arXiv:2212.00568v1 [stat.ME] 30 Nov 2022

Efficient estimation of multiple expectations with the
same sample by adaptive importance sampling and
control variates

Julien DEMANGE-CHRYST*P*, Francois BACHOCP, Jérome MORIO?

®*ONERA/DTIS, Université de Toulouse, F-81055 Toulouse, France
b Institut de Mathématiques de Toulouse, UMR5219 CNRS, 31062 Toulouse, France

Abstract

Some classical uncertainty quantification problems require the estimation of
multiple expectations. Estimating all of them accurately is crucial and can have
a major impact on the analysis to perform, and standard existing Monte Carlo
methods can be costly to do so. We propose here a new procedure based on im-
portance sampling and control variates for estimating more efficiently multiple
expectations with the same sample. We first show that there exists a family of
optimal estimators combining both importance sampling and control variates,
which however cannot be used in practice because they require the knowledge
of the values of the expectations to estimate. Motivated by the form of these
optimal estimators and some interesting properties, we therefore propose an
adaptive algorithm. The general idea is to adaptively update the parameters
of the estimators for approaching the optimal ones. We suggest then a quanti-
tative stopping criterion that exploits the trade-off between approaching these
optimal parameters and having a sufficient budget left. This left budget is then
used to draw a new independent sample from the final sampling distribution,
allowing to get unbiased estimators of the expectations. We show how to apply
our procedure to sensitivity analysis, by estimating Sobol’ indices and quan-
tifying the impact of the input distributions. Finally, realistic test cases show
the practical interest of the proposed algorithm, and its significant improvement
over estimating the expectations separately.
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1. Introduction

Some classical uncertainty quantification problems require the estimation of
multiple expectations, and estimating all of them accurately is crucial. The gen-
eralized method of moments [I], which is massively used in finance for example
[2], is a common illustration of a such problem. Another classical illustration
of this problematic is global sensitivity analysis [3], which aims at studying the
impact of the input variables on the output behaviour of a computer model. Per-
forming a such study consists in estimating some sensitivity indices associated
to each input variable, such as the Sobol’ indices [4] or the Shapley effects [5]
for example, and requires in each case the estimation of multiple expectations.

The usual quadrature methods [6] tend not to be appropriate in these un-
certainty quantification contexts, as the expectations then involve a numerical
model which computational cost is usually high (from several minutes to sev-
eral days CPU), and which number of input variables is not small. Standard
existing Monte Carlo methods [7] for estimating multiple expectations consist in
drawing a unique sample according to a given input distribution and to estimate
all of them with it. However, this sample can be ill-suited for estimating accu-
rately some of the expectations, so having accurate estimations of all of them
can be costly with this method. As a consequence, the resulting error can have
a major impact on the final goal of the analysis, as illustrated in our numeri-
cal experiments in Section 4| Importance sampling [8] and control variates [9]
are two well-known and deeply investigated variance-reduction techniques for
improving the estimation of a single expectation. However, to the best of our
knowledge, these methods have not been adapted for jointly estimating multiple
expectations with the same sample.

In this article, we first propose a criterion to quantify the quality of the
common estimation of multiple expectations with the same sample. We show
then that there exists a family of optimal estimators combining both impor-
tance sampling and control variates. However, these optimal estimators cannot
be used in practice because they require the knowledge of the values of the ex-
pectations to estimate. Motivated by the form of these optimal estimators and
some interesting properties [10, (1], we therefore propose an adaptive algorithm
called ME-aISCV combining both importance sampling and control variates
for estimating multiple expectations with the same sample. Not only can we
address different functions across the expectations, but also different input dis-
tributions. In the same way as other adaptive algorithms [12] [13], the general
idea is to sequentially update the parameters of the estimators for approaching
the optimal ones until a stopping criterion is reached. We suggest a quantitative
stopping criterion that exploits the trade-off between approaching these optimal
parameters and having a sufficient budget left. At last, the left budget is used
to draw a new independent sample according to the final sampling distribution
which allows to get unbiased estimators of the expectations to estimate.

The remainder of this paper is organized as follows. First, Section [2] for-
mally presents the problem and provides a review on importance sampling and
control variates. Then, Section [3| introduces and describes the proposed ME-



alSCV algorithm for estimating multiple expectations with the same sample. In
addition, Section []illustrates the practical interest of this new algorithm on the
estimation of several moments of the standard Gaussian distribution. It then
shows that the ME-aISCV algorithm can be applied to the estimation of first
order Sobol’ indices and to sensitivity analysis w.r.t. parameters of the input
distribution. Both applications are illustrated on a real structural engineering
example: the cantilever beam problem. In all cases, the improvement of our
methodology over estimating the expectations separately is significant. Finally,
Section [f] concludes the present article and gives future research perspectives
stemming from it.

2. Exposition of the problem and review on variance-reduction meth-
ods

In this section, we first expose the problem of estimating multiple expec-
tations with the same sample and we recall the main principles of importance
sampling and control variates to address it.

First of all, let us begin by introducing the notations that will be used
throughout the paper. For any probability density A from the input domain X =
®?:1 X; € R? to Ry, we let Ej, and V), denote respectively the expectation and
the variance operators of a random variable distributed according to h. Then,
for J > 2, we consider a family of non-negative functions (¢;); e,z from X to
R, . Moreover, for any j € [1, J], the random input vector X = (Xq,...,Xg)
of the function ¢; on X follows the distribution of joint PDF f;. No regularity
assumption on the functions is required, but the random output of each function
is supposed to be integrable, i.e. Ef, (¢; (X)) < +oo.

2.1. Estimating multiple expectations with the same sample

As discussed and motivated in the introduction, the main goal of this article
is to efficiently estimate multiple expectations while minimising the number of
calls to the functions (¢j)j €[1,7] using a unique N-sample. More precisely, the

family of expectations to estimate is (I; = Ey, [¢; (X)Djeﬂl sy the N-sample is

(n)
(X " )nEHI,N]]
In practice, two specific cases can occur:

and it is drawn from a distribution of PDF g¢.

e Case 1: estimating the expectation of J different functions under the
same input distribution, or formally Vi, j € [1,J], i # j = ¢; # ¢; and
Vj e [1,J], f; = f, see Section for a numerical example,

e Case 2: estimating the expectation of the same function ¢ under J different
input distributions, or formally Vj € [1,J], ¢; = ¢ and Vi,j € [1,J],
i # j = fi # fj, see Section [£.3] for a numerical example.

