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Abstract

This article aims to propose new non-parametric adaptive estimation methods and to adapt other recent
similar results to the setting of spike trains analysis. After briefly recalling main features of the homogeneous
Poisson model, we focus on two main generalizations of this process : the inhomogeneous Poisson model, which
is non-stationary, and the Hawkes model, which can take into account interactions. Goodness-of-fit tests are also
proposed and are proved to be of prescribed asymptotical level. They enable us to test these non-parametric
models. Various simulations show good performance of the estimation and test procedures. A complete analysis
is also performed with these tools on single unit activity recorded on a monkey during a sensory-motor task.
We can show that the homogeneous Poisson process hypothesis is always rejected and that the inhomogeneous

Poisson process hypothesis is rarely accepted. The Hawkes model seems to fit most of the data.

1 Introduction
In Neurosciences, the action potentials (spikes) are the main components for the real-time information pro-

cessing in the brain. Moreover it is possible to record in vivo several neurons and have access to simultaneous



spike trains. The duration of each spike is very small, about one millisecond. Moreover the number and the
position of each spike fluctuate from one trial to another trial. It is consequently quite natural to assimilate
a spike to a random event. Therefore, in this article, we mathematically model spike trains as real-valued
point processes that have been deeply described and studied for long in the literature (see [1] for a review).
However, except in very particular tests of independence (see for instance [2,3]), it is most of the time not
sufficient to only state that the spike trains are point processes. To access more meaningful quantities, some
assumptions need to be made.

The first naive model that has been used is the homogeneous Poisson process, which is the simplest
process among point processes (see for instance [4]). In this model, parametrization is only based on the
firing rate A of the process. Due to their simplicity, homogeneous Poisson processes were extensively implicitly
used in Neurosciences. In particular, the study of those firing rates leads to significative advances in the
understanding of the coding of the direction of movements (see [5]). But for homogeneous Poisson processes,
the firing rate A\ is constant so several features of spike trains cannot be modeled and in particular among
others: (i) non-stationarity along time (ii) dependence with respect to the previous spikes in the same spike
train (iii) dependence with respect to spikes of other spike trains (i.e. neuronal synchronization).

The temporal behavior of the firing rate has also been extensively considered and many studies have
in particular established various kinds of correlations between some motor, sensory or cognitive events in a
behaving animal and the occurrences of a variation of the firing rate of specific neurons, before, during or
after this event [6,7]. In these cases, the process is clearly non-stationary. One of the easiest way to take into
account non-stationarity is to allow the Poisson process for being inhomogeneous. In this setting, the firing
rate is now time-dependent and is modeled by a function A(.) which is the intensity of the inhomogeneous
Poisson process (see [4]).

To detect dependence between spikes constitutes another main focus of neuroscientists. Several studies
have established statistical evidence of dependence between the occurrences of the spikes of several neurons
(see [2,3,8-10]). Irrealistic but still simple models based on Poisson processes have been used such as the
injection model (see [11]). But from a point process point of view, using univariate or multivariate Hawkes
processes is the easiest and natural way to model dependence of spikes occurrences. Hawkes processes gen-
eralize homogeneous Poisson processes by using functions quantifying interactions between spikes. These
functions are called interaction functions. These models have recently appeared in the Neurosciences litera-
ture [12-14], but they have also been mentioned earlier in the mathematical community interested by issues

of Neurosciences (see for instance [15]).



In the setting of each of these three models, many statistical questions need to be answered. First of all,
functions have to be estimated (the intensity for the Poisson models, the interaction functions for the Hawkes
model). A very standard statistical procedure consists in assuming that these functions are parametrized by
a few number of parameters, and in taking (for instance) the maximum likelihood estimator [16,17]. This
approach is called parametric. For instance assuming that a spike train is an homogeneous Poisson process,
is equivalent to parametrizing the intensity by one parameter, namely the fixed constant firing rate. However
in Neurosciences, except in the particular case of homogeneous Poisson process, there is no a priori shape for
the functions to be estimated. These functions are by essence completely unknown. Non-parametric statistics
is designed to estimate functions when no parametric model can be assumed. Note that approximating the
true underlying function by a model with a large number of parameters to be estimated, is still considered
as a non-parametric approach.

In Neurosciences, the most well-known non-parametric estimation approach is based on kernel rules. One
goal of this article is to discuss them and in particular the classical method based on the average on a sliding
window over time to estimate the firing rate which is extensively used. Indeed, the size of these windows
is often fixed without clear argument for this choice. From a mathematical point of view, this amounts to
estimating the function by the most basic kernel, namely the uniform kernel, with a fixed bandwidth. It is
well known that the uniform kernel is the roughest choice and that much smoother kernels lead to better
results. Smoother kernels, such as the Gaussian kernel, are also mentioned in the Neurosciences literature,
but most of the time a fixed bandwidth is used [4]. However it is well known in the non-parametric statistical
community that the choice of the bandwidth is decisive in order to perform good estimation. Indeed, as
discussed in Section 4, when we look at the mean behavior of a kernel estimate, it seems that the best
choice is the smallest bandwidth, but on the other hand, the kernel estimate is a random variable that
randomly fluctuates around its mean and these fluctuations increase when the bandwidth tends to 0. This
is the main focus of non-parametric statistics to take care of both aspects. The first classical answer in
non-parametric statistics consists in choosing the bandwidth according to the smoothness of the function to
be estimated (see [18]). But of course, this answer is not satisfying because the regularity of the function is
typically unknown. Several works tried to find a data-driven choice of the bandwidth. For instance, inspired
among others by the work of [19] in the 80’s, cross-validation methods have already recently diffused in
the Neurosciences community [20]. However these methods are not mathematically proved to furnish good
bandwidth choices even if they seem to work well in practice. That is the role of adaptive statistics to find

non-parametric data-driven methods that are able to do as well as the optimal choice when the regularity



is known and this without knowing this regularity. This is one of the main aims of the present article to
adapt recent adaptive tools of the literature to spike trains analysis and, consequently, to furnish data-
driven methods that are mathematically proved to work. In particular, the existence of some mathematical
guarantee for these estimates makes the interpretation of the resulting estimate much more reliable. We
propose for instance here to adapt the Goldenshluger and Lepski’s method [21] for the inhomogeneous
Poisson processes.

But kernels are not the only answer (see also [22] for an alternative in Neurosciences based on penalized
splines). It is also not clear that such smooth estimates are always the best answer. Indeed smooth estimation
cannot reproduce discontinuities, even if a rapid change in the slope of the reconstruction may give a visual
identification of these discontinuities. In Neurosciences, many studies rely on visual detections of these slope
changes on the average on sliding window. Hence, estimators that are able to accurately reproduce these
discontinuities, such as adaptive histograms or adaptive piecewise polynomials, may provide a better answer
to this problem.

Hawkes models are much more intricate to deal with than Poisson processes. Indeed, estimation for
Hawkes models is a difficult task and there are no obvious estimates, unlike in the Poisson case. If parametric
estimation has been available for a long time (see [23] for instance), it is only very recently that statisticians
have been able to perform non-parametric adaptive estimation of the interaction functions (see [24]). We
propose here to use the most up-to-date results of adaptive estimation in Hawkes models [25] for the spike
trains analysis.

For all the considered models, we are consequently able to give reliable estimates of the unknown functions.
However this does not mean that these models are correct. To verify that a model is adequate with respect
to the data, one needs to perform a goodness-of-fit test [16]. This kind of test consists in finding a statistics
whose distribution is known at least asymptotically under Hy: ”the considered model is true” and to reject
this hypothesis if the observed statistics seems too far from this reference behavior. It is much easier to test
small models than large models. Indeed if the model just consists in one distribution, then the statistics and
its distribution can usually be guessed easily. In particular, the Kolmogorov-Smirnov test is one of the oldest
tests that is able to distinguish perfectly between a singleton model and any other distribution as soon as
there are sufficiently many observations. However, if the model is not a singleton and even if the model is
just parametric, it becomes much more difficult to find a correct test statistics with known distribution under
Hjy and one usually needs to find ”tricks” in order to obtain a correct test statistics. The most classical trick

consists in doing as if the true unknown parameter is the one that has been estimated on the same sample,



but we will show in the sequel that such a plug-in step is wrong. In the spike trains analysis, the models
that need to be tested are much more intricate since they are non-parametric and following [23] (see also in
Neurosciences [26,27]), the plug-in step has been used intensively, without mathematical justification. We
show in this article how to correct this plug-in step in order to obtain non-parametric goodness-of-fit tests
of Poisson or Hawkes models, that are mathematically proved to be of prescribed asymptotical level. They
mainly rely on the fact that we can build non-parametric estimators in such models with good convergence
properties.

The article is organized as follows. We first present the data that will illustrate our various methods,
next we explain how to test that spike trains are homogeneous Poisson processes, with very classical tests.
In particular, one of the presented test is an advertisement for understanding more general non-parametric
goodness-of-fit tests. After showing that the considered data cannot be homogeneous Poisson processes, we
propose several methods of adaptive estimation of the intensity for an inhomogeneous Poisson process and
we explain how to test that an inhomogeneous Poisson process is an adequate model for the data. Finally,
we introduce the Hawkes models and we also show how to estimate and test for such models.

Most of the analysis has been performed with the software R. We refer to [22] for a complete list of its

advantages.

Notations: For Poisson processes, all neurons are considered independently. We denote by N one spike train
and by N the spike train of the ith trial for 4 = 1,...,n. For Hawkes processes, we denote by N; the
spike train of neuron j and by N j@ the spike train of neuron j in the ith trial for i = 1,...,n. We always
assume that the trials are independent and identically distributed (i.i.d.). In the sequel, we denote by P the
probability measure associated with the distribution of the data and by E the associated expectation. The
point measure dN associated with a point process N is the sum of the Dirac masses in each point (spike) of
N, namely for any measurable function f,
[ t@ant) = 3 s
TeN

For any set A, N(A) is the number of points (spikes) of N in A. The indicator function of A is denoted
1,; the cardinal of A is denoted #A. If A is an interval, we denote by £(A), the Lebesgue measure (or the
length) of A. We also write u,, << v, if up /v, tends to 0 when n tends to infinity. Finally we denote by a’

the transpose of any vector a.



2 Description of the data
Our procedures are performed on real and simulated data sets. Let us first describe the real data sets and

the protocol associated with these data.

2.1 Behavioral procedure

The data used here are a small subset of already partially published data in previous experimental studies
[9,10,28,29]. These data were collected on a 5-year-old male Rhesus monkey who was trained to perform a
delayed multidirectional pointing task. The animal sat in a primate chair in front of a vertical panel on which
seven touch-sensitive light-emitting diodes were mounted, one in the center and six placed equidistantly (60
degrees apart) on a circle around it. The monkey had to initiate a trial by touching and then holding with
the left hand the central target. After a delay of 500 ms, the preparatory signal (PS) was presented by
illuminating one of the six peripheral targets in green. After a delay of either 600 or 1200 ms, selected at
random with various probability, it turned red, serving as the response signal and pointing target. During
the first part of the delay, the probability for the response signal to occur at 5004600 ms =1.1 s was 0.3.
Once this moment passed without signal occurrence, the conditional probability for the signal to occur at
500+600+600 ms =1.7 s changed to 1. The monkey was rewarded by a drop of juice after each correct trial,

i.e. a trial for which the monkey touches the correct target at the correct moment.

2.2 Recording technique

Signals recorded from up to seven microelectrodes (quartz insulated platinum—tungsten electrodes,
impedance: 2-5MO at 1000 Hz) were amplified and band-pass filtered from 300Hz to 10 kHz. Using a
window discriminator, spikes from only one single neuron per electrode were then isolated. Neuronal data
along with behavioral events (occurrences of signals and performance of the animal) were stored on a PC

for off-line analysis with a time resolution of 1 kHz.

2.3 Summary of the real data set

Two sets of data are here considered. They both correspond to a probability of 0.3 that the response
signal occur at 1.1 s for the monkey, but only correct trials where the response signal occurs at 1.7 s are
considered. On both data sets, two neurons have been recorded simultaneously over [0, T,q.] Wwhere Tyyq, is
approximately two seconds. In the sequel, the first data set (respectively the second data set) corresponds to

the pair of neurons (N1,N2) (respectively to the pair of neurons (N3,N4)). In the first data set (respectively



the second data set), 177 trials (respectively 165 trials) are considered. Figure 1 plots the rasters associated
with these data. However, because different directions of movement were proposed to the monkey, we can
also consider in both data sets, 6 subsets of trials, each subset corresponding to a prescribed direction of
movement. Therefore, distinguishing the data with respect to the direction and the trial, we obtain the

following summary:

Direction 1 2 3 4 5 6 Total
First data set 31 1351|2830 | 28| 25 177
Second data set || 27 | 26 | 30 | 30 | 32 | 20 165

Therefore, n, the total number of trials will be close to 200 if one aggregates over all the directions or
will belong to the interval [20,35] if one considers the trials according to the directions. Those trials are
assumed to be i.i.d.. This assumption is more reasonable if one considers trials for a fixed given direction
but the small number of trials per direction makes sometimes this distinction inappropriate and we will need

to pool on the directions to obtain about 200 trials.

2.4 Simulated data
We study the performance of our procedures on the real data sets described previously but also on simulated

data sets. Simulated data are carried out according to the following simulations schemes:

e (S-HomPoi) Spikes are distributed according to an homogeneous Poisson processes of intensity 20 on

0,2].

e (S-InPoi) Spikes are distributed according to an inhomogeneous Poisson processes with piecewise con-

tinuous intensity given by Figure 6.

e (S-Haw) Two spike trains are simulated according to a bivariate Hawkes process with parameters given

by Figure 14 observed on [0, 2]. Each process is respectively denoted N7 and Ns.

Each time a n i.i.d. sample is drawn.

Mathematical descriptions of these processes are described in the subsequent sections.

3 Homogeneous Poisson Processes
Let A be a fixed positive constant. Assuming that a spike train is an homogeneous Poisson process with
intensity (or constant firing rate) A means that (i) for two disjoint intervals I and J, N(I) and N(J) are

independent and (ii) for any interval I, N(I) is a Poisson variable with parameter M(I). Therefore, it is



quite easy to estimate A on one trial by A=N ([0, Trmaz]) /Tinaz, which leads to an unbiased estimate of A

since E(A\) = X\. Moreover, when n i.i.d. trials are available, the estimator

= S NO(0, )

nTmam T
1=1

is unbiased but also consistent, i.e. the estimate converges to the true parameter, namely An % A

Now the question is the following: can we test that a spike train N is an homogeneous Poisson process?
Many tests could answer this question but our purpose is not to review all of them. In particular, we
will not consider parametric tests or tests based on asymptotic normality properties of the Poisson process
whose quantiles are not always easily available (see [17]). Classical tests of reliability based on monotone
alternatives will not be considered as well since we cannot assume that firing rates are monotone (see for
instance [30]). So, three directions remain, each of them corresponding to one property of the homogeneous

Poisson process (see [1,31] for instance).
[1 ] Given the event {N([0, T)naz]) = ntot}, the spikes are nyo; uniform ii.d. variables on [0, T)yax]-
[2 ] The total number of spikes N ([0, T},q]) is a Poisson variable.
[3 ] The delays between spikes are i.i.d. exponential variables.

[3’ | For any fixed time t < T},4., the delay between T}, the next spike of N after ¢, and ¢, is an exponential

variable, since exponential variables are memoryless.

Note that Property [3°] is a variant of Property [3]. We now derive the tests associated with respect to these

three approaches.

