Y, Z) with h=—
0 [E]Y] b ;—: k) wi = € A,
where (Zj)r>1 is an i.i.d. sequence of random vectors with the same distribution as Z, defined
on (2, A, P) and independent of Y (up to an enlargement of the probability space if necessary)
and
Yo = f(Xo), Yn:=f(Xpn).

To prove that the nested Monte Carlo estimator satisfies the bias error expansion (W E, )
and the strong approximation error (SEgz), we introduce the random functions, Vy € RY,

D(y) = F(y, 2) = E[F(y, Z2)], (3)
K K

Buy) = 2 3 (F. 20 - BIF( 2)) ) = 2 Y Flu. Z2) — ol @
k=1 k=1

Note that Ep(y) is the statistical error of the inner Monte Carlo estimator, which can be
rewrited as Ejp(y =% ZD ) where (D(y)®));>1 is a sequence of i.i.d. copies of D(y),

and that Eh(Y) Xy — X()
We distinguish between two main frameworks, depending on whether or not f is smooth,
a classical example of non-smoothness being f = 1(,4) (see [DL09]). When the function f is

4



smooth enough, say f € C'*?(R,R) with p< (0, 1], a variant of the former Multilevel nested
estimator has been proposed in [BHR15], [Haj12] and [CL12] (see also [Gill5]) to improve the
rate of strong convergence in order to attain the asymptotically unbiased setting, namely (SE3)
with 8 > 1. A root M > 2 being given, the idea is to replace in the successive refined levels
of the MLMC and ML2R estimators (see (1) and (2)) the difference Yﬁ —Y), (where h = %,

K € KgIN*) by an antithetic type as follows

| MK | M 1 X
Yyn =1 (W kZ_l F(Y, Zk)) ~ > f (E > E(Y, Z(m—1>K+k)> :
It is clear that E [Yh L] =E [Yl — Yh].
* M M
Before getting into the smooth and non smooth case, we give some useful results that
will be valid in both frameworks and will be used to establish the higher order of weak error
expansion.

3 Useful results

Following Comtet [Com74], we introduce the partial Bell polynomials B, ; for n > 1 and
k=1,...,n defined by

- n! r1\ 40 Tpn—k+1 Lkt
Bn,k(l'la7$n—k+l)_2€1|£n_k+l|<v> <(7’L—]{7+1)') (5)

where the summation takes place over all integers ¢4,...,¢, > 0, such that ¢; + 205 + --- +

(n—k+1)ly_py1 =nand {4+ -+ 4,1 = k. Note that deg(B,, ;) = k. The complete Bell
polynomials B,, are defined by

n
Bu(@r s n) = 3 B, s ps):
k=1

The first statement is a formal Taylor expansion with integral remainder of E [¢(X})] around
E [g(X0)], with g : R — R a test function.

Lemma 3.1 (Taylor expansion). Let R > 0 and let g : R — C be a 2R+ 1 times differentiable
function.

Assume Z = F(Y,Z) € L*® and let 1(€) be the j—th cumulant (a.k.a. semi-invariant)
of a random variable &. We set kj,, = r;(D(y)) with D(y) = F(y, Z) —E[F(y, Z)] fory € R?
and j € {1, . ,R}. Let (B, i)1<k<n be the partial Bell polynomials defined by (5). We then
define forr € N, r +1 < n < 2r and every y € R,

K2y R2r—n42,y
br,n—r(y) = Br,n—r < 3o .

2 T —n+2
Then
2R—1
VheM, Eg(Xy)]=E[gXo)]+ Y c(r(2r+1) A2R)h" + Rapa1, (6)
r=1



with

k
1
c(rk) == D E {g(é)(Xo)bM_r(Y)] C1<r<k<2r+1, (7)
T l=r+1
" 1 K= Xo ori 2R
Rori1 = ——E gPFHD (£ 4 Xo)(X), — Xo — )2t | . (8)
2R Lo

Proof. The case R = 0 is trivial, since it is a direct application of the fundamental theorem of
calculus.
Let R > 1 be an integer. The Taylor formula at order 2R applied to g at ¢o(y) reads

9(% éF(y, Zk))

where R2R+1(y) = ﬁE [ OE}L(Z/) g(2R+1) (t + ¢0(y))(Eh(y) _ t)2Rdt:| ]

The Bell polynomials allow us to explicitly compute the moments E[(E,(y))"],n=1,..., R
of Ep(y) as follows. Let x;, = k;(D(y)),j=1,....,R, y € R?. Additivity and homogeneity
of cumulants give

(n
— (¢ Zg ) g (B w))"] + Ronaw). )

Vi=1,....2R— 1, r;(En(y)) =1 k.