The quality of the estimation of one expectation can be evaluated with the
variance for unbiased estimators. When estimating J expectations, a natural
criterion is the weighted sum of the individual variance of each estimator, which



is briefly mentioned in [I1]. To define this criterion, let us consider a family of

positive weights (w;) ] € R. Then, for any j € [1,J], let us denote f]

JeL,J
an estimator of the expectation I; such that all the estimators Iy,...,I; are
based on the same N-sample distributed according to g. The criterion we want

to minimize is: ;
> wiv, (1) (1)
j=1

The positive weights (wj)j eq1,s7 can be used to adjust the importance given to

each expectation to estimate.

2.2. Importance sampling

2.2.1. General presentation

Importance sampling (IS) is a very usual variance-reduction technique which
was introduced in [§]. In the case of the estimation of an expectation I =
Ef (¢ (X)), it consists in rewriting the expectation according to an auxiliary
density g : X — Ry as Ey (¢ (X) w? (X)), where w? (x) = f(x)/g(x) is the
likelihood ratio. To get an unbiased estimate, the support of g must contain the
support of x € X — ¢ (x) f(x). The corresponding estimator is then given by:

s, = % i o (X<n>) w? (X(m) 7 (2)
n=1

where (X("))neﬂ1 N is an i.i.d. sample distributed according to the IS auxiliary
distribution g. It is consistent and unbiased, and it has zero-variance if and
only if g = g* with Vx € X, ¢g* (x) o ¢ (x) f(x) [14] on the condition that ¢ is
non-negative. This optimal density cannot be used in practice because the nor-
malizing constant is I, which is the quantity to estimate, but many techniques
exist to approach g* by a near-optimal auxiliary density: non-parametric meth-

ods [I5] or parametric methods such that the cross-entropy method [16] [17].

2.2.2. The cross-entropy method

In this article, we will seek an approximation of ¢g* in parametric families
of distribution Dy = {ga;A € A}. As a first option, one could aim for the
parameter Ay which minimizes the variance of the estimator:

Ay = argmin Vg, (EJEN) . (3)
A€A

However, this optimisation problem is not convex w.r.t. A € A, does not have
an analytical solution and needs to be solved numerically [7], even for classical
families Dy (like the Gaussian family defined below), which can be extremely
costly. Therefore, one typically prefers to use the cross-entropy method. It
consists in minimizing the Kullback-Leibler divergence [I8] between ¢g* and gx



for A € A in order to find the best representative of ¢g* in Dy. The Kullback-
Leibler divergence between two distributions of PDF g; and go is given by:

o= (i (385)) - [ (e

The quantity Dk, (g1, g2) is always non-negative and is zero if and only if g1 = ¢
almost everywhere. It measures the gap between two distributions, even if it is
not a distance because it is not symmetric. The cross-entropy method consists
then in finding the solution A* of the optimization problem:

A" = argmin Dkr, (9%, gx) - (5)
AEA
Under this form, this optimization cannot be solved because it depends explicitly
on g* which is unknown. However, it can be shown [I6] that the optimization
problem in is equivalent to solve:

A" = argmax E [log (g9a (X)) ¢ (X)]. (6)
A€A

In opposition to the variance-minimization problem in , the cross-entropy
problem in () is generally concave and differentiable w.r.t. A € A [I7]. Another
significant advantage of the problem in @ is that it has an analytical solution
when Dy belongs to the exponential family of distributions [17].

2.2.3. Classical families of distributions for the auxiliary distribution
One of the most famous family of distributions is the Gaussian family Dgayuss =

{ gm,z; M € R X € Sj}, which belongs to the exponential family. Each Gaus-
sian distribution is fully determined by A = (m,X), with m € R? the mean
vector and X € Sj the covariance matrix, where Sj denotes the set of sym-
metric positive-definite real-valued matrices of size d x d. This family is well-
suited when ¢g* is unimodal. Since Dgauss belongs to the exponential family,
the cross-entropy problem in @ has an analytical solution and it is given by
A* = (m*, X"):

_EBOX] o B e E - m) X —m)T
Eslo () E7 6 (%)

In practice, these optimal parameters are estimated with a sample, which is
called the stochastic counterpart [16].

The optimal density ¢g* can also be multimodal. In that case, a well-suited
family of distributions is the Gaussian mixture family [19]. Let us first define,
for any K > 1, the set of convex combinations of size K:

(7)

K
Sk = {(aj)je[[LK]];Zak:land Vk € [[1,K]],ozk>0}. (8)
k=1



Then, the Gaussian mixture family with K > 1 components is given by Dl(vﬁz =

{Zszl OkGmy, 2y (mk)ke[[l,K}] € (Rd)K ) (Ek)ke[[l,K]] € (S:lr)K ’ (ak)kef[l,K]] € SK}-
The Gaussian mixture family does not belong to the exponential family, but
since solving the cross-entropy problem is equivalent to obtaining the maximum
likelihood estimate of the parameters [7], it is possible to use the Expectation-
Maximisation algorithm [20] to estimate them efficiently thanks to the procedure
described in [21] 22].

