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BOOTSTRAP AND PERMUTATION TESTS OF
INDEPENDENCE FOR POINT PROCESSES.

Meélisande Albert? Yann Bouret! Magalie Fromont?
and Patricia Reynaud-Bouret?

Abstract: Motivated by a neuroscience question about synchrony detection
in spike train analysis, we deal with the independence testing problem for point
processes. We introduce non-parametric test statistics, which are rescaled general
U-statistics, whose corresponding critical values are constructed from bootstrap and
randomization/permutation approaches, making as few assumptions as possible on
the underlying distribution of the point processes. We derive general consistency
results for the bootstrap and for the permutation w.r.t. to Wasserstein’s metric,
which induce weak convergence as well as convergence of second order moments.
The obtained bootstrap or permutation independence tests are thus proved to be
asymptotically of the prescribed size, and to be consistent against any reasonable
alternative. A simulation study is performed to illustrate the derived theoretical
results, and to compare the performance of our new tests with existing ones in the
neuroscientific literature.

Mathematics Subject Classification: Primary: 62M07, 62F40, 62E20, 60G55,
60F05; secondary: 62P10

Keywords: Independence test, U-statistics, point processes, bootstrap, random-
ization, permutation, neuroscience, spike train analysis.

1 Introduction

Inspired by neuroscience problems, the present work is devoted to independence
tests for point processes. The question of testing whether two random variables
are independent is of course largely encountered in the statistical literature, as it is
one of the central goals of data analysis. From the historical Pearson’s chi-square
test of independence (see [47, 48]) to the modern test of [25] using kernel methods
in the spirit of statistical learning, many non-parametric independence tests have
been developed for real valued random variables or even random vectors. Among
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them, of particular interest are the tests based on the randomization/permutation
principle introduced by Fisher [21], and covered thereafter in the series of papers by
Pitman [53, 54|, Scheffe [64], Hoeffding [35] for instance, or bootstrap approaches
derived from Efron’s [19] "naive" one. Note that permutation and bootstrap-based
tests have a long history of applications, of which independence tests are just a very
small part (see for instance [20, 50, 59, 60| for some reviews, or [2, 39, 42, 41, 22| for
more recent works). Focusing on independence tests, two families of permutation
or bootstrap-based tests may be distinguished at least: the whole family of rank
tests including the tests of Hotelling and Pabst [37], Kendall [40], Wolfowitz [70] or
Hoeffding [33] on the one hand, the family of Kolmogorov-Smirnov type tests, like
Blum, Kiefer, and Rosenblatt’s [9], Romano’s [60] or Van der Vaart and Wellner’s
[68] ones on the other hand.

To describe the properties of these tests, let us recall and fix a few definitions,
which are furthermore used throughout this article. Tests are said to be non-
parametric if they are free from the underlying distribution of the observed variables.
For any prescribed a in (0, 1), tests are said to be ezactly of level a if their first kind
error rate is less than or equal to @ whatever the number of observations. This is a
non-asymptotic property. Tests are also said to be asymptotically of size « if their
first kind error rate tends to a when the number of observations tends to infinity.
They are said to be consistent against some alternative if, under this alternative,
their second kind error rate tends to 0 or equivalently their power tends to 1,
when the number of observations tends to infinity. Finally, bootstrap refers here to
bootstrap with replacement. It is thus different from permutation, which appears
sometimes in the literature as bootstrap without replacement. In this respect, the
above mentioned tests of independence are all non-parametric and asymptotically
of the prescribed size. Moreover, the tests based on permutation are exactly of
the desired level. Some of these tests are proved to be consistent against many
alternatives, such as Hoeffding’s [33] one and the family of Kolmogorov-Smirnov
type tests.

Detecting dependence is also a fundamental old point in the neuroscientific
literature (see e.g. [24]). The neuroscience problem we were initially interested in
consists in detecting interactions between occurrences of action potentials on two
different neurons simultaneously recorded on n independent trials, as described in
[27]. Each recorded set of time occurrences of action potentials for each neuron is
usually referred to as a spike train, the spikes being the time occurrences themselves.
It is commonly accepted that these spikes are one of the main components of the
brain activity (see [66]). So, when observing two spike trains coming from two
different neurons, one of the main elementary problem is to assess whether these
two spike trains are independent or not. Unfortunately, even if the real recordings
of spike trains are discretized in time and thus belong to finite dimensional spaces,
due to the record resolution, the dimension of these spaces is so huge (from ten
thousand up to one million) that it is neither realistic nor reasonable to model
them by finite dimensional variables, and to apply usual independence tests. Several
methods, such as the classical Unitary Events method (see [27] and the references
therein), consist in binning the spike trains at first in order to deal with vectorial



data with reduced dimension. However, it has been shown that these dimension
reduction methods involve an information loss of more than 60% in some cases,
making this kind of preprocessing quite proscribed despite its simplicity of use. It
is therefore more realistic and reasonable to model recordings of spike trains by
finite point processes, and to use independence tests specifically dedicated to such
point processes. Asymptotic tests of independence between point processes have
already been introduced in [67], but in the particular case of homogeneous Poisson
processes. Such a parametric framework is necessarily restrictive and even possibly
inappropriate here, as the very existence of any precise underlying distribution
for the point processes modelling spike train data is subject to broad debate (see
[55, 56]). We thus focus on non-parametric tests of independence for point processes.
In this spirit, particular bootstrap methods under the name of trial-shuffling have
been proposed in [52, 51] for binned data with relatively small dimension, without
proper mathematical justification. Besides the loss of information the binning data
pre-processing involves, it appears that the test statistics chosen in these papers do
not lead to tests of asymptotic prescribed size as shown by our simulation study.

We here propose to construct new non-parametric tests of independence be-
tween two point processes, from the observation of n independent copies of these
point processes, with as few assumptions as possible on their underlying distri-
butions. Our test statistics are based on U-statistics (see [65, Chapter 5] for a
key reference on U-statistics). The corresponding critical values are obtained from
bootstrap or permutation approaches. It has been acknowledged that when both
bootstrap and permutation approaches are available, permutation should be pre-
ferred, since the corresponding tests are exactly of the desired level [20, p. 218].
Nevertheless, we keep investigating them together, as bootstrap methods - through
trial-shuffling - are the usual references in neuroscience. Moreover, for specific U-
statistics, the corresponding tests share the same properties: both are proved to be
asymptotically of the prescribed size and consistent against any reasonable alter-
native, despite the fact that different tools are used to obtain these results. Indeed,
the distance between the bootstrapped distribution and the initial distribution un-
der independence is here directly studied for the bootstrap approach, unlike the
permutation approach. Finally both procedures have good performance in practice
when the sample size is moderate to small, as is often the case in neuroscience due
to biological or economical reasons.

As U-statistics are usual tools for non-parametric statistical inference, many
works deal with the application of bootstrap or permutation to U-statistics. From
the original work of Arvesen [6] about the Jackknife of U-statistics, to the recent
one of Leucht and Neumann [43], several papers [7, 13, 3, 16] have been devoted
to the general problem of bootstrapping a U-statistic. The use of bootstrap or
permutation of U-statistics is specially considered in testing problems [36, 14], in
particular in dependence detection problems with the Kolmogorov-Smirnov type
tests cited above [60, 68].

But all those works exclusively focus on U-statistics of i.i.d. real valued ran-
dom variables or vectors. Up to our knowledge, there is no previous work on the
bootstrap or permutation of general U-statistics for i.i.d. pairs of point processes,



as considered in the present paper. The main difficulty thus lies in the nature of the
mathematical objects we handle here, that is point processes and their associated
point measures which are random measures. The proofs of our results, although
inspired by Romano’s [58, 60] work and Hoeffding’s [35] precursor results on the
permutation, are therefore more technical and complex on many aspects detailed
in the sequel. In addition, we aim at obtaining the asymptotic distribution of the
bootstrapped or permuted test statistics under independence, but also under depen-
dence (see Theorem 3.1 and Theorem 4.1). As concerns the permutation approach,
such a result is, as far as we know, new even for more classical settings than point
processes. It thus partially solves a problem stated as open question in [68].

This paper is organized as follows.

We first present in Section 2 the testing problem, and introduce the main nota-
tions. Starting from existing works in neuroscience, we introduce our test statistics,
based on general kernel-based U-statistics.

Section 3 is devoted to our bootstrap approach. Are given new general results
about the consistency of the bootstrap for the considered U-statistics, expressed
in terms of Wasserstein’s metric as in [7]. The convergence is studied under inde-
pendence as well as under dependence. The corresponding bootstrap independence
tests are therefore shown to be asymptotically of the desired size, and consistent
against any reasonable alternative. The impact of using Monte Carlo methods to
approximate the bootstrap quantiles is also investigated in this section.

Section 4 is devoted to the permutation approach which leads, by nature, to
non-parametric independence tests exactly of the desired level, and this, even when
a Monte Carlo method is used to approximate the permutation quantiles. Are then
given new general results about the consistency of the permutation approach when
the kernel of the U-statistic has a specific form. These results are still expressed
in terms of Wasserstein’s metric. As a consequence the corresponding permutation
independence tests are proved to satisfy the same asymptotic properties as the
bootstrap ones under the null hypothesis as well as under the same alternatives.

As a comparison of the performance of our tests with existing ones in neuro-
science, especially when the sample sizes are moderate or even small, a simulation
study is presented in Section 5.

A conclusion is given in the last section.

Finally notice that all proofs and some additional technical results can be found
in a supplementary material.

2 From neuroscience interpretations to general test
statistics

2.1 The testing problem

Throughout this article we consider finite point processes defined on a probability
space (£, A, P) and observed on [0, 1], i.e. random point processes on [0, 1] whose
total number of points is almost surely finite (see [15] for instance). Typically, in



a neuroscience framework, such finite point processes may represent spike trains
recorded on a given finite interval of time, and rescaled so that their values may
be assumed to belong to [0,1]. The set X of all their possible values consists of
the countable subsets of [0, 1]. It is equipped with a metric dy that we introduce
n (3.3). This metric, issued from the Skorohod topology, makes X separable and
allows to define accordingly borelian sets on X and by extension on X2 through
the product metric.

The point measure dN, associated with an element = of X" is defined for all mea-
surable real-valued function f by f[O,l] f(u)dNg(u) =3, . f(u). In particular, the

total number of points of x, denoted by #z, is equal to f[o 1 dN,(u). Moreover, for

a finite point process X defined on (£, A, P) and observed on [0,1], [ f(u)dNx (u)
becomes a real random variable, defined on the same probability space (€, .4, P).

A pair X = (X!, X?) of finite point processes defined on (2, A, P) and observed
on [0, 1], has joint distribution P, with marginals P! and P? if P(B) = P(X € B),
PY(BY) = P(X! € BY), and P?(B?%) = P(X? € B?), for every borelian set B of X2,
and all borelian sets B!, B2 of X.

Given the observation of an ii.d. sample X,, = (Xi,...,X,,) from the same
distribution P as X, with X; = (X}, X?) for every i = 1...n, we aim at testing
(Ho) X' and X? are independent against (H;) X! and X? are not independent,
which can also be written as

(Ho) P=P'® P? against (H,) P# P'® P2

2.2 Independence test based on coincidences in neuroscience

In the neuroscience issue which initially motivated this work, the i.i.d. sample X,, =
(X1,...,X,) models pairs of rescaled spike trains issued from two distinct and
simultaneously recorded neurons during n trials. Those data are usually recorded
on living animals that are repeatedly subject to the same stimulus or that are
repeatedly executing the same task. Because there are periods of rest between the
records, it is commonly admitted that the n trials are i.i.d. and that the considered
i.i.d. sample model is actually realistic. Then, the main dependence feature that
needs to be detected between both neurons corresponds to synchronization in time,
referred to as coincidences [27]. More precisely, neuroscientists expect to detect if
such coincidences occur significantly, that is more than what may be due to chance.
They speak in this case of a detected synchrony.

In [67], the notion of coincidence count between two point processes X! and
X? with delay & (§ > 0) is defined by

psne(X T, X?) = / Lo <sdNx (W) dNx2(v) = D Djyy)<s. (2.1)
[0.1]2 ueX veX?

Notice that other coincidence count functions have been used in the neuro-
science literature such as the binned coincidence count function (i.e. based on
binned data) introduced in [26] or its shifted version [28] (see also [67] for explicit



formulae). A further example of possible function used to detect dependence in
neuroscience [63] is of the form

S(X1, X2) = / w(u, v)dNx: (u)dN 2 (v). (2.2)
[0,1]2

Under the assumption that both X! and X2 are homogeneous Poisson processes, the
independence test of [67] rejects (Ho) when a test statistic based on ", p§°( X}, X2)
is larger than a given critical value. This critical value is deduced from the asymp-
totic Gaussian distribution of the test statistic under (Hy). The test is proved
to be asymptotically of the desired size, but only under the homogeneous Poisson
processes assumption. However, it is now well-known that this assumption, as well

as many other model assumptions, fails to be satisfied in practice for spike trains
[55, 56].

2.3 General U-statistics as independence test statistics

In the parametric homogeneous Poisson framework of [67], the expectation of
@some (X}, X?) has a simple expression as a function of ¢ and the intensities A
and Ay of X! and X?2. Since \; and \; can be easily estimated, an estimator of this
expectation can thus be obtained using the plug-in principle, and subtracted from
cpg"i"c (Xil, Xf) to lead to a test statistic with a centered asymptotic distribution
under (Hp).

In the present non-parametric framework where we want to make as few assump-
tions as possible on the point processes X' and X2, such a centering plug-in tool
is not available. We propose to use instead a self-centering trick, which amounts,
combined with a rescaling step, to considering the statistic

1 . )
a2 (XX et (X1 XE)). (2.3)
i#i’e{l,..,n}

coinc

It is clear that the function ¢f used in [67] suits the dependence feature the
neuroscientists expect to detect in a spike train analysis. However, it is not nec-
essarily the best choice for other kinds of dependence features to be detected in a
general point processes analysis. Note furthermore that the statistic (2.3) can be
written as a U-statistic of the i.i.d. sample X,, = (X1,...,X,,) with a symmetric
kernel, as defined by Hoeffding [32].

Let us therefore consider the general independence test statistics which are
U-statistics of the form

1
D) = Sy, 2 O, =

where h : (X?)?2 — R is a symmetric kernel such that:
For all n > 2, U, 5(X,,) is zero mean under (Hy),
(Acent) | ie. for X and Xo, i.i.d. with distribution P! ® P? on X2,
E[h (X1, X5)] = 0.



In the sequel, we call Coincidence case the case where h = hwgoinc, with

1 . .
hggome (@,y) = 5 (957" (2", 2%) + 05" (", v%)
_ (pgoinc ((El,y2) _ sD(csoinc (yl7 .’IJ2) ), (25)
so that Un,hq,gomc (X,,) is equal to the statistic (2.3).

A more general choice, which of course includes the above Coincidence case,
is obtained by replacing ¢§°*"“ by any generic integrable function (. This is the
Linear case. For any integrable function ¢, the kernel h is then taken equal to h,
with

hy(z,y) = % (o (a"2®) +o (W) —e (@' ) — ¢ (v',27).  (26)

This example is of utmost importance in the present work since it provides a first
proved case of consistency for the permutation approach under the null hypothesis
as well as under the alternative (see Theorem 4.1). In this case, note that (Acent)
is straightforwardly satisfied, i.e. Up n,(X,) is zero mean under (Hg). Note fur-
thermore that Uy 5, (X,,) is an unbiased estimator of

//(p (z',2%) (dP(z',2*) — dP'(z")dP?(z?)) ,

without any assumption on the underlying point processes. This is therefore a rea-
sonable independence test statistic. If X! and X? were finite dimensional variables
with continuous distributions w.r.t. the Lebesgue measure, this test statistic would
be closely related to generalized Kolmogorov-Smirnov tests of independence. For in-
stance, the test statistics of Blum, Kiefer, and Rosenblatt [9], Romano [60], Van der

Vaart and Wellner in [68] are equivalent to \/nsup,icypi ,2¢y2 ‘Unxhw(vl,@) (X)),
where, respectively:

° Vl = V2 =R and @(01702)(!@1,,@2) = ]l],oo_rvl](!fl)]].],ooﬂp] (.%'2),

e V! and V? are countable V.-C. classes of subsets of R,
and QD(U11U2)(J]1,JI2) = L1 (21,2 (2?),

e V! and V? are well-chosen classes of real-valued functions,
and QD(UI)UQ)(.Il, 2?) = vl(zh)v?(2?).