3.1 Test of uniformity

Using Property [1], the first natural idea consists in rejecting the hypothesis Hy ”the process is an
homogeneous Poisson process” if the repartition of the points is not uniform enough. On the event
{N([0, Traz]) = mtot}, we consider the very classical Kolmogorov-Smirnov test (KS test in the sequel)
which compares the renormalized empirical cumulative distribution function to the (theoretical) cumula-
tive distribution function (c.d.f.) of the uniform distribution on [0, T}q.] (see [16]). More precisely, let us

consider, for all u € [0, 1]

1
Fnt,ot, (’LL) = Niot TGZJV 1{7,1,73&: <u} and F(U) = U.



If nyor is large enough, F), , (u) should be close to F(u) for any u. The KS test is based on the statistics
KSp,,, = sup |Fn,, (u) = F(u)]
u€[0,1]
whose distribution is known when the spikes are uniformly distributed, which holds by Property [1] condi-
tionally to the event {N([0, Timaz]) = Ntot}. Let kn,,, 1-o be the 1 — a quantile of this distribution. The
KS test consequently consists in rejecting Hy: ”the process is an homogeneous Poisson process” whenever
K SN0, Thas]) = EN(0,Timan]),1—a and this test is of exact level a.

We mention that when p tends to co, the random variable /pK.S, tends in law to a tabulated distribution
K (see [32]). If ki_o isthe 1 — quantile of K, |/pkp 1-o tends to k1_o and the approximation is valid as
soon as p > 45 [33].

Table 1 shows the behavior of the KS test on simulated and real data sets, for the level a = 5%. On
200 simulated homogeneous Poisson processes, 10 trials are rejected, as expected for a test of level 5%. On
the real data sets, the proportion is usually larger (except for N2) but is still less than 25%, i.e. more than
the three quarters of the trials accept Hy. This does not mean than three quarters of the tests are indeed
homogeneous Poisson processes. To understand this behavior, Figure 2 shows the distribution of XS, under
Hy and under a fixed known alternative hypothesis with p = 50. At the level 5%, the power of KS test is

only 20%. It illustrates the well-known statistical principle: a test may say "no” or "maybe” to Hy but not

For the KS test whose asymptotic power is equal to 1, the problem can be overcome if we can obtain
more data. We propose to aggregate all trials to get a larger point process (see also Figure 12). Namely, we
consider:

N® =Ujz1, 2N,

Using the properties of Poisson processes [1,31], N, the aggregated process, is also an homogeneous Poisson
process with intensity nA. Hence, one can again perform the KS test and study its performance by using its
p-values. Remember that the p-value of a test is the critical value of the level a such that the test passes
from acceptance to rejection (see [34]). For data not in accordance with Hy, the p-values of powerful tests are
small. Tt is the case for the KS test performed on aggregated real data sets (see Table 3). We can conclude
that all these spike trains are not homogeneous Poisson processes. In particular, the ambiguity with respect
to N2 is now avoided. It is due to the number of points for N® which is much larger than for individual
trials. From a multiple test point of view since all the p-values are less than 5%, all the tests will be rejected

by a Benjamini and Hochberg (BH) procedure for a prescribed false discovery rate (FDR) of 5% [35] (see



the Additional File 4 for a rapid introduction to multiple testing theory, FDR and BH procedure). Note
that in the case of ex aequo observations (which is due to the recordings protocol and is a bit troublesome
from the theoretical point of view), the R-command ks.test warns the user. We could slightly modify our
procedure to avoid ex aequo observations, but this modification would have no impact on the p-values, so
we can ignore this phenomenon.

There exist other tests that are more powerful than the simple and classical KS test. For instance, [36,37]
study more local approaches and provide adaptive tests of uniformity for i.i.d. variables or adaptive tests of
homogeneity for Poisson processes. However, the previous KS tests lead to non-ambiguous conclusions: real

data sets are not homogeneous Poisson processes.

3.2 Test of Poissonian variables
Following Property [2], one alternative is to test that the number of points per trial obeys a Poisson dis-

tribution by using chi-square tests with parameter estimation [33,38]. Under Hy, M;, the number of trials

(Xn *T_‘:nam )j e—j\n,Tmam .
J:

with j spikes should be close to m; = n So, we introduce the chi-square pseudo-distance
between (M;); and (m;);:
£ N2
Z, - Z (M; ;ijj) _
J
Chi-square tests are based on the fact that for classical models with finite number of states Jy, under Hy,
Z,, tends in law to x?(Jo — 1 —d) where d is the number of estimated parameters. The test rejects Hy when
Zy > ¢1—q where ¢j_, is the 1 — « quantile of x?(Jo — 1 — d). In practice, and for finite n, one can perform
the test only if all the m;’s are larger than 5, which ensures that the chi-square approximation based on
these asymptotic arguments is valid.
Here, for Poisson variables, with infinite number of states, we gather different j’s together in disjoint

contiguous groups in order to obtain a finite number of classes. Moreover this gathering is performed to

ensure that > jea m; > 5 for all the groups G. Hence our statistics is now

Zx _ Z (ZjeG M; — EjeG mj)27

Geg Zj cc;
and we reject Hp: ”the number of spikes in each trial is a Poisson variable”, whenever Zx > ¢1—q wWhere
C1—o is the 1 — o quantile of x?(#G — 2), since one parameter (namely \) has been estimated.

The results are presented in Table 4 for the simulated data and in Table 5 for the real data sets. The

p-values are large for simulated homogeneous Poisson processes as expected. The p-values are also large on

10



the real data sets, direction per direction and a BH multiple test procedure cannot find any significant small
p-values. But as explained previously, there is no guarantee that the counts are indeed Poisson variables
(tests may be not powerful enough). When we pool all the directions, the p-values are very small for N1, N3
and N4, showing that they are indeed not Poisson variables. This can be explained by one of the following

reasons:
e The counts are not i.i.d. and pooling the directions leads to a non i.i.d. sample.

e The counts are i.i.d. but are not Poisson variables, as detected now by the test. The latter is based

on a large number of observations thanks to the pooling, so it is more powerful.

3.3 Test of Exponentiality

More generally, Kolmogorov-Smirnov tests can be applied to test Hy: ”The variables have cumulative
distribution function F” and therefore following Property [3], if one takes F(u) = 1 —e™* for u > 0,
it is possible to test Hy : 7 The variables are exponential with parameter \”.

Several specific procedures exist to test Hp: 7 The variables are exponential” without specifying the
parameters. These procedures are essentialy based on the fact that the exponential distributions are scale
invariant (see for instance [36]). We want here to investigate more precisely the plug-in procedure, since
it is at the root of the main practical tests in point processes theory [23,26,27]. This procedure is also
implemented by default in various softwares such as SAS.

However, as one can see on Figure 3, it is not possible to plug directly an estimate of A, based on exactly
the same sample. It is also not possible to split the data in two equal parts and to use one half of the
data for the estimation and the other half for the test. Figure 3 shows that the first plug-in procedure
leads to a very conservative test whereas the second one leads to a very poor test that wrongly rejects Hy
with high probability. We propose here a quite simple approach based on sub-sampling to obtain a test of
asymptotic level a, which provides a correct repartition of the p-values (see Figure 3). This method could
be applied to test that the delay between spikes is exponential, following Property [3]. Since the previous
tests of uniformity are already quite efficient, we have not implemented this new method. We have preferred
to implement this method to test that the process is locally an homogeneous Poisson process, following
Property [3°].

The test is constructed as follows.

1. Fix a time ¢, where one wants to check that the process is locally an homogeneous Poisson process.

11



2. For each trial 4, find Tt(i) the next spike after time ¢ and compute 7, = Tt(i) —t.
3. Compute \= n/(q’l 4 Tn)-

4. Select a subsample S of the trials at random with cardinality m(n), such that m(n)/n —,_s 0 (for

instance take m(n) = /n or m(n) = n?/3).

5. Compute on S the fOHOWiIlg empirical cumulative distribution function:
>0, Fs(x)= —1 1
Vo T E .
) S ( ) < i<

6. Take k1_q the 1 — quantile of the asymptotic distribution K of \/pKS),.
7. Reject Hp: "The distribution of the 7;’s is exponential” whenever
m(n) sup |Fs(x) — F(z))| > ki_a,
zeRT

where for any = > 0,

Flx)=1- e,
Theorem 1. The previous test is asymptotically of level o when n tends to co.

A proof can be found in Additional File 2. This surprising result is due to the fact that two errors come
into play, the Kolmogorov-Smirnov distance between Fg and F' and the error between F' and F. The first
one is of the order of El,a/\/m, whereas the second one is of the order of 1/4/n. In order to make this
second error negligible, it is sufficient to take m(n) << n.

The practical results are displayed in Table 6. The p-values for simulated homogeneous Poisson processes
are obviously large. On the real data sets, we have performed our procedure for several values of ¢ and we
also found large p-values. Hence, there is no evidence that the real data sets are not locally homogeneous
Poisson processes.

Let us now consider the inhomogeneous Poisson model, which can model time-dependent firing rates.

4 Inhomogeneous Poisson Processes

Assuming that a spike train is an inhomogeneous Poisson process N with intensity (or time-dependent firing
rate) A(.) implies that (i) for two disjoint intervals I and J, N(I) and N(J) are independent and (ii) for any
interval I, N(I) is a Poisson variable with parameter [, A(x)dx (see [1,31] for a precise definition). So the pro-

cess has the same properties as before except that now the law of N(I) is not translation-invariant anymore,

12



and in this case the process is not stationary. When the intensity A(.) which models the time-dependent
firing rate is constant, the model is equivalent to the homogeneous Poisson process. Inhomogeneous Poisson

processes with intensity A(.) satisfy the following properties: for any square integrable function f,

(s - s st (o) [ i

A classical idea to estimate A(.), is to assume that A(.) is locally constant. Several methods can then be
used (see [39]) and in particular the method based on An defined in the previous section. More precisely, for

any interval I with small length, an estimate of A(.) on I is the constant

If we want to reconstruct the whole function A(.), there are therefore two different strategies:

e We consider a fixed partition P of [0, Tynaz] and we define for any x,

A (@) = Z( Z NO(1 )11) (2)

IepP

which is an histogram, namely a piecewise constant function on the partition P. In particular, peri

stimulus time histograms (PSTH) are built in this way for a very thin, regular and fixed partition P.

e We take I =[x — h,x + h| and we consider the average on the sliding window [z — h, 2 + h] classically

used on spike trains data:
< 1 <& :
SWh — (7) _
W) = g SNl = b ) (3)

On the data considered here, h = 0.05 s is usually taken (see [28] for instance). However one can
generalize this sliding window method for other kernels K (that satisfy [ K = 1) and with other
bandwidths h, by taking

Z/Kh z — u)dN® (u /Kh (z — u)dN(u), (4)

where Kp,(u) = (1/h)K(u/h) and where N is the aggregated process (see also Figure 12), which
is an inhomogeneous Poisson process with intensity nA(.) [1,31]. This estimate is called a kernel
estimator [20]. It is sometimes referred as a linear filter [4]. The average on a sliding window (3)

corresponds to the choice K (u) = 1;_; 1)/2.

Histograms and kernel estimates have been used for a long time to estimate density. They both have

advantages and disadvantages. Histograms provide a segmentation of the data and on each segment, the
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process will be considered as homogeneous. But of course, this makes sense only if the choice of the partition
P is data-driven. The disadvantage is of course that the global reconstruction of A(.) is always piecewise
constant and therefore not smooth at all. Kernel estimates with regular kernels (such as the Gaussian kernel)
can provide a very smooth reconstruction of the intensity and the larger the bandwidth, the smoother the
estimate. Without a data-driven choice of the bandwidth, it is not clear at all that the true intensity is
that smooth. The problem of bandwidth/partition selection dates back to the early eighties with [19]. So
whatever the estimate, we need to perform an adaptive choice of the partition or the bandwidth. We start
with the kernel estimates, which are the most classical estimates, at least in Neurosciences, next we will
deal with histograms, finally we will describe more informally a procedure based on adaptive piecewise
polynomials which is able to provide piecewise constant estimates if the true intensity is irregular but also

smoother estimate if the underlying intensity is regular enough.

4.1 Data-driven choice of the bandwidth for kernel estimators

By the classical properties of the inhomogeneous Poisson process, the estimator 5\5’1 is biased by (1) since
ENSw (2)] = (Kp « N)(2), V& eR,

where x denotes the convolution product. So, the expectation of 5\5 h constitutes a regularized approximation
of A(.). To measure the performance of AX*, we compute its Lo-risk by (1)(see further details in Additional

File 1):
[[Allx

B — X = K x A= A3+

1113, (5)

which is classically interpreted as a bias-variance decomposition. Under mild standard regularity properties,
the first term in (5) (the bias of AX*) goes to 0 when h — 0 but the second term (the variance) blows
up. We naturally wish to choose a bandwidth h such that the Lo-risk of 5\5’1 is as small as possible. The
parameter h which minimizes the right hand side of (5) with respect to h is called the oracle bandwidth
but it depends on A(.), so cannot be used in practice. Therefore, the (data-driven) choice of the bandwidth
parameter remains a difficult task in particular when the number of observed points is not very large. To

deal with this problem, several methodologies can be used:

1. The first one consists in plotting several curves; then the practitioner chooses the estimate that is most
in accordance with one’s prior belief about the intensity. This belief can be based, for instance, on
the smoothness, the monotony or the number of modes of the intensity. This methodology is often

performed in Neurosciences.
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2. If we wish to deal with an automatic procedure, we can adapt to our setting the simple rule of the
thumb, which is the most popular methodology used for practical kernel density estimation. Besides
automaticity, which is useful when we have to deal with a large number of data sets, this method is
very simple to perform. We refer the reader to [40] for some partial theoretical justifications. The idea

consists in using approximations of the bias term and in this paragraph, we further assume that

/tK(t)dt =0, ky:= /tQK(t)dt < .

So, if A(.) is smooth enough, a Taylor expansion gives when h — 0:

=
>
=
>
—~
8
=
\
>
—~
8
~
I

/K(t)(/\(:c — ht) — Aa))dt
_ %hQX’(z)kg +o(h?).

Then,
1
| EKpxX— A3~ Zh4k§ /(/\”(:c))de.

Setting ¢ := ||A||[7* x A, the decomposition (5) gives:

. 1 A1
E (X" = A5 ~ Zh R IMRllg"13 + = I,
and the right hand side is minimal when h = h*, where
* 2/5, —2/5 —2/5 —-1/5 _— 2/5, —2/5 —2/5 ara _
W= K5 ks g 5 2 I P Y K15 ks g 5 P PN ([0, Tonaa]) Y5 (6)

A difficult issue remains: the estimation of ||g”’||2. To overcome this problem, we assume that, con-
ditionally to {N®([0, Tyaz]) = m}, then the points of N obey the distribution of a m-sample with

Gaussian density with mean ;1 and variance 0. In this case

3 3
Hg//”% _ §7T71/20'75 ~ §ﬂ71/2&75,

where ¢ is the standard estimate of the standard variation of the m observations conditionally to
{N%([0, Tqaz]) = m}. It remains to substitute this expression into (6). In particular, if K is the

Gaussian kernel,
4\ /5
h* & (5) ENY[0, Trmaz]) ™ = 1.06 6N([0, Tnaz)) V5.

This last expression provides another still naive but simple choice for the bandwidth parameter. The
rule of the thumb is simple but is essentially based on heuristics arguments, so it suffers from a lack
of theoretical justifications. Furthermore, due to Gaussian assumptions used for estimating ||g”||2, it

tends to oversmooth.
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3. Cross validation is another popular methodology used in Neurosciences (see in particular [20] and
the references therein). It is based on the use of an unbiased and consistent estimate of the risk of
the kernel estimate E AKX — |2 for a fixed bandwidth h denoted Rj. The selected bandwidth is a
minimizer of h — Ry, among all bandwidths. Even if it is known to work very well in practice, this
method suffers from two problems: its high computational time (we need to compute the risk estimate
for each bandwidth) and its lack of theoretical validity, as for the rule of the thumb. Indeed, it can
be proved that the method selects the best bandwidth in a fixed family of bandwidths when n tends
to infinity. But this family cannot depend on n and therefore the chosen bandwidth cannot tends to

zero, making the bias of the resulting estimate incompressible (see also [19]).