2.3. Control variates
2.8.1. General presentation

Control variates (CV) is another variance-reduction technique [9]. It consists
in exploiting known values of some integrals of control functions in order to im-
prove the quality of the estimation of an expectation. CV has been first defined
as a straightforward extension of the Monte Carlo estimate of the expectation
[9, 23], but it can be paired with IS [24] [10]. For the sake of conciseness, we will
describe CV with only one control function, but it can be easily generalized to
the case of multiple control functions More precisely, let us consider a control
function h : X — R such that fx x)dx = 0 € R is known, and a real value
B € R called control parameter. Then

X(n) f (X(n)) — Bh (X(n))

g, ,ﬁ,N N Z 4 (X0) + 30, (9)
where (X(”))[[1 N] is an ii.d. sample drawn according to g, is an unbiased
estimator with CV and IS of I. Its variance is then given by:

¢ (X) f(X)—Bh(X
NV, (IghﬁN):Vg( (X) E;(;() ( )> (10)
_ ¢(X)f(X)> <¢(X)f(X) h(X)) 2 <h(X)>
=V, | —=—= | —-28C ) Vol —= .
(50 ) oo (MG G )+ N
11

By minimising Equation according to the real parameter [, it can be shown
that the optimal value of j is:

P () (CHRT)

This optimal value 3* satisfies V, ( G h.B* N ) <V, (ﬁg?N), which means that it

is possible to improve the quality of the estimation of I with CV if the parameter
B is chosen carefully. In practice, the optimal parameter 5* is estimated either
directly through Equation [25] or by a least square regression by minimising
Equation [24] 26].

At last, note that if we use the same sample to compute an estimator B of
£* and the expectation I by plugging ﬂ in @ the estimator [CZEN is biased.

=g




However, this bias can be eliminated if we use two different samples to compute
B and ICY . .
g,h,8,N
2.3.2. Muixture importance sampling with control variates
A mixture of K > 1 distributions ¢, ..., gk is a distribution of the form

Jo = 25:1 argr, where the sequence of real numbers o = (ozk)ke[[l,K]] belongs

to Sk. For example, an element of the family Dﬁﬁ is a mixture of K Gaus-

sian distributions. The use of mixture distributions as IS auxiliary distributions
without and with CV can be beneficial in order to deal with multimodal prob-
lems and satisfies as well some interesting properties [10} 27] [IT], some of which
are described below.

Assume that for all k € [1, K], the support of g, contains the support of
x € X ¢ (x) f(x). This assumption implies that for all a € Sk, for all 5 € R
and for all k € [1, K], the support of the mixture distribution g, contains the
support of x € X — ¢ (x) f (x) — Bgi (x). Then, the authors of [I0] [II] proved
the following theorem.

Theorem 2.1. For any k € [1, K] and o € Sk, we have:

¥ () = o (S ) st (S50

(13)

This theorem ensures that if one component g, of the mixture distribution
Ja = E?Zl argr 1s well-suited to the problem of estimating the expectation
I = Ef (¢ (X)), then the variance of the estimator ngQngO,B*,N using gi, as
control function would be small.

Moreover, the choice of the coefficients a € Sk of the mixture g, can have
a major impact on the variance of the CV estimator. The authors of [10, [I1]
proved as well the following theorem.

Theorem 2.2. For any 8 € R and k € [1, K], the optimisation problem

6 (X) J (X) - Box (X)
< 4o (X) ) (14)

o™ = argmin Vg
acSk

s convex on Sk .

This theorem ensures then that simple optimisation algorithms can be per-
formed in order to find a sequence of real coefficients @ € Sk which gives a
small variance for the IS-CV estimator.

3. New adaptive algorithm for estimating multiple expectations with
the same sample

In this section, we first provide the theoretical motivations leading to a
new procedure for estimating J expectations with a unique N-sample which



minimizes the criterion in Equation . Second, we describe more precisely the
proposed ME-aISCV algorithm itself.

Recall that the optimal IS auxiliary distribution for estimating an expec-
tation I = Ey (¢ (X)) is given for all x € X by ¢* (x) = I"'¢ (x) f (x). For
J € [1,J], let us then denote g; the optimal IS auxiliary distribution for esti-
mating I; = Ey, (¢; (X)).

3.1. Theoretical motivation

Let us begin with the following proposition.

Proposition 3.1. For any IS auxiliary distribution g and any i.i.d. sample

(X(n))nef[l,N]] drawn according to g, and for any j € [1,J], the estimator

~c X(n) f. (X(n)) —Lig: (X(n))
Iq7q J;,N = N Z . (X(”)) J +1; (15)

is an unbiased zero-variance estimator of the ewpectation I; = Ey, (¢; (X)).

Proof. By plugging the expressions of g7 in the estimator j;?,;/;, N> @ simple
095 N = I;. Equivalently, E, (fg;}’ljy]v) = I; and
v, (fggV,N) =0. O

Note that I; corresponds in this case to the optimal value of the control
parameter 8 € R given in Equation . This proposition implies that for any
sequence (wj)je[[1 g1 € Ry, we have:

ij (99 J; N):O' (16)

This result is very interesting because it shows that the use of CV allows to
make the criterion to minimise in Equation equal to 0 with any auxiliary
sampling distribution. Nevertheless, the estimators in Equation (|15 cannot be
used in practice because they require the knowledge of the values of (I;); je[1a]
which are the quantities to estimate.

To overcome this problem, in the same way as in the classical IS framework
presented in Section it is possible to approach these optimal IS distributions
by auxiliary distributions (g)\j) lying in a parametric family

computation leads to I

(g;)je[[l,J]] jel1,J]
of distributions Dy. We can then plug them in the expression of the estimators
in Equation . The modification of the control functions from (gj)je[[ 1] to

(g)\j )j €[] implies that the optimal values of the control parameters (ﬁj)j €[1,4]

are no longer equal to the expectations (Ij>je[[1 Nk It is then necessary to
estimate these new optimal parameters with some estimators (B]) of the

JelL,J]
expression in Equation ((12)).



Moreover, the distribution gx; is usually well-suited to estimate the ex-
pectation I; by IS. Then, Theorem motivates us to consider a mixture

Ja = Z}le a;gx, as the IS auxiliary sampling distribution. Indeed, since this

distribution is a mAixture of the (g)‘j)je[[l,J]]’ it is possible to apply Theorem

to each estimator I;)V 5. ., with 3} the optimal control parameter associated
asgx; 87

to this problem:

(X) f; (X
NV, (fgclngﬁ;,@ < a7V, (W) . (17)

This result gives thus an interesting upper bound for the variance of each esti-
mator I;?XQM, BN for j € [1,J], and thus an upper bound of the criterion to
minimize in y summing these upper bounds.