Note also the work of [44] based on integrals instead of supremum of similar quan-
tities with QD(,UIWQ)((EI, 7?) = gl givia® Thus, up to our knowledge, the existing
test statistics are based on functions ¢ of product type. However, as seen in Section
2.2, when dealing with point processes, natural functions ¢, as for instance @5,

are not of this type.



2.4 Non-degeneracy of the U-statistics under (H))

Following the works of Romano [60] or Van der Vaart and Wellner [68], the tests
we propose here are based on bootstrap and permutation approaches for the above
general U-statistics. Most of the assumptions on h depend on the chosen method
(permutation or bootstrap) and are postponed to the corresponding section. How-
ever another assumption is common, besides (Acent):

For all n > 2, U, »(X,,) is non-degenerate under (Hp),
(Anon—deg) | i-e. for all X1 and Xs, i.i.d. with distribution P! @ P? on X2,
Var (E [h,(Xl, X2)|X1]) }é 0.

This assumption is needed in all results with weak convergence to a Gaussian
limit, as its variance has to be strictly positive (see e.g. Proposition 3.5 or Theo-
rem 4.1). Since under (Hp), U, 1 (X,,) is assumed to have zero mean, it is degenerate
under (Hy) if and only if for X with distribution P! ® P? and for P! ® P2-almost
every r in X2, E[h(z, X)] = 0.

In the Linear case, this condition implies a very particular link between ¢ and
the distribution of the bivariate point process X, which is unknown. The following
result gives some basic condition to fulfill (A,on—deg) When ¢ is the coincidence
count function.

Proposition 2.1. If the empty set is charged by the marginals, i.e. if PL({0}) >0
and P2({0}) > 0 and if ©§°"¢(X1, Xa) (see (2.1)) is not almost surely null under
(Hp), then when h is given by (2.5), (Anon—deg) is satisfied.

The proof can be found in the supplementary material together with a more
informal discussion on the Linear case with ¢ = ¢% as given by (2.2).

With respect to neuronal data, assuming that the processes may be empty is an
obvious assumption as there often exist trials (usually short) where, just by chance,
no spikes have been detected. Moreover, practitioners usually choose  large enough
such that coincidences are observed in practice and therefore ¢§°"¢( X7, X2) is not
almost surely null. Hence in practice, the non-degeneracy assumption is always
satisfied in the Coincidence case.

Throughout this article, (X;), denotes a sequence of i.i.d. pairs of point pro-
cesses, with X; = (Xil,Xf) of distribution P on X2, whose marginals are P! and
P?2on X. Forn > 2, let X,, = (X1,...,X,) and U, (X,,) as in (2.4), with a
fixed measurable symmetric kernel h satisfying (Agent). To shorten mathematical
expression, U, (X,,) refers from now on to U, »(X,).

3 Bootstrap tests of independence

Since the distribution of the test statistic U,(X,,) is not free from the unknown
underlying marginal distributions P* and P? under the null hypothesis (Hp), we
turn to a classical bootstrap approach, which aims at mimicking it, for large, but
also moderate or small sample sizes.



To describe this bootstrap approach, and to properly state our results, we give
below additional notations, and discuss the main assumptions.

3.1 Additional notations: bootstrap and convergence for-
malism

For j in {1,2}, let PJ be the empirical marginal distribution defined by
R
Pl = Z; Oxs- (3.1)

A bootstrap sample from X, is denoted by X¥ = (X* X ), with X, =

n,r o Ann

(X%, X%), and is defined as an n iid. sample from the distribution P ®
P2. Then, the bootstrap distribution of interest is the conditional distribution
of v/nU,(X2) given X,, to be compared with the initial distribution of /nU, (X,,)
under (Hy). To state our convergence results as concisely as possible, we use the

following classical formalism.

e For any functional Z:(X?)" =R, L (Z,Q) denotes the distribution of Z(Y,,),
where Y,, is an i.i.d. sample from the distribution Q on X2. In particular,
the distribution of \/nU, (X,,) under (Hp) is denoted by L(/nU,, P'®P?).

e If the distribution @ = Q(W) depends on a random variable W, £ (Z, Q| W)
is the conditional distribution of Z(Y,), Y, being an ii.d. sample from the
distribution @Q = Q(W), given W.

In particular, the conditional distribution of \/nU, (X¥) given X, is denoted
by L (v/nUn, P} @ P2 X,,).

e " Q-as. in (X;);" at the end of a statement means that the statement only
depends on the sequence (X;);, where the X;’s are i.i.d with distribution @,
and that there exists an event C only depending on (X;); such that P (C) = 1,
on which the statement is true. Here @ is usually equal to P.

e "Q, niio Q" means that the sequence of distributions (@), converges

towards ) in the weak sense, that is for any real valued, continuous and
bounded function g, [ ¢(2)dQn(2) = nst0 [ 9(2)dQ(2).

e As usual, IE*[-] stands for the conditional expectation given X,,.

One of the aims of this work is to prove that the conditional distribution
L (v/nU,, P} ® P,ﬂ X,,) is asymptotically close to £ (y/nU,, P* @ P?). Follow-
ing the historical paper by Bickel et Freedman [7], the closeness between these
two distributions, which are both distributions on R, is here measured via the
LL2-Wasserstein’s metric (also called Mallows’ metric):

d3(Q,Q") =inf {E[(Z — Z)?], (Z,Z’) with marginals @ and Q'}, (3.2)

for all the distributions @, Q" with finite second order moments. Recall that conver-
gence w.r.t. do is equivalent to both weak convergence and convergence of second
order moments.



3.2 Main assumptions

The random variables we deal with are not real-valued variables but point processes,
so the assumptions needed in our results may be difficult to interpret in this setting.
We therefore devote this whole section to their description and discussion.

In addition to Assumption (Acent), we need its following empirical version:

For x1 = (z1,2%),..., 2, = (2}, 22) in &2,

n 1,2 1,2 _
Zil,ig,i’l,igzl h ((xilaa?@) : (xi;’xig)) =0.
Notice that this assumption, as well as (Acent), is fulfilled in the Linear case where

h is of the form hy, given by (2.6), but (Af,,,,) does not imply that h is of the form
hy (see the supplementary material for a counterexample).

(’A*Cent)

Moment assumptions Due to the I.2-Wasserstein’s metric used here to study
the consistency of the bootstrap approach, moment assumptions are required. In
particular, the variance of U, (X,,) should exist, i.e.

(A ) For X, and Xo, i.i.d. with distribution P on X2,
Mmt) | B [h? (X1, X2)] < +oo,
and more generally we need:

For X1, X5, X5, X, i.i.d. with distribution P on X2,
and for i1,12,1),45 in {1,2,3,4},

B [h2 (x4, X2), (X}, X3)) | < +oc.

217 12

( }KWmt)

Notice that when (A3,,,,) is satisfied, this implies that
o (Anrime) is satisfied (taking i1 = io, i} =5, and @} # i1),
e for X ~ P, E [h? (X, X)] < +o0 (taking iy = iy = i} =1}),

e for X, X, i.i.d with distribution P! @ P?, E [h2 (Xl,Xg)} < 400 (taking
i1,12,1,, 1% all different).

A sufficient condition for (A%,,,;) and (Aamm:) to be satisfied is that there exist
positive constants g, ag, C' such that for every # = (x!,22),y = (y',%?) in X2,
h(a,y)] < C ((#ah) + (#yh)) () + (#y2)) , with

E[(#X1)*1] < 400 and B[(#X?)%2] < 4-o0.

In the Linear case where h is of the form h,, given by (2.6), a possible sufficient
condition is that there exist some positive constants «;, as, and C' such that for
every zt, 2% in X, |p(z!, 2?)| < C(F#a1)™ (#22)*2, with E[(#X1)**] < 400 and
E[(#X?)%2] < 4+0c0. In particular, in the Coincidence case, the coincidence count
function @§°"¢ satisfies: for every x!, 2% in X, [p$o¢(zt, 2?)| < (#a1)(#2?). So,
(Assne) and (Anpme) are satisfied as soon as E[(#X1)4] < +oo and E[(#X?)%] <
+00.

Such moment bounds for the total number of points of the processes are in fact
satisfied by many kinds of point processes: discretized point processes at resolution
0 <r <1 (see [67] for a definition), which have at most 1/r points, Poisson pro-
cesses, whose total number of points obeys a Poisson distribution having exponential

10



moments of any order, and point processes with bounded conditional intensities,
which can be constructed by thinning homogeneous Poisson processes (see [46]).
Similar moment bounds can also be obtained (see [30]) for linear stationary Hawkes
processes with positive interaction functions that are classical models in spike train
analysis (see e.g. [49, 67]). This finally may be extended to point processes whose
conditional intensities are upper bounded by intensities of linear stationary Hawkes
processes with positive interaction functions, by thinning arguments. This includes
more general Hawkes processes (see [12]) and in particular Hawkes processes used
to model inhibition in spike train analysis (see [30, 67, 57, 56]).

Continuity of the kernel The set X can be embedded in the space D of
cadlag functions on [0, 1] through the identification

1
N:zeXw— (Nz:tl—>/ 11u<thx(u)) eD.
0

Notice that the quantity N, is actually the counting process associated with x (see
[11] for instance): at time ¢, N, (¢) is the number of points of z less than ¢. Now
consider the uniform Skorohod topology on D (see [8]), associated with the metric
dp defined by

d'D(fu 9) = inf{g >0; d\ e A7{ SUPte(o,1] |)\(t) — t| <e, } |

supefo,1) [F(A() —g(t)] < e

where A is the set of strictly increasing, continuous mappings of [0,1] onto itself.
Notice that here, A represents a uniformly small deformation of the time scale.
Thanks to the identification N above, A can then be endowed with the topology
induced by dy defined on X by

dx(z,2") = dp(N(z), N(z")) for every z, 2’ in X. (3.3)

As an illustration, if  and 2’ are in X, for ¢ in (0,1), dy(x,2’) < & implies that
2 and 2’ have the same cardinality, and for k in {1,..., #x}, the £*® point of x is
at distance less than e from the k*" point of z’. Since (D, dp) is a separable metric
space, so are (X, dy), (X2, dxz) , where dy2 is the product metric defined from dxy
(see [17, p 32]), and (X2 x X2, d) , where d, the product metric defined from dy-=,
is given by

d((z,y), (z',y)) = Sup{ sup {dx(xjvxlj)}, sup {dx(yj,y/j)}}, (3.4)

Jj=1,2 j=1,2
for every = = (2',2%), y = (y',9?), 2’ = (&', 2), ¥ = (y ', y'?) in A2,
The kernel h chosen to define the U-statistic U, (X,,) in (2.4) should satisfy:

There exists a subset C of X2 x X2, such that

(Acont) | (i) his continuous on C for the topology induced by d,
(ii) (P' ® P?)®2(C) = 1.

Here are some examples in the Linear case for which (Agons) holds.
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Proposition 3.1. Let w : [0,1]> — R be a continuous integrable function. Then
the kernel hyw defined on X? x X? by (2.2) and (2.6) is continuous w.r.t. the
topology induced by d, defined by (3.4).

The above result does not apply to h;sagoinc but the following one holds.

Proposition 3.2. The coincidence count kernel hwgoinc defined on X% x X? by
(2.1) and (2.6) is continuous w.r.t. the topology induced by d, on

Cs ={ ((z",2%), (y",9%)) € X* x X% ;
({z'u{y'}) n({z® £6}u{y* £4}) =0}. (3.5)

As suggested in [67], when dealing with discretized point processes at resolution
7, the right choice for § is kr + r/2 for an integer k, so (P! ® P?)®?(Cs) = 1, and
hvgomc satisfies (Acont). Furthermore, when dealing with independent point pro-
cesses with conditional intensities, those processes may be constructed by thinning
two independent Poisson processes X and X'. Hence, in this case, the probability
(P ® P?)®2 of Cs in (3.5) is larger than P (X N (X’ £ 6) = 0) , whose value is 1. So
when dealing with point processes with conditional intensities, hwgoinc also satisfies

(ACOnt)-

3.3 Consistency of the bootstrap approach

The validity of the bootstrap approach for our independence tests is due to the
following consistency result.

Theorem 3.1. For every n > 2, let PJ for j = 1,2 be the empirical marginal
distributions defined by (3.1). Then, under (Acent), (Aent)s (Asrme) and (Acont),

dz (£ (VnUy, Py ® P3| X,), £ (VnUy,, P'@P?)) —.0, P-as. in (X3)i

The proof follows similar arguments to the ones of [7] for the bootstrap of the
mean, or to [16] and [43] for the bootstrap of U-statistics. The main novel point here
consists in using the identification (3.4) and the properties of the separable Skorohod
metric space (D, dp), where weak convergence of sample probability distributions is
available (see [69]). This theorem derives in fact from the following two propositions
which may be useful in various frameworks. The first one states a non-asymptotic
result, while the second one gives rather natural results of convergence.

Proposition 3.3. Under (Acent), (Aent): (Abime)s with the notation of Theorem
3.1, there exists an absolute constant C > 0 such that for n > 2,

d3 (£ (v/nUn, Py @ P21 X)), L (vVnUy, P' @ P?))
< Cinf {]E*[(h (Vi Vi) —h (Ya,Yb))Q} Y. ~Pl@ P2, Y, ~P' ®P?,
and (Y,',,Ys) is an independent copy of (Y, ,, Y. )}

n,a’ a
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Comment. In the above proposition, the infimum is taken over all the possible
distributions of (Y,’,,Y,) having the correct marginals, (Y,7,,Y}) being just an
independent copy of (Y, ,,Y,). In particular, Y7, is not necessarily independent
of Y,.

Proposition 3.4. If E[|h(X1, X2)|] < +oo, then

Un(X,,) — E[h(Xl,Xg)]z/h(:v,:v')dP(ac)dP(x’),P-a.s. in (X;);. (3.6)

n—-+o0o

Under (A},,:), one moreover obtains that P-a.s. in (X;);,

LS (LX), (LX) — B (LX), (X))

n—-+oo
i,7,k, =1

3.4 Convergence of cumulative distribution functions (c.d.f.)
and quantiles

As usual, N'(m,v) stands for the Gaussian distribution with mean m and variance
v, @, for its c.d.f. and @1 for its quantile function. From the results of Rubin
and Vitale [62] generalizing Hoeffding’s [32] decomposition of non-degenerate U-
statistics to the case where the X;’s are non necessarily real valued random vectors,
a Central Limit Theorem for U,(X,,) can be easily derived. It is expressed here
using the IL2-Wasserstein’s metric, and is thus slightly stronger than the one stated
in Equation (1.1) of [38].

Proposition 3.5. Assume that h satisfies (Anon—deg); (Acent), and (Anrme). Let
0%1®P2 be defined by

Thigp: = AVar(E[h (X1, X2) [X1]) (3.7)
when X1 and X are P @ P2-distributed. Then

dy (L (VnUn, P' @ P?) N (0,0p15p2))  —2 0.

Comments.

(1) Notice that (A,on—deg) is equivalent to 0’1231®P2 > 0. In the case where
(Anon—deg) does not hold, i.e. if 0’1231®P2 = 0, the quantity v/nU,(X,) tends in
probability towards 0. In this case, Theorem 3.1 implies that the two distributions
L (\/ﬁUn, Pl® P,ﬂ Xn) and £ (\/ﬁUn, P1®P2) are not only close, but that they
are actually both tending to the Dirac mass in 0. Indeed, degenerate U-statistics of
order 2 have a faster rate of convergence than \/n (see [4] for instance for explicit
limit theorems). So in this degenerate case, one could not use /nU, (X,,) as a test
statistic anymore (without changing the normalization). But as mentioned above,
(Anon—deg) is usually satisfied in practice (see Section 2.4 for the Coincidence case).
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(i) Let us introduce, as in [38], an estimator of 0%, p2, but which is here
corrected to be unbiased under (Hy), namely:

4
5% = — hX;, X)) h(X;, X
7 nn—1)(n—-2) Z N (Xi, X;)h(X5, X)),
i,5,k€{1,...,n},#{i,5,k}=3

and the statistic:

From Proposition 3.5 combined with Slutsky’s lemma and the law of large numbers
for U-statistics of order 3, one easily derives that under (Hp), S, converges in
distribution to A/(0, 1). This leads to a rather simple but asymptotically satisfactory
test: the test which rejects (Hy) when |S,| > @a}(l —a/2) is indeed asymptotically
of size a. It is also consistent against any reasonable alternative P, satisfying
(Anrmt) and such that E [h(X, X')] # 0, for X, X' i.i.d. with distribution P. Such
a purely asymptotic test may of course suffer from a lack of power when the sample
size n is small or even moderate, which is typically the case for the application in
neuroscience described in Section 2 for biological reasons (from few tens up to few
hundreds at best). Though the bootstrap approach is mainly justified by asymptotic
arguments, the simulation study presented in Section 5 shows its efficiency in a non-
asymptotic context, compared to this simpler test.