4. We now describe the theoretical Goldenshluger and Lepski’s methodology [21], whose computational
cost is slightly higher than the cross-validation method but has no theoretical gap. It also consists in
estimating the risk via a direct bias estimation rather than approximating it as the thumb rule. It can
be described in our setting as follows: we consider a set of bandwidths H and for any h,h' € H we
define:

N 1 LK

A (2) = = 3 (K Ki)(@ — T) = (K« M) (x), Vo €R,

" n
TeNe

then for n > 0, we set:

Amy:sm>@xz”—xfwb—<“+m“+'KW”KMvN”WJ%mD}.
+

h'eH n\/W

The Additional File 1 shows that A(h) constitutes a good estimate of the bias term. Finally, we select

the data-driven bandwidth as follows:

. 1 1+ | K|DIK lan/Ne([0, Toan
h:a@mm{Am%+(+nﬂ-+Hlﬁ|lh¢ ([ “B}’ -
heH n\/ﬁ
which allows us to estimate A(.) by using
S\SL = 5\5 h (8)

Note that in (7), || K||3N%([0, Tynaz])/(n?h) is an unbiased estimate of the variance term in (5) and
therefore the previous criterion mimics the bias-variance decomposition of the risk of S\ff h up to some
multiplicative constant. Once K, H and n are chosen, we obtain a turnkey procedure. The following

theoretical result justifies our procedure.
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4.2

Theorem 2. If H C {D7': D =1,..., Diax} with Dyax = 0n for some § > 0, and if || A < o0,

then,
[[Allx
nh

BIAZE - N3 < €1 jut {150« r = A3+ L i | + Can,

where Cy is a constant depending on ||K||1 and n and Cy is a constant depending on 6, n, || K||2, || K]|1,
Al and [|Afloo-

Theorem 2 combined with (5) shows that our procedure mimics the performance of the oracle (restricted
to H) up to the constant C; and up to the term Con~! which is negligible when n goes to +oo. It
is classically called an oracle inequality. Take the family H = {1,...,[on]~'}. Thus the family of
bandwidths grows with n and it is possible to select a bandwidth tending to 0 with n. If we assume
that A(.) belongs to S,, the standard Sobolev space of regularity «, then under standard properties
of vanishing moments for the kernel K, ||[Kp, « A — A2 = O(h?), so the Ly-risk of AGL goes to 0 at
the rate n=2%/(1+29) which is the optimal minimax rate of convergence over such spaces. This rate is
guaranteed, even if we do not know in advance that A(.) belongs to S,. This is the adaptive minimax
property [18].

If K is the Gaussian kernel, then || K||; = 1 and ||K|o = 27'/27~ /4. Moreover Kj, x K}/ = KW
and straightforward computations show that explicit formula for | A" — A5 ||y are also available. It
is consequently very easy to implement the method, the computational cost being almost of the same

order as cross-validation. The choice n = 0.5 with the bandwidths family
H={D': D=4,506,7,89,10,11,12,14, 16, 18, 20, 22, 25, 30, 35, 40, 45, 50},

used in the sequel, shows a robust behavior on various simulations, for the present considered size of

n (mainly n ~ 40).

Data-driven choice of a partition and histograms

There are several ways to select data-driven partitions for inhomogeneous Poisson processes. For instance one

can use model selection as in [41]. Model selection can either select a regular partition or an irregular partition

on a grid. When regular partitions are considered, the resulting estimator satisfies an oracle inequality similar

to the oracle inequality established in Theorem 2 for the Goldenshluger and Lepski’s kernel rule. Indeed the

bin for the histograms plays exactly the same role as the kernel bandwidth. Therefore it leads to similar

theoretical performance, except that the histograms cannot become smooth enough to guarantee a minimax
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rate of convergence for regular intensities (namely intensities belonging to S, with « > 1). Therefore, the
choice of regular partitions is probably not the best one and one may prefer the Goldenshluger and Lepski’s
method. The data-driven choice of the partition becomes much more interesting when the partition is not
forced to be regular. However, the method of [41] is too time consuming to be really considered in practice.
Another possible direction that we will ignore is the context of Markov modulated Poisson processes [42],
where the algorithms are also quite time consuming without ensuring any adaptive property (despite some
possible interpretation with respect to hidden Markov processes).

However, and as already noticed in [41], it is possible in certain cases to interpret a model selection
estimate as a thresholding rule. If A(.) € Lo, we can decompose it on the Haar basis:

+oo
A= Bintik,

j=—1keZ
where ¢_1,(.) = ¢(. — k) with ¢ = 1o 1) the Haar father wavelet and where v, x(.) = 29/2¢ (27(. — k)) for
J > 0 with ¢ = 19,1/2) — 1[1/2,1) the Haar mother wavelet. The (3;x’s are the unknown coefficients of A(.)
and are given by

Vji>-1,keZ, Bjr= /wj,k(xw:c)dw-

These coefficients can therefore be unbiasedly (see (1)) and consistently estimated by

. A 1 a
Viz-LheZ fu= [ @iV ()

Given a fixed finite subset of indices m, we obtain an easily computable estimate of A(.):

Am = Z Biktik-
(4,k)em

Since the Haar basis is piecewise constant, the previous estimate is also piecewise constant on a certain
partition P depending on m. A data-driven choice of m therefore leads to a data-driven choice of the
partition that can be irregular. Let us fix an arbitrary highest level of resolution jy such that 270 < n < 2701
and let us consider the Lo-risk of S\Z‘ such that if (j,k) € m then j < jy. The bias-variance decomposition
of A™ can be written as follows:

E[IA7 = AIP) = Y Bie+ Y Var(Bix)

(4, k) gm (4,k)em

- Z Z J2k + Z Z[ﬂ?,kl(j,k)gm + 561 k)emls (9)

J>jo k J<jo k
where (see (1))

Vi = Var(Bj,k) = % /wfk(x))\(ac)dx
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Hence the best subset m is the set of indices (j, k) such that 8,5 > \/v;,. This is the oracle choice. A
possible data-driven way to choose the indices (j, k) is to choose the indices such that Bj,k are larger than a
certain threshold 7;; depending on an estimate of the variance v; ;. The choice advertised in practice in [43]

is:
v1n(n)27/2

Nk = A/ 27 In(n);x + ™

where 05 = %/w?k(x)d]\[a(x) (10)
Then, we obtain the following thresholding estimator:
Jo
S\Zh - Z Zﬁjvkl{\ﬁj,kbﬂj,k}wj’k' (11)
j=—1 k

In [43], it has been proved that a slight modification of this estimate satisfies an oracle inequality in the
same spirit as Theorem 2. We can generalize this estimate by considering general biorthogonal bases instead
of the Haar basis, leading to smooth estimates (see [43,44]). In this case, for a slight modification of the
threshold, the resulting estimate has the same convergence rates as the Goldeshluger and Lepski’s estimate,
up to some logarithmic term, as soon v > 1. The choice 7 < 1 has been shown to lead to bad rates of
convergence and the choice v = 1 has been shown to work well on extensive simulations. This method is
easily implementable leading to very fast algorithms that are in particular faster than Goldenshluger and

Lepski’s algorithms. This method has been performed with the Haar basis, jo = 15 and v = 1.

4.3 More sophisticated procedures
Note that thresholding rules overcome a drawback of kernel estimates that always suffer from a lack of spatial
adaptivity on the time axis. Indeed, once the bandwidth is chosen, it will be the same for all the data. If a
particular spot needs more precision, whereas other spots need a larger bandwidth, then the kernel estimator
cannot adapt to this heterogeneity. Several attempts have been proposed to build more local choices of the
bandwidth (see [20] for instance), but up to our knowledge no mathematical proof of this spatial adaptation
has been established. Histograms and in particular the previous Haar thresholding estimator can adapt the
length of the bin to the heterogeneity of the data. But the resulting estimator is not smooth at all. As
explained, we can consider a smoother wavelet basis or we could extend the Goldenshluger and Lepski’s
method to select the bandwidth locally and the kernel by using data, but these extensions do not completely
address the issue.

The best alternative, up to our knowledge, when the support of A(.) is known and bounded (here [0, Thq4])
and when A(.) does not vanish for a significant period of time, is due to Willett and Nowak [45]. Their method

is quite intricate to describe. Informally, a penalized log-likelihood criterion is used to select a piecewise
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polynomial. Both the partition and the degree of each polynomial on each interval of the partition are
free (on a very refined grid of resolution). Willett and Nowak have proved that such an estimator achieves
optimal rates of convergence for various classes of regularity. From a practical point of view, a dyadic tree
algorithm is used. Its complexity is much smaller than a full model selection method on the same piecewise
polynomial family of models. It is a bit more complex than a thresholding algorithm, but there exist a
program (FreeDegree) in Matlab interfaced with C which makes its use in practice quite easy. For a more
complete description of the method, we refer to [45]. Note that in practice because of its adaptive properties,
this estimator is able to be piecewise constant when the true intensity is piecewise constant but also very
smooth (with high degree for the polynomials) when the underlying intensity is smooth and when the number
of points is sufficient. It is also able to be spatially adaptive, the underlying data-driven partition being

irregular. In the sequel, we denote this method S\ZVN .

4.4 Performance of those estimators

In this section we compare XgL, 5\5}1 and S\ZV N with kernel rules with fixed bandwidth and with the rule of
thumb. Namely we consider the original sliding window method, denoted XﬁWh, implemented with A = 0.05
(classically used on these data sets). The same choice for the window has been used with the smoother
Gaussian kernel and the resulting estimate is denoted j\ffh The rule of the thumb has also been used with
the Gaussian kernel and the resulting estimate is denoted j\ff n* . Several reconstructions are given in Figures
4,5, 6 and 7.

First of all, all the figures show that S\TSLWh is clearly the worst choice, as expected for such a rough
kernel. Figure 4 shows the reconstruction of a constant intensity and the adaptive Haar thresholding rule
5\5" is the best estimate. Kernel estimates with Gaussian kernels are oscillating, the bandwidth h* is larger
than h, the Goldenshluger and Lepski’s bandwidth. The fixed bandwidth A = 0.05 is the smallest one and
is quite inadequate in this setting. Willett and Nowak’s method is able to reconstruct perfectly the flat
line. For a Gaussian intensity, Figure 5 shows that Gaussian kernel estimates are much better than the
adaptive histogram. In this case, Willett and Nowak’s methodology is able to capture the smoothness of
the curve and gives the best reconstruction. A more irregular intensity is used in Figures 6 and 7. It is
piecewise continuous, with large jumps and smooth bumps. For such an irregular intensity and for a small
number of trials (Figure 6), the thresholding estimate and Willett and Nowak’s method are both able to
recover the jumps perfectly but the smooth bumps are estimated by a piecewise constant function. The

Gaussian kernels are better for the estimation of the bumps but of course, they cannot detect the jumps. In
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this respect, the Goldenshluger and Lepski’s bandwidth is the best, whereas Xffh and j\ffh are too smooth.
For a large number of trials (Figure 7), the thresholding estimate is a bit refined but clearly suffers from a
lack of smoothness. Unlike Xffh and j\ffh, S\Ej L is reconstructing all the three bumps. Willett and Nowak’s
method is reconstructing more accurately the jumps despite some important boundary artefacts. It also gives
smoother reconstructions for the bumps. In conclusion, Goldenshluger and Lepski’s method gives clearly a
choice that adapts to high irregularity of the intensity with respect to other choices, whereas the thresholding
estimate, which leads to an adaptive histogram, is more spatially adaptive despite its lack of smoothness.
Up to boundary effects, Willett and Nowak’s methodology seems to be the most accurate, since it adapts
to the regularity of the underlying intensity. Note however that on an interval with a few number of points,
this method provides a piecewise constant reconstruction, even if the underlying intensity is smooth, because
this choice is more robust. This conclusion is also coherent with two previous and more extensive studies
(see [43,44]). Those studies also proved that Willett and Nowak’s method can be outperformed by the
thresholding estimate when the intensity becomes null or insignificant for a large fraction of the observation
interval, since it is based on a log-likelihood contrast. This situation never happens on the spike trains data.

Figures 8, 9, 10 and 11 give 4 different reconstructions on some real data sets. The shapes of recon-
structed intensities by Willett and Nowak’s method are quite different: they can be very smooth with slow
variations (Figure 8), almost piecewise constant (Figure 11) and even constant (Figure 10). Despite the lat-
ter reconstruction, p-values of Table 3 show that the process N2 in direction 3 is probably not homogeneous.
Reconstructions for the thresholding estimates look like Willett and Nowak’s reconstructions, but they are of
course always piecewise constant. Gaussian kernel rules S\ffh and XSL provide quite similar reconstructions
(in particular for Figures 10 and 11) that are less regular than S\,Ifh* . Finally, the average on a sliding window

method is still very rough.

4.5 Goodness-of-fit tests
4.5.1 Tests of Hy: ”The process is an homogeneous Poisson process”

First, the tests that have been developed for homogeneous Poisson processes can be applied on simulated
inhomogeneous Poisson processes (S-InPoi). Table 2 gives the p-values for the test of uniformity and shows
very small p-values. Note that even for one trial, most of the tests of uniformity reject Hy (see Table 1).
Hence, as expected, (S-InPoi) cannot be considered as an homogeneous Poisson processes.

Table 4 gives the p-values for the test of Poissonian variables. They are large as expected since for

inhomogeneous Poisson processes, the total number of points per trial obeys a Poisson distribution with
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parameter fOT"“““ AMu)du. Hence, finding large p-values for this test on the real data sets in Table 5 and
small p-values on the same data for the test of uniformity (see Table 3) makes us suppose that those real
data may be modelled by inhomogeneous Poisson processes.

The local test of exponentiality can also be applied (see Table 6). We note that close to a jump of the
intensity associated with (S-InPoi), the p-values are small but on an interval where the intensity is very
smooth, they are large. On the real data sets, we never observe such small p-values but it does not mean
that the real data sets are homogeneous Poisson processes. They can be realizations of an inhomogeneous
Poisson processes whose intensity does not change abruptly enough. Note that the jump detected by the
Willett and Nowak’s algorithm for the intensity of N3 in direction 5 (see Figure 11), just before 0.5, is not

confirmed by this test.

4.5.2 Aggregated test of Hy: ”The process is an inhomogeneous Poisson process.”

Now let us test that the processes are indeed inhomogeneous Poisson processes. One of the main properties of
inhomogeneous Poisson processes is that given the event { N*([0, Tinaz]) = N0t }, the points of the aggregated
process obey a distribution with c.d.f. given by

J. " A(w)du

_ _Jo

t— F(t) = m.

But we do not know A(.) or F under Hy and we need to estimate it. Following the conclusions of Theorem
1, we use a sub-sample in order to obtain tests of Hy: ”The process is a Poisson process” without specifying
any model on the underlying intensity A(.). Indeed, if we do not know A(.), we can estimate it (or F' directly)

by one of the various previous methods and plug the estimate in, as it has been done in Theorem 1. Let us

describe more precisely this first procedure, which is said aggregated.

1. Estimate the cumulative distribution function with all the trials by ﬁ', which is one of the following

choices:
. 1 n .
Vt < Toaws, F=Fo(t) = ———— Y NO(0,¢ 12
< (t) Ne (0, Tonas]) ; (0,]) (12)
or R
. fot A(u)du

Vt < Toaz, F =F5(t) = , (13)
where X is either S\EL or th or S\TVLVN

2. Take a sub-sample S of size m(n) = n’, with § < 1 (§ = 1/2 or 2/3) and denote NS the aggregated

point process of the point processes N, for i in S (see also Figure 12 for a visual representation of
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the aggregation).

