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Abstract

We propose a new statistical estimation framework for a large family of global
sensitivity analysis indices. Our approach is based on rank statistics and uses an
empirical correlation coefficient recently introduced by Chatterjee [9]. We show how
to apply this approach to compute not only the Cramér-von-Mises indices, which
are directly related to Chatterjee’s notion of correlation, but also first-order Sobol
indices, general metric space indices and higher-order moment indices. We establish
consistency of the resulting estimators and demonstrate their numerical efficiency,
especially for small sample sizes. In addition, we prove a central limit theorem for
the estimators of the first-order Sobol indices.

Key words Global sensitivity analysis, Cramér-von-Mises distance, Pick-Freeze method,
Chatterjee’s coefficient of correlation, Sobol indices estimation.

AMS subject classification 62G05, 62G20, 62G30.

1 Introduction

The use of complex computer models for the analysis of applications from the sciences,
engineering and other fields is by now routine. Often, the models are expensive to run in
terms of computational time. It is thus crucial to understand, with just a few runs, the
global influence of one or several inputs on the output of the system under study [33].
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When these inputs are regarded as random elements, this problem is generally referred
to as Global Sensitivity Analysis (GSA). We refer to [11, 32, 35] for an overview of the
practical aspects of GSA.

A popular and highly useful tool to quantify input influence is the Sobol indices. These
indices were first introduced in [36] and are well tailored to the case of scalar outputs.
Thanks to the Hoeffding decomposition [21], the Sobol indices compare the conditional
variance of the output knowing some of the input variables to the total variance of the
output. Many different estimation procedures of the Sobol indices have been proposed
and studied. Some are based on Monte-Carlo or quasi Monte-Carlo design of experiments
(see [23, 27] and references therein for more details). In particular, an efficient estimation
of the Sobol indices can be performed through the so-called Pick-Freeze method. For the
description of this method and its theoretical study (consistency, Central Limit Theorem
(CLT), concentration inequalities and Berry-Esseen bounds), we refer to [22, 16] and
references therein. Some other estimation procedures are based on different designs of
experiment using for example polynomial chaos (see [37] and the reference therein for
more details).

Various generalizations of the Sobol indices have been developed. The issue of vectorial
outputs, as in the case with time dependent or functional quantities of interest, is ad-
dressed in [1, 15, 24]. In particular, in [15], the authors recover the indices from [24]
and show that they are a proper generalization of the classical Sobol indices in higher
dimension. Moreover, they provide the theoretical study of their Pick-Freeze estimators
and extend their definitions to the case of outputs valued in a separable Hilbert space.
Since Sobol indices are variance based, they only quantify the second-order influence of the
inputs. Many authors proposed other criteria to compare the conditional distribution of
the output knowing some of the inputs to the distribution of the output. In [27, 29, 28], the
authors use higher moments to define new indices while, in [4, 5, 10], the use of divergences
or distances between measures allows to define new indices. In [13], contrast functions
are exploited to build indices that are goal oriented. Although these works define nice
theoretical indices, the existence of a relevant statistical estimation procedure is still in
most cases an open question. The case of vectorial-valued computer codes is considered
in [17] where a sensitivity index based on the whole distribution is defined. Within
this framework, the authors show that the Pick-Freeze estimation procedure provides
an asymptotically Gaussian estimator of the index. The cost of an estimator naturally
depends on the cost of each evaluation of the code and on the number of evaluations.
The Pick-Freeze scheme requires 3N evaluations of the output code for the evaluation
of a single index and leads to a convergence rate v/N. Hence, if the number of input
variables is p, the total number of calls of the code is (p + 3)N that grows linearly with
p. This approach has been generalized in [14], where the authors considered computer
codes valued on a compact Riemannian manifold. They use the Pick-Freeze scheme to
provide a consistent estimator requiring 4N evaluations of the output code. The authors
of [19] extend the previous indices to general metric spaces and propose U-statistics-based
estimators improving the classical Pick-Freeze procedure.

We emphasize that the Pick-Freeze estimation procedure allows the estimation of several
sensitivity indices: the classical Sobol indices for real-valued outputs, as well as their
generalization for vectorial-valued codes, but also the indices based on higher moments
[29] and the Cramér-von-Mises indices which take into account on the whole distribution
[17, 14]. In addition, the Pick-Freeze estimators have desirable statistical properties such



as consistency, fixed rate of convergence and exponential inequalities. They have, however,
two major drawbacks. First, they rely on a particular experimental design that may be
unavailable in practice. Second, the number of model calls to estimate all first-order Sobol
indices grows linearly with the number of input parameters. For example, if we consider
p = 99 input parameters and only n = 1000 calls are allowed, then only a sample of size
n/(p+ 1) = 10 is available to estimate each single first-order Sobol index.

In a recent work [9], Chatterjee studies the dependence between two variables by intro-
ducing an empirical correlation coefficient based on rank statistics, see Section 2.3 below
for the precise definition. Further, the quantification of the dependence has also been
investigated in the bivariate case (namely, in the copula setting), see [38, 12, 3]. The
striking point of [9] is that this empirical correlation coefficient converges almost surely
to the Cramér-von-Mises index introduced in [17] as the sample size goes to infinity. In
this paper, we show how to embed Chatterjee’s method in the GSA framework, thereby
eliminating the two drawbacks of the classical Pick-Freeze estimation mentioned above.
In addition, we generalize Chatterjee’s approach to allow the estimation of a large class
of GSA indices which includes the Sobol indices and the higher-order moment indices
proposed by Owen [27, 29, 28]|. Using a single sample of size n, it is now possible to
estimate at the same time all the first-order Sobol indices, the Cramér-von-Mises indices,
and other useful sensitivity indices. Furthermore, we show here that this new procedure
provides estimators also converging at rate y/n by proving a CLT.

The paper is organized as follows. In Section 2, we recall the definition of the Cramér-von-
Mises indices and their classical Pick-Freeze estimation. Further, we show how they can
be also estimated using Chatterjee’s method. In Section 3, we present the generalization
of Chatterjee’s method to estimate sensitivity indices together with the consistency of the
estimation procedure. In addition, we recover the first-order Sobol indices and prove the
asymptotic normality of their estimators. Section 4 considers other classical sensitivity
indices while Section 5 is dedicated to a numerical comparison between the Pick-Freeze
estimation procedure and Chatterjee’s method. We first compare the numerical perfor-
mances of both estimators on a linear model. Finally, we consider a real life application.
As expected, Chatterjee’s estimation method outperforms the classical Pick-Freeze pro-
cedure, even for small sample sizes (which are common in practice). Conclusions and
perspectives are offered in Section 6.

After a first submission of this paper, we have been aware of the very nice work of Broto
et al ([8]) concerning the statistical estimation of Shapley effect where the use of closest
neighbors is also put in action to built consistent estimates.

2 Sensitivity analysis based on Cramér-von-Mises in-
dices

2.1 Definition of Sobol and Cramér-von-Mises indices

The quantity of interest (Qol) Y is obtained from the numerical code and is regarded as
a function f of the vector of the distributed input (X;)i=1,... »

Y = f(Xq,...,Xp), (1)



where f is defined on the state space £y x ... x E,, X; € E;, i = 1,...,p. Classically,
the X;’s are assumed to be independent random variables and a sensitivity analysis is
performed using the Hoeffding decomposition [2, 39] leading to the standard Sobol indices
[35]. This assumption is made throughout the paper, unless explicitly stated otherwise.
More precisely, assume f to be real-valued and square integrable and let u be a subset
of {1,...,p} and ~u its complementary set in {1,...,p}. Setting X,, = (X;,i € u) and
Xou = (Xj,i €~u), the corresponding Sobol indices take the form

_ Var (E[Y'| X))

Su — and SNu — Var (E[Y|X’VU]>

Var(Y) Var(y) @)

By definition, the Sobol indices quantify the fluctuations of the output Y around its mean.
When the practitioner is not interested in the mean behavior of Y but rather in its median,
in its tail, or even in its quantiles, the Sobol indices become less appropriate to quantify
sensitivity. GSA must then be performed in a framework which takes into account more
than one specific moment, such as the variance for Sobol indices. The Cramér-von-Mises
indices introduced in [17] provide alternative indices based on the whole distribution.
They are defined by

W RE[(F@) = FUw)?] dF () \
2 = R~ FO)E() )

where F' is the cumulative distribution function of Y
F(t)=P(Y <t)=E|ly<y| (t€R)

and F™ is its Pick-Freeze version, namely the conditional distribution function of Y con-
ditionally on Xy:

FU(t) =P(Y < t|Xu) = E[lyeyl Xu| (tE€R).