Equation ([17) highlights as well the importance of the choice of the weights
a = (aj)je[[l,J]] € Sy of the mixture. Indeed, for j € [1,J], if a; < 1 and
Voa, (¢; (X) f; (X) /g, (X)) is large, then the upper bound of the variance
of I¢V N will be bad. The intuition given by Equation is that high

ga’ng: R
values of w;V, (¢; (X) f; (X) /g, (X)) must be associated to high values of
o, and the other way around. It is thus beneficial to optimize the choice of
«, which is facilitated by the following extension of Theorem to the case of
multiple expectations.

Theorem 3.2. For any (ﬁj)je[[l g € R7 and any family of positive weights
(wj)je[[1 J € R, the optimisation problem

J
o’ = argmin E w; Vg,
€Sy

(¢j (X) £ (X) = Biga, (X)>

9o (X) (18)

j=1
is convex on Sy.

Proof. Theorem [2.2] ensures that each individual term of the sum in Equation
is convex on Sy w.r.t. a. Therefore, since it is a linear combination with
positive weights of convex functions, this optimisation problem is also convex
on Sy w.rt. a. O

In the same way as in Section this theorem ensures then that simple op-
timisation algorithms can be performed in order to find a sequence of coefficients
« € S; which reduces the criterion to minimize.

3.2. Presentation of the algorithm

8.2.1. Summary and input parameters
We propose here a new adaptive algorithm called ME-aISCV to estimate J
expectations with the same N-sample. In the same way as other adaptive IS



algorithms [12] T3] [16] [17], the general idea is to adaptively update the IS auxil-
iary sampling distributions (gAj)j WL the sampling distribution g, as well as
the control parameters (Bj)j €[1,7] until a stopping criterion is reached. Then,
a new independent sample drawn according to the final sampling distribution
allows to get unbiased estimators by IS and CV of the J expectations.

Let us describe more precisely the ME-aISCV algorithm. As input parame-
ters, it requires the family of functions (gbj)j e[,g] 88 well as the corresponding
family of input distributions (fj)je[[LJ]]' It requires also the weights (wj)je[[LJ]]’
a maximal number of calls allowed to the functions N,,,, € N* and a sequence
(Nk)gen € (N*)" corresponding to the number of points to draw at each itera-

tion of the algorithm.

3.2.2. Initialization

First, during the initialisation step (k = 0), an initial Np-sample (X(O’n))ne[[l,No]]
is drawn according to an initial sampling distribution hg. This initial sample
allows to compute first estimations 79 of the expectations as well as to esti-
mate the new parameters at each iteration of the algorithm. Natural choices for

ho can be either the unweighted mixture J—* ijl f; or the weighted mixture

—1
(ijl wj> Z;']:1 wj fj. Note that if we are in Case 1 (in Section , i.e. for
all i € [1,J] we have f; = f, then hg is equal to f. Then, for j € [1, J], we set

a§0) x| /wjfj(p) and 51(»0) = f;o).

8.2.3. The while loop and the stopping criterion

Next, the while loop consists in adaptively updating the parameters ()\j)j €[1,J]°
a and wj)je[[l,]]]' To do so, in the same way as in the adaptive multiple IS al-
gorithm presented in [I2], we use all the previous samples generated so far.
Before the beginning of iteration &k > 1, we have already generated k samples
(X(Oyn))ne[[l,No]] , (X(Ln))ne[[l,Nl]] e (X(kfl’"))ne[[l)Nkil]]7 respectively accord-
ing to ho,gq)s---,gak-1. We can then consider heuristically that the con-
catenated sample has been generated according to the mixture hy_1 o< Nohg +
Zi:ll Nigeaiy, which will be useful for the following estimations.

We first compute the new parameters (A;k))
je[1,J]

bution approaching the optimal distributions (g;)

of the IS auxiliary distri-
el We do so by solving
the cross-entropy problem in Equation @ As explained in Section we will
solve it using the stochastic counterpart with the available sample distributed
according to hr_1. Thus, in order to estimate the expectation in Equation @,
it is necessary to rewrite it as an expectation over hy_1:

vj e [1,J], /\§-k):ar§$\ax En,_, |6; (X)log (ga (X))m . (19)

10



The corresponding stochastic counterpart problem to solve is then given by:

AR — argmax kz_:l i b; (X(iv”)) log (QA (X(ivn))) M (20)
! Xea S hy_y (X(m)

We second compute the new vector a*) € S;. As explained in Section

we will do so by solving the convex optimisation problem in Equation ,
2(k—1)
% )je[u,-fﬂ
we have to estimate each variance in the sum, again with the available sam-
ple distributed according to hx_;. The computation developed in Appendix
shows that solving the problem in Equation is equivalent to solve the
following convex optimisation problem:

~— 2
o [T (6 )5 ) -5 g ()
« = argmin o1 )
agESJ " Jou (X) hi_1 (X)

with the current values of the control parameters ( . Practically,

(21)

The corresponding stochastic counterpart problem to solve is then given by:

) ) ~ ) 2
o T (4 (KO f () < B ()
o'/ = argmin Z Z 7 (X(i,n)) hor (X(i,n)) .

€57 =0 n=1

(22)
Independently of the optimisation algorithm chosen to solve this problem, we
propose to use as starting point at iteration k the optimum found at iteration k—

(k—1 J (k)

1, which is « ). We compute then the new mixture Jar) = ijl ajk g>\§."")’

we draw a new sample (X(k’”)) according to g, and we compute the

nef1l,Ni]
new simulated sampling mixture hy < Nohg + Zle NiGo -

Third, we compute the new values of the control parameters (B\j(k)) [ €
Jelt,
R’. We estimate each of them for j € [1, J] with the following estimator of the
optimal value of the control parameter in Equation :

2\ —1

Ny, gkgk) (X(k’n))

k) _ 1 I
B = N =1 =\ gam (X (k) m;
o — (k,n)
| Nkt M L ; (X)) f; (X (n) Y
Nk -1 n=1 Ja® (X(k,n)) Ja (k) (X(k,n)) ! ,
(23)
where
(k:7n)
m(.l’k) = L - w and m(?,k) _ i ilc: (bg (X(k,n)) fj (X(k,n))
! Ni n=1 Ja® (X(k’n)) / Ny n=1 o (k) (X(k»”))

(24)

11



Note that we choose here to use only the last sample drawn according to g,,w)
in order to make the estimation process easier, because the covariance and the
variance operators in Equation are computed according to g, ).