3. Compute

1

- 1r<; — F(t)].
NS0, ), 2, Mt = 0

Z% = \/N®S([0, Trqaz]) sup

0<t<Tmax

4. Reject if Z% > ki_, (aggregated test by upper value) or reject if Z% < k, (aggregated test by lower

value).
We can prove the following result.
Theorem 3. Both previous aggregated tests are of level asymptotically v in the following cases:
o if F'is given by (12) and § < 1, or

o if F'is given by (13), E(fOTm”(j\(u) — Au))?*du) = O(n=") and § <.

The proof is given in the Additional File 2. In particular, since oracle inequalities are satisfied by /A\EL,
th and ;\,‘;V N we know that if the function is regular enough, the second condition will hold. For instance
with AGL if A(.) is in a Sobolev space of regularity strictly larger than 1/2 then § = 1/2 is convenient. If
the function A(.) has a finite set of non zero coefficients on the Haar basis then with § < 1, /A\gh will be also
convenient. It is therefore quite necessary to provide estimates that are proved to achieve the best rates of
convergence.

When we use (12) in the test statistics Z¢, the corresponding test by upper values is really close to a
two-sample Kolmogorov-Smirnov test except that the two samples are not independent, the first one being a
sub-sample of the second one. In any case, the test by upper values is, roughly speaking, nothing more than
a test that can verify that the trials are i.i.d. and in this respect it is not expected to be really powerful in
other situations. Indeed, Table 7 shows as expected large p-values for both tests (upper and lower values)
on simulated Poisson processes. On the real data sets (see Table 8), the p-values for the test by upper values
are also large direction per direction and for the pooled process. But the aggregated test by lower values
can detect more relevant features. There are indeed four cases, detected by a BH multiple test, where the
p-values for the aggregated test by lower values are too small, meaning that the distance is too small to be
just due to the classical randomness of a Poisson process. One can also use this by forcing the sub-sample
to correspond to a particular direction for the pooled process and we find once again one p-value for the
aggregated test by lower values that is too small. It consequently seems that those 5 situations correspond

to a behavior that seems in some sense, less random than a Poisson process.
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When we use (13) in the test statistics Z%, the main advantages is that we also verify that the estimators
are consistent and that their convergence is fast. This has been theoretically shown for Poisson processes
and therefore a rejection suggests that the estimates 5\() are not behaving as expected by a Poisson process.
In this sense, they should be more powerful than the test used with (12). As expected on simulated Poisson
processes (see Table 7), the p-values are large. On the real data sets (see Table 9), most of the couples
neuron/direction do not reject Hy. The remaining rejections are mainly due to S\EL
4.5.3 Cumulated test of Hy: ”The process is an inhomogeneous Poisson process.”

The main problem with the aggregated procedure is that if there is a dependency in time between the points
of the process, this dependency can be reflected in the empirical c.d.f. on one trial but can be completely
attenuated by the aggregation step 2. One way to keep this dependency in time, is to cumulate the processes
instead of aggregating them (see Figure 12) to keep the relative distance between the points. Then the main
idea consists in using the time-rescaling theorem (see [46] but also [1,47]), which can be stated as follows.

We introduce the deterministic, continuous and non-decreasing function A defined by
t
Vit >0, A(t) :/ AMu)du.
0

The time-rescaling theorem for Poisson processes states that if NV is a Poisson process with intensity A(.),
then N ={X = A(T) : T € N} is an homogeneous Poisson process on [0, A(T},4,)] with intensity 1. If A(.)
is known, it is then possible to use on A the test of uniformity. This method and many others, still based on
the time-rescaling theorem, have been used to test (among many other possible uses) Hy: ”the process is a
Poisson process of intensity A(.)” (see [23,26,27]). However, since the seminal paper [23] that also considers
the test of uniformity, it has been commonly advertised that if one wants to test a parametric model of the
type Hp: "there exists 6 such that the process is a Poisson process of intensity Ag(.)”, it is sufficient to build
an estimate of 6 by using the same sample and to replace the unknown value 6 with this estimate in the
test statistics and to keep the same quantiles. As we have seen in Theorem 1, this full plug-in step may be
desastrous and so, once gain, we use sub-sampling. Therefore, we introduce a second procedure, which is

said cumulated:

1. Estimate the compensator (or cumulated intensity) with all the trials by

¢
Vt € [0, Tnas), A(t) = / Mu)du, (14)
0
where X is either AGZ or AT" or A\WN,
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2. Take a sub-sample S of size m(n) = n®, with § < 1 (§ = 1/2 or 2/3).
3. For each trial 7 in S, change time according to A, that is consider

N = {A(T),T e NOY, (15)

point process on [0, A(Tynqs)]-
4. Cumulate the N(D’s for i in S, as in Figure 11, to obtain a NS, point process on [0, m(n)A(Taz)].
5. Fix a # > 0 and strictly smaller than A(Tmm).

6. Compute

7¢ = \//\7075([0,771(71)9]) sup m Z 1X§um(n)9 —uj.

0<u<l N
=u= XeNesS, X <m(n)f

7. Reject if Z¢ > ky_q (cumulated test by upper value) or reject if Z¢ < ko (cumulated test by lower

value).
We can prove the following result.

Theorem 4. If A(Taz) > 0 and if E(fT"“”c

0 (A(u) — A(w))2du) = O(n™") with § < 1, then both cumulated

tests are asymptotically of level a.

The proof is given in the Additional File 2.

On simulated Poisson processes, the p-values are as expected quite large (see Table 10). If the p-values
corresponding to the inhomogeneous case with 40 trials are lower then 0.05, they are still not detected by a
BH multiple test procedure.

On the real data sets (see Table 11), most of the couples neuron/direction reject Hy with small p-values,
and the decision is the same for all the considered estimators. Comparing with Table 9, it is clear that for
these data, cumulated tests are more powerful than aggregated tests. Moreover piecewise constant estimates
combined with cumulated tests are also able to reject Hy. The main exception is N2 where most of the
cumulated tests accept Hy. Indeed, if we look at Table 1, the number of rejections associated to this neuron
is very small with respect to the other three neurons. Also on Tables 3 and 5, the p-values associated to this
neuron are the largest ones (even if they are still small). It was already difficult to distinguish these data
(N2) from homogeneous Poisson processes. It is therefore quite natural to accept the more general Poisson

hypothesis on these data.
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Finally, pooling all the aggregated and cumulated tests of Poisson hypothesis together, 17 couples neu-

rons/directions over 24 clearly reject this hypothesis.

5 Hawkes Processes

If inhomogeneous Poisson processes can model non-stationary data, they are not appropriate to model depen-
dencies between points. However, several studies have established potential dependence of spike occurrences
for different neurons. This has been detected via independence tests either for a given fixed model (most
of the time, the homogeneous Poisson process) or via model-free independence tests based on permutations
(also called trials-shuffling) [2,3,8-10]. It is out of the scope of the present paper to explore all the possible
independence tests. We prefer to address the following question: if dependency between spike trains is
detected, how to model it?

The simplest model to take the dependency into account is the Hawkes model, which generalizes the
homogeneous Poisson processes. It is the point process equivalent to the auto-regressive model. It has first
been introduced by Hawkes [48], as a self-exciting point process, that is useful in particular in sismology (see
for instance [23]). It has also been used to model positions of motifs along the DNA molecule [49,50]. More
recently it appeared in Neurosciences [12-14].

A more complex notion of intensity is needed to describe those processes: the conditional intensity,
which extends the classical notion of intensity function of Poisson processes. In our context, the conditional
intensity can be viewed as the instantaneous firing rate and may depend on all the previous occurrences
(see [47] but also the remarkably detailed paper [26]). More precisely, if a point process N has conditional
intensity A(.), then ¢ — A(¢) is a random predictable function that depends on the past before time t¢.
Informally, given the past, the quantity A(t)d¢ gives the conditional probability to have a new point at time
t. This means that if we denote by F;_, the information of the past strictly before time ¢, we have informally
that

P(occurrence inft, t + dt] |Fi—) = A(t)dt. (16)

or equivalently

E(dN ()| F_) = A(t)dt (17)

This formalism allows us to model dependencies with respect to past occurrences of the process. Since these
occurrences are by essence random, we consider conditional probabilities. To go further, if M; = N([0,t]) —
fot Au)du, then (M;)¢>o is a martingale for the filtration (F3):>0. More generally, for any predictable almost
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surely bounded process (H;)¢>o (meaning that for all ¢, H; only depends on F;_)

Z = /O M, - /0 t H,[dN(s) — A(s)ds],

defines a local martingale. In particular, if Z is integrable, E(Z;) = 0 but also Vs < t,E(Z;|Fs) = Zs.
This notion of ”instantaneous expectation given the past” is very useful, because it provides more intrinsic
information on the process, with respect to the classical expectation. For a more complete and classical
definition of conditional intensity, see [1,47].

The multivariate Hawkes process (see for instance [15] or [1]) models the instantaneous firing rates of M
different neurons, with spike trains Ny, ..., Ny, where the conditional intensity of the mth point process is

defined for any ¢t > 0 by

M +— M
A (1) = <V<M>+Z / h§m>(tu)dm(u)> =[v™+> > wMe-1)| . (8)
(=177

+ =1 T,EN,, Ty<t N

)’s are the

In (18), the v(M)s are positive parameters representing the spontaneous firing rates and the hgm
interaction functions and have support included into R’ . More precisely, before the first occurrence, all the
N,,’s behave like homogeneous Poisson processes with constant intensity (™). But as soon as an occurrence
appears for a process Ny, then this affects all the processes by increasing or decreasing the conditional

)’s. For instance, if hém) is positive and takes large values around

intensity via the interaction functions hﬁm
the delay d, but is null elsewhere, then for any spike T; € Ny, the probability to have a new point for N,
at time Ty + d will significantly increase: the process Ny excites the process N,,,. On the contrary, if hgm) is
negative around d, then for any spike Ty € Ny, the probability to have a new point for N, at time Ty + d will

%n ) model the self-interaction.

significantly decrease: the process Ny inhibits the process N,,. The functions h
So even if M = 1, this model is different from a Poisson process.

Note that the Hawkes process as described above cannot really model non-stationary data. Indeed, when
t grows (and under conditions on the interaction functions), the process converges quite quickly towards an
equilibrium, which is stationary (see for instance [15], [51] and the references therein). If these conditions are
not satisfied, the number of points in the process grows too fast to be a realistic model for spike trains anyway.
Hence Hawkes processes as defined in (18) cannot model non-stationary data but can model dependent data.

Therefore we fix an interval [a,b] C [0, Tynaz], typically an interval where all the estimated mean firing

rate seem constant. We want to estimate on this interval

7t = (0 mmt ot (™) eammrcna )
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where it is assumed that the interaction functions are bounded with support in [0, A] with ¢ > A. Estimation
in Hawkes models has been known for a while, in particular for parametric models, using procedures based
on the likelihood [23,50]. As already said in the introduction, it is not possible to make such an assumption
in Neurosciences. Classical model selection such as AIC criteria have also been used to select the number
of knots of in the spline estimate [49,52]. However it does not adapt well to irregular functions. This is the
reason why nonparametric adaptive inference has recently been developed in such models. If the univariate
case (M = 1) has been studied in [24], a multivariate approach has been developed in [25] for more general
multivariate processes. This is this last method that we want to detail and apply to the spike trains.

In the next section that can be skipped at first reading, we describe the method in a technical way. Then

we give heuristic arguments to understand more deeply the presented method.

5.1 Intensity candidates and least-square contrast on one trial

We first propose a conditional intensity candidate. So for any f € H with

H = (R xLLo([0, A)HM = {f = ((u(m), (gém))zz1 ..... M)m=1,..., M) : gém) with support in (0, 4]

we consider the predictable transformation ¢ (f) = (™M (f),...p(M)(f)) such that
M +—
ve> 0, w0 =™+ Y [ gl e - wdniw) (19)
=177

Note that A(™) = [(™)(f*)],. Therefore, for each m, 1™ (f) can be considered as a good intensity
candidate as long as it is close enough to the conditional intensity A(™ (even if (") (f) takes negative

values). We measure the overall closeness with

1) — AP = Z / ™ () — A ()2, (20)

Depending on f*, the right hand side is not observable. But minimizing the last expression with respect to

f is equivalent to minimizing f — J(f) with

M b M b
W(H=-23 / G A @t + Y / ™ (F))2dt

But using (17), ¥(f) = v(f) with
:_22/ ™ ()N, +Z/ ™ ()2, (21)
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which is called the least-square contrast. This expression is observable and can be minimized if f is
parametrized by a fixed number of parameters.
One particular parametrization, that is used in practice, is obtained when each function gém) is a piecewise

constant function written as

K
gém) = Zam,e,k5_1/21((k71)5,k5], (22)
k=1
where ¢ > 0 is the size of the bin with Kd = A and where the a,, ¢1’s are the renormalized coefficients of

g,* on the regular partition of size K. Since Y™ (f) is linear, one obtains:

M K
¥t >0, ™ (f) = p™ + 3N G wd VN[t — kSt — (k — 1)3)).
(=1 k=1

Let us denote by al™) the vector whose transpose is:
(am) = (M(m)aam,l,la ooy Qo 1,5 G 2,1 +vs Qo MK ) - (23)
Then one can write
>0, 9" (f) = (Re)a™, (24)

with Rc; being the renormalized instantaneous count given by
(Rer)' = (1,67 2(efV), 672 ),
and with cg) being the vector of instantaneous count with delay of Ny i.e.
(cf”) = (Nu([t = 6., Ne([t = K.t = (K —1)5))).

Hence, by (24), proposing wt(m)( f) as a candidate for the intensity of IV,, amounts to proposing a linear
combination of instantaneous counts with delay to model the probability of the next occurrence of a point
in N,,.

Now, minimizing v(f) over such piecewise constant functions is equivalent by linearity to minimizing

M
W) =3 (~2@™)b + (@) Gatm)

m=1

with respect to the vectors a™). The vector b(™) is observable and is given by
(b0 = (Nm(la,b]), 07200, 1, 6™ 20], ),

where

b
- (/ No(lt — k6t — ( 1)6])de(t)>

k=1,...K
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is the number of couples (z,y) with 2 € N,, Na,b], y € Ny and (y — x) € ((k — 1)d, k6] and where G is a

symmetric matrix of size 1 + M K given by
b
G :/ RCt(RCt)Idt,

the integrated covariation of the renormalized instantaneous count. The solution of this minimization prob-

lem is easily available: if G is invertible,
Vm=1,.,M, a"™ =G 'p™. (25)

We provide other heuristic arguments showing that (25) is a natural expression. Using again (17), we can
informally write that

AN (t) ~ A ()dt + noise ~ ™ (£*)dt + noise,

assuming that at time ¢, the intensity is strictly positive. By linearity of 1™ one can also write that

AN (t) ~ (Rey)a™ + noise,

where an”) are the coefficients corresponding to f*. Finally, we obtain

b b
/ Re dN, (t) = b™ z/ Re(Re;)'a™dt + noise ~ Gal™ + noise,

showing that (25) should be a good estimate.