Moments of Ej(y) can be expressed in terms of cumulants using complete Bell polynomials
(see [ComT74] p.160 Equation(2)) as:

E[(E1(5))"] = Bu (51(Ea®)). - sn (Ba®)) )

First note that xq, = 0 so that x1 (Eh(y)) = 0. Moreover, it follows from the definition (5)
that B,, ; is k~homogeneous, consequently

E[(En(y)"] = h" >  h 7 B g(0, 2y, - - Knekty)-
=1

We again derive from (5) that B,,,,(0) = 0, hence the last term in the above sum is null. In
particular the sum in (9) starts from n = 2. Note now that

' .
mba—knk(y) 1<k < /2],
Bk (O K2,y .- ’”n—k-i-Ly) - { )

0 if k> [n/2],
with b,k (y) = Br_k.k Moy Linz2k+2y which implies that
" TEEL2 T i =2k 42
[n/2]
E[(En =h" Z hF bk (y)- (10)



Plugging (10) in (9) gives, since the sum starts at n = 2 as mentioned above,

o gF(y, 2))

Setting » = n — k in the above expression, noting that [n/2] + [n/2] = n and that [n/2] <7
if and only if n < 2r + 1, on derives by interchanging the sums that

™2k

Z mbn—k,k(y) + Ror+1(y)-
k=1 )

2R
E = g(do®) + > g™ (b0 (y))
n=2

1 K 2R—1 4, (2r+1)A2R

- = — (n)
E g( = kZ_lF(y, Zk)) = g(¢o(y)) + ; , n;H 9™ (G0(W)brmr() | + Rarsr (v)-
We conclude by integrating with respect to Py (dy). H

Taking advantage of this expansion we will derive two results. First a bias error expansion
for smooth enough payoff functions, in which no regularity is required on the law of (X, X},)
(see Subsection 4.1). Conversely a second result will be established relying on the regularity
of the distribution of (X, X},) when the payoff function is not smooth (see Subsection 5.1).
As concerns the strong error, elementary computations show that, if Z€ L?, then

| X5 — XOHz = %/Py(dy)var(F(y, Z)) = hE [(F(Y,Z) — ¢o(Y))?] < hvar(F(Y, Z)),
(1)
since ¢o(Y) = E[F(Y,Z)|[Y]. To prove (SEgz) we extend this result to || X, — X , When
=€ LP, p>1, as described in Lemma 3.2.

Note that from now on we give the results for a generic p > 1 instead of p = 2, because
this wider assumption can be useful to establish a condition of uniform integrability needed to
prove a Central Limit Theorem (and strong law of large numbers) for Multilevel Monte Carlo
estimators, see Lemma 5.2 in [GLP17].

The proof of Lemma 3.2 relies on the Marcinkiewicz-Zygmund inequality that we recall for
clarity. If (&,)n>1 is a sequence of centered independent random variables such that E H§n|p ] <

400, 1 < p < 400, then

1
K 2

> &

k=1

K

> &

k=1

1

< (Bp)r

P

, (12)

5
3
where B, = % (see [Shi96] p.499). If moreover (&,)n>1 are identically distributed we have
o

K

> &

k=1

< (B, VE|a|, (13)

p

We make an intensive use of this inequality in Section 4.
Lemma 3.2. Assume Z€ LP, p > 1. Then, for every h, ' € H,

1, = Xw||, < 2B,|E~BEIYV]|,Ih - K2, (14)

7



Proof. Assume first that ' < h, and set K = 3, K’ = % > K. First note that by Fubini’s
theorem

1% = X |

"= /Rd P, (dy)E[|En(y) — Ew(y)["] .