As Proposition 3.5 implies that the limit distribution of /nU,(X,,) has a con-
tinuous c.d.f., the convergence of the conditional c.d.f. or quantiles of the considered
bootstrap distributions holds. Note that these conditional bootstrap distributions
are discrete, so the corresponding quantile functions are to be understood as the
generalized inverses of the cumulative distribution functions.

Corollary 3.1. Forn > 2, with the notation of Theorem 3.1, let X be a bootstrap
sample, i.e. an i.i.d n-sample from the distribution P} @ P2. Let X;- be another
i.i.d. m-sample from the distribution P' ® P? on X?. Under (Anon—deq) and the
assumptions of Theorem 5.1,

n—-+oo

sup |P(vVnU, (X}) < 2| X,,) —-P(/nU,(Xy) < 2)| — 0, P-a.s. in (X;);.
z€R
If moreover, forn in (0,1), g, ,(Xy) denotes the conditional n-quantile of /nU, (X,)

gwen X, and q#'jn denotes the n-quantile of /nU, (X;-),

|q:;7n(Xn) — q#n| n_)—+>oo 0, P-a.s. in (X;);. (3.9)

3.5 Asymptotic properties of the bootstrap tests

We are interested in the asymptotic behavior of sequences of tests all based on
test statistics of the form /nU,(X,,). The bootstrap approach, whose consistency
is studied above, allows to define bootstrap-based critical values for these tests.
Note that the permutation approach studied in Section 4 is based on the same test
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statistics, but with critical values obtained by permutation. Hence we introduce
here a condensed and common formalism for the upper-, lower- and two-tailed
tests considered in this work, taking into account that the only change in our two
considered approaches concerns the critical values. This will help to state our results
in the shortest manner.

Let « be fixed in (0, 1), and ¢ be a sequence of upper and lower critical values:

q= (q;—m(xn)a q;,n(xn))nZQ :

From this sequence ¢, let us now define the family I'(¢q) of three sequences of tests

At = (A(Jlr.,n)nZ% AT = (A;,n>n225 and AJF/? = (AI;/W_)HZ% where
AL (Xn) = ]lx/ﬁUn(Xn)>qIn(xn) (upper-tailed test),
AL (X)) = I o, x. )<@in (Xn) (lower-tailed test),
AMT(X,) = max (A Do (X0) AL, n(xn)) (two-tailed test),

(3.10)
the last test being implicitly defined by the corresponding choices in «/2.

Of course, ¢, I'(q), as well as A*t, A~ and A*/~, depend on the choice of «,
but since « is fixed at the beginning, to keep the notation as simple as possible,
this dependence is, like the one in h, omitted in the notations.

Depending on the choice of ¢, the classical asymptotic properties that can be
expected to be satisfied by T'(¢q) are (Psize) and (Peonsist.) defined by:

Each A = (Aa,n), >, in I'(¢) is asymptotically of size a,

(Psize) ie. P(Ag.n(X,) :71) —nostooa if P = Pl ® P2;

Each A = (Aqn)
ie. P (A n(Xy)

o /h(:z: "YdP(x
o /h(:z:, ' )dP(z)dP(x') < 0if A=A,

. /h(:v, PVAP(@)dP(2) £ 0 if A = A/~

, in I'(¢) is consistent,
1) =n—too 1, for every P such that
)d

P(a') > 0if A =AY,

n>

(Pconsist.)

Following Corollary 3.1, our bootstrap tests family is defined from (3.10) by
I'(g*), with
q* = (qrfa,n(xn% q;,n(xn))nzg . (311)

Theorem 3.2. Let T'(q*) be the family of tests defined by (3.10) and (3.11). If
(Anon—deg), (Acent), (Aent): (Asrme) and (Acont) hold, then T'(¢*) satisfies both
(Psize) and (Pconsist.)-

Comments. In the Linear case where h is equal to hy, defined by (2.6),
[ h(z,a")dP(x)dP(z') = [p(xt,2?) [dP(z!,2*) — dP'(x')dP?(2?)] . This means
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that under the assumptions of Theorem 3.2, the two-tailed test of I'(¢*) is consistent
against any alternative such that [ (2!, 2?)dP (2!, z?) differs from what is expected
under (Hy), ie. [o(zt,2?)dP (z1)dP?(z?).

(7) In particular, in the Coincidence case where h is equal to hwgoinc defined
by (2.5), the assumptions of Theorem 3.2 are fulfilled for instance if X' and
X2 are discretized at resolution r, with § = kr + r/2 for some integer k, or if
X' and X? have bounded conditional intensities, with § large enough so that
seme(X1 X?) is not a.s. null. Theorem 3.2 means in such cases that the cor-
responding two-tailed test is asymptotically of power 1, for any alternative P such
that f ]l|v,u|§5E [dNXl (u)dNx- (’U)] #+ f ]l|v,u|§5E [dNXl (u)] E [dez (’U)]] Note
that no § ensuring this condition can be found if heuristically, the repartition of the
delays |v —u| between points of X! and X? is the same under (Hp) and under (H).
For neuroscientists, it means that the cross-correlogram (histogram of the delays,
classically represented as a first description of the data) does not show different
behaviors in the dependent and independent cases. This would only occur if the
dependence could not be measured in terms of delay between points.

(#4) Furthermore, when ¢ is equal to ¢* defined by (2.2) with a continuous
integrable function w (see Proposition 3.1), Theorem 3.2 means that the cor-
responding two-tailed test is consistent against any alternative such that 5, =
Jw(u,v) (E[dNx1(u)dNx2(v)] — E[dNx1(u)] E [dNx2(v)]) # 0. For the function
w chosen in [63] and under specific Poisson assumptions, f3,, is linked to a coef-
ficient in the Haar basis of the so-called interaction function, which measures the
dependence between both processes X! and X?2. Working non asymptotically, one
of the main result of [63] states, after reformulation in the present setting, that if
B is larger than an explicit lower bound, then the second kind error rate of the
upper-tailed test is less than a prescribed 8 in (0,1). Theorem 3.2 thus generalizes
the result of [63] to a set-up with much less reductive assumptions on the underlying
stochastic models, but in an asymptotic way.

Whereas the above family of bootstrap tests I'(¢*) involves an exact compu-
tation of the conditional quantiles g; , (X,), in practice, these quantiles are ap-
proximated by a Monte Carlo method. More precisely, let (B,,),>2 be a sequence
of possible numbers of Monte Carlo iterations, such that B, —,_ 4. +00. For
n > 1, let (Xfll, e ,XZB") be B,, independent bootstrap samples from X,,. Set
(U, U B) = (U, (X31) ..., U (X;P)), and introduce its corresponding
order statistic (U*(l)7 ey U*(Bn)). The considered family of Monte Carlo boot-
strap tests is then defined from (3.10) by I'(¢},), with

Too = (ﬁU*(T(lw)BnD, ﬁU*uaBnm)) (3.12)

n>2

Proposition 3.6. Let I'(¢},) be the family of Monte Carlo boostrap tests defined
by (3.10) and ¢y in (3.12). Under the same assumptions as in Theorem 3.2, then
T(q3sc) also satisfies both (Psize) and (Peonsist.)-
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4 Permutation tests of independence

4.1 The permutation approach and its known non-asymptotic
properties

Consider a random permutation II,,, uniformly distributed on the set &,, of per-
mutations of {1,...,n}, and independent of X,,. Then a permuted sample from

X,, is defined by XTn = (Xlnn, . ,X}}n) with X1 = (Xil, Xﬁn(i)) . In the same
formalism as for the bootstrap approach, for n > 2 and 7 in (0,1), let g5 , (X))
denote the n-quantile of L (v/nU,, P¥|X,,), where P’ stands for the conditional

distribution of X!I» given X,,. The family of permutation tests is then defined by
T (q*) (see (3.10)), with

q* = (qf—a,n (Xn) 7q<;,n (Xn))n22 . (41)

As for the bootstrap approach, in practice, the sequence of quantiles ¢* is approx-
imated by a Monte Carlo method. So, let (B,),>2 be a sequence of numbers of
Monte Carlo iterations, such that B,, —, 400 +00. For n > 1, let (H}l, . ,Hff")
be a sample of B, i.i.d. random permutations uniformly distributed on &,,. Set
1 Bn

U,..., U*Bn) = (Un (XE”) e Un (XE” )) and U*Br+l = U, (X,,), the U-
statistic computed on the original sample X,,. The order statistic associated with
(U*,...,U*B~*1) is denoted as usual by (U*(l)7 e U*(B"‘H)). The considered
family of Monte Carlo permutation tests is then defined from (3.10) by T (¢},¢),
with

e = (\/ﬁU*(T(lfa)(BnH)]), \/EU*(LQ(BTLH)JH)) ' (4.2)

n>2
The main advantage of the above families of permutation tests is that any test
Aq ., from either T'(¢*) or T'(g};¢) is exactly of the desired level « i.e.

if P=P P PA,.(X,)=1) <o (4.3)

Such non-asymptotic results for the permutation tests are well-known (see for in-
stance [61, Lemma 1] and [50]). Though similar results are since recently available
for bootstrap tests in other settings [18, 5, 23], there is no known exact counterpart
for the bootstrap in the present context.

4.2 Consistency of the permutation approach

In this section, we focus on the Linear case where h is of the form h, for some
integrable function ¢, as defined in (2.6). Indeed, it is the most general case for
which we are able to prove a combinatorial Central Limit Theorem under any
alternative as well as under the null hypothesis (Theorem 4.1). Hence in this
section, U, refers to Un,h,- Notice that the centering assumption (Acent) is then
always satisfied by U, (X,,). We here only need the following moment assumption:
For (X!, X?) with distribution P or P! @ P? on A2,
(Acp,Mmt) ]E[ 4yl y2
%) (X , X )} < 00.
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Though we have no exact counterpart of Theorem 3.1 for our permutation
approach, the following result combined with Proposition 3.5 gives a similar result.

Theorem 4.1. For all n > 2, let Py be the conditional distribution of a permuted
sample given X,,. In the Linear case where the kernel h is of the form (2.6) for
an integrable function ¢, under (Anon—deg) and (Ap armt), with the notations of

Section 3,

do (£ (VAU PY[X0) , N (0,021 p2)) — 0, (4.4)

P n—-+oo
where — stands for the usual convergence in P-probability.

Comments. As pointed out above, unlike the bootstrap approach, the condi-
tional permutation distribution of the test statistic is not here directly compared
to the initial distribution of the test statistic under the null hypothesis. It is in
fact compared to the Gaussian limit distribution of the test statistic under the null
hypothesis, when the non-degeneracy assumption (Apon—deq) holds. Moreover, the
convergence occurs here in probability and not almost surely, but note that no con-
tinuity assumption for the kernel h, is used anymore. The price to pay is that the
moment assumption is stronger than the one used for the bootstrap. This assump-
tion, due to our choice to use an existing Central Limit Theorem for martingale
difference arrays in the proof, is probably merely technical and maybe dispensable.
Indeed, the result of Theorem 4.1 is close to asymptotic results for permutation
known as combinatorial Central Limit Theorems [34, 50|, where this kind of higher
moment assumption can be replaced by some Lindeberg conditions [29, 45, 31].
However, all these existing results can only be applied directly in our case either
when (X;); is deterministic or under the null hypothesis. Up to our knowledge, no
combinatorial Central Limit Theorem has been proved for non deterministic and
non exchangeable variables, like here under any alternative.

The above result is thus one of the newest results presented here and its scope is
well beyond the only generalization to the point processes setting. Indeed, because
it holds not only under (Hp) but also under (Hy), it goes further than any existing
one for independence test statistics such as the ones of Romano [60]. The behavior
under (H;) of the permuted test statistic of Van der Vaart and Wellner was also
left as an open question in [68].

The proof is presented in the supplementary material.

From Theorem 4.1, we deduce the following corollary.

Corollary 4.1. Under the assumptions of Theorem 4.1 and with the notations of
Proposition 3.5, for n in (0,1),

P -1
q;,n (Xn) n—>—+)oo (b0702Pl®P2 (77)

4.3 Asymptotic properties of the permutation tests

As for the bootstrap tests, we obtain the following result.
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Theorem 4.2. Let I'(¢*) and I'(¢}y,) be the families of permutation and Monte
Carlo permutation tests defined by (3.10) combined with (4.1) and (4.2) respectively.
In the Linear case, if (Anon—deg) and (Ap armt) hold, then T'(¢*) and T'(qy;e) both
Satisfy (Psize) and (Pconsist.)-

5 Simulation study

In this section, we study our testing procedures from a practical point of view, by
giving estimations of the size and the power for various underlying distributions that
are coherent with real neuronal data. This allows to verify the usability of these
new methods in practice, and to compare them with existing classical methods.
A real data sets study and a more operational and complete method for neuro-
scientists derived from the present ones is the subject of [1]. The programs have
been optimized, parallelized in C++ and interfaced with R. The code is available at
https://github.com/ybouret/neuro-stat.

5.1 Presentation of the study

All along the study, h is taken equal to hpeoine (see (2.5)), where ©§°" is defined

in (2.1) and a = 0.05. We only present the results for upper-tailed tests, but an
analogous study has been performed for lower-tailed tests with similar results. Five
different testing procedures are compared.

5.1.1 Testing procedures

(CLT) Test based on the Central Limit Theorem for U-statistics (see Proposition
3.5) which rejects (Hp) when the test statistic S, in (3.8) is larger than the
(1 — a)-quantile of the standard normal distribution.

(B) Monte Carlo bootstrap upper-tailed test of I'(¢},~) ((3.10) and (3.12)).
(P) Monte Carlo permutation upper-tailed test of I'(¢},~) ((3.10) and (4.2)).

(GA) Upper-tailed tests introduced in [67, Definition 3] under the notation Af, ;5 (av),
based on a Gaussian approximation of the total number of coincidences.

(TS) Trial-shuffling test based on a Monte Carlo approximation of the p-value in-
troduced in [51, Equation (3)], but adapted to the present notion of coin-
cidences. This test is the reference distribution-free method for neuroscien-
tists. More precisely, let C(X,,) = Y1 5™ (X}, X?) be the total num-
ber of coincidences of X,,. The trial-shuffling method consists in uniformly
drawing with replacement n i.i.d. pairs of indices {(i*(k),j*(k))}<p<,, I
{(i,7),1<i #j <n}, and considering the associated T'S-sample X5 = ((Xll (k) XJZ* (k))) L<nen’
n

The Monte Carlo p-value is defined by L% = %Z{il 1C(X5s,b)zc(xn),

where X751 X798 are B independent T'S-samples, and the test rejects
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(Hop) if ofjgs < «. This procedure is therefore close in spirit to our bootstrap
procedure except that it is applied on a non-centered quantity under (Hy),
namely C(X,,).

The number B of steps in the Monte Carlo methods is taken equal to 10000.

5.1.2 Simulated data

Various types of point processes are simulated here to check the distribution-free
character of our approaches and to investigate their limits. Of course, each of
the considered point processes satisfies the moment assumptions on the number of
points so that the theorems in this article can be applied. From now on and to be
coherent with the neuroscience application which originally motivated this work,
the point processes are simulated on [0,0.1]. Indeed the following experiments
have been done to match neurophysiological parameters [67, 26] and the classical
necessary window for detection is usually of duration 0.1 seconds.

Estimation of the size The three data sets simulated under (Hy) consist of
i.i.d. samples of pairs of independent point processes. For simplicity, both processes
have the same distribution, though this is not required.

Exp. A Homogeneous Poisson processes on [0, 0.1] with intensity A = 60.

Exp. B Inhomogeneous Poisson processes with intensity f : ¢ € [0,0.1] — At and
A = 60.

Exp. C Hawkes Processes as detailed in [67] i.e. point processes with conditional
intensity A(t) = max (O, w— fg v 1o (t — 5) dNx (s)) , for ¢ in [0,0.1], with
spontaneous intensity p = 60, refractory period r = 0.001, and v > pu such
that for all point T in X and ¢ in |T,T + r], A(t) = 0. This choice of v
prevents two points to occur at a distance less than the refractory period

r to reflect typical neuronal behavior. This model is also sometimes called
Poisson process with dead time.