Such a definition stems from the Hoeffding decomposition of the collection of the indicator
random variables (L{y < )wer. It is worth noting that this definition naturally extends to
multivariate outputs.

2.2 Classical estimation of Cramér-von-Mises indices using the
Pick-Freeze method

The estimation of the Cramér-von-Mises index (3) reduces to the estimation of both its
numerator and its denominator. The numerator of S3 o), can be rewritten as

LE[F@) - Fr)] ar@ = B[ [(F() - P y]]
= E [Var (E [Liy <y | Xo, Y] V)]

where Y’ is an independent copy of Y. A Monte-Carlo scheme can be used to estimate
the Cramér-von-Mises indices. The corresponding Pick-Freeze approach from [16, 17, 22]
relies on expressing the variances of the conditional expectations in terms of covariances



which are easily and well estimated by their empirical versions. To that end, we define,
for any subset u of {1,...,p}

YUi— f(XY). (4)

where X" is such that X! = X, and X}* = X if i €~ u, X/ being an independent copy
of X;. The estimation procedure relies on the following lemma which is still valid for any
function g € L? (not only g(y) = Lyy<sy)-

Lemma 2.1.
Var(E[]l{ygt”Xu]) = COV(]l{ygt}, ﬂ{yugt}) (5)

Proof. Let Z = lyy<; and Z" = I{yugy. Since, Z and Z" share the same distribution
and are independent conditionally to X, we have

Var(E[Z|Xy)) = E[E[Z|Xu]’] - E[E[Z|X.]?
= BE[Z|XJJE[Z"Xu]] - E[E[Z|X][E[E[Z"]X]]
= E[E[Z2"X.]] - E[Z]E[Z"]
= E[Z2"] — E[Z]E[Z"]
= Cov(Z, 2").

]

Consequently, the Monte-Carlo estimation can be done as follows. An n-sample (Y3,...,Y,)
of the output Y and an n-sample (Y*, ..., Y") of its Pick-Freeze version Y™™ are required.
In addition, in order to deal with the integral with respect to dF(t) in (3), a third indepen-
dent n sample (W7y,...,W,,) of the output Y is necessary. Then the empirical estimator

1 .
of S5 oy 18

% > =1 (% Z] 1 IL{YgéVVk}IL{Y“<Wk} o Z] 1 H{Ygéwk}n Z?:l IL{Yjuéwk})
5 .
ED Dy <n =1 Lyvyewiy — (% 2 =1 H{Yjswk}) >

(6)

As showed in [17], this estimator is consistent and asymptotically Gaussian (i.e. the rate
of convergence is /n). The limiting variance can be computed explicitly, allowing the
practitioner to build confidence intervals. In particular, if one wants to estimate all the
first-order indices (that is the p first-order Sobol indices) and the p Cramér-von-Mises
indices, (p 4+ 2)n calls of the computer code are required. The number of calls grows
linearly with respect to the number of input parameters. This is a practical issue for large
input dimension domains. A second drawback of this estimation scheme comes from the
need of the particular Pick-Freeze design that is not always available.

2.3 Chatterjee’s method

In [9], Chatterjee considers a pair of real-valued random variables (V,Y’) and an i.i.d.
sample (V;,Y;)1<j<n. In order to simplify the presentation, we assume that the laws of
V and Y are both diffuse (ties are excluded). The pairs (Vi1),Yn)), ..., (Vin), Yin)) are
rearranged in such a way that

V(l) <... <V(n).



Let r; be the rank of Y{;), that is,
ri=#{7" e{l,....n}, Y4 <Vipt
The new correlation coefficient defined by Chatterjee in [9] is

30 [ — 1y
n?—1 '

EV.Y) =1

(7)

The author proves that &,(V,Y') converges almost surely to a deterministic limit £(V,Y)
which is equal to the Cramér-von-Mises sensitivity index S;f cvy With respect to V' oas
soon as V' is one of the random variables X7, ..., X, in the model (1) that are assumed to
be real-valued. Further, he also proves a CLT when V and Y are independent.

Chatterjee also provides a rank statistics analogue to Lemma 2.1. More precisely, let 7(j)

be the rank of V; in the sample (Vi,...,V,) of V and define

L 7 mx(j)+1) ifr(j)+1<n,
NG) = {Wl(l) if 7(j) = . ®)

Observe that &,(V,Y) can be rewritten as @, /S, where

1 & )
j=1
= nj:l n i {Ye<Y; } H{Ye <Yy } n = {Y;<V3} ,
17
Sp = - ZFn(Yj)(l — F,(Y))),

<
Il
—

where F}, stands for the empirical distribution function of Y: F,(t) = % >oi—1 Liv,<sy- The
analogue of the Pick-Freeze version YV with respect to V of Y becomes Yy and Lemma
2.1 is replaced by the formula

E[]l{yj>t}]1{yzv(j)>t}|‘/17 R Vn] = GV] (t)GVN(j) (t) (9)

for all j = 1,...,n that is mentioned in the proof of Lemma 7.10 in [9, p.24], with Gy
the conditional survival function: Gy (t) = P(Y > t|V).

Remark 2.2. In [9], the author considers also the random variables V,, ; due to the fact
that ties are possible. In our paper, we assume that the distributions of V and Y are
diffuse rendering the introduction of the V;, ;’s unworthy since in this case, V, ; = V().

It is worth noticing that a unique n sample of input-output provides consistent estimations
of the p first-order Cramér-von-Mises indices.

3 Generalization of Chatterjee’s method

3.1 A universal estimation procedure of sensitivity indices

In this section, we propose a universal estimation procedure of expectations of the form

E[E[g(Y)VIE[R(Y)IV]],
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for two integrable functions g and h. This result is a generalization of (9) and can be
interpreted as an approximation of (5). To this end, we introduce the function ¥y defined

by

Uy (g) = E[g(Y)|V] (10)

for any integrable function g. Let F,, be the o-algebra generated by {V1,...,V,,}. Note
that in Section 2.3, we have considered g(x) = g4(r) = L{z>4 so that Uy (g) = P(Y
V) = Gv(t).

Lemma 3.1. Let g and h be two integrable functions such that gh is also integrable. Let
(V;,Y))1<j<n be an n-sample of (V,Y'). Consider a F,-measurable random permutation
on such that o,(j) # j, for all j =1,...,n. Then

E [g(V)h(Yo, ) Vi, -, Vo] = Wy, (9) Wy, (). (11)

The previous lemma (the proof of which has been postponed to Appendix A) leads to a
generalization of the first part of the numerator of &, defined in (7). Following the same
lines as in [9], one may prove that such a quantity converges almost surely as n — oo
under some mild conditions.

Proposition 3.2. Let g and h be two bounded measurable functions. Consider a JF,-
measurable random permutation o, with no fix point (i.e. 0,(j) #j), forallj=1,....n
In addition, we assume that for any j =1,....,n, V, ) — V; as n — oo with probability
one. Then x,(V,Y;g,h) defined by

ang hYo, (7)) (12)

J=1

xn(V.Y59,h

_1
n
converges almost surely as n — oo to

X(V.Y5g,h) = E[v(g)Py(h)], (13)
where Wy has been defined in (10).

The reader is referred to Appendix A for the detailed proof of Proposition 3.2.

3.2 Recovering the first-order Sobol indices

We can now leverage the above results and construct a new family of estimators for Sobol
indices. More precisely, let us consider the model (1) and assume we want to estimate
the first-order Sobol index St defined in (2) with respect to V = X assumed to be real-
valued. We then define N as in (8) where 7 is the rank of X;. Taking g(x) = h(x) =
and o, = N, (11) provides the analogue to &, to estimate the classical Sobol indices:

%Z;‘l:lY}YNU)_G ?:1}/;)2
2 - ()

j=1 j=1J

&KLY = (14)

where the denominator is reduced to the empirical variance of Y. As the functions g
and h are here unbounded, Proposition 3.2 does not apply and thus offers no asymptotic
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information. However, the quantity of interest Y being generally bounded in practice,
appropriately truncated versions of g and h could be considered.