Finally, we decide to stop the while loop when the final value of the criterion
to minimise in Equation does not decrease anymore between two successive
iterations, and more precisely when the following inequality is satisfied:

1 J v ¢ (X) f; (X) = Bj(.k’”gkgkfl) (X)
Nmam - NO - = Nkfl j=1 wj alh=1) ga(k—l) (X)
Ak
1 N S R N .
Noaw — No — - — Ni, j;wj I () Gt (X) (25)

This inequality compares at the end of iteration k the final value of the criterion
in that we would get if we had stopped the while loop after iteration k — 1
with its value after iteration k. In the inequality, Npqp — Ng — -+ — Ng_1 i8
the size of the independent sample used to estimate the integrals if the while
loop is stopped at step k — 1, and Nyq0e — No — - - - — Ny, is similar for a stop at
step k. If the inequality in Equation is satisfied, we consider that having
paid a budget N to refine the parameters from step £ — 1 to k was not worth
it: it would have been better to allocate this budget Nj to the final estimates
of the integrals, using the parameters of step kK — 1. In practice, the empirical
counterpart of Equation is evaluated with the samples (X(’“*L”))

and (X(’f’”))

ne[[l,Nk,l]]
ne[1NA] for the left and right-hand side respectively.
3.2.4. Final estimate with a new independent sample

At last, at the end of the while loop after k iterations, there are Ny =
Npaz — Ng — -+ — Nj calls to the functions remaining. We draw then a final

i.i.d sample (X("))ne[[1 NSl according to the final sampling distribution g, &)

which is independent, conditionally to a(*), ()\gk))‘ [l and (B\J(k)) L’
Jell, Jell,

from all the previous ones drawn so far in order to get unbiased estimates

:fCV' 30 of the expectations (Ij)jeﬂLJ]]’ as remarked in Sec-
(k)95 (k) Py AV e[,
J J f}

[
tion 2.3] Algorithm [T] illustrates how to implement the described ME-aISCV
algorithm in practice.

12
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Algorithm 1 ME-aISCV algorithm for estimating J expectations with the
same N-sample

ReqUire: ((bj)je[[l}]]] 9 (fj)je[[l’ﬂ] 9 (wj)jeﬂl’]]] ,Nmaz7 (Nk)keN

1:

10:
11:

12:
13:
14:
15:
16:
17:
18:
19:

i J J R
set ho = J') 5 f;j or hg = (Ejzle) > j—1wjf; and draw

0,
(XO™) e o)
for j € [1,J], estimate

according to hg

No - (x(0,m)
o) 1 ) (0,n) i (X )
17 = Z(’b] (X ) ho (X(O,n))

set o9 ¢ T and fO = 1O
set Neyas = Ng and k=0
while Neyar < Nppaz/2 do
update k =k +1
for j € [1,J], estimate the new distribution parameters }\gk) by solving
the cross-entropy problem in Equation
estimate a(®) by solving the optimisation problem in Equation using
as starting point a(F=1)
set gom) = ijl Oé;k)g)\;k)
draw (X(k’n))ne[[l’Nk]]
update hy = thq + &ga(m
for j € [1, J], estimate EJ(-k) with Equation
if the stopping criterion in Equation is satisfied then
exit the while loop

according to g, and update Neyar = Neyar + Ng

end if
end while
set Nf = Nmaw - Neval
draw (X("))ne[[1 N/ according to g )
return
Jev 1 gfz ¢; (X™) f; (X)) — B; Ia (X)) g
900,950, B5" Ny T Ny £ ot (X)) ’
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4. Applications to sensitivity analysis and numerical results

In order to illustrate the practical interest of the previous efforts, this section
aims to evaluate numerically the performances of the suggested ME-aISCV al-
gorithm to estimate J expectations with the same sample, and to compare them
to the performances of the existing methods. The code to reproduce the numer-
ical experiments is publicly available at: https://github.com/Julien6431/
Multiple_expectation_estimation.git.

Let us introduce the adopted numerical parameters that will be used:

o Nyuw = 2x10* which represents the total number of calls to the functions,
e for all k € N, we choose Ny = Nypaz/10 = 2 x 103,

e cach of the IS auxiliary distribution g will be picked in the Gaussian
family,

e we use the Sequential Least SQuares Programming (SLSQP) algorithm
[28] to solve the convex problem in Equation , because it is well-suited
for bounded and constrained problems,

® 1, = 200 realisations of each estimator to represent the results as box-
plots.

For adaptive algorithms, a discussion about the choice of the sequence (Ng)
is made in [12]. At first, it can be more intuitive to consider a sequence that
increases with the accuracy of the IS auxiliary distributions. However, it is
difficult to recover from poor early samples because of the ”what-you-get-is-
what-you-see” nature of these kind of algorithms. Therefore, as said in [12], a
good trade-off is then to consider a stationary sequence, as we do here.