Study of the power The three data sets simulated under (H;) are such that
the number of coincidences is larger than expected under (Hy). The models (injec-
tion or Hawkes) are classical in neuroscience and already used in [67, 27].

Exp. D Homogeneous injection model. X' = XilndUXcom and X2 = Xf dYXcoms

T

X} o and X2, ; being two independent homogeneous Poisson processes with
intensity Ajnq = 54, Xcom being a common homogeneous Poisson process

with intensity Acom = 6, independent of X! ; and X2 ,.

Exp. E Inhomogeneous injection model. Similar to Exp. D, X! , and X2,
being two independent inhomogeneous Poisson processes with intensity fy,, ,
(see Exp. B), A\ina = 54, Xcom being a homogeneous Poisson process with

intensity Acom = 6, independent of X} , and X2 ;.
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Exp. F Dependent bivariate Hawkes processes. The coordinates X! and X2 of a
same pair respectively have the conditional intensities:

AL(t) =max {O, ,u —fotu]l}oﬂ (t —s)dNx1(s) +f0t7711]0)u] (t —s)dNx= (s)},

A2(t) = max {o, p— [,y (t—5) AN 2 (3)+ [l 0. (= 5) AN x (s)}, with the
spontaneous intensity p = 54, the interaction intensity = 6 in the period
designated by u = 0.005 and the refractory period designated by r = 0.001

with v >> p + nu such that once again, A () is null on each |T,T + r], for T
in X7. We arbitrarily took v = 50(2u + 7).

5.2 Results

Varying number of trials n In Figure 1, the delay is fixed at § = 0.01 and
the number n of trials varies in {10, 20,50,100}. Note that when the number of
trials is too small (n = 10), the estimated variance in (CLT) is sometimes negative,
therefore, the test cannot be implemented.

The left hand side of Figure 1 corresponds to estimated sizes. On the one hand,
one can see in the case of homogeneous Poisson processes (Exp. A) and in the case
of refractory Hawkes processes (Exp. C) that the methods (CLT), (B), (P) and (GA)
are quite equivalent, but the size (first kind error rate) seems less controlled in the
bootstrap approach (B) especially for small numbers of trials. Yet, one can see the
convergence of the size of the bootstrap test towards « as the number of trials goes
to infinity, which illustrates Proposition 3.6. Note that the (CLT) test also has a
well controlled size even if it cannot be used for very small n. On the other hand, in
the case of inhomogeneous Poisson processes (Exp. B), one can see that the (GA)
test has a huge size and is thus inadequate here. Indeed it is based on the strong
assumption that the data are homogeneous Poisson processes though they are in
fact strongly nonstationary. The test tends thus to reject the independence null
hypothesis even when the data are independent. Finally, in the three considered
cases, the (TS) approach has a very small size, and is thus too conservative as one
can see in the power study. The study of [1] shows that this lack of performance is
due to the fact that the (TS) approach is applied here on a non correctly centered
quantity.

The right hand side of Figure 1 corresponds to estimated powers, which increase
as n grows. This is in line with the consistency of the tests. Now, as it could be
expected when looking at its estimated sizes, for the (TS) approach, the estimated
powers are distinctly lower than the ones for the other methods, which confirms
its conservative behavior. The other approaches are more similar in Exp. D or
Exp. F though (B) clearly seems to outperform all tests, but at the price of a less
controlled size. Note that in the inhomogeneous case (Exp. E), (GA) seems to have
the best power, but this time, at the price of a totally uncontrolled size.

This part of the simulation study illustrates the convergences of the size and the
power of the bootstrap and permutation tests introduced here. The permutation
approach seems to actually guarantee the best control of the size as expected, as
compared with the bootstrap approach. Nevertheless both approaches are quite
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effective for any considered kind of point processes and any sample size, unlike
the (GA) test which has very restrictive assumptions. The reference method (TS)
for neuroscientists is clearly too conservative. Moreover, the (CLT) test seems to
have also satisfying results, but with a slower convergence than the (B) and (P)
tests. This seems to illustrate that the conditional bootstrap and permutation
distributions give better approximations of the original one under independence
than a simple Central Limit Theorem. This phenomenon is well-known as the
second order accuracy of the bootstrap in more classical frameworks.

Varying delay 6 We now investigate the impact of the choice for the delay § by
making 0 vary in {0.001,0.005,0.01,0.02} for a fixed number of trials n = 50. The
results for the sizes being similar to the previous study, only the estimated powers
are presented in Figure 2.

On the top row of Figure 2, the same process is injected in both coordinates:
the coincidences are exact in the sense that they have no delay. Therefore, the
best choice for the delay parameter ¢ is the smallest possible value: the obtained
power is 1 for very small §’s (e.g. § = 0.001) and then decreases as § increases.
On the contrary on the bottom row, it can be noticed that the highest power is for
0 = 0.005 which is the exact length of the interaction period u. Once again, the
(TS) method performs poorly, as does the (CLT) method. The three other methods
seem to be quite equivalent except in the inhomogeneous case (Exp. E) where the
(GA) method has a power always equal to 1, but at the price of an uncontrolled size.

6 Conclusion

In the present paper, we have introduced non-parametric independence tests be-
tween point processes based on U-statistics. The proposed critical values are ob-
tained either by bootstrap or permutation approaches. We have shown that both
methods share the same asymptotic properties under the null hypothesis as well as
under the alternative. From a theoretical point of view, the main asymptotic results
(Theorem 3.1 and Theorem 4.1) have almost the same flavor. However, there are
additional assumptions in the permutation case which make the bootstrap results
more general (despite the additional continuity assumption, which is very mild).
From a more concrete point of view, it is acknowledged (see e.g. [20]) that per-
mutation should be preferred because of its very general non-asymptotic properties
(4.3). This is confirmed by the experimental study, where clearly permutation leads
to a better first kind error rate control. However, both approaches perform much
better than a naive procedure, based on a basic application of a Central Limit
Theorem, when the number of observation is small. They also outperform existing
procedures of the neuroscience literature, namely [67], which assumes the point
processes to be homogeneous Poisson processes and the trial-shuffling procedures
[52, 51], which are biased bootstrap variants applied on a non-centered quantity.
One of the main open question with respect to the existing literature is whether
our results can be extended to test statistics as supj, U, ,. A first obstacle to this
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question lies in the nature of the observed random variables (point processes) and
the fact that controlling such a supremum leads to controlling the whole U-process.
This difficulty can probably be overcome, since the asymptotic Gaussian behavior of
similar statistics has already been proved in general spaces under (Hp) for product
type kernels (see [10]). The study of such behavior under (H;) is surely much more
complex. A second obstacle comes from a more practical aspect. In neuroscience,
and in the particular case of coincidence count, the use of supg Un7h¢goinc leads to
the following fundamental problems. On the one hand, such a statistic may not
be computable if § varies in a too large space, typically [0,1]. On the other (more
important) hand, neuroscientists are especially interested in the value of § which
leads to a rejection, since it actually provides the delay of interaction (see also
Section 5). In this respect, our work in [1] involves multiple testing aspects, which
may answer this issue.
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TECHNICAL RESULTS AND PROOFS OF

"BOOTSTRAP AND PERMUTATION TESTS OF
INDEPENDENCE FOR POINT PROCESSES"

The references of Equations, Theorems, Propositions, etc, that use only num-
bers such as (3.1) for instance, refer to the main article Bootstrap and permutation
tests of independence for point processes.

A Complete Proofs

All along this section, C' and C” denote positive constants, that may vary from one
line to another one.

A.1 Proof of Proposition 2.1

We focus on the Coincidence case. According to the comment following the def-
inition of (Anon—deg); Un(X,,) is non-degenerate under (Hy) if one can find some

borelian set B of X? such that P! ® P?(B) > 0 and such that for all z in B,
E hwgoinc(x,X)} # 0, where X has distribution P! @ P2.

Consider B = {(0,0)}. Then P*® P*(B) = P* ({0}) P2 ({0}) > 0.

coinc coinc

Moreover, as @5 (-, 0) and ¢§°¢ ((),-) are both the zero function, under (Hp),
1 coinc
E {hwgm (((2),(2)),)()} = SE[p5m (X, X2)] >0,

as @§°me (X!, X?) is non-negative and not almost surely null under (Hy).

See also appendix B.1 for further results on the non-degeneracy of the U-
statistic in more general cases.

A.2 Proof of Proposition 3.1

Consider w : [0,1]> — R a continuous integrable function. Let us prove that
h = hyw given by (2.2) and (2.6) is continuous for the topology induced by d (see
(3.4)). Recall that for x1 = (21,2%) and zo = (21, 23) in (X?),

1
how (@1, 2) = 5 (9" (21, 27) + 9" (w3, 03) — 9" (21, 23) — " (w3, 21))

The first step is to show that for each 4,7 in {1,2}, the projection defined by

(%)%, d) — (X%dy2)
p”'(((xix?)v(x%w%)) — (7)) )
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. . 1,2 12\
is continuous. Let x = ((m%,x%),(m%,x%)) and x' = ((56'17'1) (x/2=$I2>) m

(X?)2. Then,

daes (01, (),21,y () = dos (2 22) (277,275 ) < dxx).

Hence, p; ; is 1-Lipschitz and therefore continuous.

The second step is to show that if w is continuous on ([0,1]% | - [|o), With
[[(w,v) = (v, 0")||oc = max {|u — |, |v—v'|}, then ¢™ is also continuous.
Let € > 0 and for z in &, recall that N, is the counting process associated with z,
defined by

N(t) = /0 TucidN. (1),

First notice that, w being continuous on the compact set [0,1]%, w is uniformly
continuous. Thus one can find some 7 in (0, 1) such that, for all (u,v), (v/,v") in
[0,1]%,
l(u,v) — (v, 0")]|oo < implies |w(u,v) —w(u',v")] <e. (A1)
Consider such 7.
Let {z,},~, be a sequence in X? such that dy2 (z,,20) — 0 and let us show
= n—-+oo

that ¢ () el ©"¥(xp). There exists ng in IN such that for all n > ny,

dxz (xn,x0) < 1. Then, for such n, by definition of d 2, we have that dp (Nm; , Nw[l)) <
n and dp (Nw% , Nzg) < 1. Thus, by definition of dp,

e / SUP¢eo,1) )\}l(t) - t| <n, (1 Z)
" Subeo1) [Nas () = Nog (AL(0)| <, (1-3d)

M2 A/ SPrepo, [N (0) — 1] < 7 (2-)
! Supse(o,1) | Naz (t) = Naz (/\i(t))‘ <. (2-i0)

In particular, as 1 is chosen strictly smaller than 1 and as the N i s (n >0,
j = 1,2) are counting processes with values in IN, (1-é¢) implies that Vi [0, 1],
Ny (t ) Ny (AL(t)) and thus,

ug €y S U = AL (up) € xh.
Similarly, (2-7¢) implies that

v Exp & v, = A(vg) € 22,
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Therefore,

¢ (zn)

//[071]2 w(u,v)dNy1 (w)dN,z2 (v)
- Z w(Up, vy)

(un,vn)Ez}l XLE%

— Z w (A (o), A7 (vg)) -

(uo,v0)Exh xx?
Hence,

[ (zn) =9 (@)l < D fw (A (u0), A (v0)) — w (ug, vo)] -

(UQ,UU)GCE(I)XCE%
Yet, by (1-i) and (2-i), for each (ug,vo) in z§ x x3, we have

| (A% (u0), Az (v0)) — (u0,v0) oo < 1,

and thus, applying (A.1), we obtain

0" (xn) — 0" (w0)| < #as#ade,

and this for all n > ng, which ends the proof of Proposition 3.1.

A.3 Proof of Proposition 3.2

Let us prove that in the Coincidence case, the kernel h = hcoinc given by (2.1)
and (2.5) is continuous for the topology induced by the metric d (defined in (3.4))
in any (xo,yo) in Cs satisfying

(a3} U b)) 0 (a3 20} U {38 £ 6)) = 0,

As in the proof of Proposition 3.1, denote by N, the counting process associated
with z:

Nz(t)_/o Ly<tdN,(u).

Consider a sequence {(z,yn)},cy Of elements in X? x X%, where z, = (z},22)

and y, = (y}z,y%) such that d ((«n, yn), (zo,y0)) —+> 0 and (x,yo) belongs to
n—+o00

Cs.

We want to show that |h (2, yn) — h (xo,y0)] —> 0.

n—-4o0o
Since (o, yo) is in Cs, for any to in {2 £ 6} U{yd £}, to ¢ x§, which means that
N1 is continuous in ¢p and therefore constant in a neighborhood:

Iy >0/ Ve [0,1], [t —to| <My = Napp(t) = Nya(to).

1
0
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As {23 £ 6} U{yd £ 6} is finite, Ny; = min
and satisfies

toe {25} U{ys} Mo > 0 is well defined,

Vue {zf £} u{ys £}, Vte0,1], [t—ul< Ny = Naa (1) = Nyp (w).

By the same argument using continuity of N1 over {x% + 5} U {y% + (5}, one can
find 1y > 0 such that

Vue {zg 6} U{ys £0}, VE€[0,1), [t —ul <ny = Ny(t) = Ny (u).

Since (zo,y0) € Cs < ({af} U{wd}) N ({a§ £} U{ys £6}) = 0, one can con-
struct 7,2 and 7,2 satisfying

[t —ul < Nz2 = Nmfz)(lf) = ng(u)
|t —ul <nyz = Np(t) = Nyz(u)

Vue {ah £5VU {yh £ 6}, Vi e [0,1],{
Finally, if n = min {nmg), nyg,nzg,nyg} >0,

Vse{x%ié}U{yéié},Vte[0,1],|t—s|§77:>{

Nyz2(t) = Nz (s)
N, 2(t) = NU% (S)

Yo

Vse{x(l):té}u{yé:té},we[0,1],|t—s|§n:>{ (A.3)

As d((n,yn) s (0,Y0)) —n—too 0, there exists ng > 0 such that for n > no,
d ((zn,yn), (xo,y0)) < n/4. From the definition of d, we deduce that

Il e / SUPie(o,1] )‘}z(t) _t‘ < % (1'i)
" Subyefo ) [Nt (6) = Nog (AL(0)| <4 (1-20)

and , |
M en ] el ) —tf < (2-4)
' Subyefo ) [Nz (8) = Nog (A2(0)| < 4 (2-00)

NS

Notice that similar results occur for y,, and yo, but there are not detailed here since
we do not use them explicitly.
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By definition of h,

W@, yn) — (20, Yo)
1
2
1

2

- %//n‘u_v‘g(dzvﬁ(u) (de% _dN, ) )+ dN, (u (dN
— dN,.1 (u) (dNyi - dNyg) (v) — dN, (u) (dN . —dN, )

+ (AN, = ANy ) (u) ANz () + (AN — ANy ) () ANy (v)
. (de% - szé) (u) dN,z (v) + (dNy}l - dNyfl)) (u) dN,2 (v)).
By symmetry of the problem, we just need to study the terms
A, = //]l‘u,v‘g(; (de}l - de[l)) (u) deg (v),

and

B, = //11‘“ ol<sdNys (u )(de% —deg) ().
Study of A,

A, — / / 1 yuy<s (de}L—defl)) (u) AN,z (v)

= //ﬂugvM (deh - de})) (u) dN,z2(v)

- / / Lucos (dNgy — AN,y ) (u) AN (0)
We have that

‘// Tucots (sz;—del)(u) dNﬁ(U)‘

_‘/ (Nt (04 8) = Ny (0 + 9)) dN3 ()

<y ‘NII (T +6) — (T+5)}
Tex?

< 3 N (T4 8) = Ny (LT +9)|
Tex?

£ 3 | No AT +9) ~ Ny +5)].
Tex?
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(A.4)

= = //]l‘u,v‘g(; {sz}lszgl + dNy}ldNy% — sz}ldNy% — dNy%de%} (U,U)

_Z //]l|u,v|§5 {deédeg + dNyédNyg - de(l)dNyg - dNyédNacg} (u,v)

aN,z) (v)



Now, using the notation N, () = [ Ly« dN,1(u),

’//]1“@‘5 (szh - deg,) (1) AN,z (v)

<y }N;;(T—é)—N;(T—é) .

1
0

Tex?
Therefore,
Al < > <‘N1}L(T+6) — N (A;(T+5))] (A.5)
Tex?
+ [Nyt (AL(T +6)) = N, (T + 5)’

+‘N%(T—6)—N%(T—5)’>.