This estimator can be compared to the classical Pick-Freeze estimator which is constructed
as follows. For the estimation of S! for instance, an n-sample (Y, ...,Y},,) of the output
Y and an n-sample (Y}!,...,Y}) of its Pick-Freeze version Y! are required. The natural
estimator of S is then given by

n &j=1

PS5 - (1)

n ~~j=1 n ~—j=1

g 2 Z Y - (XL Y) (T YY)

n

(15)

A slightly different estimator that uses all the information available is introduced in [22]:

2
Y, +Y!
15w V1 15 it
~ i YGY (anzl 5 >

3 -
1 —n (Y;)2+(Y})? (1< Y4V}
n ~j=1 2 n &j=1 2

T' =

n

(16)

As for the Cramér-von-Mises estimation scheme, such an estimation procedure has been
proved to be consistent and asymptotically normal (i.e. the rate of convergence is \/n) in
[22, 16]. The limiting variance can be computed explicitly, allowing the practitioner to
build confidence intervals. In addition, the sequence of estimators (7}),, is asymptotically
efficient to estimate S’ from such a design of experiment (see, [39] for the definition of
the asymptotic efficiency and [16] for the details of the result).

3.3 A CLT for the mighty estimator of the classical first-order
Sobol indices

We establish a CLT for the estimator £3°°°/(X,Y") of the first-order Sobol index

gl _ Var(E[Y'| X1])
Var(Y')
with respect to X; (assumed to be real-valued) under some mild assumptions on the

model f and the random input X in (1). The proof of the theorem is given in Appendix
B.

Theorem 3.3. Assume that X, is uniformly distributed on [0,1] and f in (1) is a twice
differentiable function with respect to its first coordinate. Further, we suppose that f and
its two first derivatives (with respect to its first coordinate) are bounded. Then

\/ﬁ (550b0l<X17 Y) o Sl)

is asymptotically Gaussian with zero mean and explicit variance o given in Appendiz
B.5.

Remark 3.4. The boundedness of f implies that f has a fourth moment, that is the
minimal assumption to get a CLT.

The assumption on the distribution of X; can be relaxed as stated in the following corol-
lary.



Corollary 3.5. Let Fx, be the cumulative distribution function of X,. Assume that
fo F)}ll is a twice differentiable function such that f o Fg} and its two first derivatives
are bounded. Then the conclusion of Theorem 3.3 still holds.

Observe that Theorem 3.3 and Corollary 3.5 naturally allow to build statistical tests for
testing
Hy:S'=0 against H;:S'#0.

One can note that Chatterjee [9] result allows to test the independence of the input X;
with respect to the output Y which is a stronger assumption than S! = 0, this was
for example studied in [34]. In addition our result allows to compute the power of the
statistical test against any alternative of the kind Hy , : S* # z for any x < 0.

Remark 3.6. A careful reading of the different steps of the proof shows that Theorem 3.3
can be slightly extended to more general situations involving more than two successive
order statistics and with more general second variable (X, ..., X,). See the forthcoming
paper [18].

4 Recovering other classical indices

4.1 Sensitivity indices in general metric spaces

In this section, we consider a computer code of the form (1) valued in a general metric
space M as presented in [19]. In this context, the authors of [19] consider a family of test
functions parametrized by m elements of M (m € N*). For any a = (a;)i=1
the test functions

.....

MPx M — R
(a,x) = T,(z)

are assumed to be L?-functions with respect to the product measure P @ P on M™ x M
where P is the distribution of the output, still denoted by Y. Then they define the general
metric space sensitivity index with respect to X; by

o e BEITL(Y)] ~ EIL(YV)|X0)°] P2 (a)
2O Togm Var(T,(Y))dP=™ (a) '

(17)

This general class of indices encompasses the classical sensitivity indices, for instance,
the Sobol indices and the Cramér-von-Mises indices. Naturally, a Monte-Carlo procedure
based on the Pick-Freeze scheme can be performed to estimate S} /-

Estimation procedure based on U-statistics In [19], the authors propose a more
efficient estimation procedure based on U-statistics (see [19, Equation (13)]). More pre-
cisely, for any 1 <i < m +2, let y; = (y;,y;) and define

=
<
3

=

( ) (
( ) =Ty (
(I)3(y17 s 7Ym+l) = Ty1,...,ym (ym-i-l
Du(yr, -y Ymr2) = Ty



In addition, set

m(l)=m(3)=m+1 and m(2)=m(4) =m+2 (18)
and define for j =1,... .4,
@) = [ iyis e Y)Y (31 Vi), (19)

where Py stands for the law of Y = (Y, Y1), Finally, we introduce the application W
from R* to R defined by

e R4 -~ R
(z,y,2,t) — T (20)

Then one can express S3 ), in the following way

Sa.cnrs = ¥ (1(®1), 1(Ps), I(®3), I(Dy)) . (21)

Following the framework of Hoeffding [21], we replace the functions &, &y, ®3, and Py,
by their symmetrized version ®7, ®3, ®3, and ®j:

CDS(yl)v}Im): . q)’(YTlv"'ami')

j ) = Gl Te%(j) i (Y- (m()

for j =1,...,4 where S is the symmetric group of order k. For j = 1,...4, the integrals
I(®3) are naturally estimated by U-statistics of order m(j). More precisely, we consider
an n ii.d. sample (Yy,...,Y,) with distribution Py and, for j = 1,...,4, we define

U, = ( n,)> Y e (Yoo Yi,). (22)

M) 1< Ghg<n

[21, Theorem 7.1] ensures that Uj,, converges in probability to I(®;) for any j = 1,...,4.
Moreover, one may also prove that the convergence holds almost surely proceeding as in
the proof of [17, Lemma 6.1]. Then we estimate S3 ;)¢ by

U n - U n
S;,GMS,’VL = H = w(Ul,na U27n7 U37n7 U4,n)' (23>

A novel estimation procedure In light of Section 3.1, we introduce a novel estimation
EM3(X1,Y) of 53 gpg in (17) as follows. The Pick-Freeze scheme is replaced by the use
of the Yx(;)’s where N is the permutation defined in (8) and the integration with respect
to P®™ is handled using a unique n-sample of Y. More precisely, the empirical estimator
M3 (X1,Y) of S5 g is given by the ratio between

1 1
v > [n DTy oy, (V) Ty, v, (YNi(j))l
1<it,eim<n LT j=1
Loy [ﬁT ( >r
- — - Vi, oo Yin,
(P spon) R B ’
and
1 1 1 1 2
o > anTnl»---,nm(%)ﬂ o > [RZTEP---»%(W] :
1<it,eim<n LT j=1 1<it,0im<n LT j=1



4.2 Owen higher-order moment indices

Following [28, 29|, we consider extensions to Sobol indices obtained by replacing their
numerator by higher-order moments. More precisely, for any integer g > 2, we set

Hy :=E[E[Y|X:] - E[Y])T]. (24)

See [17] for known properties of H,.
In order to construct a Pick-Freeze estimator for qu, we refer the reader to [17]. More
precisely, we first observe that

q q !

m l

e[ fj -] sl fior
m=1 l =1

with the usual convention [1°_,(Y!)™ = 1. Here, Y;! =Y and, fori = 2,...,q, Y;! is con-

structed independently (similarly to Y in (5)). Now we construct a Monte-Carlo scheme

and consider the following Pick-Freeze design constituted by a n-sample (Yf])(A Selox
2y q”in

of (Yll, . ,Y;) where, for any positive integer k, Iy stands for the set {1,...,k}. The
resulting Monte-Carlo estimator is then

i, =3 (1) o (7))

=0

where for any positive integer n, j € I,, and [ € I, we have set

-1 l N
q -t 1
PY = <z> 3 (Hl y,ji’j> and P = lel}j.
1= 1=

ki1<..<k€lq

This setting generalizes the estimation procedure from [16] and uses more information by
considering the means over the set of indices ki, ...,k € Iy, k, # k.

A novel estimation procedure We generalize the procedure proposed by Chatterjee
in order to estimate higher-order moment indices. To that end, we introduce, for all
me{l,...,q—1}and j € {1,...,n},

“Hr(j) +m) if 7(j) +m < n

r(j)+m—mn) if x(j)+m >n. (25)

Now(j) = {Z

Note that N; = N. It remains to update Lemma 3.1 as follows.