4.1. Estimation of the non-centered moments of the standard Gaussian distri-
bution

First, for illustration purposes, let us consider the simple problem of the
estimation of the non-centered even moments of the one-dimensional standard
Gaussian distribution. More precisely, the expectations to estimate are defined
by (Ijmom =Ey (ij))je[[l L where f; is the PDF of the standard Gaussian

distribution A7 (0,1). Note that we consider only the even moments between 2
and 2J for two reasons: first, since the standard Gaussian distribution is sym-
metric around zero, its odd moments are equal to 0, and second, the functions
of interest must be non negative, as defined in Section [2.2.1

We consider here J = 10, and reference values are computed with their
analytical expressions. We compare the performances of the proposed algo-
rithm with the ones of the classical Monte Carlo estimations. For pedagogical
purposes, as the theoretical values are known, we set w; = (I;“O““)f2 for all
j € [1,J] in Equation . Numerical results are presented graphically in Fig-
ure The boxplots show that the quality of the estimations of the J = 10
expectations is significantly better with the ME-aISCV algorithm than with the
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Figure 1: Estimation of the J = 10 first even moments of the one-dimensional standard

Gaussian distribution.

existing Monte Carlo method. These observations are confirmed by Table
because the criterion to minimize has been divided by about 10*. Note that
for the moments of order 16, 18 and 20, the Gaussian approximation of the
standard Monte Carlo estimation does not kick-in at all. As a result, although
the estimation is unbiased, its distribution is highly asymmetric and its median
is far from its mean.

Monte-Carlo | ME-aISCV
Slwv (Irem) | 12782 [ 16311070

Table 1: Weighted sum of the variances of the estimators of the J = 10 first even moments of
the one-dimensional standard Gaussian distribution.

Figurerepresents the evolution of the distribution g, during the procedure
for one execution of the ME-aISCV algorithm. The optimal IS distribution is a
mixture of the distribution gs; (x) oc 2* f1 () for j € [1,J]. In particular, it is
symmetric around zero and its standard deviation might be larger than 1. First,
the blue line represents the PDF of the initial distribution. Then, the orange line
represents the PDF of the mixture g, obtained at the end of iteration 1. We
can see in particular that it is not symmetric around zero, and so it is not close
to the target sampling distribution. Next, the green line represents the PDF of
the mixture go, obtained at the end of iteration 2. It is now symmetric around
zero and is then a good candidate. However, another iteration is necessary
because the stopping criterion in Equation is not reached yet. At last, the
red line represents the PDF of the mixture go, obtained at the end of iteration
3. It is very close to the green line, so the third iteration did not improve a lot

15



PDF

0.40

— M1(0,1)
0.35 a,
0.30) —— Jq,
0.25 — Gas

™

0 0.20

o
0.15
0.10

0.05
0.00 /

-10.0 -7.5 -5.0 -2.5 0.0 2.5 5.0 7.5 10.0
X

Figure 2: Evolution of the distribution g, during one execution of the algorithm.

the accuracy of the IS sampling distribution and the stopping criterion is thus
reached. The distribution g¢e, is then the final IS sampling distribution and the
while loop is over in Algorithm

4.2. Estimation of Sobol’ indices
4.2.1. Presentation of the problem

The Sobol’ indices [4] are quantitative tools which allow to quantify the
influence of each input variable on the variability of the output, in the case
where the input variables are mutually independent. For all ¢ € [1,d], the first
order Sobol’ indices are defined, for a function ¢ : X — R, by:

Vi [Ep (6(X) | X0)]
Vi (¢(X))

We will estimate them with the well-known Pick-Freeze method introduced in
[4, 29]. It consists in rewriting each Sobol’ index in Equation as a single
expectation. The idea is to introduce a second random variable X" = (Xi, X" i),
where X', = (X{,..., X/, X/,1,...,X]) satisfies X", £ X_; and X, A
X_; and where 1l is the independence symbol. By decomposing the variance

at the denominator as well, the Sobol’ indices can be then rewritten for all
i €[1,d] as:

S =

(26)

_ By (0(X)o(X7)) — By (¢(X))2_

S; .
Ef (9(X)?) = Ef (¢(X))

(27)
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This procedure requires then Npp = N(d+1) calls to the function ¢ to compute
the d first order Sobol’ indices.

4.2.2. Formulation as a multiple estimation problem

To estimate the d first order Sobol’ indices in Equation , there are
J = d + 2 different expectations to estimate: the Pick-Freeze expectations
Ef (¢(X)p(X")) for i € [1,d], Ef (¢(X)) and E; (¢(X)?). The classical method
to estimate them by Pick-Freeze consists in drawing two independent i.i.d N-
samples according to f and to mix both of them to build the random variables
X and X* for i € [1,d]. This process is equivalent to considering the aug-
mented space X x X of dimension 2d, to draw an i.i.d. N-sample according to
the distribution of PDF f : (x,x') € X x X — f(x) x f(x) and to make the
appropriate combinations to build the random variables X and X* for i € [1,d].
The corresponding functions in the augmented space are then:

b | XxX — R (28)
(Xa X/) — ¢(xivx—i) ¢ (xi7Xl_i) 5
and
(z)d+1: XxX — R d ¢d+2: XxX — R (29)
(6x) — o) (ex) — o).
Finally, we have here a family (E 7 (i (X, X’ ))) of J = d+2 different
ie[[l,ul+2]]~

expectations to estimate under the same input distribution f, which corresponds
to the Case 1 presented in Section All the weights (wj)jef[l,J]] are set to 1.
4.2.3. Numerical results on the cantilever beam problem

The cantilever beam problem is a real structure engineering problem which
is presented in [30} B1]. Consider a rectangular cantilever beam structure. The
dimensional parameters of the beam are denoted lx, Iy and L. The elastic
modulus of the structure is represented by E. Two random forces Fx and Fy
are exerted on the tip of the section. The goal function is the maximum vertical
displacement of the tip section, which is given analytically according to the
previous parameters by:

3 2 2
6 (Fx, Fy, E,lx, Iy, L) “\/(F;‘) +<FY). (30)

T 109 x Elxly | \ 7% i

The distributions of each input variable are listed in Table Moreover, the
dimensional variables [x, ly and L are linearly dependent through the following
Pearson correlation coefficients:

Pix.ly =m7 and pr;, =mg and pr;, = mg. (31)
This input distribution is parameterized by the sequence of parameters m =
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’ ‘ Symbol and Unit Distribution Mean Coefficient of variation

1| Fx (N) LogNormal — my 0.08
2 | Fy (N) LogNormal — mag 0.08
3| E (Pa) LogNormal  mg 0.06
4 | Ix (m) Normal my 0.1
5 | ly (m) Normal ms 0.1
6 | L (m) Normal me 0.1

Table 2: Distributions of each input variable of the cantilever beam example

We want to estimate the first order Sobol’ indices in Equation for this
system. Here, the input distribution is fully known and the parameter m is
given by mg,, = (556.8,453.6,200,0.062,0.0987,4.29,0,0,0). In line with Sec-
tion [4.2.1] all the input variables are independent because the three Pearson
correlation coefficients p; 1y, pr.ix and pr;, are assumed to be equal to 0 in
this section, which is a necessary assumption for the Sobol’ indices to have their
full set of beneficial properties.