5.2 Least-square estimates on several trials and link with joint-PSTH and cross-correlograms
We generally observe (Nl(i), ey NJ(\?)i:L...,n an i.i.d. sample of a multivariate point process on [a, b]. So for
each trial i, and each neuron m, we have a corresponding vector b(™?% and a corresponding matrix G,
The least-square contrast for these n x M spike trains can be written as

M
T (f) = Z ( a(m) (Z bm 1)) a(m) (Z a® ) a(m)> (26)

m=1

whose solution is given by

n -1 n
Vm=1,..,M, a"™ = (Z G<i>> <Z b(m’i)> . (27)
=1 i=1

The quantity (ZZ 1 b(mvi)) can be reinterpreted in terms of cross-correlograms and joint-PSTH, following

[53]. Indeed we can write
n I
(Z b(mﬁz)> = (N%([a,b]) 6 2h ’/m 1 "'7571/2ﬁ’/m,M) ’
i=1

30



where

By g = Z ( / b N ([t — ko, t — (k — 1)8])dNS) <t>) ,

k=1,...,K

and N§, is the aggregated process over all the trials. The quantity n,, ¢ can be reinterpreted as a particular
histogram based on the joint peristimulus time scatter diagram as the joint peristimulus time histogram
(JPSTH) or the cross-correlogramm (see Figure 1 of [53] and Figure 13 of the present article). More precisely
as detailed in Figure 13, the counts n,, ¢ are close to a cross-correlogram except that it is not on a square
but on a corner (or more precisely a herringbone). It is consequently more local, as the JPSTH. Also the
elements of the partition have the same area and can therefore be compared more easily. On the other hand,
if we take several small disjoint intervals [a,b] but with an increasing parameter A, giving the maximal size
of the support of the interaction functions, and a small §, we recover something really close to the JPSTH,
except that the limits are not parallel to the axis but parallel to the diagonal. This change of orientation
smooths the binning effect. Indeed the quantity that is binned for the n,,  is the delay itself between two
points, whereas for the JPSTH, each position of the points is first binned. Therefore, two points that are at
distance less than § are always counted as such in one of the diagonal parallelograms for n,, ¢, whereas they
may eventually not be counted in a diagonal square of the JPSTH, because one point appears in one bin
and the other one in another bin (see Figure 13). This problem of information loss when binning is involved
has also been discussed for the coincidences count [9)].

JPSTH and cross-correlograms have been used for a long time in Neurosciences, without links with any
models. The formula (27) for the least-square estimate, shows the link between those descriptive statistics
(more precisely the n,,,’s) and the parameters of the model. To recover the parameters, we need, in
particular, to inverse the matrix (Z?:l G(i)). This matrix quantifies for instance the following situation.
Assume that M = 3 and that the interaction functions hél) and th) are large on [0, §] and null elsewhere.
We also assume that all the other interaction functions are null. In this situation, n; 3 (or at least its first
coordinate) will be large even if there is no direct interaction from N3 on Ni. The matrix (31, G¥)
cumulates all these effects (and also the fixed effect due to the spontaneous parameter, which need to be
substracted) and inverting it enables us to find an estimate of the true interactions.

Note however that even if many coefficients are null as in the above described situation, due to the random
noise, the estimates a(™ have non-zero coordinates almost surely. Therefore, it is difficult to interpret the
resulting estimate. Moreover if we want to capture all the effects, it is preferable to take a large A and a

small §. Therefore the number of parameters of the model increases. With a small number of trials n and a
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small interval [a, b], the least-square estimate is doomed to be quite poor. Indeed, if the present least-square
contrast is a pure parametric one, for a fixed number K of bins, when the number of parameters becomes
large with respect to the number of data, it is not possible to trust parametric estimates anymore, as this
least-square estimate, but also as the maximum likelihood estimate. To perform a better estimation and
to enhance sparsity, adaptive non parametric methods constitute the most efficient alternatives to proceed

beyond the parametric framework.

5.3 Lasso estimate
The Lasso method as developed by [25], is based on the following penalized least-square criterion, reformu-

lated here in the context of n i.i.d. trials:

Vm=1,..,M, a™ i (m)yr b | 4 (a(m)y G® | am 4 o(dm)y |a(m)

m’waéafg;%(a Z (a Z a™ 4 2(a™) ™| )
(28)

where |a(™)| denotes the vector whose coefficients are the absolute values of the coefficients of a(™ and

where

(A = (dim0y Ao 1,15 ooy D1 s Do 2,15 oo Do A1)

is a vector of positive observable weights given by

- In(n(b—a)) ~
dun e = 27 I0((b — @) Ve + WBM, (29)
where
. L . 2 .
Vm,@,k = Z/ 671 [NE(Z)([t - k(sﬂt - (k - 1)5)) dN?S?(t)a
i=17a
Bop =062 sup NO([t — ké,t — (k — 1)5)),
i,t€[a,b]
and with

yIn(n(b — a)) .
3

dino = /2y In(n(b — a)) N ([a, b]) +
Since the criterion (28) is convex, the minimization problem can be performed quite easily. Because the
penalty term added to the least-square criterion is a weighted ¢1-norm, the resulting estimate is sparse and
many coefficients in a™) will be null (see [54] for the seminal paper on Lasso methods). This estimate and
much more general forms have been studied quite intensively in [25]. In Additional File 3, we give a precise

oracle inequality for a slight modification of the present estimate. In particular, it is possible to choose the

bin § as a decreasing function of n. It is also possible to prove non-parametric rates of convergence for
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similar resulting estimator as for the Goldenshluger and Lepski’s method (see the remarks after the oracle
inequality of Theorem 2) and Section 5.3 of [25]. There are also several theoretical and practical reasons,
discussed in [25], for choosing v = 1. However, to avoid too complicated estimation procedures, we prefer in

the present article to fix the parameter §. One can prove the following result.
Theorem 5. Let us assume that
e in (29), Bzﬁk is replaced by k1 log(n) where k1 is a fized positive constant depending of f*,a,b, M, A,§

e v > k where k is an absolute positive constant

e the true interaction functions hém) are piecewise constant and non negative on the partition of length

A and bin 9,
e the spontaneous parameters v are positive

then there exists a constant C' depending on f*, M, A, and b — a such that, when n tends to infinity, with
probability tending to 1,

M

S &t — af | < e
o n

m=1

In practice, Lasso procedures behave like soft-thresholding rules and therefore there is a small bias which
underestimates the non-zero coefficients. To remove this bias, it is sufficient to keep the coordinates that
are non zero and perform the least-square estimate on the set of non-zero coeflicients. The first procedure is
referred as B, for the Bernstein’s inequality which gives the shape of (29) (see [25]). The second procedure
where we also perform an ordinary least-square step is referred as BO.

The reconstructions for simulated data are given in Figure 14. The non zero coefficients are adequately
estimated and the method BO is as expected closer to the truth than B, which has a negative bias. On
the real data sets, we also took [a,b] = [1,1.5] which coincides with a large and flat zone for AZ" on both
neurons. We have not found any interaction between both neurons for both couples - (N1,N2) and (N3,N4) -
and we just show two typical results in Figures 15 and 16. This is coherent with the fact that both pairs have
been studied in [10] and that the MTGAUE multiple test of independence of this article always accepts the
independence hypothesis between both neurons. We have always found at least one and usually two negative
self-interactions, at very close range. Hence it seems that both neurons in each data set are independent, do
not obey the Poisson distribution but are self-inhibiting and this can be consistent with a refractory period.

This is also coherent with the fact that most of the tests of the Poisson hypothesis have rejected (see Tables
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8,9 and 11). In particular the negative self interaction is really strong for N2, which compensates the strong
spontaneous rate. Note that even if Theorem 5 only holds for positive interactions, the main theorem of [25]
relies on a martingale approach and that up to the restriction to the event {)\(m)(.) > 0}, all the previous

results apply (see also [24] for a complete study of the potentially negative interaction case).

5.4 Goodness-of-fit Test

First, let us review the previous goodness-of-fit tests and let us perform them on the bivariate simulated
Hawkes process (S-Haw) (N1, N2). The test of uniformity shows that when the test is performed on each
trial, most of the trials are rejected (see Table 1). We draw the same conclusions by using the small p-values
of the aggregated test of uniformity for Ny (see Table 2). However, Table 2 shows a different behavior of N
in this case since the p-values of the aggregated test of uniformity are quite large. This can be explained
by the fact that there is only one interaction function that affects Ny, whereas two functions (and one with
a large support) affect Nj. Therefore interactions in Ny play a less important role than in N; and are
consequently not detected. In particular, the power of this test with respect to Hawkes processes probably
does not increase with the number of trials and this explains the change of behavior for Ny between Table
1 and Table 2. The test of Poisson variables clearly rejects the hypothesis that the total number of points
per trial is Poissonian (see Table 4), whereas locally the test of exponentiality accepts this hypothesis (see
Table 6).

If we apply now the aggregated test of Poisson hypothesis on the simulated Hawkes process (see Table
7), it rejects for Ny but accepts for No. This can be explained by the different significance of the interactions
for Ny and Na, as explained previously. When we apply the cumulated test (see Table 10), it rejects for
both N7 and N,. Hence as expected, the cumulated test is more powerful than the aggregated test.

As for Poisson processes, we want to test now Hy: ”the processes are Hawkes processes”. In fact the
time-rescaling theorem holds for more general point processes with conditional intensity [47] (see also the
very pedagogical paper [26]). Actually Ogata already proposed several residuals analysis in the context of
general point processes and in particular for Hawkes processes [23]. But, as before, the plug-in was not
justified and was based on the whole sample. Since there is no meaning in aggregating Hawkes processes
because that would mix different pasts, we turn towards the cumulated tests. Let us describe more precisely

the procedure. For a fixed interval [a, b] the test can be described as follows.

1. Estimate each aﬁm) by a(™) either by the B or by the BO method as described above.
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2. Take a sub-sample S of size m(n) = n® with 6 <1 (6 = 1/2 or 2/3).
3. For each trial 7 in S, change time according to
~ . t :
AO () = / (Rey”)a™at,
0
and consider
N = (AO(T), T e N},
point process on [0, A (Tpq0)].
4. Cumulate the N’s for i in S, as in Figure 12, to obtain a NS, point process on [0, Yies A (Tr02)].
5. Fix 0 > 0, strictly smaller than 3,5 AD(T;00)/m(n).

6. Compute

7= RS0 s | sy X s

XENCvS,Xgm(n)G

7. Reject if Z¢ > ki_q (cumulated test by upper values) or reject if Z¢ < ko (cumulated test by lower

values).
Then one can show the following result

Theorem 6. If E(fOTm‘”” (Rcti))’aim)dt) > 0, then under the Assumptions of Theorem 5, with estimation

method B, both previous tests are asymptotically of level «.

We applied this test on simulated and real data. On Table 12 with simulated Hawkes processes, all
p-values are quite large (none of them being detected by a BH multiple test method). On Table 13 with
the real data sets and on the whole interval [0, 2], only 5 couples neuron/direction over the 24 considered
couples reject Hy by the BH multiple test procedure. When we reduce the interval to [1,1.5] on which 5\5"
does not vary, then there is no rejection.

This conclusion seems at first sight contradictory with the estimation performed as a Poisson process.
Indeed it seemed that the real processes were usually far from being stationarity because the reconstructions
were not smooth at all (see for instance reconstructions associated with N3 in direction 5 in Figure 11). We
applied these reconstructions algorithms on the process IV; of the bivariate Hawkes process defined in Figure

14. The result is given in Figure 17. We see that the reconstructions are highly irregular. Indeed, Poissonian
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methods are tuned to control Poissonian randomness and not randomness due to Hawkes distributions, which
can be much larger (for instance the number of points of a Hawkes process with positive interactions has
exponential moment but not of every order and in this respect, the distribution has heavier tail than the
Poisson distribution [51]). Note also that the small number of trials (40 in the simulation) tends to increase
these fluctuations and that increasing the number of trials stabilizes this effect: the estimate for a large
number of trials reproduces a constant intensity, similar to the black line in Figure 17, which is the mean
stationary intensity expected for this Hawkes process.

It is consequently coherent to find reconstructions as in Figure 11 and to accept nevertheless, on the
whole interval, the Hawkes hypothesis which should make it more stationary. Note however, that even if
the tests are all accepted on [1,1.5], it does not mean than the Hawkes model is the correct model for this
interval. This simply means that there is no contradiction between the data and this model. This can also
be due to a lack of power because we restricted the interval [a, b] hence taking into account a smaller number
of spikes.

To summarize, 7 couples accept both Hawkes and Poisson hypotheses on [0, T),4.], 12 only accept the
Hawkes hypothesis on [0, T},qz]- The remaining 5 couples reject both hypotheses on this interval but accept

the Hawkes hypothesis on a smaller one.

6 Conclusion

Point processes are a natural framework when dealing with spike trains analysis. We have imported new or
recent non parametric statistical tools to perform adaptive estimation in different models: inhomogeneous
Poisson processes and Hawkes processes. We have provided goodness-of-fit tests that are able to test each
model. We have proved that a subsampling procedure allows us to plug-in the various non-parametric
estimates inside variants of Kolmogorov-Smirnov tests and we have proved that this procedure leads to
tests for which asymptotical levels are controlled. We have also shown on different real data sets that if
the homogeneous Poisson assumption is never satisfied, inhomogeneous Poisson processes are probably non-
convenient alternatives. It seems indeed that models have to take at least into account self-inhibition, which
is possible with Hawkes processes. It is worth noticing that using Hawkes models is not the only way to
model interactions and self-interactions. Several other models exist (see for instance [55] or [56]). It is also
possible to detect dependency without any assumptions on the models (see for instance [2]). However, if we
want indeed to fix a model, one main question remains open. Can we find a model close in spirit to Hawkes

model where we can estimate and test non-stationarity and interactions in an adaptive way?
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Figures

8.1 Figure 1 - Raster plots of the data sets

On the left the rasters associated to the first data set i.e. (N1,N2). On the right, the ones associated to the

second data set, i.e. (N3,N4). Each line corresponds to a trial, each dot to a spike.

time in second time in second
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8.2 Figure 2 - Density and quantiles

Density of the K.S), statistics under Hy in plain black. The quantile k = k, 1_o = kp 0.95 is represented on
the axis. It corresponds to an area under the curve in red of 5%. A possible density for the KS statistics
under H; is plotted in dotted black. The area under the curve in green corresponds to the power of the test

(here 20%). Even if the density is different from the one under Hy, the power of the test is small.