Lemma 4.1. Let (gm)m=0...q—1 be a family of measurable functions in L*(R). Let (V;,Y;)1<j<n

.....

be an n-sample of (V,Y). Then

q—1 q—1
H Im YNm )|VY1a ce = H wVNm@) (gm)7 (26)
m=0 m=0

where by convention No(j) =7 forallj=1,...,n

11



Finally, Lemma 4.1 (with g,,(y) = vy, forally € Rand m =0, ...,¢—1 together with (24))
allows us to propose a more efficient estimation procedure of the higher-order moment
index H, introduced by Owen.

Remark 4.2. While the collection of all indices (H q1> is more informative than the classical

Sobol indices, it also has several drawbacks. First, these indices are moment-based and, as
is well known, they are not stable when the moment order increases. Second, they may be
negative when ¢ is odd. To overcome this fact, one could introduce E [|E[Y|X;] — E[Y]|Y]
but the Pick-Freeze estimation procedure is then lost. Third, the Pick-Freeze estimation
procedure is computationally expensive and may be unstable: it requires a ¢ X n-sample
of the output Y. In order to properly assess the influence of an input on the law of the
output, we need to estimate the first K — 1 indices H,: Hj, ..., Hj.. Hence, we need to
run the code K x n times. These indices are thus not attractive in practice.

5 Numerical experiments

5.1 Numerical comparison on the Sobol g-function: conven-
tional Pick-Freeze estimators vs Chatterjee’s estimators

In this section, we compare the performances of both estimation procedures on an analytic
function: the so-called Sobol g-function, that is defined by

14X, — 2| + a;
=l

Xy, ...
g( 1, 7 a1 1_,_@Z

, (27)

where (a;);en is a sequence of real numbers and the X;’s are i.i.d. random variables uni-
formly distributed on [0, 1]. In this setting, one may easily compute the exact expression
of the first-order Sobol indices:

G 1/B0+a)
T /G + a)] - 1

As expected, the lower the coefficient a;, the more significant the variable X;. In the
sequel, we simply fix a; = i.
Due to its complexity (non-linear and non-monotonic correlations) and the analytical
expression of the Sobol indices, the Sobol g-function is a classical test example commonly
used in GSA (see e.g. [32]).

Convergence as the sample size increases In Figure 1, we compare the estimations
of the six first-order Sobol indices given by both methods (p = 6). In the Pick-Freeze
estimations given by (16), several sizes of sample N have been considered: N = 100,
500, 1000, 5000, 10000, 50000, 100000, and 500000. The Pick-Freeze procedure requires
(p+ 1) = 7 samples of size N. To have a fair comparison, the sample sizes considered in
the estimation of £5°°°! are n = (p + 1)N = 7N. We observe that both methods converge
and give precise results for large sample sizes.

12



Figure 1: The Sobol g-function model (27). Convergence of both methods when N
increases. The sixth first-order Sobol indices have been represented from left to right
and up to bottom. Several sample sizes have been considered: N = 100, 500, 1000,
5000, 10000, 50000, 100000, and 500000 for the Pick-Freeze estimation procedure and
correspondingly (p + 1)N for the estimation procedure proposed in [9]. The z-axis is in
logarithmic scale.

Comparison of the mean square errors We now compare the efficiency of both
methods at a fixed sample size. In that view, we assume that only n = 700 calls of the
computer code f are allowed to estimate the six first-order Sobol indices. We repeat the
estimation procedure 500 times. The boxplot of the mean square errors for the estimation
of the first-order Sobol index S! with respect to X; has been represented in Figure 2. We
observe that, for a fixed sample size n = 700 (corresponding to a Pick-Freeze sample size
N = 100), Chatterjee’s estimation procedure performs much better than the Pick-Freeze
method with significantly lower mean errors. The same behavior can be observed for all
the first Sobol indices as can be seen in Table 1 that provides some characteristics of the
mean squares errors.

Pick-Freeze Chatterjee
Mean Median Stdev Mean Median Stdev
mse ST [ 0.0095548 | 0.0039458 | 0.0145033 | 0.0010218 | 0.0004498 | 0.0013999
mse S2 | 0.0105727 | 0.0046104 | 0.0148873 | 0.0017314 | 0.0006870 | 0.0027436
mse S3 | 0.0101785 | 0.0041789 | 0.0143846 | 0.0016667 | 0.0006409 | 0.0024392
mse S* | 0.0105463 | 0.0047284 | 0.0178064 | 0.0018522 | 0.0008126 | 0.0025296
mse S° | 0.0097979 | 0.0042995 | 0.0135533 | 0.0016285 | 0.0006855 | 0.0024264
mse S% | 0.0096109 | 0.0046822 | 0.0134822 | 0.0015590 | 0.0007080 | 0.0021333

Table 1: The Sobol g-function model (27). Some characteristics of the mean square errors
for the estimation of the six first-order Sobol indices with a fixed sample size and 500
replications. In Chatterjee’s methodology, the sample size considered is n = 700 while in
the Pick-Freeze estimation procedure, it is N = 100.
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Figure 2: The Sobol g-function model (27). Boxplot of the mean square errors of the
estimation of S! with a fixed sample size and 500 replications. The results of Chatterjee’s
methodology with n = 700 are provided in the left panel. The results of the Pick-Freeze
estimation procedure with N = 100 are provided in the right panel.
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Performances for small sample sizes or for large number of input variables As
expected, we can observe in Table 2 that Chatterjee’s procedure proceeds much better
than the Pick-Freeze methodology for small sample sizes. Similarly, if the number of input
variables increases drastically, we can observe the same behavior as can be seen in Figure
3. In that case, we consider the model (27) for several values of p: 6, 10, 15, 20, 30, 40,
and 50.

Pick-Freeze Chatterjee
N =10 N =50 N =100 n="70 n = 350 n = 700
mse S! | 0.1128686 | 0.0172275 | 0.0095548 | 0.0116790 | 0.0022941 | 0.0010218
mse S? | 0.1509575 | 0.0223196 | 0.0105727 | 0.0177522 | 0.0033719 | 0.0017314
mse S | 0.1469124 | 0.0220015 | 0.0101785 | 0.0175517 | 0.0032474 | 0.0016667
mse S* | 0.1591130 | 0.0196357 | 0.0105463 | 0.0159360 | 0.0033948 | 0.0018522
mse S° | 0.1646339 | 0.0240353 | 0.0097979 | 0.0158563 | 0.0032230 | 0.0016285
mse SO | 0.1466408 | 0.0217638 | 0.0096109 | 0.0166701 | 0.0029653 | 0.0015590
Table 2:  The Sobol g-function model (27). Mean squares errors of the estimation of the

six first-order Sobol indices with small sample sizes and with both methods.

Figure 3: The Sobol g-function model (27). Mean square errors of the estimation of the
six first-order Sobol indices with respect to the number of input variables with a fixed
sample size and 500 replications. We consider the sample sizes n = 200 in Chatterjee’s
methodology and N = n/(p + 1) in the Pick-Freeze procedure. The number of input
variables considered are p = 6,10, 15, 20, 30, 40, and 50.

5.2 An application in biology

Here, we illustrate the nature and the performance of the Cramér-von-Mises indices and
their corresponding Chatterjee estimators as a screening mechanism for high-dimensional
problems. To do so, we consider the neurovascular coupling model from [20]. Mathemat-
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ically, this corresponds to the following differential-algebraic equation (DAE) system

o =GV, 2,X), (28)

0=H(W,ZX), (29)

where W = (W1, ..., Wyx) and Z = (Z, ..., Zy) correspond respectively to the differen-
tial and algebraic state variables of the models. The variables X = (Xj,...,X,,) corre-
spond to the uncertain parameters of the model. Our quantity of interest corresponds to
the time average over [0, 7] of W* (which is one of the differential state variables Wy, ...

WN), ie.

Y

Y = ;/OT W(t) dt. (30)

As above, we regard Y as a function of the unknown parameters, i.e., Y = f(X1,...,X,).
In our implementation, the values of W* are obtained by solving the above DAE system
(Equations (28) and (29)) by the MATLAB routine odel5s (it can be checked that (28)
and (29) form an index one system). Further, in the current example, N = 67 and
p = 160 and the distributions of most of the X;’s are uniform and allowed to vary +10%
from nominal values (see [20] for additional details).