Let us study individually each term in the sum.
Fix T in 23. By (1-i4),

‘N%(T+5) ~ N, (A}l(T+6))’ <D< (A.6)

=R

From (1-i), one has [A}(T 4 6) — (T + 6)| < Z < n which, with (A.2), implies

‘Nzé (AL(T +4)) — Nmrl)(T+5)‘ —0. (A7)

As N, (T'=6) = lim N, (u), there exists up in [T'— 0 —n/4,T — 0] such that

1
n

[N (T = 8) = Ny (ur)| < &,

1
n
SO

N (T —8)— N5 (T - 5)‘ <et ‘N% (ur) — Ny (A}L(UT))‘

1 1
n Lo

n

+ ‘Nmé (AL (ur)) = N3 (T - 5)‘ . (AS8)
From (1-ii), one has ‘NI}L (ur) — Ny (A}l(uT))‘ <n/4<e.
Then, by continuity of N, at 7' — 4, first remark that N_, (T — ) = N1 (T — 9).
9]
Moreover, by (1-i) and construction of ur,
n

M) = (T = 8)] < [N, (ur) —ur| +Jur = (T=8)| < T+ 7 <,

hence, using (A.2), ’Nz(l, (AL (ur)) = N (T — 5)‘ = 0. So finally, (A.8) gives

[N (T = 6) = N (T = )] < 2. (A.9)
n 0
Combining (A.5), (A.6), (A.7), and (A.9), we obtain that for any n > ng:
|Ap| < Be#tag. (A.10)
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Study of B, Recall that B, = [f 1u_yj<sd Ny (u) (sz% _ deg) (v).
As for A,,, B,, is upper bounded by a sum of several terms, that we study separately.

B,= Y (Nmi(TJra)—ng(TJra))— 3 (N;%(T—zi)—N;%(T—zi)).

Texl Texl
So
<Bn S|£%Lﬂ'+LBn2|4_LBn3|4_LBnAL (A“ll)
with
Bui = 3 (Naz (T+6) = Ng (02 (T +9)))
Tex}
Bny = Y. (N (N2 (T +6)) — Nya (T + 5)) ,
Tex}
Bug = Y. (Na(T=6)- N, (02(T-9),
Tex) ’
Bug = > (Nj(2(T—6)+ N, (T-0).
Tem}l

The control of B, is quite similar to the one of A, except that the sums are over
T in x} instead of T in z{, which prevents us to use (A.3) and (A.2) directly.

Control of By, 1. Due to (2-i4), [Nyz2 (T +8) — N,z (N2 (T + 5))’ <eg,s0

|Bp.1| < eftal. (A.12)

Control of By, 2. One can easily see that
B2 = // (Tu<az (urs) = Lo<u+s) ANz (v) ANy (u)

// {(1 - ]lu<()\%)—1(v)_5> - (1 - ]lu<v_5)} deg (’U) dNIL (u)
S (Vo (=8 - N ((8) (1) - 9).

H
Tex?

Fix now T in :C%.

N (T-6)— N;}L((/\Q

1 n
n

)T = 0| < [N (7= 8) = Ny (7 - 9)

| Nay (T = 8) = N (02) 7 (1) = 9)]
As shown in (A8), [N, (T~ 8) = N,y (T — 5)‘ < 2.
Furthermore, take vp in [(Ai)’l (T) = 6 —n/4,(A2) " (1) - 5[ such that

[N (02) 7 (1) = 8) = Ny (or)] <
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So,

N (T = 8) = N33 (02) 7 (1) = 6)| < 2+ |Noy (0r) = Noy (M (or)|

+

Nyy (N (vr)) = Ny (T =)

By construction of vy and A} (see (1-i4)), ’Nmi (vr) — Ny ()\711(’0'1‘))’ <e.

Because of (A.2) which is true as

Avr) = (T =8)| < N (or) —vr| +lor = (T =9 < T+ 7 <n

by (1-0), ‘Nwé (AL (7)) = Ny (T — 5)‘ = 0. Hence,

1
0

N,y (T = 6) = Ny (A2) 71 (1) = 6)] < 2.
Finally,
NG (T = 8) = N5 ((02) 71 (1) = 0)] < 4e,

B
and
|Bp 2| < de#a?. (A.13)

Control of By, 3. First, for all T in z}, we find some v, 7 in ]0,7/4] such that
Vue [T =6 —vpr, T—3], |NL(T=38)—N, (u)‘ <e.
Setting v, = minpe,1 Vo,

Bagl < 3 [N (T=8) = Noz (T =5 - )

Texl

£ 3 Ve (T =6 =) = Nog (2 (T = 5= 02)|
Texl

H S (Vg (25— ) - N (Ai(T—é)))‘-
Texl

L ING (T =68) = Np2 (T =6 —vy)

Nz (T =8 = vy) = Nyo (A2 (T =5 — yn))’ < ¢ by (2-ii). Therefore,

For each T in x

< e and

| B3| < 2y, +

S (Mo (2 (T = 6 - ,) — Nz (A2(T - 5>>)| |

Texl
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Now,

3 (ng()\i(T—é—un)) - N, (Ai(T—5)))

Texl
://]lvg)\%(uféfv ) — Ly<xz (u—5)dNx1 (u) dNxz(v)

= 3 (M (03 @+ 8) =N (02 D454 )).

Texj

For each T in 3,
Nﬁ((V)‘l( )+5) N ((AQ)_I( )+5+yn)
a (00)7 @) +8) = Ny (4 (05) () +9))|
‘N ()\1 ((Ai) Y1) + )) ( ((Ai) (1) +6+un>>
’N (M () @+ 0+ m)) =N ((42) 1( +5+yn)

§2s+‘N ()\1()\ 1

<

+5+1/n))—N ( +5+1/n)7

where the last line comes from (1-i7), and (A.2).
We now find some wr in [()\,21)71 (T)+ 6+ vy, —n/4, (/\31)71 (T)+6+ un{ such
that

[NV ((2) 7 (@) + 0+ v) = Nay ()

<,

SO

N, (A}L ((Ai)_1 (T)+6 + un)) - N, ((Ai)_l (T)+6 + yn)
Ny (M (02)7 @) 45+ va) ) = Noy (A (wr))|
| Ny (A (wr) = Nay ()| +.

<

From (1-i7), we deduce that
and the construction of wrp,

o (AL (wr)) = Ny (wT)’ < . Due to (A.2), (1-i),

()\,11 ((/\,21)_1 (T)+6+Vn>) - (T—é)‘ < %77 <,

and
‘()\,1I (wT)) —(T - 5)’ < ‘()\,1I (wr) —wT)’ + |wr — (T =9)| <.
N,

) ()\,11 ((,\i)fl (T)+ 6+ un)) — Ny (AL (wT))’ = 0. As a consequence,

Nw%l(()\i) (T )+5) ((X") YT )+5+un)

So

< e,
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and

|Bn.a| < 2etxy + de#al. (A.14)
Control of By, 4.
Bn,4 = // (]lv<>\$b(u75) - ]1v<u—6) deg(’U) sz}l (u)
- ¥ (Nz;(T—i- §) = Ny ((Ai)*l (T) + 5)) .
Tex?

Let us fix T in 23. We have

Noy (T +6) = Ny ((02)™

(T)+3) |

<[ Nay (T4 6) = Ny (N (T + 0)|
+ }Nwé (AL (T +0)) = N, (A}L ((Ai)f1 (T) + 5)) ‘
a0 (02)7 @) +6)) - Vay ((02) 7 () +0)]

The first and the last terms are upper bounded by & due to (1-i7). Furthermore,
since N, (/\,1I (()\,21)71 (T) + 5)) = Ny (T'+0) = Ny (AL (T +6)) by applying
(A.2) and using (1-i) and (2-7),

’Nzé (AL (T +6)) — Ny (A; ((Ai)‘l (T) + 5)) ‘ —0.

So finally,
|Bpa| < 2e#ta3. (A.15)

Combining (A.11), (A.12), (A.13), (A.14), and (A.15), we can conclude that
|By| < 3e#x), + 10e#a3. (A.16)

We now just remark that (#3:}1)7»"0 is bounded because it converges to #z}.

Indeed, since #x, = N1 (1), #x = N,1(1) and for every n, A} (1) = 1,

1
0

s —#ab] = |Ney () - Ny ()
= N ()= Ny ()|
n:)m 0.

With (A.4), (A.10), and (A.16), this concludes the proof of Proposition 3.2.
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A.4 Proof of Theorem 3.1
By Proposition 3.3, for all n > 2,

da (£ (VAU PY @ P2[X) £ (ViU P' @ P?) )

= (v Y)(;?beb) iid /] {(h( n,a’ nb) h(Ya,Yb))z} )

n,a’

Yy Y y~Pr®PE, Yo, Yy~ P @ P?

n,a’

Our goal is to construct, for almost all w in 2, a sequence of random variables
(Y wa) -, such that for every n > 1, Y,:‘wa P, ® P2, where P} =

n,w,a)

n~! Z?:l_5xg (@) is the jth marginal empirical measure corresponding to the re-
alization X, (w), a random variable Y,, , ~ P' ® P2, and {(Y;w b) ,wab} an
) n>1

independent copy of {( ) o ,f{d@} on some probability space (2, AL, P/)
depending on w such that -
o 2
E |:(h (Yn w,a’ n,w,b) —h (Yw,au Yw,b) ) :| n—)—+>oo 0, (A]_?)

where I/, denotes the expectation corresponding to P/,. Then from (A.17), we can
conclude by noting that, for almost all w in 2,

2
inf E* [(h (Y Yiry) — h(Ya,Yz)) }(w)
(ViiaoYa)o (Yoo Ys) died /

Y Y u~PE (P2, Yo, Yy~ Pl @P?

n,a’" n,b
2
< E, [(h (Vo Vo) = (Voo Vo) ) } =0

To prove (A.17), counsider (€2, .4, P) the probability space on which all the X;’s
are defined. In what follows, one can keep in mind that €2 represents the randomness
in the original sequence (X;);. Thus, a given w in ) represents a given realization
of (Xz)z
As a preliminary step, from Proposition 3.4, there exists some subset 21 of 2 such
that P(21) = 1 and for every w in {4,

Z W (X} ), XF (W) (XE (W), XF(w)))
i,7,k, =1
2 1 v2 1 v2
o BR((X1,X3) (X4, X)) (A8
Applying Theorem 3 in [8], since (X, dy) defined by (3.3) is separable, P-a.s. in
(X:)i, P! = Pl and P? = P2 Hence there exists some subset {5 of
n——+00

n—-+o0o

such that P(Q2) = 1 and for every w in s,
P, ®P, = P'@P (A.19)
’ 7 n—+oo
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Now, consider 5 = Q1 N Qs, and fix w in Q.
Following the proof of Skorokhod’s representation theorem in [3, Theorem 11.7.2,
p. 415], since (X2, dy=) is a separable space, it is possible to construct

e some probability space (Q,, A, P/,),

e some random variables Y, , : Q, — X2, Y Q) — X? with distribution
Pow® Pl

o V. — X2 YV, Q) — X% with distribution P! ® P2,

satisfying:

e P -as., Y, — Yo,and V', — Yo,

n,w,a
T n—+oo WY 400 ’

o {(}7;‘7“,7(1)7121 ,Ywﬁa} and {(Yrr,w,b)n>1 ,Yw,b} are independent,

so that w.r.t. the metric d (see (3.4)),

) — (YaaYip) - (A.20)

P/ -a.s.
w ’ n—-+o0o

\ *
( n,w,a’ * n,w,b

But under (Acont), h is continuous on a set C s. t. P, ((Yia,Yus) €C) =
(P'® P2)®2 (C) =1, hence
Pl -as., h (17* _,f7w7b) st b (S_{u’a, Yw,b) )

n,w,a’

As P/ -a.s. convergence implies convergence in probability, to obtain (A.17), we only
need to prove that the sequence (h2 (}7* Y

n,w,a’ * n,w,b
according to Theorem 16.6 p. 165 of [6]. We therefore conclude since (A.18) is
equivalent to

is uniformly integrable,

n

1

B (02 (Vo V)] = o D0 B2 (X (@), X2(), (X} (@), XP(w)))
i,9,k, =1
— B (X1, X3), (X3, X3))] = B, [1* (Yo You)] -

n—-+oo

(A.17) is thus obtained for any w in g, with P(£) = 1. This ends the proof.

A.5 Proof of Proposition 3.3

Fix some integer n > 2 and recall that the P7’s (j = 1,2) are the marginal empirical
measures associated with X,.
Let (Y, Yi)lgign be an i.i.d. sample such that for every i=1...n, Y, ~ P @PZ,

n,i’
Y; ~ P'® P2, and such that, from the definition of Wasserstein’s metric ds recalled
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n (3.2),

d3 (£ (v/nUn, Py @ P21 X)), L (v/nUy, P' @ P?))
2

1 * * *
_TL(TL—I)QE #Zl,(h(ynmynz)_h(}/z;}/z’))

Notice that the upper bound is finite under (A3},,,,)-
Introducing for (4,4, 7,5') in {1,2, .. .,n}4, and m in {2, 3,4},

B = B[ (MY Vi) = b Yo) ) (h(V5 1Y) = b3, Y30 )]

Lo = {61 5.7) € (1.2, om i £4 j £ 5 #4055} =m},

where # {i,4', 7, 7'} denotes the number of different elements in {i,4’, j, j'}, one has:

B (SO0 (Vi) (%) )
i
= > Bt X Bewant ). Bargy

(4,4,5,5" ) €14 (i,4".5,5") €13 (4,4,5,5" ) €12
Let us now upper bound each term of this sum separately.
If (i,4’,j,7") is in I4, then by independence,
B g = (BTh (Vi Vi )] = BIR (Vi Yir)] ) x

o (BTh (v;

i Yoy )] = B[R (Y5,Y50)]).

Under (Acent) and (Ag,,,), E[h(Y;, Yi)] = E*[h(Y,;,Y,r)] =0, so

n,ir T i
E(i,’i/,j,j') - 0
If (i,4',j,7") is in I3, by the Cauchy-Schwarz inequality,

2
B3 < E*{(h( o Yoy) — h(Ya,Yb)) ] ,

n,a’

where (Y Y, ) and (Y;)b, Yb) are independent copies of the (Y, ;, Y:)’s. If (4,7, 7, 7)

n,a’ *n,b

But #1I3 = 4n(n — 1)(n — 2) and #I> = 2n(n — 1), so
d3 (£ (VnU,, Py @ P3| X,,) , £ (vV/nUy, P' ® P?))

< 4| (47 ¥20) ~ (Y 73))

2
is in I, then By 1) = B [(h (Y* Y* ) h(Ya,Yb)) ] is immediate.

n,a’

Since (Y Y, ) and ( b Yb) may be arbitrarily chosen, Proposition 3.3 follows.

41



A.6 Proof of Proposition 3.4

Let us first notice that (3.6) is a direct application of the strong law of large numbers
for U-statistics, proved by Hoeffding [4].
Next, for m in {1,...,4}, introduce

g (Xie o X ) = 3 W (X1 X7), (X, X7))
(4,5, k,0) €1 ¢iq,. i}

where I(;, ;. } is the set {(i,j, k1) € Lin, o im Y 4 {0 g Ky 1) = m} .
Then,

(i1seeim) €{1,....n}™

0140 all different

Each of the four terms in the right hand side of the above decomposition be-
ing, up to a multiplicative factor, a classical U-statistic, and since under (A};,.;);
E[|gm(Xiys ..., Xi,,)|] < 400, we can now apply the strong law of large numbers
for U-statistics again. Therefore P-a.s. in (X;);,

1
nn—=1)...(n—m+1

) > gm (Xiyo Xi) = Blgm (X1, X))

n—-+oo
(i17~~~;im)
In particular, P-a.s. in (X;);, n~* 2 (ininy) 9m (Xiys oo, X, ) converges towards
0 for m in {1, 2,3}, and towards IE [g4 (X1, X2, X3, X4)] for m = 4. Finally noticing
that I [g4 (X1, X2, X3, X4)] = 41E [p% ((X], X3),(X3, X?))] allows to conclude.