A

N 5%

20%

density
7

quantiles

8.3 Figure 3 - Repartition of the p-values in a KS test with plug-in

Graph of the p-values as a function of their rank. A n = 40 i.i.d. sample of exponential variables with
parameter A = 20 has been drawn 1000 times. Each time a p-value has been computed either by estimating
the parameter A\ and performing the KS test with exactly the same sample (in black), or by estimating the
parameter A on half of the sample and performing the KS test on the other half (in red), or by estimating
the parameter A on the whole sample and performing the KS test on a sub-sample of size n?/3 (in green).
Note that the estimated level (i.e. the number of p-values smaller than 0.05 divided by 1000) is in the first
case of 0.009, of 0.12 in the second case and of 0.039 in the third case. Those levels and curves are stable

with respect to the sample size: similar results are obtained for larger sample size (n = 200 and n = 1000).
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8.4 Figure 4 - Reconstructions for homogeneous simulated data

Reconstructions for a simulated Poisson process with constant intensity A = 20 over 40 trials, observed on
[0,2]. Th corresponds to the adaptive histogram S\Eh, GL to the Goldenshluger and Lepski’s method S\SL with
the Gaussian kernel, Kh to a fixed bandwidth h = 0.05 for the Gaussian kernel, SWh to the sliding window

with h = 0.05, WN to the Willett and Nowak’s method and Kh* to the rule of the thumb.
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8.5 Figure 5 - Reconstructions for smooth inhomogeneous simulated data
Reconstructions for a simulated Poisson process with smooth Gaussian intensity over 30 trials, observed on

[0,2]. Same abbreviations as in Figure 4.
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8.6 Figure 6 - Reconstructions for piecewise continuous intensity, small sample size
Reconstructions for a simulated Poisson process with piecewise continuous intensity over 40 trials, observed

on [0,2]. Same abbreviations as in Figure 4.
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8.7 Figure 7 - Reconstructions for piecewise continuous intensity, large sample size
Reconstructions for a simulated Poisson process with the piecewise continuous intensity of Figure 5 over 200

trials, observed on [0, 2]. Same abbreviations as in Figure 4.
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8.8 Figure 8 - Reconstructions for N1 in direction 4

Same abbreviations as in Figure 4.
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8.9 Figure 9 - Reconstructions for N2 in direction 1

Same abbreviations as in Figure 4.
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Figure 10 - Reconstructions for N2 in direction 3

Same abbreviations as in Figure 4.
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8.11 Figure 11 - Reconstructions for N3 in direction 5

Same abbreviations as in Figure 4.
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8.12 Figure 12 - Agregation versus Cumulation
Description of the way the points are gathered together for aggregation or for cumulation. On the left hand
side, the first five lines correspond to a trial, the sixth line being the aggregated process. On the right hand

side, the same five lines are put together to form the cumulated process.
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8.13 Figure 13 - Scatter diagrams and histograms

In Figure 13 A, we recall how a scatter diagram is constructed for each trial (here black crosses for trial 1
and red crosses for trial 2) and then superposed. Various histograms can be built with those points, using
different partitions. Figure 13 B gives the partition corresponding to the classical cross-correlogram. Figure
13 C gives the partition of the joint peristimulus time histogram. The diagonal squares are filled in gray.
Two very close spikes (one on N1, the other on N2) and their corresponding point in the scatter diagram
are added. Figure 12 D gives the partition used for the computations of the vectors n,, , of dimension K
(K = 2 here). More precisely nj o corresponds to the vertical part 2 — 1, whereas na 1 corresponds to the

horizontal part 1 — 2. The same spikes are added.
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8.14 Figure 14 - Lasso Reconstructions for a simulated Hawkes process

A bivariate Hawkes process (N1, N2) has been simulated on [0, 2] for 40 trials. The considered interval [a, b]
is [1, 1.5]. On the upper left, the interaction functions hgl), on the upper right , hél), on the bottom left h§2)
and on the bottom right hg). In black the true interaction functions, in green, reconstruction by method B,
in red, reconstruction by method BO. On the top of each graphics, the true spontaneous parameter 7 on
the top and the true parameter v, on the bottom are referred by S*. The estimated spontaneous parameters

by method B are referred as SB and the estimated spontaneous parameters by method BO are referred as

SBO.
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8.15 Figure 15 - Lasso Reconstructions for (N1,N2) in direction 4

The interval [a,b] = [1,1.5]. Same conventions as in Figure 14.
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8.16 Figure 16 - Lasso Reconstructions for (N3,N4) in direction 4

The interval [a,b] = [1,1.5]. Same conventions as in Figure 14.
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8.17 Figure 17 - Reconstructions of the intensity as a Poisson process for a Hawkes process
Intensity estimation by the methods described in Figure 4 for (S-Haw) N;. The process was observed on

[0, 2] over 40 trials. In black, the average intensity i.e. E(A(¢)) if the process was stationary.
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9 Tables
9.1 Table1 -

The table gives the number of rejected trials by using the KS test of uniformity at the level & = 5% on 200

T T
0.5 1.0

time in second

KS tests on each trial

15

2.0

simulated data and on real data sets. For real data sets, the size of the data set is given in brackets.

Simulated data with n = 200

Real data sets

S-HomPoi

S-InPoi | S-Haw (N7) | S-Haw (N»)

N1 (177)

N2 (177) | N3 (165)

N4 (165)

10

142 198

178

20

3 25

38

9.2 Table 2 - KS tests of uniformity on simulated data

P-values of the KS test of uniformity on simulated data sets. The p-values that are detected as too small by

a BH multiple test procedure with prescribed FDR of 5% are exactly the ones corresponding to (S-InPoi)

and (S-Haw) Ny.

Number of trials 40 200
S-HomPoi 0.93 0.45
S-InPoi <1076 | <1016
S-Haw (N7) 0.008 0.003
S-Haw (N2) 0.46 0.79

9.3 Table 3 - KS tests on the aggregated data sets
P-values of the KS test of uniformity performed on real data sets aggregated either direction per direction

or aggregated over all the directions (pooled). Since all the p-values are less than 5%, they are all detected
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as significantly small by a BH multiple test procedure with prescribed FDR of 5%.

Directions 1 2 3 4 5 6 Pooled
N1 910=° | <107 ] 1.107° | 2.107% [ 2.107™ | 1.107* | <107 1©
N2 1.1076 4.107* | 1.107* | 1.1072 | 1.1073 | 7.107* | <1016
N3 <1076 | 2.1077 | 1.107'* | 6.1071% | 8.107° | 4.107°® | <1016
N4 <1071 | 1.107° [ 9.10710 | 1.107# | 1.107* | <1076 | < 10716

9.4 Table 4 - Chi-square tests of Poissonian variables on simulated data

P-values of the chi-square tests of Poissonian variables on simulated data sets.

The p-values that are

detected as too small by a BH multiple test procedure with FDR 5% are exactly the ones corresponding to

(S-Haw).
Number of trials 40 200
S-HomPoi 0.43 0.91
S-ImPoi 0.46 0.12
S-Haw (N7) 6.107¢ | < 10716
S-Haw (Nz) 2.107% | <1076

9.5 Table 5 - Chi-square tests of Poissonian variables on the aggregated data sets

P-values of the chi-square test of Poissonian variables performed on real data sets aggregated either direction

per direction or aggregated over all the directions (pooled). When a Benjamini and Hochberg multiple test

method is run on the 24 p-values corresponding to the 24 couples neuron/direction, none of the p-values are

considered as significant at the prescribed FDR. of 5%.

Directions 1 2 3 4 5 6 Pooled
N1 0.02 | 0.01 | 0.3 | 0.04 | 0.016 | 0.007 | < 1016
N2 0.19 | 0.86 | 0.52 | 0.73 | 0.28 0.15 0.29
N3 0.039 | 0.55 ] 0.32 | 0.2 0.76 0.1 3.1079
N4 0.02 | 0.18 | 0.15 | 0.37 | 0.08 | 0.7 | 6.107%

9.6 Table 6 - Local test of exponentiality

P-values of the local test of exponentiality on simulated and real data sets. We always take m = |n?/3].

S-HomPoi S-InPoi S-Haw N; N1 N3
n =40 | n = 200 n =40 n = 200 n =40 | n = 200 Direction 4 Direction 5
t=20.5 t=067 |t=12|t=067 |t=1.2 t=20.5 t=042 | t=05|t=0.42 | t =0.67
0.48 | 0.54 0.02 0.93 0.01 0.41 0.30 | 0.22 0.70 0.27 0.18 0.70




9.7 Table 7 - Aggregated tests of Poisson hypothesis on simulated data

P-values of the aggregated test by upper values of the Poisson hypothesis for (S-HomPoi), (S-InPoi) and
(S-Haw). To obtain the p-values for the test by lower values it is sufficient to take 1 — p where p is the
p-value of the test by upper values. The sub-sample is taken with m = [n?/2]. Th , GL and WN correspond
to FY where ) is equal respectively to 5\5}1, S\SL and X,VLVN F), is the empirical c.d.f on all the n trials. The

p-values that are detected as too small by a BH multiple test procedure with FDR 5% for both aggregated

tests (lower and upper values), are exactly the ones corresponding to (S-Haw) Nj.

Estimate for F' F, Th GL WN
S-HomPoi (40 trials) | 0.53 0.58 0.14 0.51
S-InPoi (40 trials) 0.52 0.91 0.96 0.89
S-InPoi (200 trials) 0.53 0.59 0.47 0.55
S-Haw N; (40 trials) | 2.1077 | 5.107° | 3.107% | 2.10°7
S-Haw Ny (40 trials) | 0.55 0.15 0.66 0.13

9.8 Table 8 - Aggregated tests of Poisson hypothesis with ' = F, on the real data sets

P-values of the aggregated test of Poisson hypothesis with F = F, on the real data sets. The sub-sample is
taken with m = LnQ/ 3|. The following code is used: A corresponds to a p-value of the test by upper values
in [1073,1072), AA to a p-value of the test by upper value in [107%,1073), AAA to a p-value of the test by
upper value in (—oo,10™%). The same code is used but with v for the p-value of the test by lower values.
The triangles are black if the p-values corresponds to rejection of a BH multiple test method based on both
p-values (upper and lower) for all couples neuron/direction (NB: because of the number of tests, no p-value
that is larger than 0.01 can be rejected). PR corresponds to pooled with sub-sample S taken at random, P:

corresponds to pooled with sub-sample S taken as direction i.

Directions | 1 2 3 4156 |PR|PL|P2|P3|P4|P5]|P6
N1 vv | VY
N2 vy vy
N3
N4 vvy

9.9 Table 9 - Aggregated tests of Poisson hypothesis with F' = F; on the real data sets

P-values of the aggregated test of Poisson hypothesis with F=F 5 on the real data sets. Same conventions

as in Tables 7 and 8.
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Directions 1 2 3 4156
Th
N1 GL
WN v
Th
N2 GL
WN
Th A
N3 GL AA | AAA | AA
WN
Th
N4 GL A A A A

9.10 Table 10 - Cumulated tests of Poisson hypothesis on simulated data

P-values of the cumulated test by upper values of inhomogeneous Poisson hypothesis by using (S-HomPoi),
(S-InPoi) and (S-Haw).The sub-sample is taken with m = |n?/3| each time. Same convention as in Table
for the test by lower values. The p-values that are detected as too small by a BH multiple test procedure
with FDR 5% for both cumulated tests (lower and upper values), are exactly the ones corresponding to

(S-Haw).

Estimate for F' Th GL WN
S-HomPoi (40 trials) | 0.14 0.15 0.15
S-InPoi (40 trials) 0.03 0.03 0.03
S-InPoi (200 trials) 0.11 0.11 0.11
S-Haw N; (40 trials) | 8.1076 | 4.107% | 5.107¢
S-Haw Ny (40 trials) | 1.107° | 1.107° | 1.107°

9.11 Table 11 - Cumulated tests of Poisson hypothesis on the real data sets
P-values of the cumulated test of inhomogeneous Poisson hypothesis on the real data sets. The sub-sample

is taken with m = |n?/3| each time. Same conventions as in Tables 7 nd 8.



Directions 1 2 3 4 5 6

Th AAA | AAA | AAA | AAA | AAA | AL

N1 GL AAA | AAA | AAA | AAA | AAA | AL
WN | AAA | AAA | AAA | AAA | AAA | AAA
Th AA

N2 GL
WN
Th AA A A

N3 GL AA AA A
WN AA AA A
Th AAA | AAA | AAA

N4 GL A A AAA | AAA | AAA A
WN AAA | AAA | AAA

9.12 Table 12 - Cumulated tests of Hawkes hypothesis on simulated data
P-values of the cumulated test by upper values of Hawkes hypothesis, for both Lasso methods B and BO.

Same conventions as in Table 7 for the test by lower values. None of the p-values are detected significant

by a BH multiple test method with prescribed FDR of 5%.

[a, b] B BO
Hawkes Ny 0, 2] 0.2 | 0.08
Hawkes No ’ 0.02 | 0.59
Hawkes Ny [1,1.5] 0.12 | 0.27
Hawkes No 0.17 | 0.39

9.13 Table 13 - Cumulated tests of Hawkes hypothesis on real data sets
P-values of the cumulated test of Hawkes hypothesis on the real data sets. Same conventions as in Tables 7

and 8. Here [a,b] = [0,2]. If [a,b] = [1,1.5], none of the p-values are detected significant by a BH multiple

test method with prescribed FDR of 5%.

Directions 1 2 3 4 5
N BBO . 2 A | AAA
N9 BBO A
N | o A
N4 BBO AA N




10 Additional Files
10.1 Additional file 1 — Proof of Theorem 2

In this additional file, the intensity A(.) should be understood as a function on the whole real line which is
null outside [0, Tynqz]. In particular, the Poisson process N, with intensity n(.), exists now on R, but there
is no points outside [0, Tinaz] and N*(R) = N*([0, Tmaz]). The proof is inspired by Proposition 2 of [57].
We set:

X =1+ + K[ ]2

Therefore, we have:
A Ne(R
A(h) = sup {IAZ’h = A l2 = Xi()}
+

h'eH n\/ﬁ
and
. . XV NR)
h = A(h A S AN
argggg{ (h) + T
For any h € H,
IAGE — M2 < Ay + Ay + As,
with
. o Nao(R
Ay = AGE - 3, < any + X R)
n\/ﬁ
- . . Ne(R)
A= |ABh  3En |, < A(R) + XV
2= [A, w2 < A(h) V5
and
Az = | A — A2
By definition of A, we have:
2xy/N(R)

Ay + Ay < 24(h) +

Therefore, by setting

— s S iy 3K Ky XV IVAUR)

we have:

26u(1) + 2 sup | BNE"] ~ B + 22

A+ Ay <
h'eH
2 Ne(R
< 26 (h) +2 sup [ Kk K s A— Ko x Al + 2V VUR)
Sup, o
2 Ne(R
< 26u(R) + 2K K A — Al + 2V AUE)
s
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Finally, since (a + b+ ¢)? < 3a® + 3b + 3¢2,

122 B[N (R)]
n?h
122
nh '

E[(A1 + 42)%] < 12E[C ()] + 12[| K[| 7 Kn+ A = All3 +
< 12E[G ()] + 12| K] Kn* A = All3 +
For the last term, we obtain:
BLAY = [ Var(MO(x))do + 1K A A3

1
- o2 // K2 (z — u)n\(u)dudz + || Kp x X — |3

AL
= LK + (KA = A

Finally, replacing x with its definition, we obtain: for any h € H,
EIATE = A3 < 2E[(A1 + 42)%) + 2E[A]

[ Allx
nh

201+ 12 KD Kn* A= All3 +2(1 + 121+ 0)* (1 + [ K[11)*) = | K3 + 24 E[¢; (7).

IN

The result follows by using the next lemma.

Lemma 1. If H C{D™': D =1,..., Dpax} with Dyax = o0 for some 6 > 0, and if | Moo < o0, then there

exists a constant C' depending on §, n, ||K||2, | K||1, [|A]1 and || M| such that for any h € H
E[¢2(h)] < Cn~t.

n =

Proof. First, we notice that for any h € H

o, JU « . Ne(R
Glh) < sup 4 IIABY BB 4 A — E[Ew ], - AV E)
h'eH nﬁ N
{ 3 XV NeR)
< su K+ DA =Bl — —=——
h/e%{“' I+ D) il - 2L
< (K] + DS,
with
. N Kllo(1 Na(R
Sn ‘= sup H)‘fz(h _E[)‘fh]HQ o H ||2( +77) ( ) _
heH nvh N

We then have:
E[G2(h)] < (IK|ls +1)*(A+ B)

with

L 2
A = E[S;1{Ne®)<(1—a)2n| Al }»
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L 2
B :=E[S;1{na(®)>(1-a)2nlA| }]

for all & € (0,1). We have:

Sn < 2sup [AFI3 + 2 sup || B3
heH heH
2
< 2n ?sup /dz (/Kh(:c — u)dNa(u)> + 2 sup ||Kp, * A3
heH heH
< 272 sup/ K3 (z —u)dN®(u))dz x N*(R) + 2 sup | K, * A3
heH heH
K|3 K3
< 27’L_2 sup || H2 % Na(R)Q +2 sup H ||2 ||A||%
hen h hen h
<

N(R)?
2ol 13 (g + NI

Therefore,

A < 40n| [ K[3IMIF x P(N*(R) < (1= a)*n|A]1).