We compare the results from the Chatterjee estimators as described above to those re-
sulting from the linear regression

160

f(Xl, . 7X160) = /\0 + Z/\JXJ

J=1

As shown in [20], the above approximation performs well for the considered Qol. We

assign to each variable X, ..., X4 a relative importance L; where
by .
Lj:%, 7=1,...,160.
=1 |)‘€|

Figure 4 displays the results. Both screening approaches identify the same to three in-
fluential parameters. More parameters are identified as being non-influential through the
linear regression approach than using the Cramér-von-Mises indices.

6 Conclusion

In this paper, we explain how to use the estimator proposed by Chatterjee in [9] to provide
a very nice and mighty procedure to estimate both all the order one Sobol indices and the
so-called Cramér-von-Mises indices [17] at a small cost (only n calls of the computer code).
We also extend Chatterjee’s method to estimate more general quantities. Furthermore,
we show a CLT for our estimations of Sobol indices. As examples, we consider two indices
already introduced in sensitivity analysis: the indices adapted to output valued in general
metric spaces defined in [19] and the higher-moment indices [28, 29]. A general CLT will
be established soon in [18].

Acknowledgment. We warmly thank Robin Morillo for the numerical study provided
in Section 5.2. Moreover, we deeply thank the anonymous referee of the early version of
our paper who pushed us to prove the CLT.
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A Proof of the consistency

Proof of Lemma 3.1. Using the measurability of ¢,, and by independence, we have

E [g(05)h(Yo, )] = E[g(¥) z MO, -y ]
%
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I#j
= \IJV Z ]]-{0' l}\IIVl h) = \I/V] (g)\I[VJMj)(h)‘

l#]
[l

Proof of Proposition 3.2. We follow the steps of the proof of Corollary 7.12 in [9]. Our
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proof is significantly simpler since o, is assumed to have no fix points and V' is continuous
so that the are no ties in the sample. To simplify the notation, we denote x,(V,Y; g, h)
and x(V,Y;g,h) by x,, and x respectively.

We first prove that, for any measurable function ¢,

V1) = o(Va, 1)) = 0 (31)

in probability as n — oco. Let ¢ > 0. By the special case of Lusin’s theorem (see [9,
Lemma 7.5]), there exists a compactly supported continuous function ¢: R — R such
that P({z; ¢(z) # ¢(x)}) < e, where P stands for the distribution of V. Then for any
0> 0,

P([o(V) = ¢(Vau)| > 8) < P (|6(4) = @(Va)| > 9)
+ P ((Vh) # $V1) + P(p (Vo) # $Ve)) - (32)

By continuity of ¢ and since V;, 1) — V; as n — oo with probability one, the first term
in the right hand side of (32) converges to 0 as n — co. By construction of g, the second
term is lower than €. Turning to the third one, we have thus

Blo(Vou)] = 3 Elo(Vau)] = - 3 3 Elo()1 5, 1-0)
S
-2 Enj Enj Elo(V)Lioniy=n) = i iE[w(Vz) En: Lion()=n)]
5 S
= & S El(V)] = Ele(V)

where we have used the fact that by assumption o, has no fix point and the V;’s have no
ties. This yields

Plo(Vo, ) # (Vo)) = Ple(V1) # &(V1)) <,

and, since £ and § are arbitrary, (31) is therefore proved.
Now, since = — ¥, is a measurable function and applying (31), we have

{ \IJVI (g) - \I/Vgn(l)(g) — 0,

By (h) = Ty (h) =0 in probability as n — oc. (33)
1 on (1) ’

Lemma 3.1 and the dominated convergence theorem lead to

Blxe] = 1+ 3 Bl (4)h(Yr )] = El(5)(Y5, )
= E[\val (g)‘I]meu) (h)] - E[‘I]V(g)qj\/<h)] = X(V7 Y; 9, h) (34>

where we have taken into account the fact that Wy (g) and Wy (h) are bounded (due to
the boundedness of g and h) and used (33).

The last step of the proof consists in comparing y,, with E[x,] using Mc Diarmid’s con-
centration inequality [25]. To be self-contained, we recall this result.
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Theorem A.1 (Mac Diarmid’s bounded difference concentration inequality [25]). Let
W = (Wh,...,W,) be a family of independent variables with W; taking its values in a set
Ay. Consider a real-valued function ¢ defined on 117_, Ay, satisfying

lo(w) = p(w)] < e (35)

as soon as the vectors w and w' differ only on the k-th coordinate. Then we have, for any
t>0,

P (1) Bl > 6 < 2o ().

Sharper constants can be obtained in Mc Diarmid’s inequality by using the inequalites
from [6, 7]. As we are interested in asymptotic results the accuracy of the constant has
no impact on the result.

Following the same lines as in the proof of [9, Lemma 7.11], Theorem A.1 then implies

P([xn — E[xall 2 t) < 26Xp{—2n2t2/02}, (36)

where C'is a universal constant and we conclude the proof by combining (34) and (36). O

B Proof of the asymtotic normality
Framework and goal We consider the model defined in (1) that can be rewritten as
Y = f(X,W) (37)

where X = X; and W = (Xs,...,X,) are two independent inputs of the numerical code
f that is assumed to be bounded.

The random variables X and W are defined on a product space 2 = Qx X Qu; so
that for any w € Q, there exists wx € Qx and wy € Qu and we have (X, W)(w) =
(X(wx), W(ww)). Further, we consider my the projection on 2y and the product measure
P=Pxy®Py =Lx ® Ly, where Lx is the distribution of X and Ly, is the distribution
of W. Naturally, Py = Po m;"

We aim to prove a CLT for the estimator £5°P°/(X|Y) of the classical first-order Sobol

index with respect to X:
Var(E[Y'| X])

Var(Y')

This estimator has been defined in (14) and is also equal to

S* =

L Y Yy — (250, )
Ly - (B ;)

j=1 j=1"J

gTSLobol (X, Y)

)

where the denominator is reduced to the empirical variance of Y.
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Notation It is convenient to have short expressions for terms that converge in probabil-
ity to zero. We follow [39]. The notation op(1) (respectively Op(1)) stands for a sequence
of random variables that converges to zero in probability (resp. is bounded in probability)
as n — 0o. More generally, for a sequence of random variables R,,,

X, =op(R,) means X,=VY,R, with Y, 50
X, =O0p(R,) means X, =Y,R, with Y, =0p(1).
For deterministic sequences X,, and R,,, the stochastic notation reduce to the usual o and

0.

B.1 Proof of Theorem 3.3
The proof will proceed as follows. First, we prove a CLT for

1= 1 1. 1 7= 1 1 1
( Z Yo, () You(i+1), — O Y - Zl Yf) ( Z Yo Yo+, Zl Youti) > Yoi(j)) :
i= i=

Jj=1

3

Since f is bounded, notice that it amounts to prove a CLT for
1= 1 1 n—1 1 n—1
2
Z Yo'n ])Yan(]""l) Z YGn(.f)’ E Z YUn(]) )
"= "= j=1

where as mentioned in Section 3.3, 0,, = N defined in (8). Secondly, we use the so-called
delta method [39, Theorem 3.1] to conclude to Theorem 3.3.