A.7 Proof of Proposition 3.5

Let (X;); be a sequence of i.i.d pairs of point processes with distribution P! @ P2
on X2. According to (Acent), for i # j, E [h(X;, X;)] = 0. For a better readability,
we set E[h|X;] = E[h(X;, X)|X;] = E[h(X, X;)|X;] for some X with distribution
P'® P?, and independent of X;. By Hoeffding’s decomposition for non-degenerate
U-statistics, which also holds when the X;’s are non necessarily real-valued (see [5])
we obtain that

AU (X0) = ﬁ_l) (T + M)

where T, = >, (E[h|X;] + E [h[X;]), and M, = 37, (X, X;), with g(X;, X;) =
B(X, X;) — B [h]Xi] - B 2],

Firstly, we have that E [M?] = Doy 2 Elg(Xi, X5)g(Xk, Xo)] . But if {7, j} N
{k,0} = 0,0 < 4, k < 1, Blg(Xs, X;)g9(Xp, Xp)] = (B[g(X:, X)) = 0. If
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#{i, 7 n{k,1}) = 1, with for instance k =4, j # I, (i < j, i < I) (the other
cases may be treated similarly), then

E[g(Xi, X;)g(Xi, Xi)] = E[E[g(Xi, X;)[X:] E[g(Xi, Xi)[X;]] = 0.

Therefore, E [M7] = 3, . E [¢°(X;, X;)] = n(n — DE [¢°(X1, X2)] /2, and since
E [92 (X, X J)} < 400, from Chebychev’s inequality, we deduce that
2 M, 50 (A.21)
Vil —1)7 " notoo '
Secondly, we have that T, = (n — 1) >_"" | E[h|X;]. Since the E [h|X;]’s are i.i.d,
with E [ [2| X;]] = 0 and Var (E [h]|X;]) = 0314 p2/4, thanks to (Anrme), the Cen-
tral Limit Theorem leads to

2 c
an n—>—+>oo N (070'12—_>1®P2) . (A22)

Thus, combining (A.21) and (A.22), Slutsky’s lemma ensures the convergence in
distribution of \/nU, (X,) towards N (0,054 p2).

Now, in order to obtain the convergence in the Wasserstein metric, one needs to
check the convergence of the second order moments. Notice that

E [(VAU(X,0))"] =~y 3 5 B[h(Xe, Xo)h(X;, X, ).

_ 2
n(n =12 2

Let us consider all the cases where i # i’ and j # j'.
If #{i,7', 7,5’} = 4, E[h(X;, Xi)h(X;, X;)] = 0, by independence and (Acent).
If #{’L, i/,j,jl} :3, E [h(XZ, Xi/)h(Xj, Xj/)] 201231®P2/4’ by symmetry of h.

If #{i, 4, j, 3"} = 2, E[h(Xi, Xi)h(X;, X;)] = E [(h(Xl, XQ))Q] Therefore,

E {(\/ﬁUn(Xn))z} — n_—201231®P2 + %E |:(I’L(X1,X2))2i| — 01231®P2,

n—1 n—+4o0o

which ends the proof of Proposition 3.5.

A.8 Proof of Corollary 3.1
By Proposition 3.5, we have that

L(VnU,, P' ® P?) = N(0,0p14p2), (A.23)

n—-+o0o

where NV(0,0%, p2) has a continuous c.d.f. Therefore, by |7, Lemma 2.11],

sup [P (valU,(Xih) <2) —@g,2 (2)] — O. (A.24)

2eR pPlgp2 n—+400
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Furthermore, since convergence w.r.t the do distance implies weak convergence,
Theorem 3.1 combined with (A.23) leads to

L(VnUy, Py ® P2|X,) => N(0,0714p2) P-as. in (X;);. (A.25)

n—-+oo

Hence,

sup|P (VnU, (X)) <2|X,,) =@ 2 (2)| — 0 P-as. in (X;);, (A.26)

2eR pPlgp2 n—+400

and the first part of the corollary is obtained.

Moreover, [7, Lemma 21.2] can then be applied to both (A.23) and (A.25), to
obtain that on the event where (A.25) holds :

G (Xn) — @, (n) P-as. in (X;), (A.27)

n——+o0o Ov"’p1®p2

and that q;7'Ln also converges to 22 (n).
’ O plgp2

A.9 Proof of Theorem 3.2

Let us focus on the sequence of upper-tailed tests in I'(¢*), the proof for the other
tests being similar.

Under (Hp), from Proposition 3.5 and (A.27), by Slutsky’s lemma,
(vVnUn(Xp), ¢7 o (Xy)) converges in distribution to (Z, ¢5i2 (1 —a)), where

O plgp2
Z ~N(0,0}14p2). Therefore, under (Hy),
]P(\/ﬁUn(Xn) > QT-a,n (Xn)) =n—stoo @,

which proves (Ps;..).
Under any alternative such that [ h(z,2’)dP(z)dP(z') > 0, by Proposition 3.4,

Un(X,,) — /h(:v,:v’)dP(x)dP(:v’) >0, P-a.s. in (X;);.

n—-+o0o

Furthermore, due to (A.27), ¢f_, ,, (Xn) /v/n —nsi00 0 P-as. in (X;);. Hence,
P(vnUn(X0n) < ¢f_0.n(Xn)) =ntoo 0, and thus (Peonsist.) is proved.

A.10 Proof of Proposition 3.6

As above, we focus on the sequence of upper-tailed tests in I'(¢} ;). Let Z ~ N (0,1)
and define for z in R,

B
* % «B,, 1 -
n, X, (Z) =P (\/EU"(Xn) < Z|X") ) Fn,BXn (Z) = B_ Z]]'\/HUTL(X#’)SZ'
™ b=1
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By the Dvoretzky-Kiefer-Wolfowitz inequality (see [7]), for n > 2 and ¢ > 0,

IP(sup Xn)]
z€R

F% ()= Fix, ()] ) =B P (sup
€eR

2
< 2e72Bnsm 0,

»Bn
Frgn ()= Frx, (2)] >¢

n— 400
that is sup_ . |27 (2) — Fr (2)] % 0. With (A.26), this leads to
b n 9 n n— [o'e)
*Bp, _ P
ilelg Foy (2) ®O)U;1®P2 (z e 0. (A.28)

We finish the proof using similar arguments as in [7, Lemma 21.2], combined with
a subsequence argument [3, Theorem 9.2.1]. Let ¢y be an extraction. Then, by
(A.28), there exists an extraction ¢, and some Qg C 2 such that P () = 1, and
for every w in Qy,

*Bg10go(n) _
Seh E s 060(m). Xy 06000 (w)(2) 0,02, 2 (2) W

From now on, fix w in . In particular, this fixes a realisation of X,,, and a

realisation of (X7',...,X}5") and thus, Fsggl (w) is deterministic.
*Bgiogg(n) a.s, .
Hence, F¢1O(;0(7;’))meo(n) (w)(2) el <I)0)azpl®P2 (Z), and for n in (0, 1),

*Bgi0sg(n) -1 _ *Bg1o0pg(n)
(I)O’l ((F¢10¢10(7{))7X¢1o¢0(n)(w)> (77)> =P (F¢10¢10(7$)7X¢10¢0(n)(w)(Z) < 77)
-1
St P (B, @ <) =0 (200, ) ).

Finally, as ®¢ ; is a one-to-one function and ®; ] is continuous,

$10¢0(n)U*[M(Berceom)D (1)

*By. obn(n -1 _
= (Pl @) ) = &k (), (A29)

n—+oo Plgp2

and this for all w in Qg, and any initial extraction ¢y. Therefore, we obtain that
V/nuU([nBal) L, <I>0_(172 (n). We conclude as for Theorem 3.2.

n—+oo Y plgp2

A.11 Proof of Theorem 4.1

For the sake of clarity and a better readability, we first present a sketch of the proof
of this Theorem in Subsection A.11.1. A complete version is detailed in Subsection
A.11.2.

45



A.11.1 Sketch of proof of Theorem 4.1

Let dpr, denote the bounded Lipschitz metric, which metrizes the weak convergence
[3, Prop. 11.3.2 and Th. 11.3.3]. For any variable Z, depending on X, and
I, £(Z,|X,,) denotes the conditional distribution of Z,, given X,, and for any
integrable function f, Epigp2[f] = E[f(X{, X3)].

e The first step of the proof consists in decomposing /nU, (Xg" in

it (<) = - (e ) 4 2 B) T GG,

n—1 vn NG
where
1
[ ] M’rl;ln (Xn) = % Z]lnn(i):jcixj7
i#j
= 1
o Ry (X,) = Z <11Hn(i)—z' - E) Cis,
i=1
1
o T, (X,,) = " Zci,ja
i#j
with

Cij =9 (X, X7)—E[p (X, X*)|X!] -E[p (X', X7)|X7] + Eprgp [¢]

X = (X!, X?) being P-distributed and independent of (X;);.
We then prove from Cauchy-Schwarz inequality that

E<E

therefore from Markov’s inequality,

[RA (X))
NG

TN 2
Xn> — Oand E

n—-+o0o

R (X, T, (X,
E MXH Py gand Xn) ko
\/ﬁ n—-4oo \/ﬁ n—-+4oo

From the definition of dgr,, this allows us to derive that

dpr (L (VnU, (X5)[X,), £ (

n

TM (Xa)

Xn)> ) (A.30)

n—-+o0o

e The second, and most difficult, step of the proof consists in proving that

dpr (£ (M (Xa)[Xa) . N (0,0315p2)) 0. (A.31)
Consider -
1 «
Y= 7 Z (Urr,,())=3Cij + L, (j)=iCji) » (A.32)
Jj=1
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and for I/, another uniformly distributed random permutation with values in &,,
independent of IT,, and X,,,, define accordingly Y, ; by replacing II,, by I}, in (A.32),
so that M (X,,) = >""" |V, ; and similarly for M (X,,).

Setting Fy,; = o (IL,,, II),, X1, Xo, ..., X;) for n > i > 2, we prove through technical
computations that for a, b in R, (aY,m- +bY! ]:n’i)2<i<n is a martingale difference

n,i) <
array which satisfies the assumptions of the following result, commonly attributed
to Brown [1].

Theorem A.1. Let (X, x)keq1,....pn}men= be a martingale difference array, i.e.
such that there exists an array of o-algebra (Fp k)keq1,....p,}nen+ that is increasing
w.r.t. k such that for all k =1, ....,pn, E[X; k| Fnk—1] = 0.

Let A, =Y " E |:X72L7k|]:n,k—1:| , and assume that

P
o A, — 02>0,

n—-+oo

Pn
e Ve>0, Y E[X2,1x, |5e] “nsioo 0.
k=1

Then Z,, = Ei;l Xk converges in distribution towards N(0,c?).

Thus, given a,b in R, we obtain that

£ (@M (X0) + M (X)) == N (0, (a2 +8%) 0B pe)

n—-+oo
which, according to the Cramér-Wold device, leads to Lemma A.1 below.

Lemma A.1. Considering the above notation,

£<(Mgn (X, M (Xn))l) — N, (0,( 0’123153P2 0 >)

n—-4o0o 01231®P2

where N (M, V') denotes the 2-dimensional Gaussian distribution with mean vector
M and variance-covariance matriz V.

From Lemma A.1, we deduce that for every ¢ in R,
I, <
P (M (X,) < t) o Doz, (1),
I, < 117, < ) 2
P (Mn (Xo) SEM™ (X)) < 1) o 820 (1),
Using Chebychev’s inequality, with the fact (see [3, Th. 9.2.1] for instance) that in
a separable metric space, convergence in probability is metrizable, and therefore is

equivalent to almost sure convergence of a subsequence of any initial subsequence,
we prove that this leads to (A.31), and therefore,

Xn)uN(O702Pl®P2)) £> 0

n—-+o0o

dpr (£ (vnU, (X37)
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e The third, and final, step of the proof consists in deriving, by direct computa-
tions and the strong law of large numbers of Heeffding [4], the convergence of the
conditional second order moments

E[@ﬂn@(xgﬂ)ﬂxﬂ} 8 o2y s

n—-+o0o

which ends the proof.

A.11.2 Complete proof of Theorem 4.1

Recall that dp; denotes the bounded Lipschitz metric which metrizes the weak
convergence, defined by

dos(u) = s | [ (=),
JE€BL, |IfllsL<1I/R
where, as defined in [3], BL is the set of bounded Lipschitz functions on R, and
fx) —f(y
£l = 1/l + sup LD =S W,
TFy |z —yl

Recall that the proof consists of three steps presented in Section A.11.1. We give
below a complete proof for each of these steps.

First step: decomposition of \/ﬁUn(Xg") in the Linear case Tt is
obvious that by the definition (2.6) of h,

U (X) = =0t (A33)
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On the one hand, if Ep [f] and Epigp2 [f] respectively denote I [f (X{,X?)], and
E [f (Xll, X%)}, for any integrable function f, then

S5
- 37 - B o X)) 3 (i~ 1) Bl 20)
ij= iim
= Zn_:lﬂﬂn@) E [p(X], X7)] = (Ep [¢]-Epigp2 [%ﬂ)i}(]lnn(z)_z - l)
On the j);her hand :
. S E[p(XL XX = 3 0 [ (XL X3)| X))
1,j=1 i,j=1

X (““”“)‘i ~ ) LG XA ] B (X)),

where X = (X1, X?) is assumed to be P-distributed and independent of (X;);, and
in the same way,

Y Elo(Xi,X] Z i, =B [o(X, X7) [ X7]
i,j=1

7,7=1

SN

n

1
-3 (]lnnm—j - 1) (© (X} X)X - B [p(x, X))
j=1
Therefore, Ul is equal to

3 o =i(p(xE x2) - B (), x3) X

7,7=1
~Blp(X}, X3)|X3] + B [o(X], X2)] )
n 1
+3 (tn0m - 3 ) (B (X XD + B [ X2) x2)
=1

—E[p(xX}, X2)|X]] ~ B [p(X", X)|X}] — Ep [¢] + Epiap: [¢])
SIS (e ) B (R XD B (6 X2) X2 + B (), X2)]).

As a consequence, setting

Civj = <P(X117X]2) - [@(leaXQ)’le] —E [‘P(XlaXJQ)’Xf] _|'H?‘PI®P2 [90] )
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n RI(X,) Tu(X,)
(X)) = M (X, U A A.34
Vit (i) = L (arfn g, o BB BORIY gy
with
1
My (X,,) = _Z]lnn(i):jci,ja
vz
- 1
Ry (X,) = Z <11Hn(i)—z' - E) Cis,
=1
1
T.(X,) = EZCZ-J-.
i#j
Let us now prove that
n
L (c (VaU, (XI)[X,) , £ (n My (X) xn)) H%LO 0. (A.35)

To do this, first notice that for every function f in BL such that ||f||zr < 1,

n
n—1

‘]E [f (VU (X)) [Xn] — E {f ( M}}n(xn)) ‘Xn] ‘

< ||Vaw, (x) - M ()
-
R (X,.)|

1
n
< E
“n-—1 ( Vn
Hence, taking the supremum over {f € BL; || f|lsr < 1},
n I
Xn) L M, (X)X,

n—1
n [RI (X)) T(X,))|
gn_1<E T X +T . (A.36)

Moreover, on the one hand, since II,, is independent of (X;);, by Cauchy-Schwarz

inequality,
R (X,)| ’ e 2
E [(E S ) | < B (R (x0))°]

X

dpr (c (vVnU, (X))

3

—_

3
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n

< C(Ep [¢*] +Eprgp [¢?]) Y (E [, =i, ()=5] — iz)

= n
4,j=1

n

<)+ mnan ) (£ (3- 3) + £ (g - 5)

< C(Ep [¢°] + Epigp [¢7]) < +oo.

Therefore, from Markov’s inequality, we deduce that

}RE"(XnH P
E|————X,| — 0.
\/ﬁ n—-+0o
On the other hand,
T.(X,)\’|] 1
o () | - R REec
i#£5 k#l

Notice that for ¢ }é j, E [OLJ|X1] =k [OLJ|XJ] =0.
If # {i, j,k,1} = 4, then E[C; ;Cy] = (E[Ci;])? = 0.
If ¢, 7,1 are all different, then

E[C;;Ciy) = EE[C;;C;i|X:, Xi]]
E[E[C;;|Xi] CiJl
= 0.
In the same way, for ¢, j, k all different, then E[C; ;Cy ;] = 0.
Ifi # 7,

E [012)]} = 0'12:>1®p2, and [E [Ci)jCjJ'] < 0'12:>1®p2, (A37)
by the Cauchy-Schwarz inequality. Combining the above computations, we obtain
that )

T.(X,) nn—1) ,
" ( \/ﬁ > =2 n3 PP nﬂ—+>oo 0,
and therefore,
T (X,
Xn)
\/ﬁ n—+oo

Finally, from (A.36), we derive (A.35).
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Second step: asymptotic normality of M};[” (X,,) given X,,, in prob-
ability Recall that

1
M (X)) = ﬁzﬂnn(i):jci,j
i£]

n i—1

1
- ﬁ Z Z (ﬂﬂn(i):jciyj + ]ll_In(j):iCj,i) .

i=2 j=1

Let IT/, be another uniformly distributed random permutation with values in &,,,
independent of II,, and X,,, and

I 1
M, " (Xn) = % Z ]lH;l(i):jOi-,j
i#£]

n t—1

1
- % Z Z (]lng(i):jci-,j + ﬂH;l(j):in,i) .

i=2 j=1

Let us now recall the result of Lemma A.1:

I, I, / Thigp: !
r ((Mn (X,.), M, (Xn)) ) n_):ﬁoo Ny (0, ( 0 0%1®P2 .