To bound the last term, we use, for instance, Inequality (5.2) of [41] (with £ = (2 — a®)n||A||; and with the

function f = —1), which shows that there exists o’ > 0 only depending on « such that
P(N(R) < (1 - )’n[]All1) < exp(—a/[[A1 x n).

This shows that

A< CAnil,

where C'4 depends on «, §, ||K||2 and ||A]];. Now, we deal with the term B by fixing the previous value a:

we set @ = min(n/2,1/4). This implies

T+ —a)>1+

13

and

B = E[S'?Ll{N“(]R)>(1fa)2nH)\||1}]
2
~ N 1 n K )\
< E |sup H)‘fz(h*E[)\fz{th*( + D K24/ All1
heH \/E )
2
+oo R . 1 N 5
= [ e [ sup dite iy, - ARV ) g
0 heH \/% .
2
+oo R . 1 K )
< Z/ P {||AthE[/\fh]||2( + DKV |1} o
hen 0 vnh N
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To conclude, it remains to control for any x > 0, the probability inside the integral. For this purpose, we

apply Corollary 2 of [41] and we set
. o 1
Ux) = \NEn(z) = E[MNEw ()] = = /Kh(:r —w)dN(u) — (K * \)(z).
n
If A is a countable dense subset of the unit ball of Ly (R), we have:

U, = sup/a(t)U(t)dt

acA

= sup/ < /KhtfudNa /Kht—u )du>dt
acA

=sw/%wwww—mmmu

acA
with for any a € A and any u € R,

Ya(u) = 1 /a(t)Kh(t — u)dt.

n

We have for any wu,

K 2
Y2 (u) < / dt/Kh (t —u)d ||n2|f‘l,2.

So, if b= L2 {jyp, || < b. We have

HAHl
1113,

BIUIY = [ B0t = [ var (3 o)t = 1

which implies

E[U]2] < ‘\/— ([ E]|2-
Finally,

v o= sup/zﬂi(m)n)\(ac)dac

acA

_ 223/</@K (tz)dt)zn)\(:c)d:c
/ dx/ DIEn(t — 2) |dt/|Kh t— )|dt

[EYRIRYES

n

IN

Corollary 2 of [41] gives: for any ¢ > 0, for any u > 0,
. A /12 5 1Kl
P )\Kh*}E)\Kh > 1+6 || ||1 K 2K A ol +< + > Rl kall| 9 < expl—u).
(II n Anlllz = (T+€) ik 1|2 + /=TI vl p(—u)
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Then, we conclude by using exactly the same computations as in the proof of Lemma 1 of [58, p 32-34] that
gives:
B S CBn_l,

where Cp is a constant depending on ¢, 7, || K||2, || K1 and ||A|lsc- O

The lemma leads to the result.

10.2 Additional file 2 — Kolmogorov-Smirnov tests, plug-in and sub-sampling

Proof of Theorem 1 Let us start with the following simple lemma.

Lemma 2. Let Xq,...,X, be p i.i.d. variables with c.d.f. F assumed to be continuous. Let F),, be the

associated empirical distribution. Assume that F is a consistent estimate of F such that
VD sup |F(z) — F(z)] —— 0. (30)
xr

Then

VB sup |Fyp(w) = F(a)] —= K.

p— o0

Proof. Let W be a variable whose distribution is I and let us introduce

Z, = Vpsup|Fy(a) ~ Fla)| and W, = /psup|Fy(a) ~ F(a)|

so that W, LW Now, it is sufficient to show that for any uniformly continuous bounded function f,
p—00

E[f(Z,)] — E[f(W)]] tends to 0. But, for any § > 0,

|ELf(Zp)] =E[fW)]] < [E[f(Zp) = FWp)Il + [ E[f (Wp)] — E[f(W)]]

< 20 fllocP(12p = Wo| > 6) + E[|f(Zp) = F(Wp)[L 2, -w,|<s] + [ E[f (Wp)] = E[f(W)]].

Since |Z, — W,| < {/p sup, |F(z) — F(x)| —% y0and f is uniformly continuous, for any € > 0 there exists
p—00
0 > 0 such that

limsup | E[f(Z,)] = E[f(W)]| <e,

p——+oo

which shows the result. O

To prove Theorem 1, it is sufficient to apply Lemma 2 with p = m(n). To do so, we need to prove (30)

with F(z) = (1 — e’;\x)lm>0. But for all > 0,

A o : A g
|F(£E) _ F(,CE)| — e—mm(k,)\)m (1 _ e—\k—Mz) < |)\ _ )\|.T€_ min(A\)z < | _ | )
min(A, \)
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Therefore
m(n)|A = A

m(n)sup |F(z) — F(z)| < =
() sup | (x) — @) < T
It is well known that \ is the maximum likelihood estimate of A and that \/n(A—\) is asymptotically normal.

Therefore m(n)|A — A| tends in probability to 0 whereas min(A, A) tends to A. Therefore (30) is satisfied.

Proof of Theorem 3 When we are dealing with Poisson processes, or more general counting processes, one
needs to be a bit more careful with this asymptotic approach because the total number of points is random.
Let us precise this idea. If one observes a Poisson process N¢, aggregated over p trials, with constant
intensity, then as we have stated in the section on homogeneous Poisson processes, conditionnally to the
total number of points, i.e. conditionnally to the event {N*([0, Tyhaz]) = nitot}, the repartition of the points

is uniform. So the test of uniformity is exactly of level a.. Indeed, it consists in the following steps.

1. Compute Fya([0,1,...])(t) = m >orene YT/ Tan) <t}
2' Compute SuptG[O,l] |FN'1([O,Tmam] (t) - t|

3. Reject when this last quantity exceeds the random quantity kne((0,7,,0.]),1-as Where kn,,, 1-q is the

exact and non asymptotic quantile of K'S, on the event {N([0, Thnaz]) = ntot }-

Therefore, one can easily state that under Hp: ” The process is a homogeneous Poisson process”

“+o0
P(the previous test rejects Hy) = Z P(the test rejects Ho| N ([0, Timaz]) = Mot P(N([0, Trnaz]) = Ntot)

Ntot =0

IN

“+00
a Y P(NY[0, Tiaa)) = nuot) = o

Ntot =0
Now if we want to turn this argument into an asymptotic argument and use \/N¢([0, Trax) k1_q instead
of kna((0,7,0.],1—as ONE needs to be a bit more careful. Actually one can prove the following lemma, which

shows that the previous replacement leads indeed to a test of asymptotic level a.

Lemma 3. If the processes are homogeneous Poisson processes, then
L
N“([O, Tmam]) sup |FN“([0,TmaI])(t) — ﬁ| — K.
t€[0,1] P00

Proof. Let W be a variable whose distribution is L. We set

7 = N“([O,Tmam]) sup |FNa([01me])(t) — t|.
t€[0,1]
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Let f be a bounded continuous function and let us consider for any positive integer n,,in,

+oo
Z (E[f(Z2)IN“([0, Traz]) = ntot] — E[f(W)]) P(N([0, Trnaz]) = ntot)
Ntot =0
+oo
Z ‘ E[f(Z)|N“([O, Tmaz]) = ntot] - E[f(W)] P(N“([O, Tmam]) = ntot)

Ntot ZMNmin

+ 2||f||oo]P)(Na([0; Tmaz]) < nmzn)

|ELf(2)] = E[f(W)]]

IN

On the one hand, for any € > 0, there exists 7,,;, such that for any n:ot > nmin,
E[f(Z)IN*([0, Trmaz]) = uot] — E[f(W)]| <e.

On the other hand, N%([0, Timaz]) = >0 NO([0, Tpaz]) is a sum of p iid. variables and therefore
tends almost surely and in probability to 0. Therefore there exists pp,, such that for all p > puin,

P(N([0, Tinaz]) < nmin) < €, which implies that

|E[f(2)] = E[f(W)]] < (14 2[[fllo0)e,
which proves the convergence in law. O

Now if N is a Poisson process on [0, Tynq,] with intensity A(.), then the compensator of N is given by
At) = f(f A u)du, a deterministic non decreasing continuous function. The main property used to build the
K.S. test is that N' = {A(T),T € N} is a homogeneous Poisson process with intensity 1. Assume now that
we observe p i.i.d. Poisson processes N(*) with compensator A. The previous transformation on each of the

N Jeads to N, the N¥’s being p homogeneous Poisson processes of intensity 1 on [0, A(T}uae)]. One

can therefore consider the aggregated process N*. We can apply the previous lemma and we have:

VN0, M(Tman)]) sup |Eneqo.a(t (t) — t| —— K. (31)

t€[0,1] pmree
But, using the original aggregated process N, one can also write
1

ExeoaToenl0) = i RTas)]) 2 HT/A Tt}
max TGNG

1
= - 1 .
Na([ov Tmax]) Z {A(X)/A(Trmaz)<t}

XeNa

The function A(.)/A(Tmqs) is a continuous c.d.f. from [0, T)nq4] to [0, 1]. Therefore we obtain:

AW e e (32)

( max) p—00

Na([oa Tmaz]) sup a 1{X<:n}
z2€[0,Tmaz] N 0 Tmax X;V”

We state the following lemma whose proof is similar to the proof of Lemma 2.
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Lemma 4. Let NV, ... N®) be p i.i.d. Poisson processes with compensator A, assumed to be continuous,

on [0, Thnaz). Let F, be the associated empirical distribution, defined by

1
F L 1
p(w) l a7p([07jmax]> TEZNa {Tgt}’

where NP s the aggregated Poisson process. Assume that F() is a consistent estimate of F(.) =

A()/A(Toaz) such that

VN@P([0, Tnaal) Sl;p |F($) F(z)] —— 0. (33)

p—o0

Then

F,(z) — F(z)| —=— K.

p—0o0

Neor([0, Thaz])  sup
16[07Tm,am]

Once again, let us subsample and take p = m(n), with m(n)/n — 0. There are at least two possible

choices for F' that we can describe now.

1. One can first use a global estimate of F' by the empirical c.d.f. obtained by aggregating over all the
n ii.d. processes. So we distinguish between N the process aggregated over the m(n) selected

trials and N, the one obtained over all the n trials. If we use F= F,, Revoir notation, then, since

VN[0, Trnaz)) sup |F,(z) — F(z)] —=— K,

p*}OO
by the Slutsky’s lemma, it is sufficient to prove that

N[0, Thnaz]) /N[0, Tonas)) % 0. (34)

— 00

But since the numerator is equivalent to m(n)A(Tnq.) and the denominator to nA(Tpaz), (34) is

obvious.

2. Another possibility is to use one of the various estimates A and to use
. " A(w)du
A(t) = %
Then for all ¢ one can write that
. f Mu)du f A(u)du
f e ;\(u)du fo " N w)du
B f (u)du f (u)du f Auw)du fg Aw)du
ST Ndu T Ngdu 2 w2 A
JoPw) = Awldu g Aw)du [ [Aw) — Aw)ldu.

Jomr Awdu - fg Mu)du [y Mu)du
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Therefore

ol b < 2V WOT ()~ X
t Jo ™ AMu)du

But for all the given estimates, it is usual to have E(fOTm” (A(u) — A(u))2du) of the order n=? for some
0 > 0. The same argument as before will then give the desired convergence in probability, as soon as

m(n)n=° tends to 0.

For instance, the Goldenshluger and Lepski’s estimate XSL has a convergence rate of the order n™ 21 if the
intensity is in Sy, the Sobolev space of regularity . Therefore one needs m(n) = o(n~ e ). fa>1/2,

the choice m(n) = y/n is convenient. This easily leads to Theorem 3.

General counting processes To each finite point process on R N, we associate, by a one-to-one map, a
counting process (N¢);>o by Ny = N([0,t]). Therefore (N;);>0 is a non decreasing piecewise constant
function with jump equal to 1. The positions of the jumps are exactly the positions of the points of
N. Let (N¢)i>0 be a general counting process on [0, T)nq,] with conditional intensity A(.). To emphasize
that this intensity depends on the past, we write (¢, F;—). We denote by A(t, Fi_) = fot AMu, Fy—)du its
compensator. The classical property of point processes [1,17] states that N' = {X = A(T, Fr_), T € N}
is an homogeneous Poisson process with intensity 1 up to (c’est until non ?) the time A(Tyaw, Fr,,0n—)
which is a random predictable time and therefore a stopping time. We want to use this fact to check on an
ii.d. sample of counting processes, that they have indeed an intensity given by A(.). Therefore we observe
p ii.d. point processes N with intensity A(, ft(i)) and compensator A(t, ]-'t(i)) In particular, for all ¢, the
A(t,}"t(i)) are i.i.d. We apply the previous transformation to all the N(?’s, hence generating the N'’s, p
homogeneous Poisson processes on [0, X,(ﬁ?n] with the random stopping time X,(ﬁ?u = AMTmax, ‘ngw—)‘ Let
(Nz(“)zzo be the corresponding counting process. Since they are not defined on the same interval, there is
no sense in aggregating them. But one can cumulate the counting processes in the following way: for any

z<Y? X,(,izm, we set:

(35)

ke
C (7/ kan
Nz = ZNXQ;LE +Nt(,z):lsx x@
1/:1 i=1 max
where k,, is the only index in {0, ..., (p — 1)}, such that

ke ke+1

Y X<z < Y X
i=1 i=1
Because each X,(,iaz is a stopping time, due to the strong Markov property of Poisson processes, one can

concatenate them as explained above and we still obtain that the jumps of N¢ form an homogeneous Poisson
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process of intensity 1 on [0, %, X,(szm] Let us fix some 6 > 0 such that E[A(T)q4z, Fr

max

)] > 0. For
instance, for Hawkes processes with positive interaction functions, 0 = pT},4, is a convenient choice. One

can prove the following result.

Lemma 5. For all 0 > 0 such that E(A(Tnaz, Fr

max

) >0,

! c
NC([O,pQ]) SUP | 1ix/(me)<uy — u| — K.
wejo.] | Ne([0, pf)]) XGN;(<p9 {X/(p0)<u} ——
Proof. Using the concatenation scheme described in (35), let us complete N¢ with another independent

homogeneous Poisson process with intensity 1 and infinite support beyond Zle Xr(,izw, hence obtaining N’

an homogeneous Poisson process of intensity 1 on R. Let us denote

1
Zp = Vv N(0.p0]) sup | 5mro— s Lix/(po)<u} — Ul .
p u€l0,1] N<([0,po)) XENCZ,)(S])H {X/(po)<u}

We define Z{D with the same expression except that A¢ is replaced by A’. Lemma 3 shows that ZI’J tends in
distribution to /. So following the same proof, it remains to show that for any bounded continuous function
[y [E(f(Zp)) — E(f(Z,))] tends to 0. But NN [0,p0] = N’ N [0,pf] on the event {37, x> po}.
Therefore | E(f(Z,)) — E(f(Z)))] < 2/l fllooP(37_; Xttho < pf). But by the law of large numbers,

Z XS~ E(MTaz, Fr,,,-)) > 6.
Hence P(Zle X,(ﬁzw < pf) tends to 0, which concludes the proof. O
One can go back to the classical time ¢ by introducing the cumulated point process

Jt
V>0, Nf=Y> N 4N

t—JtTmax’
i=1
where j; = |t/Tnas|. One can also introduce
Vt Z 0; C ZA max, Tz _) + A(t - jtTmaza]:(t]t JtTmaar) )

The function A°(.) is a continuous non decreasing function and therefore, one can consider its generalized

inverse function (A¢)~!. Therefore one can rewrite Lemma 5 as follows:

1 A(t) c
VNe([0 ) sup - — Lir<n — —— K.
tef0,(a) 1 (po))] | NE([0, (A€)~1(pd)]) TENC,ng(/:\C)l(pG) = pl | p—oo
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Next we want to replace A by an estimate of the type

Tas

A Jt Trmaz ) t—jt .
Vt>0, A°(t) = Z/ A(u,ffjl)dw/ A, FI)du.
1=1 0 0

If A is also continuous and non-decreasing, one has the following equality:

S L Z 1 A S L Z 1

up PP {T<t}y = —, | = Sup N2 {X/(p0)<u} — Y|
te[0,(Ae)—1(p0)] NC((AC) 1(])9)) TENe T<(Ae)-1 (ph) pe u€(0,1] N ([0,])9]) XeNe,X<pb 8
with A¢ the cumulated process obtained with N = {X = fOT /A\(u,fg_))du, T € N} instead of N in

(35). One can prove the following Lemma.