It is worth noticing that the permutation on the W’s do not affect the result as seen in
the sequel. For j =1,...n — 1, introducing

Ay = f (Ko Ws) = 1 (nj+1WJ>

and
(] ,
Wn,j T (m7M) (38>
leads to
c
Yot =F (Xou) Woutn) = f (Xowis Wi ) = B + f (Way)
and

Yo, Yous0) = | (Xowt)s Wout)  (Xoutgs1ys Wono1))
£ F (Ko Wi) | (Xougien, Wis)
= (f (Why) + An,j) <f (W) + Aw’+1>
= f W) f Waji1) + By f (Wagi1) + Dngirf W) + BB
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Thus we are led to establish a CLT for

1 n-1 f(Wn,j)f(an—f—l) + An]f( nj-i-l) + An]—Hf( nj) + AnjAnJ—i-l
Zn=— 3 FWag) + A ) . (39)
= (F(Woy) + Any)

Let us discard the negligible terms in the CLT for Z,. In that view, noticing that

and

Var(X,, ;) = (T‘Zg_ll_)gj(:_:)m - [(Xan(j) - j) 1 < 4

we first establish

Ji 1
Xop(j) — —— = — . 4
on(J) n+1 Op (ﬁ) (40)
As explained bellow (40) will imply
1 7= 1

1 1 1
— Z A = O[FD (n) and n Z ATLJATL j+1 = O]P> (n> . (41)

First of all, we expand A,, ; using the Taylor-Lagrange formula, for any j = 1,...n —1
and we obtain

1
By = (Xouin = ) ) 4 (o = 20) o (i W) (2)

where 6, ; (resp. d, j41) lies in the unordered segment (X, (;), 7/(n+1)) (resp. (Xo, (j+1), (J+
1)/(n+1))) and where f, and f,, are the first and second derivatives of f with respect
to the first coordinate. This leads to expansions for Afw and A, ;A i1

A2, = (Yo~ — 1) (e (W) + 5 (X,,n o - )fm( ni onm))Q

Jj+1
Bsugis = (Yo = 45 (X ——
1
(fx( Waj) + 2<Xon(a) )fm(nm on(z)))

1 j+1
(f:c ( n]+1) + 5 <Xon(j+1) ) fx:r: ( n,j+1, Wan(jJrl)) .

Finally, using the boundedness of f, f., and f,,., together with (40), (41) follows.
Remark that the proof of (41) yields also

1n§fam_0p<\/15> (43)

7=1
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from which it is clear that this term will contribute in the CLT on Z,,. Then (41) entails
that the asymptotic study reduces to that of the empirical mean of

Zn,j = Bn,j + Cn,j

where
f(Wn,j)f(Wn,jJrl) An,jf (Wn,j+1) + An,jJrlf (Wn,j)
B, ;= FWas) and C,, ; = AW . (44)
f(WnJ)Z 2An7jf<Wn,j)

First, we consider B, ; in (44) and we establish the following result, the proof of which
has been postponed to Appendix B.3.

Lemma B.1. As n — oo, the random vector B,, given by

1 n—1 1 n—1 T
ﬁ ]z:l Bn,j = E ]z:l (f (ij) f (Wn,j—l—l) ) f (Wn,j) ) f (WnJ)Q)

satisfies a CLT. More precisely,
\/E(Bn — mB) i) ./\/3(0, ZB),
n—oo
where
/ 2 T
mp = (E[VY'], E[Y],E[Y?]) (45)

Y'= f(X, W), W' is an independent copy of W, and X5 has an explicit expression given
in Appendix B.3.

Remark that Y’ is the so-called Pick-Freeze version of Y with respect to X. Secondly,
we establish a conditional CLT for the empirical mean of the (), ;’s defined in (44). The
reader is referred to Appendix B.4 for the proof of this result.

Lemma B.2. There exists a measurable set 11 € Qv having Py, -probability one such that,
for any ww € 11, we have

V(- ww) =5 N5 (0, 5¢).

Moreover, ¥ does not depend on wy and has an explicit expression given Appendix B.4.
Considering the characteristic function of the vector v/n(B, — E[B,], C,), one may write

E [61'(\/5(5,(3”—1[*3[3"}))+\/ﬁ(t,Cn>)] =K [eiﬁ<57(BH_E[B7L]))E {ei\/ﬁ@,Cn)

Fu]

for any s and ¢ € R®. On the one hand, E [e"\/ﬁ(tvcn> .FW} converges almost surely to

exp{—t'X¢t/2} which is not random. On the other hand, /n(s, (B, —E[B,]))] converges
in distribution to a Gaussian random variable denoted by B,. By Slutsky’s lemma,

Fu])

(Vals, (B, — BB E [0
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converges in distribution to (Bs, exp{—t'Xct/2}). We consider the application h: (u,v) €
R x D(0,1) — e™v € C where D(0,1) is the unit disc in C. The continuity and the
boundedness of h lead to the convergence in distribution of ¢?v™s(Bn—E[Bnl)) [eiﬁ(ucﬂ fW}

and we conclude to the asymptotic normality of \/n(B,, — E[B,], Cy) to a six-dimensional

. . . . . (Y O
Gaussian random vector with zero mean and variance-covariance matrix L It
c

remains to apply the so-called delta method [39, Theorem 3.1] and Slutsky’s lemma to

get the required result. The details of the computation of the asymptotic variance o2 can

be found in Appendix B.5.

B.2 Technical results
B.2.1 Convergence of random measures

In the sequel, we will denote by L7 the law of a random vector Z.

Lemma B.3. There exists a measurable set 11 C Qy, with Py -probability one such that
for any wy € 11,

1 n—2
7Tn<wW) = ﬁ zzl 5(#,%,%,Wj(wvv),wj+1(ww)) = T i= ﬁ(X,X,X) ® Lw @ L,
]:

as n — oo where as before X is uniformly distributed on [0,1] and = stands for the weak
convergence of measures.

Proof of Lemma B.3. Let wy € Q. Let us consider the continuous and bounded func-
tions defined on R® by

Gs.s s e (@, 2 2" w,w') = expfi(se + 2" + s"2" + tw + t'w')},

for any s, ', s”, t, and ¢’ real numbers. To prove the weak convergence of the measures
(7n(ww ) )n, we show that 7, (ww)(gs,s s7t) converges almost surely for any s, s, s”, t,
and t' € Q as n — oo. Finally, we will conclude by density of rational numbers in R.
Let (s,s',s",t,t') € Q° be fixed. To ease the reading, we use the shorthand notation g for
Js,s s+ and we omit the notation wy, as classically done in probability.

One has

1 e 7{(573 +S, i+l -‘y—S"L +tW ‘+t/ W, )
2 : J +1
‘zn(g) - /”(17 n — e n+1 n+1 n+1 J .
J 1

Obviously, by the independence of the sequence W, and the convergence theorem of
Riemann sums,

-2
17 G a2
J— E eZ(Sn+1+S n«&»lJrS n+1)
n -

J=1

E [r.(g)] = E [eitw] E {ez‘t’W]

n—o0

& F [eitW] E [eit’W} /01 pilsts'+s")a g
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Observe that the almost sure convergence of , is equivalent to the almost sure conver-
gence of its real part and that of its imaginary part. Setting
J J+L g t2

Uy = tWe +t' Wiy,

we have
1 n—2

R(ma(g)) = — Z cos (Up,;) -

n i=1

In order to apply the Borel-Cantelli lemma, we need to control the fourth moment

E [(R(ma(9)) — E[R(ma(9)))] = nlE (Z cos (Uy ;) — E[cos (Un,j)])

The random variables cos (U, ;) — E[cos (U, ;)] are real-valued, centered, and bounded so
that we can apply inequality (2.14) page 37 in [30]. Then we obtain

E (nz:: cos (Up,j) — E[cos (Un])}) < 224n? (Ag(a_l))z (46)

where

N

Ay(a™) = sup (m+1)(au)?,
o<m<n
where () is the sequence f the strong mixing coefficients of the sequence (U, ;). Now
since the random variable Z7' only depends on (W;, Wji1), o equal zero as soon as
m > 2. Hence, there exists a positive constant K such that

It follows by Borel-Cantelli lemma that the real part of m,(g) converges almost surely.
Since the imaginary part can be treated using the exact same steps, the proof of Lemma
B.3 is almost complete. Hence, there exists a Borel set Ny g 7 ¢p with P(Ngg or1p) = 1
so that the previous convergence holds on Quy\N; ¢ ¢ +v. It remains to define II :=
Qw\ U(s,s,s t,01)€s Ns,st,s7 8,00 Obviously, one has P(IT) = 1 and the almost sure conver-
gence holds on II for all functions g, ¢ ¢ ¢ with (s, s, s",t,t') € Q°.