Proof of Lemma A.1 According to the Cramér-Wold device, given a, b in IR,
we aim at proving that

£ (@M (X0) + DM (X)) = N (0, (a2 +0%) 0higpn)

n—-+oo

In order to deal with simpler mathematical expressions, we introduce below some
additional notation.

e Forn Z ) Z 2, ‘Fn,i = U(HH,H%,Xl,XQ, . 7Xz)
o Let

%

1
1
Yoi=—= (L, (1)=3Cij + Lrm, (j)=iCli) -

J

Il
-

i—

1
Vo= n > (L 5)=5Cij + L1, (5)=iClii) »

Jj=1

=

so that M (X,,) = Y0, Yo and Mi™ (X,,) = Y, Y7o
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Let us first prove that for a fixed integer n > 2, (aYM- +bYr§7i7]:"xi)2<i<n is a
martingale difference array. Note that for 2 < i < n, o

i-1
1
E Y, Fni-1] = Tn Z]E (L, (i)=;Cij + 1m, (5)=iCj,i| Fn,i-1]
j=1
1 i—1
= 7 Z (Tr,, ()= B [Ci 51 X5] 4+ 1, ()= B [C 11 X))
j=1
= 0.
In the same way, we have that It [Yé7i|]—'n7i_1] =0,s0 E [aYn,i + bY,;)i‘fn,i_l} =0.
From Theorem A.1, we thus deduce that if
() DB [(@Yni+0) | Faic] T (@400,
i=2

>J — 0 for any € > 0,

n—-+oo

(i) Z E [(aYn,i + bYé,i)2 ﬂ|aYn,¢+bYT’L’i
i=2

then
I, T, 2 4 32\ 2
c (aMn (X,) + bM] (xn)) = N0, (@ 48 i)
Let us now check that both (i) and (i7) are satisfied.

Assumption (7). In all the following, only consider n > 4. Noticing that

S E [(aym +ov) )’
1=2

]:n,i71:|

=@+ B[V | Fuia] 200> E [V, [ Faia], (A38)
=2 =2

the proof of (7) can be decomposed into two points.
The first point consists in proving that

S E[Y?,] — obigp: and Var <ZE[Y371-\]-"”71-1]> — 0,

n—-+oo n—-+o0o
=2 =2

which leads, thanks to Chebychev’s inequality, to

n
ZE (V.2 | Fsiz1] ni> Op1gp2-

—+00
=2

The second point consists in proving that

n—-+o0o

n 2
E (Z E [YmiYé’i‘fn,i_ﬂ) — 0,
1=2
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SO

ZE[aniYé,i"Fn,ifl] Lo

n—-+oo
e First point. On the one hand,

n i—1

= 1
Z n Z Z E[ (i1, (5)=;Cij + I, (j)=iCji) X
=2

i=2 j,k=1

3

(L1, ()= Cik + L, (5)=iChii) |-
Furthermore, if 1 < j#k <i—1,
E [(Ln,()=;Cij + U, (;)=iCji) (L, )=k Cik + L1, (1)=iCh.i) |
=k [E I:(]IH (i)= O'L 2J + ﬂHn(]) lCJ 'L) (ﬂHn(i):kOi,k + ﬂnn(k):ick,i) ‘X’Lv Xj; Hn:H
=E [(Li, ()= Cij + i1, ()=iCji) (L, ()=, [Ci k| Xi] + Lrr, ()= B [Ch.s| Xi]) ]

=0.
Thus,
n 1 n 1—1
ZE [Y2 ] = ﬁ ZZE |:(]1Hn(i):jci7j + ]lHn(j):in,i)2:|
i=2 i=2 j=1
n i—1
_! E [ iy=:C?: + 11, (y=:C?, + 210 (=i 111, (1y=iCs.;Cj.i
-> (11, )=5C5 + i1, ()=iChi + 20, (=5 11, (7)=iC45 Ciii]
=2 j=1
1 L2 2
S ‘EIC2. O
-3 (nm €3]+ = I)E[cwcm])

1

2 . ) 1

=2 D(E [CTa] + —B[C12Can] ),

so Yy, B [Yan] =1-lf [01272] + %E [C1,2C5 1] . From (A.37), we derive that
DBV o2 ohier (A.39)

On the other hand, we have that

i—1
1
B[V Faica] = 5D Imo=E [CF1X] + Zﬂn )=E [CF;|X;]
i=1
9 1—1
+- Z]lnn 7’) ]ﬂnn [CZ JCJ ’L|X]
j 1
2
20> Tyt =B [Ci i Ol X5, Xi]
1<j#k<i—1
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Then,

‘]:n i— 1 - [Yril]) = An,l + An,? + 2An,3 + 21471,47

M:

z:2
with
1 2 1 2
Ana = — L, )= B (O3] %] = ~E[C3] )
1<j<i<n
1 , 1
Ang = — 1, ()= [CF:] X;] —gE[Cm] ;
1<j<i<n
1 1
1<j<i<n
1
Apg = — (L, ()= =i B [Ci;Cril X, X)) .
nlg_];ék<z§n
Thus,

Var <Z (E [Y,f)i\fm“])>
<4(E[AZ ]+ E[A2,] +4E[A2 5] +4E[AZ,]). (A.40)

Let us now control each term of the above right-hand side.
Convergence of B [A2 || and I [AZ ,].

1

El4)] = & Y Y (Ellnemtnma]
1<j<i<n 1<l<k<n

(E[CE))").

Let us now consider all the cases where 1 < j <i<n,and 1 <[l <k <n.
If i = k and j =, then

1
E [ [C2]X] B [CL|X]] - —

1
E (L1, =i L0 B [E [0 %) B [CF[X]] = ~E[(E [3,|x1])°] -
Ifi=Fkand j#1,orifi+# k and j =1, then
B [T, )= Tn, =] B [B [CF; | XG] B [CF,[X]] = 0.

If i # k and j # [, then

E [T, )=, o=] B [B[C3|X] B[O X]] = nn =1 (B[c3.]))".
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By combining these results, from (A.37) and under the assumption (Ay armt), we
obtain that

E[42,] < ”2;21 <]E (B [c3.]x))°] - (’?37@13)

n

1 1

S R
o <n(n—1) n2)0P1®P2nI>mO'

One can prove in the same way that IE [AZ ,] — 0.
’ n—-4o0o

Convergence of [A%ﬁg]. We easily prove that

1 1
E[42 5] = ) Z Z Kigkl = 3 (E[C12C21))%,

1<j<i<n 1<l<k<n

where

Kigeg = B [L, ()= L, (=i L, (o=t L, (1)=k ] %
E[E[C;;Ci| X;] E [CruCril Xi]] -

Let us again consider &; j 1,1 in all the cases where 1 < j <7 <n,and1 <l <k <n.
If i =k and j =, then
1

Lkl = n(n—1)

E [(E [Co.1C1 21 X1])| .

Ifi=Fkandj#1 orifi+#k and j =1, then K, ;11 = 0.
If i # k and j # [, then

(E[C1,2C21])°
n(n—1)(n—2)(n—3)

Kijkl =

Thus, under (Ay arme), we finally have that

n (]E [01720211])2

(1= 1)(n—2)(n—3) norm

1
E[42,] < 55E [(E (C12Co4|X1])?] + C

Convergence of E [A%A].

1
2 —
E[A2)] = — 3 (B[lu,mtu, 0=l 0=k, @] X
<j#k<i<n
E]Joiqzlin

E[E[C1,jChal Xj, Xk B [CipCoal X X,]] ).

Let us consider all the cases where 1 <j#k<i<n,and 1 <p#qg<l<n.
If #{j,k,p,q} > 3, there exists at least one element in {j, k,p,q}, j for instance
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(the other cases are studied in the same way), which differs from the other ones.
Then,
E[E[Ci;Cri|X;, Xi | E[ClpCq] Xp, Xq] |
[E[E [Ci Cr,i X5, Xi] B [CpCly i Xp, Xo]| X, Xp, Xo]]
[E[Cij Cr.il Xk B [CrpCq1| Xp, X]]
[ [ [Cs5Cril Xy Xi]| X3 B [CrpCo,t| Xp, Xl
= E[E [Cy B [Ci ;| X[ Xk] B [CrpCyt| Xp, Xqll -
Since E [C; ;|X;] = 0, this leads to
E[E[C; ;CrilX;, Xk E[C1,Cq1| Xp, X4]] = 0. (A.41)

=
=
=E

If j =p, k=q, and ¢ = [, then,

1
B [T, oy= o=l =p i@ =1] = Sy,

and
[ [E [ Ciil X, Xk B[CupCoal Xp X,lIl = E[(BIC:;Chil X5, Xo])?]
= E{(E[Cs,102,3|X1,X2])2}
< +oo under (Ap mmt)-
If j =p, k=gq,and i # [, then 1y, ()—il,(g= =0, so
E [T, ()=, =L, )=pli, (=] = 0.
Ifj =4q, k =D, and 1= l, then ﬂHn(i):j]lHn(l):p = O, SO
E [, (=1, =L, )=pli, (=] = 0-
If j=q, k=p, and i # [, then

(n —4)!
n!

E (L1, (i)=j Lrr, wy=iLrn, ) =p L, (g)=t] = ’

and

|E [E[C,;Cr,il X5, Xi] E[C1pCqa| Xp, Xg]l| = [E[E [Cs,;Cr,i CrkCjal X, X ]|
<E[|C5,1C2,3C4,2C1 4]
< 400 under (Ag prmt)-

By combining these results, we obtain that

3 B [(E [03,102,3|X17X2])2}
Y Y

E[A74] <C

n—4)!
( ) E[C371027304)201)4] — 0.

n! n—-+oo

4
, n
tO 2

o7



From (A.40), and the above results of convergence towards 0 for I|E [A%)l] , B [A?LQ} ,
E [A2 5], and E [A2 ,], we firstly derive that

Var (Zn: (B [in}fn,i_l])> — 0.

. n—-+oo
=2

e Second point. Notice that

E [Yn,iy,;i‘fn,zel] =Bp1+ Bna+ Bp3+ By a,
with

1
Bui=— Y =l a-E [C}]X)],

1<j<i<n
1 2
Bna=— Y =il g=E [CFi]X;]
1<j<i<n
1
Bz = D (M, )=l =i + L, )=ili, ()=5) B [Ci5Cyl X1,
1<j<i<n
and
1
B, 4= - Z (]lHn(i):j]lH;L(i):kE [Ci,;Ci 61 X, Xk]
1<j#k<i<n
+ 1, (i) =j L, (k)= E [Ci  Ck.i| X, X
+ I, (=i L, (1=, E [C},i Ci k| X, Xi]
+ i, (y=i L, (k) =i [C,i Cr,i| X, Xie] )
Thus,
n 2
E {(ZE [Yn,iY,;,i|fn,i1}>
1=2
<

4(E[B] + E[B,] + E[Bis] + E[B4]) . (A42)

2 1] and B [B2 ,]. It can be proved that

]
E[Bi<— Y. D Elno-lnm-]x

1<j<i<n 1<I<k<n

Convergence of It [B

E[E[C2;|X;] B [CF,|Xi]] -
Then, with the same computations as for the convergence of & [A%yl} above, we
prove that

4
E[B:,] < "2;311@ [(E [Ciz\Xz})Q} Lolper:

n—1 n—o+oo
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In the same way, we also prove that It [B,% 2] —+> 0.
’ n—-+oo

Convergence of E [33173}. We also have that

4
E[Bisl<— Y. D Ellno—ln.m-] x

1<j<i<n 1<I<k<n

E (L (5=l @y=k] E [E[Ci,;C;i| X;] E [CriCr il X1 -

Now, with similar computations as for the convergence of E [A%VJ above again, we
prove that

n—1

(E[C1,205.1))°
B[B2,) < 2" = natall)

n—1 n—+o0

< 0.

B [(E[C12CoalX])] +C

Convergence of E [B,QLA] Setting

1
Bpa1= - Z L1, (iy=j L (i) =+ B [Ci i Ci k| X, Xk s

1<j#k<i<n

1
Bpago = — Z T, ()= L ()= E [Ci Ok i X, X ,
1<j#k<i<n

1
Bpas= - Z L1, (=il (i) =+ [C}:Ci k| X, Xi]

1<j#k<i<n

1
Bpaga= - Z I, (=il (k)= E [C}iCr.i| X5, Xk,
1<j#k<i<n

then B, 4 = By, 4.1 + Bpa2 + By a3+ By 4.4 and in particular,
E [By4%] <4 (E [Bna®] + E[Bys®] + E [Bns®] + E [Bna’]) .
Yet,

1
E[Blia]=— D, Y. E[lme—itm.m-p] X

1<j#k<i<n 1<p#q<l<n

E [T, ()=t L, (1)=g) E[E [Ci ;Ci k] Xj, Xp] B [CipCiq| X, X4 -

Now, consider all the cases where 1 < j#Ak<i<n, 1<p#qg<l<n.
If #{j, k,p,q} > 3, using a similar argument as in (A.41), we obtain that

E[E [C;,;Ci k| Xj, Xk E [ClpClql Xp, Xq]] = 0.
If j =p, k=gq, and i =, then,

1
B [T, )= 1. 0=p] B [Lr =+ T, 0)=¢) = pox
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and

B[ [C: i Citl X, Xk B [CupCral Xp X,Il = E[(BIC:;Cikl X, Xo))?]

E [(E [03,103,2|X17X2])2}
< 400 under (Ag pmt)-
Ifj=p k=gqi#l orifj=q, k=p,i=1 then Iy, —;1lm,1)=p is equal to 0,
S0
E [11, (=51, i)=p) B [Lny, )=k, (1)=¢] = 0-
If j=q, k=p, and i # [, then
1
B [T, =it =] B [T o=k, 0)=d] = 20—y
and
|E [E[C,;Ci k] X, Xi] E[CrpCigl Xp, Xg]ll = [E[E[C;,;Ci xCriCr i1 X, Xl
=E|[|C5,1C2,3C,2C1 4]
< 400 under (Ag prmt)-

By combining these results, we obtain that

0.

2
E [(]E [C31C52] X1, X3]) } . C,E[Cs,102,304,201,4]

n (n—1)2 n—+oo

E[B}.,] <C

Following the same lines of proof, we furthermore obtain that It [Bfl 412] ,E [Bfl 413} ,
and E [B7 , ;] also converge towards 0. Hence, E [B} 4] —,, 0. From (A.42), and

n—r-+0o0

the convergence towards 0 of E [B2 ||, E [B2,], E [B2 3], and E [B2 ], we derive
that

n 2
E (zi_QE[wn,i\fn,zﬂ) O

which finally allows to conclude that assumption (i) is satisfied.
Assumption (i1). Given € > 0, let us prove that

n

Y E {(aYn,i +oy; )’ Loy, vov

— 0.
n,i >€:| n—-+oo
i=2

n

ZE [(“Yn,i + byvi,z')2 ]l|aYn,i+bY7’L i|>5} = iz ZE [(GYM + byﬁ,i)ﬂ

=2 2

<z Zn: (a4]E (V2] +b'E [Y,;[‘D

IN
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Since Yy, = n~'/? (ﬂnn<z‘)<iCaHn<i> + ]lHZI(i)<iCHZI(i),i> ,

23
4 4 4
EY,] < prls []IH"(““C@HTL@)+1H£1(i)<icn;1(i),z}

23 1—1 . .,

< = (]E [, )= CL] + B {1H;1(i):jcjﬁiD

j=1

ot

< ZEe,).

We thus obtain that

27(a4 + b4)
o] €

E [(aYn,z‘ + bY,;i)2 ]l|a =

Yy, i 4bY! E [Of,ﬂ )

n
i n,i
where the right-hand side tends to 0 as soon as IE [Cfﬂ < +o0.