References values of the Sobol’ indices are obtained by applying the existing
Pick-Freeze estimation scheme with two N-samples of (very large) size N = 107.
Moreover, we compare the performances of the ME-aISCV algorithm with the
ones of the existing standard Pick-Freeze estimation scheme using two Ny,qz-
samples such that both methods require exactly the same number Npg of calls
to the function ¢.

The results of the estimations of the first order Sobol’ indices for the can-
tilever beam problem are given in Figure We can see that the ME-aISCV
algorithm provides significantly better performances than the existing method
for estimating the Sobol’ indices. Indeed, the boxplots corresponding to the
ME-alSCV algorithm are centered on the reference values and have a much
smaller stretch. These observations are confirmed by the numerical values in
Tables Bl and @l The individual variances of each estimator of the first order
Sobol’ indices are divided by 10 and consequently the sum of the variances.

standard Pick-Freeze | ME-aISCV
v <§1> 4.316 x 10~ 3.372 x 10
v (§2) 4.375 x 10~ 3.364 x 10
v (§3) 4.412 x 10~ 3.308 x 1075
v <§4> 3.635 x 10~ 2.377 x 10~
v (§5) 4112 x 104 3.053 x 105
v (Aﬁ) 4.605 x 104 1.943 x 10-°

Table 3: Individual variance of each of the d = 6 estimators of the first order Sobol’ indices
for both methods.
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Figure 3: Estimation of the Sobol’ indices for the cantilever beam problem with independent
input variables.
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Monte-Carlo ME-aISCV
SV (§) 92533 x 103 | 1.733 x 104

Table 4: Sum of the variances of the estimators of the d = 6 first order Sobol’ indices for both
methods.

4.8. Sensitivity analysis w.r.t. parameters of the input distribution

4.8.1. Presentation of the problem

Most of the time, the input distribution of a computer model ¢ is assumed
to be fully known and determined. However, this assumption is not always true
in practice. Indeed, because of lack of knowledge or data, the input distribu-
tion might depend on unknown or uncertain parameters m, such as the mean
vector or the standard deviations of the marginals for example. This epistemic
uncertainty is then also propagated through the computer model ¢, and can
thus have an impact on the output value of the system.

In order to quantify the individual influence of the parameters in m on a
quantity of interest, such as the mean of the output, a solution is to compute
some sensitivity indices of the uncertain parameters, such as the Sobol’ indices
defined in Section [£.21

4.8.2. Formulation as a multiple estimation problem
The quantity of interest considered here is the mean output value of the
function. To achieve the goal presented above and estimate the sensitivity in-

dices, one need to get an input/output dataset (m(j),IEf o (@ (X)))

with (m,(j))je[[1 7]
responding PDF family. The challenge is then to efficiently estimate each ex-
pectation Ey (¢ (X)) for j € [1,J]. We have then to estimate a family of
J expectations of the same computer model ¢ under J different input distribu-
tions (fm(j))je[[l,Jﬂ? which corresponds to the Case 2 presented in Section
All the weights (w;)

jenJr
a sample of J sets of parameters and (fmu))je[[l"]]] its cor-

jeqi,a] are set to 1.
4.3.3. Numerical results on the cantilever beam problem

Let us consider again the cantilever beam problem presented in Section [£.2.3]
The parameter m = (m;) ie[1,9] is here supposed uncertain, with independent
components whose marginal distributions are given in Table The quantity
of interest is the mean value of the maximal vertical displacement of the tip
section given in Equation .

Here, we estimate J = 100 expectations. A sample of parameters (Tn(j))je[[1 7]
is drawn according to the distribution in Table [5| with the Latin Hypercubé
Simulation (LHS) method [32]. References values for the J = 100 expectations
are computed with the crude Monte Carlo estimator of each expectation with
samples of (very large) size N = 107. To evaluate the performances of the ME-
alSCV algorithm, we compare it to two existing estimators. The first one is

20



’ ‘ Parameter  Distribution ‘

1 m U(525,575)
2 ms U(425, 475)
3 ms U(175,225)
4 ma 4(0.06, 0.07)
5 ms 4(0.09,0.1)
6 me Z/[(4, 5)

7 mr U(—0.6,0)

8 ms U(0,0.5)

9 my 4(0,0.5)

Table 5: Marginal distributions of the random parameter m = (m.);cy o7-

the naive Monte Carlo method (nMC) which consists, for j € [1, J], in draw-
ing an i.i.d sample of size N4,/ J according to each distribution f,,,;) and to
compute the corresponding empirical mean of the output. The second one con-
sists in considering a unique sampling distribution A = J~1 ijl fm(» which is
the mixture of the J different input distribution and to compute the following
estimators:

fMCmixt _ 1 ey ¢ (X(n)) fm(j) (X(n)) (32)

J N h(Xm) 7

max n=1

where (X(n))ne[[l,Nmaz
bution h corresponds then to the initial sampling distribution hy of Algorithm
Both methods require exactly Ny,q. calls to the function ¢, as the proposed
algorithm.

The results of the estimations of the J = 100 expectations for the cantilever
beam problem are given in Figure[d We can see that the ME-aISCV algorithm
provides significantly better performances than the existing methods for esti-
mating a large number of expectations, for the same reasons as in the previous
example. These observations are confirmed by the numerical values in Table
[Bl Indeed, the criterion to minimize has been considerably reduced with the
proposed algorithm compared to the existing methods.