Finally, the result holding for any five-uplet (s,s’,s”,t,t') € Q°, we conclude to the
required result by density of rational numbers in R. O]

The obvious following corollary is a direct consequence of Lemma B.3.
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Corollary B.4. We use the notation of Lemma B.3. For any wy € 11, as n — oo,

j=1
1 n
pon (W) 1= ngé%,wj(ww)) = pu:=Lx @ Lw,
1 n—1
vn(wiw) = n “ ] 6(ﬁv%ij(ww)ij+1(ww)) = v:=Lixx)®Lw @ L.
‘7:

B.2.2 Generalized L-Statistics

Lemma B.5. Let (E;);>1 be a sequence of i.i.d. random variables with standard exponen-
tial distribution and let 1 be a bounded measurable function on [0,1]. We assume that the
set of discontinuity points of 1 has null Lebesque measure. Then, the sequence

(n‘” ni; (G /n)(Ej — 1))

neN*
converges in distribution towards a centered Gaussian law. The asymptotic variance is
03 1= Jion ¥*(x)dw.
Proof of Lemma B.5. For k € N*, let cum,, denotes the cumulant of order k of
1 -l

7 J_Z_; b(5/n)(E; = 1).

Obviously, cum; = 0 and, for k£ > 2,

1 n—1 . k;
cumy, = n))".
So that, lim,, . cumy = [ ?(z)dz while, for k > 3, lim,, ., cumy = 0. O

Remark B.6. The previous lemma obviously extends to the case of a continuous function
U = (¢;) valued in R? (d > 1). In this case, the asymptotic covariance matrix Yy is
the Gram matrix (f[O,l} Yi(x);(z)de; 1<i,5 < d). Indeed, the previous lemma holds
for any linear combination of such random vector sequence. A direct computation of the
asymptotic variance leads to the quadratic form built on Xg.

The next lemma is a generalization of the CLT for a L-statistics (see, e.g., [39, Chapter
22]).

Lemma B.7. Let (U,B(U)) be a Polish space where B(U) denotes the Borel o algebra

of U. We consider a sequence (X;)i<j<n, nen+ valued in U and Q) a probability measure
on U x [0,1]. We assume that the sequence of empirical measures (% Z;le 5Xj7j/n> x
converges in distribution to Q).
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Let ¢ be a bounded measurable real function on U x [0,1]. We assume that the set of
discontinuity points of 1 has null QQ-probability. Then,

' 1 n—1 ] r

where the asymptotic variance si is given in (48).

Proof of Lemma B.7. Recall that the sequence (E;) has been defined in Lemma B.5. We
have

X J oL XiaBE
on(f) — n+1 S
n+1 > n+1
1 J ] n+1
= Ez Ez
= S E; n—i—l; +1)2;
1 1 Z ' ’f
,ﬁl YL E \n+ 15 )?
so that,
1 1
Dn - 1 i p
Vn(n + ) bl i Ei
J j n+1
] E,-1)— —— E,—1)]|.
;w(xm/n) ;( ey DOLCC gy
J= 1= i=
Using the assumption on the empirical measure, we get
LS i) L 1= [ e e)
n]:1 7 n+1 ' UX[O,H ’ ’ .

Further, by the weak law of large numbers, (1/(n + 1)) S/ E; converges in probability
to E[E;] = 1. Hence, by Slutsky’s lemma, we are led to consider the random vector

Vo \/1% (nil Dy Z(i%{/n) 1%:1(Ei - 1)) '

Notice that the first coordinate of V;, can be rewritten as (up to the normalizing factor
—1/2)
n

HZ( _1“ Zw (xj,/n) KJ) (E; - 1).

For t € [0,1], let &(t) := [yyp w(x, x)dQ(x, z). We will show below that

—0. (47)

lim sup
" teo,1]

(n+1 > ¢ 0,i/m)1 ) — P(t)

Let assume for a while that this result holds. Then, in our study, we may replace V,, by

o e (PR )
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since (47) implies that lim,_ E||V,, — V,||*> = 0. Using Remark B.6, we obtain that the
sequence (V,)nen+ converges in distribution to a centered Gaussian vector with covariance

matrix
<f01 @*(t)dt ¢(t)dt>
Joodt 1 )"

Finally, using the so-called delta method [39, Theorem 3.1], (D,,)nen+ converges in distri-
bution to a centered Gaussian variable with variance

$2 = /0 (6(t) — 1)t (48)

It remains to show that (47) holds. First let assume that ¢» > 0. Set, for j = 1,...n,
dn(j/n) == (1/(n+1)) 0= ¥ (x;,7/n) and consider the piece-wise linear extension ¢,
defined on [0, 1]. The second Dini’s theorem [31] allows to conclude that the sequence of
functions (¢, )nen+ converges uniformly to ¢ yielding the result. In the general case, we
may mimic this reasoning on ¢ = sup(,0) and ¢~ = sup(—1,0) and so conclude. [

Notice that, using the definitions of ¢ and I and applying Fubini’s theorem, 372/) can be
explicited as follows:

sy = /Ol(cﬁ(t) — I)%dt
! 2
- /0 <‘/U><[0,1} w<X’ x)(ﬂtgl‘ - ﬂf)dQ(X, m)) dt
- /01 //(UX[O 1])? Y(xa, 21)Y (X2, ©2) (Li<ay — 1) (Lica, — 22)dQ(X1, 21)dQ(X2, x2)dt
— // Y(x1, 71)Y (X2, T2) /1(ﬂt<m1 — 1) (Licg, — 22)dtdQ (X1, 21)dQ(x2, 2)
(U%[0,1])2 )

= //(UX[O e Y(xa, 1)V (X2, T2) (X1 A T2 — 2122)dQ (X1, £1)dQ( X2, T2). (49)
B.3 Proof of Lemma B.1
One has
1 n—1
E(Ba = = 3 (ELf W) f Wast)|EL (Wa ) E [F (Wai)?])
j=1

the first coordinate of which converges as n — oo to

LB @) f W) dnte ') = BIBLF (X W) S (X W) |X)
~E[f (X, W)/ (X, W) = E[YY).

The two other coordinates can be handled similarly leading to

E[B.) — (E[YY')E[Y],E[Y?) =mp.

n—oo

We apply the CLT for dependent variables proved in [26] to B! .. the centered version

n,37

of the random variables f(Wn,j)f(WmH)/\/ﬁ with m = 1, a=0, and because f is
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bounded (so is E}”) Assumptions (1) and (2) in [26] obviously hold, the assumption (3)
is naturally fulfilled and assumption (4) is a mere consequence of Chebyshev’s inequality
and the boundedness of f. Now, it remains to check that assumption (5) holds. We have

n—1
Z COV(B}W Bé,j)
ij=1

1 n—1

= — Z Cov (f (Wn,l) f (Wn,i+1) 7f (Wn,j) f (Wn,jJrl))

ni—1

= > Var (f (Wo;) f (Wajt1))

1 n—2

+- > Cov (f (W) f (W), f W) f(Waji2)) -

j=1
On the one hand, by Corollary B.4,

1 n—1

- Zl Var (f (Wa;) f (Waji)) =, / Var (f (z, W) f («/, W")) dn(z, ')

—/01Var(f(:c,W)f(x,W'))d$

=E[Var (f (X, W) f (X, W) [X)]
=E [Var (YY'|X)],

where W’ is an independent copies of W, Y = f(X, W) and Y’ = f(X,W’). On the other
hand, by Corollary B.4,

1 n—2

n Z Cov (f Waj) f Wagra), f W) f(Whajise))
(2 E[Cov (£ (X, W) F (X W) f (X, W) £ (X, W) 1X)] = E [Cov (VY YY1

where W’ and W” are two independent copies of W. Further, Y = f(X, W), V' =
FX, W), and Y = f(X,W"). Actually, notice that all linear combination of the coor-
dinates of

T

(FWa ) FWarjin), F(Wog), F(Wa)?) (50)

is a one-dependent random variable. In addition, following the same lines as above, one
may check that any linear combination still satisfies the assumptions of [26]. Hence,
any linear combination of the coordinates of B, satisfies a CLT so that Lemma B.1 is
proved, up to the computation of the asymptotic variance-covariance matrix g done in
the paragraph that follows.