Lemma 6. Assume that

P Tmax
-1/2 ) i)y _ (@) ’ P
p <§1/0 Au, FO) — A, F) du> —0. (36)
Then, for all @ > 0 such that E(AThaw, Free—)) > 0,
~ 1 C
Ne([0,p0]) sup |—— 1 w — u —— K.
({ ])ue[o,l] X((0.p8]) > {X/(p6)<u} -

XeNe,X<pb

Proof. First of all, A°(pTmaz)/p = >, Xr(,iaw/p tends in probability to E(A(Tmaz, Fr

max

)) > 6. Hence,

with probability tending to 1, pf belongs to [0, A°(pTinaz)]. Moreover,

1 P Tmax
<2

where the right hand side tends to 0 in probability. Therefore Ac(meam) /p also tends in probability to

AC (meax) - AC (meaI)

My FOY = Mu, FOO)| du,
p

E(A(Tmaza ]:T

max

)) > 0 and with probability tending to 1, pf belongs to [0, A°(pTimaz)]. Therefore both
(A°)=1(pf) and (A°)~1(ph) are strictly smaller than pT},q, with probability tending to 1. Furthermore, if

(A) =1 (ph) < pTimaz and (A)~(pd) < pTimas,

AZ((A9) 7 (b)) = A°((A) ' (pB))| =

A((A%) 7 (p0)) — o

AZ((A) 2 (00)) — A°((A%) 7 (p0)

p /Tmaa:
i=1"0

IN

A, FL2) = M, FL2D)| du.

Hence, by assumption, for § > 0, if

-

A((A) 7 (p0)) = A°((A9) 7 (p6))| < 0V
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for any € > 0, there exists pg, such that for any p > pg, P(25) > 1 —e. On s, one has therefore that

P — 3y/p < A°((A) 71 (ph)) < p¥ + 6/p

and

NE([0, (A (p0)]) = N ([0, (A) " pO])| = |V(10, A((A) ™ (p0))]) — N ([0, p0])

< max [N([0, p + 6/p]) — N([0,p]) , N*([0,p6]) — N*([0, p0 — 6/p])]

In the previous expression, we consider the maximum of two independent Poisson variables (denoted U and

V') with parameter ¢,/p. For any u > 0,

P [|Ne(0, (A% (p)]) — Ne([0, (A) " (p0)])| > G+ w)y/Bor O] < e+ Bmax{U,V} > (5 +u)y/p)

pu?
< +2e —_—— .
= Xp< 2ﬁ6+ﬁu>

By taking u = 9§, the last expression shows that

p2INE((0, (A) 1 (p0)]) = N[0, (A9) 7} (pO)))] —— 0.

p—00

If we are able to show that

1 L
NC([O,])G]) sup |———— 1{X/( 0)<u} — U —>/C,
uef0,1] | N¢([0, pb]) X€N§(<p6 P p—0

since N¢([0, (A9)~1(p0)])/N<(]0, (A€)~1(ph)]) tends to 1 in probability, this will imply the result by using

Slustky’s Lemma. Now, we clip A¢ and A€ and we set for any t,
AC(t) = min(A°(t),pf) and A°(t) = min(A°(1), ph).

Therefore, A°(-)/(pf) and /ic()/(pQ) are continuous c.d.f. and

1 1 Ae(t)
Sup | ————— Z 1ex/(po)<uy — u| = sup = Z Lir<sy - :
welo) | N<(0,0]) % 20 | N<([0, (A) X 00)]) 1o e o &

But since p# belongs to [0, /A\C(meM)] with probability tending to 1, the right hand side is equal to

1 Ac(t)
Ap =sup |— — Lir<y — ——
2 N0 TG 32t v

with probability tending to 1. So it is sufficient to prove that Z, := /AN<([0, pf]) A, tends in law to K. Note

that

1 Ac(t)
Z = /N¢([0, (A° 0)]) su - Lir<yy — .
VRO N BT T e g P
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We denote:

) 1 Ac(t)
Z, = Ne(] p0)]) sup 1 —
p= Y D RGO 2y T
1 Ac(t)
Z, = Ne(] p0)]) sup 1 — .
p= Y D RGO 2y T

But Z,, is also equal with probability tending to 1 to

o( 1 Act)| _

t -
>0 TeNe, T<(Ae)=1(pb)

1
VNE([0, (A9) =L (pd)]) sup N, p0) Z Lix/poy<uy —u

u€l0,1] XeN©, X<pb

because pf belongs to [0, A°(pTnqz)] with probability tending to 1. Using Lemma 5, we have that Z,, tends

in law to K. It is consequently sufficient to prove that Zp — Zp and Zp — Z, tend both in probability to 0.

We have:
A ) 1
A ARG TRy [T Ee——— o
’ t>]i[)) Ne([o, (A€) (pe)])TeNC,Tg\C)l(pG) o
1
B _ 1ir<y
Ne([0, (Ae)=L(ph)]) TeNe T%C)I(Pe) o
NC AC - 05 AC - 9
Jp— [0, (A9) 1 @) = NE(0. (49) o))

max( ([0, (A) =1 (0)]), N<([0, (M) (p0)]) )

which tends to 0 in probability. Furthermore, if (Ac)_l(pH) < pTmaz and (A)~1(ph) < pTaz,

. Aew) Ao
Z, - 7| < VN 0 -
» =2y <V w0 sup | = — =
NC C N
< ¥ —0 wp |a) - Aw)|
p9 t<pTrmax
VN0, p0]) ~ [T 5 ) (i)
- 772/ A, F20) = M, 72| d
po —1 /0
Therefore, by using (36), Z, — Z, 0. O
p—00

Now let us verify on various examples that the A given in Theorems 4 and 6 satisfies (36) by taking

p = m(n).
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e If the processes are Poisson processes, then (36) can be rewritten as

Tmaz i
\/]_7/0 [A(w) — AMu)|du —— 0.

p—00
This is implied by EfOTm‘” M) — A(w)2du = o(m(n)~1), which is true under the assumptions of

Theorem 4. So, Theorem 4 is proved.

e If the processes are Hawkes processes with positive piecewise constant interaction functions on the

partition of length A and bin length ¢, then (36) can be rewritten for the process N,, as

1 P Traz i
= Z/O Rel? (@™ — al™)|dt —2— 0,
=1

p—00
which is implied by

m) maw
”a ” Z/ HRC(Z)Hdt } 0.

But the quantities fOTm‘”” ||Rcti)|\dt are 1.1.d. with finite mean, so by the law of large numbers

p Tm,am .
Pty / IRedt,
=1

has a finite limit in probability and it is sufficient to have

plla™ —al™|F =——0,
p—00

to conclude the proof. This is an easy consequence of Theorem 5.

10.3 Additional file 3 — Proof of Theorem 5
The proof of Theorem 5, that can be skipped at first reading, uses notations of [25] and transpositions of

these notations. First by scaling the data, it is always possible to assume that A = 1. We have at hand

n X M point processes N,Si). In the more general case, we need to model each A% intensity of N,(T?, by a

o =m0+ Y [ e w,
where f,, belongs to H,, which replaces the space H:
Hn = (R xLa([0, 1])nM)nM = {fn = ((,u(m’i)a (géf?’i))ezl,...,M, G=1,m)m=1,.... M, i:l,...n) :

g™ with support in (0, 1] and | f,,|% = Z (m.))2 *ZZ/ g (1t < oo

m,i £,
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To reduce the complexity, it is sufficient to take a dictionary ®, which forces géf?’i) =0ifi # j, plm? = p0m

and gé?’i) = gém). More precisely, we take for m =1,..., M, ¢y, o such that

Vi=1,.,n, ul) =1,

all the other components being zero. We also take for all m,¢ =1,..., M, forall k =1,..., K, @ ¢ such
that

(m,i)

Vi=1,..n,  (Gmek)p; = 521 (o 1ys.ka)

all the other components being zero. This dictionary is of size M (1 + M K). To each set of coefficients a in

R®, one can write
o = (@M, @y,

and associate to the a™)’s an element f of H as it has been done in (22) and (23). With this choice, it
is then quite easy to see that the definition of the least square contrast v(f,) of [25] coincides with the

definition (26) of v, (f). In the same way, the definition of b of [25], is given by

b= zn: ((b“ﬂ'))’, (b<M7i>)') ,

i=1

and the definition of G is given by a matrix diagonal by blocks of M blocks
G =Y diag(G",..,GY).
i=1

The choice of d of [25, Theorem 2] can be written as follows: for all u,e,x > 0

dy, s =1/201 — L __Na([a,b L] 3
om0 \/( +e) {u—qﬁ(u) et =] T3
and
. B?, x By
d, .. =201 —r v, " o,
Om, e,k ( + E) nw— ¢(M) S H—= (b(:u) 3

where ¢(u) = e¢* —u — 1 and where By, is a potential deterministic bound on the Bgyk. Then Theorem 2

of [25] states that the selected estimate that is

fn = Z d«p%
ped
satisfies an oracle inequality on the event

Qv.p = {¥m, 0, k, Vi o, < Vinok and N ([a,b]) < No and By g < By}
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intersected with the event Q. = {Va,a’Ga > cI}, where ¢, Vm7g7k,/\/‘m and By, are fixed positive constants.
More precisely with probability larger than

log (1 + lﬁ;—’“ log (1 + %)

1= log(1 + 5§ + ; log(1+¢)

m, 4,k

e”" —P(Q) - P(Qy p),

we have that there exists an absolute positive constant C' such that

n M n
= 1

M
(m,i) (m,i) 2 . (m,i) (m,i) )2 1 2
lo? =0 I < C i A3 IR e — VI Y
m=1 0eS(a)

i=1 m=1 i=
Because the number of points of a Hawkes process in a finite interval has some finite exponential moment,
we can easily see that one can choose

N = Ope qpnlog(M).

From now on, [y designs a positive constant only depending on the index 6 whose value may change from
line to line. With this choice

P(3Im, N2 ([a,b]) > Nn) = O(1/n).

Also, one can see that
P(3m, i, N\ ([a — A,b]) > O« 1, log(nM)) = O(1/n).

Since,

Bej, < 672N ([a — A,b),

one can also take

Bog = Ofe 0y K2 log(nM).

Finally, since

Vi < 6725 NS ([a, b)) [N ([a — A, 0%,
i=1
one can take

Vine o = Ope 0 p K0 log(nM)g.

Therefore with this choice, P(Q; ) = O(1/n). Hence in this case the probability of the oracle inequality is
larger than

1-— DM,f*,a,b,e,uK log(n/x)e_l — O(l/n) — P(Qg)

Therefore we can choose K = n¢ and z = nlog(n), with n > ¢ and the oracle inequality holds with probability

larger 1 — O(1/n) — P(92). Note that with this choice of 2 and up to the replacement of By by By, for
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a given parameter v > [, p, it is always possible to find 7, i1, e such that the present weights d 's are

Pm, bk
smaller than the dgn,:) of (29). Moreover if 7 tends to 400, it is possible to choose 7 tending to +oco too. In
this sense, the present result also applies to the procedure described in the main part of the article for a large

enough parameter . It remains to control .. This can be done in a non-asymptotic way following [25].

But in the present context, it is quite easy to see that

n

1 3 a0 _EL g,
n

— 00
=1 P

But G being a random non negative matrix, which is not almost surely null by assumption on the (™),
its expectation has only strictly positive eigenvalues. Therefore if » > 0 is strictly smaller than the smallest
eigenvalue of E(G()), then the probability of Q¢ with ¢ = nr, tends to 0. Since under the assumptions of
Theorem 5, f = Z«p@b ajp, we obtain that with probability tending to 1,
n M

Z Z ||¢§;:’i> - lﬁ%’i)HQ < O, g0,k log(n)?.

i=1 m=1
But because, this happens on )., one has that

n M
SO I =gV = (@ - @'Y Gl - a*) = Dargeaprcn . [, — all
m=1

i=1 ped

This concludes the proof of Theorem 5.

10.4 Additional file 4 — The False Discovery Rate and the Benjamini and Hochberg multiple test
procedure

In most of the Tables in this article, several tests have been performed. Let us introduce some notations: a
test of hypothesis H} is associated to a binary random variable A;, with the convention A; = 1 if the test
rejects HY and A; = 0 otherwise. Hence, if the K tests are performed asymptotically at level a, we are
considering K random variables A; such that Py (A; = 1) e 1 — . Thus, the number of rejections is

not controlled. Indeed, assuming that those tests are independent, then if all the H} are true, the probability

to have no rejection is:
P(Vi € {1,..., K}, A; accepts) =, 500 (1 — )™ =k 00 0.

This means that when K grows, this procedure is doomed to reject at least 1 and in average K« tests.
One way to control such a problem is to control the so called Family Wise Error Rate (FWER) [59],

which consists in controlling FWER = P(3i € {1,..., K}, A; wrongly rejects). This can be easily done by
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Bonferroni bounds:
P(Ji e {1,..., K}, A; wrongly rejects) < Z P(A; wrongly rejects) —, 00 Kav.
ie{l,....K}
So Bonferroni method [60] consists in applying the A; tests at level o/ K instead of « to guarantee a FWER
less than «. However, the smaller the type I error, the more difficult it is to reject. So when K is large, it

potentially leads to no rejection at all, even in cases where the H} are false.

Another notion, popularized by [35], has consequently been introduced in the multiple testing community
leading to a large amount of publications in statistics, genomics, medicine etc in the past ten years. This is
the False Discovery Rate (FDR). Actually, a false discovery (also named false positive) is not that bad if the
ratio of the number of false discoveries divided by the total number of discoveries is small.

More formally, let us use the notations given in Table 1.

Number of 7 such that A; accepts A; rejects Total
true H U =" true negative” | V = "false positive” | K¢ = "number of true H}”
false H{ T = "false negative” | S = "true positive” | K; = "number of false H{”
Total K—-R R= "discoveries” K

Table 1: Repartition of the answers in a set of K tests.

Then the False Discovery Rate is defined by
v
FDR=E| =1 .
(V1)

We always have that FDR < FWER. This means that when the H’s do not hold, controlling the FDR
is less stringent, whereas the relative confidence that we can have in the rejections is still good: if we make
100 rejections with a FDR of 5%, this means that on average only 5 of these rejections will be potentially
wrong.

The question now is: how to guarantee a small FDR? To do so, Benjamini and Hochberg [35] proposed
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the following procedure: for each test A;, the corresponding p-value P; is computed. They are next ordered
such that:

Let g € [0,1] be a fixed upper bound that we desire on the FDR and define:
k = max{m such that P, < mgq/K}.

Then the rejections of this BH-method are given by the tests A(y), ..., A(;) corresponding to the k smallest p-
values. It can be proved under various conditions (for instance independence) that such procedure guarantees
a FDR less than ¢ (see [61]). Note that even if these conditions are not fulfilled, the FDR of this procedure

is still controlled by ¢ up to a logarithmic factor [61].
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