Setting F(y, z) = F(y,z) — ¢o(y), we write

Then, for every y € R, it follows from Minkowski’s Inequality,

K K’
1B — Ev@), < Ih— 11| Y Fy. 20| +#| Y. Fy, )
k=1 k=K+1

P P

Applying Marcinkiewicz-Zygmund Inequality to both terms on the right hand side of the above
inequality yields

1
2

K K’
|Bw(w) — Ew@)|, < Ih—1|B,|S. Fy, 2| +1B,| 3. Fy,z)?| .
k=1 k=K+1

P P
2z 2

< |h — W|B,K:||F(y, 2)||, + W By(K' — K)2||F(y, Z)]| .

Finally, for every ye RY,

-
_|_
=

/N
| =
|

S| =

N—
D=
N—

1En(v) = Ew )], < B[ F(v. 2)], <<h W)
- i 2o (- 5)°+ (1))
S ZBPHﬁ(:%Z)Hp(h _ h/)%

Plugging this bound in the above equality yields, owing to Minkowski’s Inequality and Jensen’s
Inequality for conditional expectations, the announced result

| X5 — X

r<eB)y [ Py@)| P20 - )

= (2B,)’|[E-BEY|(h 1)

4 Smooth payoff function

We first focus on the smooth case, where we give a bias error expansion and a strong conver-
gence rate when the payoff function f is smooth. This result beyond its direct application will
be an important step when dealing with indicator functions.



4.1 Weak error

The bias error expansion of the nested Monte Carlo estimator when f is smooth is a conse-
quence of Lemma 3.1, as we emphasized in the proof of the following Proposition.

Proposition 4.1 (Bias error (I): smooth functions). Let R € N* and let f : R — R be a
2R+ 1 times differentiable payoff function with bounded derivatives f®), k= R+1,...,2R+1.

Assume X € L1 Then there exists ci,...,cr such that
R
VheH, E[f(Xy)]=E[f(X0)]+ > ch”+0Oh2). (15)
r=1

Proof. Applying Lemma 3.1 with the function g = f we get, for every h € H,

R—1 2R—-1
E[f(Xn)] =EB[f(Xo)l + Y c(r,2r + DI" + ¢(R,2R)A" + > ¢(r,2R)h" + Raps1, (16)
r=1 r=R+1

with ¢(r, k) defined in (7) and Rogy1 in (8). Establishing the proposition amounts to proving
that the remainder term Ropy1 is well controlled. Using that f (2R+1) ig bounded, we have

H (2R+1) H

‘R2R+1| < WE “Xh - X0|2R+1} .

Using successively the Marcinkiewicz-Zygmund Inequality and the Minkowski Inequality for

the LR+%(P)—n0rm, we get, keeping in mind that h = %,

K R+1/2

> (P 2) - o))

k=1

E |:|Eh(y)|2R+l:| < (32R+1)2R+1h2R+1E

2R+1
< (Bore)) U RR2E ||y, 2) = oly) ]
Integrating with respect to Py finally yields
2R+1 2R+1
E “Xh — Xo|"" } < (Bopsr)*HR 2R UF(K Z)— ¢V ]
1
R+5 (BQR+1)2R+1hR+1/2E [’E’2R+1 + ’E [E‘Y] ‘2R+1]
3
R+§(B2R+1)QR+1hR+1/2E [’E’2R+1] (17)

so that |Ragi1| = O(hRT1/2). O

4.2 Strong convergence rate

If we assume that f is Lipschitz continuous, Lemma 3.2 straightforwardly shows that the
standard nested Monte Carlo satisfies a strong convergence at a rate h”® with 8 = 1. More
precisely, if Z € L?, we have

1Y = Yirll, < 2Balfluip|E — EEIY]|,|h - #]2,

9



where [f]Lip denotes the Lipschitz coefficient of f.