This last condition is ensured by (A% Mmt), which allows to confirm that assumption
(i) is also checked, and that

L(aMgn(Xn) + oM (xn)) — N (0, (0> + ) 0%igp2) .

n—-+o0o
This ends the proof of Lemma A.1.
Recall that we aim at proving that

dpr (£ (M (X0)[X0) (N (0, 0%1p2)) o 0.

n—-+o0o

From Lemma A.1, we deduce that for every ¢ in R,
IL,
P (M (Xn) <) — Dog2, (1),
P (M,?n (X)) < t, Mi" (X)) < t) — @2, ().
n——+oo T plgp2

Setting M,, = M"(X,,) for the sake of simplicity, this leads to
E[E [y, <elXa]] — @52 (1),

n—+400 pPlgp2

B (B My, <X))] | -

n—-+oo

) (A.43)
@01012)1@132 (t).
In a separable metric space, convergence in probability is metrizable (see |3, Th.
9.2.1] for instance), therefore it is equivalent to almost sure convergence of a sub-
sequence of any initial subsequence. So, let us fix an initial extraction ¢y : N — IN,
which defines a subsequence (M¢0("))n61N of (My), c- Let us denote by (¢m)men
a sequence such that {g,,m € N} = Q. For any m in IN, from (A.43), we derive

that
E [E []1M¢0<n)§qm ’X%(n)H — o2 (qm),

n—400 pPlgp2
2
EKE Lty < (Koot | )| 572 B, (),

n—-+oo Plop2
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which leads (by Chebychev’s inequality) to

P
X%(n)} — P00z, (am)- (A.44)

E|1
Mpg (n)<am n—+o00 plgp?2

Therefore, there exist an extraction ¢; and a subset 1 of Q such that P (1) =1,
and for every w in 1,

Xgrosm]| @) —> Do ().

E [ﬂM¢1o¢(n)S¢h A Plgp2

Now, let m > 1 for which there exist an extraction ¢,, and a subset €2, of Q such
that P (Q,,) = 1, and for every w € Q,,,

E |:ﬂM¢mo¢m710...o¢0(n)§(Im}X¢7no¢mflo~no¢0(n):| (w) — (1)0,02 (qm)

n—+00 Plgp2

Then, from (A.44), there also exist an extraction ¢,,+1 and a subset §,,41 of Q
such that P (Q,,,4+1) = 1, and for every w in 2,41,

E[]l

M¢m+lo¢mo¢mflo...o¢0(n)S(Im+l X¢m+10¢7n0~~~0¢0(n):| (w)

— P, o .
n—+00 O’UP1®P2 (Qerl)

Setting = MNmen m and for every n in N, (;3(71) = ¢ 0...0 ¢ 0 ¢1(n), then
P (Q) = 1. Moreover, for every w in Q,min NN,

X$o¢o(n):| (W) — P2 (gm)-

E {]IM%%(H)SQW‘ n—s—4o00 Plgp2

Since ®j,2 - is a continuous distribution function, it can be proved that this
" rPlop

dpL (‘C (Md;mﬁo (n)

To conclude, we actually proved that

follows

X<Z70¢0(n)> ,N(O,UQPI®P2)) Q O.

n—-+o0o

dBrL (E (M,?"(Xn)lxn) 7N(0701231®P2)) i> 0,

n—-+o0o

which, combined with (A.35), leads to

dBL (ﬁ (\/ﬁUn(XEn)‘Xn) ,N(O,U?n@pz)) L 0.

n—-+4oo

Third step: convergence of conditional second order moments Re-
call that from (A.33), U, (X1") = 5 UM, where

n 1 n
Ul = Z@(Xz'laXﬁn(i)) - Z o(X], X7)
i=1 ij=1
- 1
= 3 (o3 ) elxh D).
ij=1
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Therefore,
2

E [(VaU, (X))*[ x| = (nﬁil)? %]E [(U}}")Q’Xn}), (A.45)

and if C; j k1 = (B [Ir, )= 1n, ()=t] — 7z) (X} X7) o( X4, X7),

" i,5=1k,l=1
Firstly,
1 (n—2)(n—3)
~ ) Cijg= — U1,
i,j,k,l€{1,...,n}
#{i,5,k,1}=4
where

n—4)
U = — Ly e xdelxd xp)
’ i,5,k,le{1,...,n}
#{i,5,k,1}=4

is clearly a U-statistic of order 4. From the strong law of large numbers of Heeffding
[4], we thus have that

(n—2)(n—23) as. 2
(D08 (g [p(x), X))
Secondly,
1 2(n —2
- Z Cijki = LQ)Un,z,
no n
.4,k 1€{1,...,n}
#{i.j.k,1}=3
i=j,0=l,j=k, or k=l
where
- 3)!
Vo= O S (o) X2) (X1 X7) + o(XLX7) (X1 X))
T ikle{l,...,n}
#{ik 1} =3

is a U-statistic of order 3 which converges almost surely, so

2(n—2)

———Upn2 = 0.
n n—-+oo
Thirdly,
1 nn—1)(n—-2
~ > Cim= —%Unﬁ,
i,4,k,1€{1,...,n}
#{i,5,k,1}=3
i=k, or j=I
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—3)!
Vs = "3 S0 (] XR) 0(XL XP) + (X XP) o(X1, XP))

is a U-statistic of order 3. So,

~n(n— 1)3(n —2) U
n
=5 B [(B[e(X], X3)[X1)°] - B[(B [o(X], X3)|X2])7]
Fourthly,
1 2(n —1
- Z Cijkl=— (n 5 )Un,47
i,d,k,0€{1,...,n}
#{i,j,k,l}:2
i=j=k,i=j=1,
i=k=l, or j=k=l
where
Upi=——— 3 (p(X},X2) o(X1, X2) + o( X1, X2) (X1, X2))

nn =1 Fen
is a U-statistic of order 2, so

2(n—1)

a.s.

- 2 Un,4 — 0.
n n——+oo
Fifthly,
1 1
n Z Cijki = ﬁUn,Sa
ij,kle{1,...,n}
- #Higkii=2
i=j#k=l, or i=l#j=k
where
1
Uns = n( ) Z (@(le’XZQ) ¢(X}7X]2)+g0(Xil,X]2) ¢(X;7X3))
1<i#j<n

is a U-statistic of order 2, so

1 a.s,
—Uns ~5 0.
n n—-+o0o

Sixthly,

1 (n—1)2
— > Cijma= 5 Une,
i.j,kle{l,...,n}
#{ig k1 =2
i=h£j=l
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where

Un,ﬁ = 7) Z @2(X117XJ2)

nin—1 £
1<i£j<n

is a U-statistic of order 2, so

(n - 1)2 a.s.
oz Une Z3 BIA(GXE)]

Seventhly,

1 n
- Y Cijrka= , X7)
i,4,k,l€{1,...,n} =
#{i.3,k,1}=1
which almost surely tends to 0 thanks to the strong law of large numbers.
By combining all these results, and the fact that

ohigee = B [¢? (X1, X3)] + (B [o(X1, X3)])*
_E [(E [p(X], Xg)\Xl})z] ~F {(E [cp(X%,X22)!X2])2] :

we finally obtain that
1 H 2 a.s. 2
TEOR] 22 ohiop
and from (A.45), we deduce that

E [(VAUn (X)) |Xa] %% oBagpe.

Since dpr, (£ (vnUy,(X1")
that

Xn) N (O, a?gl@Pg)) n_%oo 0, this allows to conclude

X0) N (0,051 5p:)) —= 0.

n—-+o0o

da (£ (VAU (XI1)

A.12 Proof of Corollary 4.1

Here, unlike the bootstrap approach, we only have in Theorem 4.1 a consistency
result in probability. Thus, as for Proposition 3.6, we use an argument of subse-
quences. So let ¢g : IN — IN be an extraction defining a subsequence. By Theorem
4.1, there exists an extraction ¢; such that P-a.s. in (X;);,

L ( $10¢o (n) U¢>1 o¢o (")( 1 ;;Z’a(;)l))

In particular, applying [7, Lemma 21.2] on the event where the convergence is true,
a.s.

we obtain that for 7 in (0,1), q; ; o4 (n) (X 00(n)) o @&}7;1@# (1), which
ends the proof by [3, Theorem 9.2.1].

NQO,0%1gp2) . (A.46)

Xo10g0(n )

n——+00
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A.13 Proof of Theorem 4.2

The proof of Theorem 4.2 for the tests of I'(¢*) is very similar to the one of Theorem

3.2, just replacing the argument of (A.27) by ¢f_, ,, (X,,) N <I>0_12 (1-a),
) T plgp2

n—-+oo
which is derived from Corollary 4.1.

Now for the tests with a Monte Carlo approximation of the quantiles, we use
arguments similar to those of Proposition 3.6, still focusing on the upper-tailed
tests of I'(gy;¢). We therefore aim here at proving that

“([(1=a)(Ba+1)]) P ~1 _
vnU n_)—+>oo (1)07021@132 (1-a). (A.47)
Then, one can conclude as in the proof of Theorem 3.2.
Let F)yy  be the c.d.f of £ (\/nUn, P;|Xy,), and let us first prove that

sup Fix,(2) = %002, (2 H%OO 0. (A.48)
As Theorem 4.1 provides only a convergence in probability, similar arguments of
subsequences as in the proof of Corollary 4.1, have to be used. So, let ¢y be an initial
extraction and ¢, be the extraction such that (A.46) is satisfied. As convergence
in the dpy, metric is equivalent to a weak convergence (see [3, Proposition 11.3.3]
for instance), and as the limit is continuous, by [7, Lemma 2.11] we obtain that
a.s,

0.

sup |F% z) — Dq 2 z
26]1;‘ ¢10¢0(n),x¢10¢0(n)( ) O’UP1®P2( ) n——+o0

This being true for any initial extraction ¢g, we obtain (A.48).
Let F;ggn denote the empirical c.d.f of £ (1/nU,, P*|X,,) associated with the sample

(I}, ..., IIB), that is

By,

B, 1
VzeR, FyX (2)= B, ;ﬂ\/ﬁw(xg%)gz'

Then, by the DKW inequality, we obtain as in the proof of Proposition 3.6,

Lo (A.49)

n—-+o0o

sup |[Fr%e (2) = Frix, (2)
z€ER

Finally, let

G*B/n/ B 1 B’7l+lﬂ
n)Xn(z)_ Bn+1 ; \/EU*bSZ'

Since G:LBX”" (Z) = ﬁ (]l\/EUn(Xn)SZ + BnF:{%ln (Z)),

2 — 0. (A.50)

sup | G1%, () = F2%e ()| < =g

z€R

<
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Combining (A.48), (A.49) and (A.50) leads to:

* B, _ P
02 [G1%, 0= B0z, 0], 2 0

Since

VAU Ea ) = (2B ) (1~ a),

we obtain (A.47), and as explained above, we conclude as in the proof of Theorem
3.2.

B Additional Results

B.1 About the non-degeneracy of the U-statistic
We focus on the Linear case with ¢ = o™ given by (2.2). Define

Z(x) = /w(u,v)sz1(u)de2 (v)+E [/w(u,v)dNX1(u)dNX2 (’U):|

B { / w(t, ) AN, (1)dN - (v)] B { / w(u, v) AN (u)dN,» (u)} .

Recall that in this case, degeneracy is equivalent to stating that for X =
(X1, X?) with distribution P! ® P?, Z(X) is a random variable which is almost
surely null under (Hp). Since E[Z(X)] = 0, Z(X) = 0 a.s. is equivalent to
Var (Z(X)) = 0. Here we provide a computation of Var (Z(X)).

Let us introduce dMlm (u) and dMQM (v) the mean measures of respectively X!
with distribution P! and X? of distribution P? [2, Chapter 5], then one can rewrite

2(X) = / w(u, v)dNx: (u)dNxz2(v) + / w(u, v)dM{ (w)dM (v)

—/w(u,v)dNX1(u)dM2[l](v) —/w(u,v)dMlm (u)dNxz(v).

Therefore, E[Z(X)] = 0, and
Var(Z(X) = B[Z(x)?

- /[0 m w(u, v)w(s, t)E[dNx1 (u)dNx1(s)] E [dNxz (v)dNx2 ()]
- /[0 n w(u, v)w(s, t)E[dNx1 (u)dNxi(s)] dM2[1] (’U)sz[l] 0
_ /[0 . w(u, v)w(s, t)dMM (w)dMM (s)E [dNy2 (v)dNx2 (t)]

+ / w(u, v)w(s, )dMM (w)dM M (s)dMH (v)ddl 1)
[0,1]4
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By assuming that # X! (resp. #X?) has second order moment, (see also Sec-
tion 3.2 for comment on this assumption), one can introduce the second factorial

moment measure associated with X! (resp. X2), and denoted by dM[* (u, s) (resp.
dM2[2] (v,t)). Then straightforward computations show that

Var(Z(X)) = / w(u, v)2dM M (w)ddl (v)

[0,1]2

(1] [2] [1] 1]
+/[0 . w(u, t)dM M (u )(dM2 (v,8) — dMLY (v)dM] (t))

/[0 . (,0) (dMl[Q] (u, s) — MV (u)dMlm(s)) dMY (v)

2] (1] (1]
+ /0 ” w(u, v)w(s,t) (dM1 (u,s) — dMy* (u)dM; (s)) X

(dM,E] (v,8) — M (v)d Y (t)) .

_|_

In particular, for Poisson processes, dM [ (u, s) = dMM (u)dM M (s) and

Var(Z(X)):/ w(u, v)2dMY ()M () > o,
[0,1]?

as soon as the Poisson processes have non zero intensities since for j = 1,2,
dMJ[l] (u) = \j(u)du, with \; the intensity of X7.

B.2 About the empirical centering assumption

Recall that
For z1 = (z1,23),..., 2, = (x},22) in X2,

n? n

*
o) | 5o v wb (a2 (a2, )) =0,

On the one hand, in the Linear case, that is if h = h,, then for n > 1 and for

1 = (21,2%),... 2, = (2},22) in &2,
n
PORACRANCIE)
0,14, =1
1 n
=5 > (lenad) +e(a)05) —e (@) - ¢ (0,27))
6 G =1
7’L2 n n n
:7 Z 117“171/ +Z Ja J Z<P($117$3)—280($31733$/)
iir=1 g’ =1 ij'=1 ii'=1
=0.

o (Af,,;) is immediately satisfied in the Linear case.
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On the other hand, (AZ,,,) does not imply that h is of the form h,.
Indeed, consider

h((zh2?), (' y?)) = #at - #a® -yt -y [(#a' — #y') (#2° - #9°)].
e The kernel h is obviously symmetric.
e The kernel h satisfies (Af,,,;). Indeed, let

Flatyt) =#at - #y' (#a' —#y').
First, notice that f (wl,xl) =0and f (xl,yl) =—f (yl,:vl).
Moreover, h ((:vl,x?) , (yl,yQ)) =f (:Cl,yl) f (12,y2). Thus

n

PORI(CHEANCIE)
i1’ 1,5’ =1

n

Z f 17 g .’L'/,.’II?)

i,4/,7,7'=1

( n Z, J ) ( i f x?l7x§l )
1,j=1

= 0,
and thus (Af,,,,) is satisfied by h.

e The kernel h cannot be written as an h,,.
On the one hand, first notice that for any ¢ : X2 — R, the difference

Dy, = hy((z", %), (", 9°)) — ho((@",27) . (¥',9%))

does not depend on y'. Indeed,

Di, = S(e(ha?) +o(?) - o () — 0 (v
—<P(51,I2)—w(yl,yQ)+<p(§:1,y2)+<p(y1,x2))
= ) — e (#a?) e (707) — e (e 02))

On the other hand, for the kernel h introduced above, the difference D;, does
depend on y'. Indeed

Dy = h((z"2?), (¥ v%) —h((E"2%), (" 7))
= #a® - #y' - #y? (#27 — #9°) %
[#a' - (#a' —#y') —#2" - (#3' - #y")],
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and if for instance, #z' = #y? = 1 and #i' = #22 = 2, then
Dy =24y" [-3+#y'],

which clearly depends on 3.
So finally, there does not exist any ¢ such that i = h,.
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Figure 1 — Estimated sizes and powers for various numbers of trials n, all
the tests being performed with a level o = 0.05. The circles represent the
percentage of rejection on 5000 simulations for each method, the triangles
represent the corresponding endpoints of a 95% confidence interval. The

corresponding experiments are described in Section 5.1.2.
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Figure 2 — Estimated powers for different §. Same convention as in Figure
1.
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