] is an i.i.d. sample drawn according to h. The distri-

nMC MCmixt ME-aISCV
>V (fj) 1.309 x 104 | 6.103 x 10> | 4.379 x 106

Table 6: Sum of the variances of the estimators of the J = 100 expectations for all methods.

Moreover, this example highlights a specific property of the ME-aISCV al-
gorithm due to the choice of the criterion to minimize in Equation . One
can see on Figure [4] that some expectations have more variance reduction than
others, since their corresponding boxplots have a lower stretch. Indeed, due to

the form of the criterion to minimize in Equation , high values of w;V (IA])
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have a more important role in the sum than lower ones. Therefore, the pro-
posed algorithm will mainly focus on reducing before anything else the variance
of the corresponding estimators, which explains the phenomenon described and
observed here.

5. Conclusion

In the present article, we are interested in efficiently estimating multiple ex-
pectations with the same N-sample, a problematic encountered in some classical
problems related to the study of black-box models. The criterion used to quan-
tify the quality of the common estimation of the expectations is the weighted
sum of each individual variance given in Equation . We show that there exists
a family of optimal estimators combining both IS and CV, which nevertheless
cannot be used in practice because they require the knowledge of the values of
the expectations to estimate. Motivated by the form of these optimal estimator
and some interesting properties, we suggest a new effective ME-aISCV algo-
rithm combining both IS and CV, whose general idea is to adaptively update
the IS distributions as well as the control parameters for approaching the opti-
mal ones until a quantitative stopping criterion is reached. The main goal of this
adaptive procedure is to minimize as much as possible the criterion in Equation
(1). Then, a new independent sample drawn according to the final IS sampling
distribution allows to get unbiased estimators by IS and CV of all the expec-
tations. Finally, we illustrate and discuss the practical interest of the proposed
algorithm. We first address the estimation of the even moments of the standard
Gaussian distribution. Then, we show that the suggested ME-aISCV algorithm
is generally applicable to sensitivity analysis, both on the input parameters and
also on their uncertainty distribution. This is applied to the physical cantilever
beam problem. Overall, the applications demonstrate the robustness of the al-
gorithm to a wide range of situations. Especially, the high-order moments of the
Gaussian distribution imply that the IS distributions must explore the far tails
of the initial one. Furthermore, 100 expectations are estimated simultaneously
in the input-distribution-sensitivity example.

A first way of improvement of the ME-aISCV algorithm is to adaptively
update the weights (wj)jeﬂl,Jﬂ during the while loop in Algorithm |1} Indeed, it
can be interesting to adjust online the importance given to each expectation or
to estimate more accurately unknown target weights, such as (I 5 2)j€[[ 1] for
example. In that latter case, the criterion in Equation is the sum of the
square coefficients of variation of each estimator. Another way of improvement
of this algorithm is to use non-parametric IS auxiliary distributions [I5] to ap-
proach the optimal distributions (g;)je[[ .7 defined at the beginning of Section
This method allows more flexibility and to approach more complex target
distributions, but faces the curse of dimensionality. At last, the algorithm can
be adapted to estimate small failure probabilities. It can be done by performing
adaptive parametric IS to solve the cross-entropy problem in Equation (@ as
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in [I7] to approach the optimal distributions (g;‘) adapted to small fail-

iell,J
ure probabilities. An interesting application of tljlis[[ a(%aptation can be found
in [33] and consists in identifying the most influential parameters of the input
distribution on the variability of the failure probability of the system.

Finally, a more complex application of this new method is the estimation of
the Shapley effects for global sensitivity analysis with dependent input variables
[5]. Estimating each of them efficiently is a challenging task because it requires
the estimation of the closed Sobol’ indices for many subsets v C [1,d]. A
formulation of this problem as a multiple expectation estimation problem has
been written in [34], and the estimation of the Shapley effects in a reliability
context by IS has been investigated in [35]. Since the inputs are dependent, it
is no longer possible to perform the estimation in the augmented space X x X as
we did in Section The main remaining challenge is then to find an optimal
IS distribution in X associated to each closed Sobol’ index in order to be able
to apply the proposed ME-aISCV algorithm.
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Appendix
A. Equivalence between both optimization problem

Let us prove that the optimization problem in Equation is equivalent to
the one in Equation . Consider a sequence o € Sy, a family of IS auxiliary
distributions (g)‘j>je[[1,J]]’ a family of control parameters (5j)je[[1,J]] € R’ and
a family of positive weights (wj)je[[l)u,]] eR7.

For any j € [1,J] and any IS auxiliary distribution h, we have:

v, (qu (X) f; (X) = Bjga, (X))

Ja (X)
B ¢, (X) f; (X) = Bigr, X)\*] 8, (X) 15 (X) = Big, (X))
B Ega [( Jou (X) ) 1 Ega ( Ja (X) )
o [ X5 X) = Bis, (X)7] e Biga, (XN
- e l Ja (X)? 1 = (q” X" )

=c; independent of o

g [0 500 ~Biaa, X))
" g (X) 1 (X) 2
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Therefore, we have:

ZJ: w; V., (¢j (X) f5 (X) — Biga, (X))

9o (X)
(E (65 (X) £ (X) — Bjon, <X>)2] )
W h —Cj
ijh

M- 1M

9o (X) b (X)

go (X) b (X)

(6, (X) £, (X) = Bi9a, <X>>T S e
jz_:l %7

j=1

J W . . — O . 2 J
_E, D=1 W (95 (X) f; (X) = Bjgx, (X)) ] - Z’U}jcj.

ga (X) b (X)

Since the term 25:1 wjc; does not depend on the sequence o, minimizing
J ¢ (X) [ (X) = Bjga, (X)
_w; Vg

ijl J 79 ( Jox (X) ,
J

i wj (05 (X) f; (X) = Bjga, (X))

9o (X) 1 (X)
both optimization problems in Equations and are equivalent.

) w.r.t. « is then equivalent to min-

imize Ey, w.r.t. «. As a conclusion,
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