When asking for more smoothness, more precisely that f’ is p-Holder, we can build an
antithetic version of the nested Monte Carlo which attains a strong convergence at a rate
h? with > 1. As we saw, this corresponds to the optimal unbiased setting in terms of
minimization of the computational cost. This antithetic multilevel estimator is obtained by
replacing each difference Y% —Yn, h € hy,...,hg_1, in the MLMC (1) and ML2R (2) estimators

by the following random variable

1 MK 1 M 1 K
Y, n=f (W ;F(Y, Zk)> - Mmzzlf (E >R, Z<m_1>K+k)> ,

satisfying E [Yh } =E [Y;_L — Yh}. We set
’ M

h

M
. | K Mo | MK
XK,m:E; (Y, Zr(m-1)+) and XMK—MmZ::X ZW;F(Y,ZM,

so that the nested antithetic MLMC estimator (1) then reads

R M
S DMEAES oS of (A AEEIS S )

7j=2 J =1

N

with (Xﬁ?m)@ independent copies of X, and similarly for the ML2R estimator (2) with
the weights (Wj)ggng.

Proposition 4.2. Let p > 1 and 0 < p < 1. Assume = € LPU*P) and f' p-Hélder, i.e.
Yoy eR, |f@)- )| <[],z -yl (15)

Then'Y, n satisfies a strong approximation error control similar as (SEg) with f = 1+p > 1.
* M

More precisely, we prove that there exists ‘71 > 0 depending only on p, p,[f'], and M such that

<V <h— %)HTP (19)

Proof. Owing to Taylor’s formula, for all m = 1,..., M, there exists z,, in the geometric
segment (X K,ms X MK) such that

(Yh

* M

f(Xkm) = F(Xur) + F (X)) Xim — Xur) + (F(@m) = F(Xuk)) (Xem — Xnk)-

Hence, using the definition of X/,



= . Owing to the decomposi-

We aim at computing HY n

ZfXKm — f(XuK)

tion (20), to Minkowski’s Inequahty and to the p-Holder assumptlon (18) on f/, we get

(I i 1 i , ,
M;f(XK,m) - f(XMK) = M zz:l (f,(iﬂm) - f,(XMK)) (XK,m — XMK)

p P

M
1 _
n - . 14+p
<1fley; > HXK,m Xkl )
m=1
We first notice by an exchangeability argument that the variables (X Kom — XMK)m= M are
identically distributed with X Km — Xk ~X K1~ X k. Moreover we write

1 M 1 M

M

_ _ _ 1 _ _ _ _ _

Xrg1—X =Xg1— — Xkm=— Xx1—Xgm) = — X1 —Xgm)
K1 MK K1~ 3] mE:1 K, 7 E (XK1 K,m) 7 m:2( K1 K,m)

m=1
Hence, we get

M 1+p

Z(XK,I — Xkm)

m=2

, 1
< [f]pm

P

M
Z F(Xkm) — f(Xmk)
m=

P

Owing to the independence of Y and (Zj)x>1, we may write

M (1+p)p

Z(XK,I — XK.m)

m=2

:/Pydy

— [ Py @) B

E

K (1+p)pT

M/ | K
> (KZF%ZI@ ZF (Y, ZK (m— 1+k)>
m=2 k k:l

1

(1+p)p

K M
Z( y7Zk ZFyasz 1+k)>
m=2

k=1

We notice that, for each fixed y € RY, the random variables & = (M — 1)F(Z,y) —
2%22 F(y, Zi(m-1)+k), k = 1, are centered and 4.i.d.. Moreover (1 + p)p > 1 hence, ow-
ing to Marcinkiewicz-Zygmund inequality (13), we have

M (1+p)p
E Z(XK,l_XK,m)
m=2
1 M (1+p)p
< B(l—i—p)pW/PY(dy)E ‘(M F(y, Z1) = > F(y, Zx(m-1)+1)
2 m=2

11



Applying twice Minkowski’s Inequality yields

M (14+p)p

_ _ 1
E (> (Xx1— Xim) < Cpp—g (M — 1)1 PR [IF(Y, zy)|(HHew
m=2 2
Plugging this in (22) we get
M p p(1+p)
1 - _ ~ 1 2 1
M Z f(XK,m) - f(x) <W <1 - M) p(1tp) *
m=1 » K=
1 (1+29)p
with V} = [f']ﬁCp7p2p(l+p) <1 — M) H”H(llj:;p and (19) is proved. O