Computation of the asymptotic covariance matrix Xp

We consider a linear combination of the random vector in (50) given by

wf (W) f(Waji1) + vf (W) +wf(Way)?,
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where (u,v,w) € R3. This one-dimensional random vector is one-dependent and its
centered version normalized by /n, denoted by B, ;, satisfies the assumptions of [26]. To

calculate the asymptotic variance-covariance matrix g, we compute explicitly the limit
of

n—1

Z COV(ETM, én,j)a

ij=1

as n — oo using Corollary B.4. It remains to take (u,0,0), (0,v,0) and (0,0, w) to get
the diagonal terms of the asymptotic variance-covariance matrix and to solve a three-
dimensional system of equations to get the remaining terms. Finally, as computed previ-
ously and using notation of Corollary B.4, the first diagonal term of Xy is :

S = [ Var (f (e, W) f (@', W) dn(a, )
[ Cov (f (o, W) F (', W) f (& W) £ (2, W) dnfer, o', o)
= /1Var (f (x, W) f (z,W")dx

+/ Cov (f (x, W) f (x, W), f (x,W') f (x,W")) da

= E [Var (f (X, W) f (X, W) [X)] + E [Cov (f (X, W) f (X, W), f (X, W) f (X, W")]X)]
= E[Var (YY’|X)] + E [Cov (YY", YY"|X)],

where we remind that Y = f(X, W), Y/ = f(X,W'), and Y" = f(X,W") with W’ and
W" independent copies of WW. The other terms are

o5 = / Var (£ (2, W) dz = B [Var (f (X, W) | X)] = E [Var(V]X)],

w8 = /01 Var (f (,W)?) de = E [Var (Y?|X)]

YR =55 = 2/01 Cov (f (x, W) f (&, W), f (2, W))dz = 2E [Cov (YY", Y|X)],
DI 5. L 2/01 Cov (f (x,W) f (2, W), f (2, W)?) dz = 2E [Cov (YY", Y*[X)],

n28 — w32 /01 Cov (f (2. W), f (x,W)?) dz = E [Cov (Y, Y?[X)] .

B.4 Proof of Lemma B.2

Let wy € IT as defined in Lemma B.3. The aim is to establish a CLT for v/nC,, ;(-,ww).
To ease the reading, we omit the notation (-,wy ) as classically done in probability. First,
dealing with the first coordinate of C), ; defined in (44), one has

J W) Ay + f W) A
= (f (Wn y) + f( n]—l—l)) An,j + f (Wn,j) (An,j—i-l - An,j)
= (Xgn(j) — nl—ji—l) (f (an) + f( nj+1>> fa ( nj)
N
b5 (ot = 25 W)+ Wagia)) fon (5, W5)
+ f (Wayg) (Anjir — Any)
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using the expansion of A, ; given in (42). By Lemma 40 and using the boundedness of f
and f,., we get that

1"2( )= 7 ) W)+ Wagia)) fon (B, W)

is Op (1/n). The same asymptotic behavior is observed for the telescopic sum

1 n—1

= F(Way) (Anjin — Any).

n i3

So that, using also the expansion of A,, ; given in (42), Lemma 40, and the boundedness
of f and f,,, the study of C,, reduces to that of the random vector

1 ”z:1< )f o ) f(WnJ) +1f( Whjt1) 51
n—l—l ' " 2f( nJ—H)

by the independence between o, and Wiy, ..., W,. In that view, let us consider the
following linear combination

u(f(Wn]) + f( n]—l—l)) +v+ w2f( n]—i-l)

where (u,v,w) € R? and the empirical mean

> (Xout— g ) o (W)

X(u(f(WnJ)+f( Whit1)) + 0+ w2f(Wh 1)) (52)

Now it remains to apply Lemma B.7" with y; = (W, Wj11) and ¢ = 1), with

j J+1
Vuvw (Xj77”b—|—1 +1> foe W) (w(f W) + f(Waj1)) + v+ w2f(Wy 1)), (53)
noticing that, as n — oo, (1/n)X 5x] J/(n+1),(j+1)/(n+1) converges in distribution to

Q=v=Lxx) ®@Lw®Ly by Corollary B.4. Thus we deduce that the empirical mean
n (52) converges in distribution for any 3-uplet (u, v, w). Since any linear combination of
the components of the random vector defined in (51) satisfies a CLT, so does the random
vector itself. The proof of Lemma B.2 is now complete, up to the computation of the
asymptotic variance-covariance matrix ¥ done in the paragraph that follows.

Computation of the asymptotic covariance matrix >

We use the explicited expression (49) of the asymptotic variance O'i of Lemma B.7 (actu-
ally its slightly generalized version) with @ = v = Lx,x)® Lw ® Ly and with 1) given by
(53). Then taking the values (u,0,0), (0,v,0) and (0,0, w) leads to the diagonal terms of

LA slightly generalization of Lemma B.7 is required to handle the pair (j/(n + 1),(j + 1)/(n + 1))
rather than the quantity j/n. Its proof comes directly following the same lines as in the proof of Lemma
B.7
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the asymptotic variance-covariance matrix >~ while solving a three-dimensional system
of equations provides the remaining terms. For instance, reminding that x; = (W;, Wj41)
and W,,; = (W;,j/(n+1)) and
J J+ 1)
L L) = (W, W, ; W, ;
wloo(nyn+1an+1 Jo Wag) (F W) + f(Waj41))

(namely, ¢ with (u,v,w) = (u,0,0)), we have
st =/ Yr(x1, 21, ©1)h1 (o, T2, 5) w1 A 29 A @) A wodv(xa, o1, 7)) dv(xe, 72, 75)

— (/ wl(x,x,x')xdu(x,x,x/)>2
=E[(Y1 + Y{) (Yo + Y3) fo (X1, W1) [ (Xo, Wo) (X1 A Xo)] — E[(Y +Y) £ (X, W) X%

Finally, the other diagonal terms of > are:

S8 =E[fo(X1, Wh) fu(Xa, W) (X1 A Xo)] — E[f(X, W) X]?
Se =AEYY; fo (X0, W) fo(Xa, Wa) (X0 A Xo)] — 4E[Y' f, (X, W) X]?
while the remaining terms are
Sg° =3 =E[(Y1 + Y)) fo( X1, Wa) fo(Xa, Wa) (X1 A X3)]
—E[(Y +Y') (X, W) X]E[fo (X, W) X]
S =S =2E[(Y1 + YY) £ (X1, W)Y fo(Xa, W) (X1 A Xo))]
—2E[(Y +Y7) fo(X, W) X]E[Y" f,.(X, W) X]
Sot = N8 =2E[fo (X1, Wh)Ys fo( X, Wa) (X1 A Xo)] — 2E[ £ (X, W) X]E[Y” £, (X, W)X].

B.5 Asymptotic variance o> of Theorem 3.3

We have proved yet that

(@) (7)) e (o3 5)),

where the explicit expressions of mp, X5 and X are given in (45) of Lemma B.1, Appen-
dices B.3 and B.4 respectively. Applying the so-called delta method [39, Theorem 3.1] to
the linear function f(x,y) = x + y, we conclude that

\/H(Zn — mB) 71_%;./\/3 (0, ZB + Zc) s

Further, we notice that

(X, Y) £ 0(Z,)

with ¥(z,y,z) = (x — y*)/(z — y?). The so-called delta method [39, Theorem 3.1] then
gives

VN (£0(X,Y) = 8%) £ Ni(0,0?)
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where S* = Var(E[Y|X])/Var(Y) is the first-order Sobol index with respect to X and
0? = g'(Zp + X¢)g with

By assumption Var(Y) # 0, ¥ is differentiable at m and we will see in the sequel that
g'(Xp+Xc)g # 0, so that the application of the delta method is justified. By differenti-
ation, we get that, for any z, v, and z so that z # y*:

R e B el A
V\Il(xjy,z)— <Z—y27 Qy(z_y2>2’ (Z—y2)2>
so that
) N EVY|-E[Y?  s* \'
g=VV¥(mp)= (Var(y) Y] Var(Y')? ’_Var(Y)>
1 X x\ T
~ vy (L2 - 1),-5%) o

Hence the asymptotic variance 02 in Theorem 3.3 is finally given by
o*=g" (Ep+2c)g

where g has been defined above in (54), ¥ and 3¢ have been defined in Appendices B.3
and B.4 respectively. The matrix > g rewrites as

Vo1 + Co1,02 201,03 2¢01,00
_ X
EB = 2601703 Var(Y)(l -5 ) 2603,00
2001,00 2003,00 Voo

where
Vij = E[Var(AZA]]X)]
Cide == E[COV(AZ'Aj, AkAl|X>]
and Ag =Y, A =Y’ Ay =YY" and A3 = 1 (Y and Y” have been defined just before

(50)). The matrix X rewrites as

2 2 2
312/)100 812/1110 812#101
EC = 312/)110 312%10 812#011
Si01 Svorr Stoor

where 57, and 1y, have been defined in (48) and (53) respectively. The proof of Theorem
3.3 is now complete.
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