If we replace the p-Holder assumption on f’ by a weaker assumption f’ locally p-Holder,
i.e.
Ve,y e R, |f'(x) = ()| < Cle —y|” (1 + || + [y]7),
a strong convergence assumption with 5 =1+ p > 1 similar to (19) can still be proved. Since
|z |7 < max(| X g m|9 [ Xmrl?) < [ Xkml|?+ | Xamr|?, Inequality (21) must be replaced by

1 & _ 14 i} _ i
i > FXkm) — FXuk)| = i (f'(@m) = F'(Xuk)) Xgm — Xuk)
m=1 P m=1 p
<1, M H Kiton = Xaase| 20+ [ Kienl? + 21 Xarx])| - (23)

Owing to Holder’s Inequality with 7, s > 1 such that % + g = 1 and Minkowski’s Inequality,
we get

1% = Znasc 21+ | Kreaml? + 21 K |)

P

< H!XK,m — Xy

<L+WXme
pr

+2WXMKW
ps

)

Since the variables (X g m)m=1,.n are identically distributed, Inequality (23) yields

1 _
= f(Xkm) = f(Xux)
M

m=1

P

< [f,]pH|XK,1 — Xux |

<1+ H|XK,m|q
pr

+ 2H|XMK|q
ps

)

The analysis of the term H |X K1— X K|1+pH does not change, except for the condition

pr
= e LU+PPr Under the assumption = € L%, the term H | X .m |

+2H|XMK|‘1 is bounded,
since : )
1 - '
_ =l
|k, = \ 7 F0 ) | <=,
k=1

ps

12



Keeping in mind that » = s/(s — 1), the optimal choice for s which minimizes both (1 +
p)pr and gps is given by s = (1 + p + q)/q (hence r = (1 + p+ q)/(1 + p)). This leads to
the additional condition = € LPU+r+9)  In conclusion, if f’ is locally p-Holder, under the
assumption =2 € LP(He+a) Yh’ b satisfies the LP version of the strong convergence assumption

with § =1+ p > 1, similarly to (19).

5 Indicator function and smooth density

There are many situations where we need to consider non smooth payoff functions of the
type [ = liyEE)y)en, With g : R — R and I C R interval. Among them we can cite the
computation of loss thresholds, i.e.when we search, a threshold ¢ € R being fixed, for the
corresponding «, € [0,1] such that

1—a, =PE[EY]) > q) = E [1ygzy)=q)

or the inverse problem, which consists in computing the quantile g, such that for a fixed
a € [0,1],
1-a=PEEY]) > ¢) = B [1gmEy)zew)] -

Another situation of interest is the approximation of density functions (see the seminal paper of
Bally and Talay [BT96a] and [BT96b], treating the law of the Euler scheme for distributions).

The payoff function f being non smooth, the regularity assumptions on f that we needed
to prove the weak and the strong convergence of the estimator in the smooth case, will be
replaced by some regularity assumptions on the density functions, as we detail in the next two
Subsections.

5.1 Weak error

We recall the notation that Xg = E[Z]Y] and X}, = % Zszl F(Y,Zy) with h = % € H and
we introduce the notation
A, = X;, — Xo.

The following result on the weak error derives from Lemma 3.1 and gives a bias error
expansion relying on the density of the joint distribution of (Xg,Aj) and of (Xy,Y). More
precisely, assume that (Xo,Ap) is a random vector with smooth density with respect to the
Lebesgue measure on R2. Let fx, be the density of Xj, let fxo,v be the density of (Xo,Y)
and let fx, a, be the density of (Xo,Ap). Moreover let Fx, (z) and Fx,(x) be the cumulative
distribution functions of A, and Xj.

Proposition 5.1 (Bias error (II): smooth density). (a) Let R > 0. Assume that the partial
derivatives 8§Z)fxo,y(3:,y) exist for £ = 1,...,2R, that the partial derivatives af’fXO,Ah (z,9)

exist for £ =1,...,2R+1 and that 8£2R+1)fXO,Ah (z,y) is continuous. Assume that = € L2R+1,
Let
1 (2r+1)A2R
Prx - _1Z/br€—ryag(f)fX Yx7ydy'
@ o OV [ e (e

13



HRR+1)

(a) If SUPctt o vem Fxolsn=n(@)| < +00, then

R T
th( ) on( ) + on FPT’ + O(hR+ ) (24)
r:l
uniformly with respect to x € R
(®) " fgianmn(@)] < 400 and limg oo 07 i i, 2, (2) = 0
for every ve R, then
B pr A
Fx, (x) = Fx,(z) + ) —E [Pr(X0)1xy<ny] + O(RRT2) (25)
r=1

uniformly with respect to x € R.

Proof. The case R = 0 is trivial, using the expansion (6) and the convention 22:1 = 0. Let

g : R — R be an infinitely differentiable test function with compact support. We apply the

expansion (6) to the smooth function g where coefficients ¢(r,2r + 1), r = 1,..., R — 1 and

c(r,2R), = R,...,2R — 1 are given by (7) and the remainder term Rj .. , is given by (8).
We first note that, for every £€ {1,...,2R},

E [0 (X0t (00)] = [ 0@heir )y )dady.

Then, performing successively ¢ integrations by parts yields

B (o0 (V)] = [ 0o | (1o )0l v o)y

As for the remainder term,

Ripst = o B /Xh_XO CRAD (¢ + Xo) (X, — Xo —t)*dt
2R+1 — (2R)! 0 g 0 h 0
1 1
(2R) E |:/ g(2R+1)(X + SAh)(Ah)2R+1(1 o 8)2Rd8:|

/ / CEAD ()02 fy A, (= sv,v)dado(1 — s)*fds.
2R R2 ’

Performing successively 2R + 1 integrations by parts yields

2R+1 2R / / (/ 2R+1 on,Ah( Sv,v)da:) U2R+1dv(1 — s)szs,
~ [ sty o)da,
R

where

(z — sv,v)v* B du(1 — 5)*Hds,

(26)
ag(ﬂzRH)fXO‘Ah:v(:n — sv)fa, (v)v2R+1dv(1 - S)2Rd8.

14



Plugging these identities in (6), we get that, for every test-function g,

B
E [g(X3)] :/Rdg(l’) [on )+ Ixo(2 ZﬁPr )+ 7(h,z) | d,
r=1

where ot
?(h,l‘) = on (l‘) Z Fpr(x) + T(h’x)v
r=R+1
Hence
R pr
[xn (@) = fxo () + fxo(2) Z —yPr(@) +7(h,2). (27)

The continuity of the function on the right hand side of the above equality will establish the
announced expansion, provided we show that r(h,z) = (’)(hR+ ) uniformly with respect to

z€ R. Tt follows from the boundedness assumption made on 8£2R+1) Ixola,=o(7) that

2R+1
+ Cep

S 2R+ 1)

A4
2R+ 1

1
T

s 28
(2R)' z,0€ER ( )

|r(h,x)| <

owing to the upper-bound established in (17) for E [| X}, — Xo[*™], since E € L2+,

(b) The claim amounts to integrating Equation (27), provided we show that the integrals of
P.(z)fx,(z), for r = 1,...,2R — 1, are at least semi-convergent and that, for all b € R,
ffoo r(h,z)dz = (’)(hRJF%). Owing to Fubini’s Theorem, using the definition (26) of r(h,z),
we have for all a < b € R,

b 1
[ e = g [ (087 fgsm 6 = s0) = 08 fga,afa = s0)

x fa, () du(1 — 5)*Rds

(2R)
XQ‘A]—L v

fa |r h, x) |d:17 < +o0o. Hence, owing to Lebesgue’s Dominated Convergence Theorem and

to the assumption
2R)
lim, °°f)(<o|Ah v( x) =0, we get

The assumption suppcy ;. per |f (x)] < 400 and the upper bound (17), yield that

b
/ r(hyx)de = / / O f ol — 50) fa, (0)02FFdu(1 - 5)?Rds,
~o (20)

1
- o /0 B (007 Fyjan (b — sA0) (4127 ] (1 - 5)*Fds.
and then, likewise (28), using the boundedness of f ‘A} (@),
b 1
/ r(h, z)de = O(hF2). (30)

—0o0
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Owing to Equation (27), if we take hq,...,hog—1 € H pairwise distinct, we get, for all i =

2R 1,
2R—1

> h (B @) = po, (31)

Ix, (@) = fxo(@) — r(hi, x)
h; ’
Hence we get a Vandermonde system, Vu(z) = p(z) with

with
1=1,...,2R—1. (32)

pi(r) =

1 [ i
1 hy h3 ... h3f?
V=V, hp)=| . | ]
1 hop1 hdp .y - hgg 2
. P.(x
u(x) = (u1(x),. .., ueg—1(xz)) with wu.(x)= %f}(o ()

and
p(z) = (p1(z), ..., p2r-1(2)).
We set, forall j =1,...,2R — 1,

1 ... h{‘z p1 () Moo hzz—z
- - 1 ... hy p2(x) Ry ... h3TT
Vi(x) = Vj(h1,... , hag—1,p(x)) = : ) ) )
y : .
1 ... h%R—l pgR_l(x) h%R—l e hgg %

By expanding along the j** column, the determinant of ‘7] writes

2R—-1

det(Vj(2)) = Y (1) dijpi(x),

1=1

where dij = dij(hla ey hi—l,hi—l—la ey th) € R with

j—2 ) 2R—2
1 .. Moo B
1 ... KPRl .. R2E72
dij(hl,...,hi_l,hi+1,...,h2R_1):det v 12 i—1 227{1_2
. th th R
Lo, '_2 E 2}.%_2
1 KR, B, ... h2E2

Hence, owing to Cramer’s rule, the solution of the Vandermonde system writes

det (V;(x) 2R—1 o
ui(w) = de<t(JV) ) N detl(V) > ) Hdypila).
=1
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Finally, since we saw that for all i = 1,...,2R — 1, the integral of p;(z) is semi-convergent, we
deduce the semi-convergence of the integral

2R

b | 1
[ P = ol S e [
. 1

1=

where, owing to the expression (32) and to (30), f_boo

proof.

pi(x)dz is finite, which concludes the

O

5.2 Strong convergence rate

We conclude by showing the strong convergence rate (SEg) for the nested Monte Carlo esti-
mator. The following Lemma is more or less standard (see for instance [Avi09]).

Lemma 5.1. Let &€ and &' be two real valued random variables lying in LP, p > 1, with densities
fe and fer respectively. Then, for every x € R,

(7% +5747) (el + Fellp) ™ e = €155, 33)

Hl{ﬁém} — Lig<ay z <

Proof. Let L > 0. Note that

2

H1{£<z}—1{s'<w}2 = PE<z<)+P (¢ <<
< Pz, ¢>2+L)+P (<2< <z+1L)
+tP(<z62a+L)+P(<a<E{<a+)

< PE—-¢20L)+P(E-¢>1)
+P' €[z, x+ L) +P(E€ [z, + L))
= P (¢ —¢ > L) +PEE [z,2+ L) + PE'€ [,z + L])
E [
< T L (el + e )
A straightforward optimization in L yields the announced result. O

The strong convergence is a consequence of the Proposition 5.1 combined with the previous
Lemma and Lemma 3.2.

Proposition 5.2. Assume X € LP, p > 2. Under the assumptions of Proposition 5.1 (a) with
R = 0 and if the density fx, is bounded, then there exists hy = KLO € H\{0} such that, for
every h, h' € (0, ho]

< Clh - h’] 2(p+1)

H]*{X}L<Z‘} 1{Xh/<x}

where C' = 2741 (p# +pﬁ) HfXOHsup 1)p+1 (4B HXH )Pt Y. This means that the strong

approximation error assumption holds with 5 =

,_.

o € (0 3)-



Proof. Tt follows from Proposition 5.1 (a) that

fx, () < fxo(z) + o(h%) uniformly with respect to z€ R.

Consequently, there exists an hy = K%) € H\{0} such that, for every he (0, ho,

Vrze R7 th(Jf) < fXO(x) + 1.

Plugging the above bound and (14) in Inequality (33) of Lemma 5.1 applied with £ = X}, and
¢ = X completes the proof. O
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