N
N

N

HAL

open science

Off-the-grid prediction and testing for linear
combination of translated features

Cristina Butucea, Jean-Franc¢ois Delmas, Anne Dutfoy, Clément Hardy

» To cite this version:

Cristina Butucea, Jean-Francois Delmas, Anne Dutfoy, Clément Hardy. Off-the-grid prediction and
testing for linear combination of translated features. 2024. hal-03880134v2

HAL Id: hal-03880134
https://hal.science/hal-03880134v2

Preprint submitted on 18 Jul 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-03880134v2
https://hal.archives-ouvertes.fr

Electronic Journal of Statistics
Vol. 0 (0000) 1

ISSN: 1935-7524

DOI: 10.1214/154957804100000000

Off-the-grid prediction and testing for
linear combination of translated features

Cristina Butucea', Jean-Francois Delmas?
Anne Dutfoy®? and Clément Hardy?>

1CREST, ENSAE, IP Paris, France, e-mail: cristina.butucea@ensae.fr

2CERMICS, Ecole des Ponts, France, e-mail:
jean-francois.delmas@enpc.fr; clement.hardy@enpc.fr

3EDF R&D, Palaiseau, France, e-mail: anne.dutfoy@edf .fr

Abstract: We consider a model where a signal (discrete or continuous)
is observed with an additive Gaussian noise process. The signal is issued
from a linear combination of a finite but increasing number of translated
features. The features are continuously parameterized by their location and
depend on some scale parameter. First, we extend previous prediction re-
sults for off-the-grid estimators by taking into account here that the scale
parameter may vary. The prediction bounds are analogous, but we improve
the minimal distance between two consecutive features locations in order
to achieve these bounds.

Next, we propose a goodness-of-fit test for the model and give non-
asymptotic upper bounds of the testing risk and of the minimax separation
rate between two distinguishable signals. In particular, our test encom-
passes the signal detection framework. We deduce upper bounds on the
minimal energy, expressed as the £2-norm of the linear coefficients, to suc-
cessfully detect a signal in presence of noise. The general model considered
in this paper is a non-linear extension of the classical high-dimensional re-
gression model. It turns out that, in this framework, our upper bound on
the minimax separation rate matches (up to a logarithmic factor) the lower
bound on the minimax separation rate for signal detection in the high di-
mensional linear model associated to a fixed dictionary of features. We also
propose a procedure to test whether the features of the observed signal
belong to a given finite collection under the assumption that the linear co-
efficients may vary, but have prescribed signs under the null hypothesis. A
non-asymptotic upper bound on the testing risk is given.

We illustrate our results on the spikes deconvolution model with Gaus-
sian features on the real line and with the Dirichlet kernel, frequently used
in the compressed sensing literature, on the torus.

MSC2020 subject classifications: Primary 62G05, 62G10; secondary
62GO08.

Keywords and phrases: Goodness-of-fit testing, Mixture model, Non-
linear regression model, Non-parametric hypotheses testing, Off-the-grid
methods, Spikes deconvolution.

1. Introduction

In many fields, a signal of interest can be described as a linear combination of
shifted source signals having the same shape. Thus, the source signal is supposed
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to belong to a parametric set of functions (for example, Gaussian, Cauchy or
sinusoidal-shaped functions) parameterized by its location parameter. The signal
is observed with an additive noise process in discrete or continuous time. We
assume that the noise and the observation space can vary with some parameter
T increasing with the quality of the observations.

For example, the chemical analysis of a material is done through spectroscopy
and each chemical component is represented by a spiked Gaussian-shaped signal
located at some prescribed frequency, see [5]. The final signal is a linear combi-
nation of such spikes. In multiple source detection, sound or image may present
a similar structure.

More general non-linear models (not necessarily location models) for the fea-
tures have been discussed in [6], and the particular case of location families has
been discussed in Section 8 therein. However, we allow here the features to de-
pend on a scale parameter which varies with 7'. This makes the proof technique
very different from the previous one.

We are interested in estimating both the coefficients of the linear combination
and the location parameters of the different features appearing in the signal.
We give sufficient conditions in order to obtain upper bounds for the quadratic
prediction risk of the same order as if the non-linear parameters were known.
We show that these sufficient conditions are milder than those in [6] without
loosing on the prediction risk bounds.

We are also interested in testing problems. First, we want to test whether
the observations are issued from a given linear combination of features. We
remark that it includes the case of signal detection. This test problem finds an
application in spectroscopy to detect the presence of a chemical compound in a
material. Finally, we are interested in testing whether the observed signal is a
linear combination of features located at a prescribed list of values with linear
coefficients having prescribed signs under the null hypothesis. This is of interest
in spectroscopy: in a material we expect a list of chemical components. This
test problem detects ageing or important damage to the material which can be
detected if unexpected chemical components are present.

1.1. Model

Let T € N. We observe a random element y in the Hilbert space L?(\r) of
square integrable functions with respect to the measure A on the Borel o-field
of some metric space. The observation is the sum of a deterministic signal and
a noise process wr in L?(\r). We assume that the signal is an unknown linear
combination of a finite unknown number s of features belonging to a continu-
ously parameterized subfamily (o7 (6), 6 € ©) of L2(Ar). We call this family a
continuous dictionary, the weights of the linear combination - the linear coeffi-
cients, and the parameters of the features - the non-linear parameters. Moreover,
we assume that the noise is a Gaussian random process. Thus, the general model
is fully specified by the choice of the Hilbert space of our observation, of the
continuous dictionary of features and of the noise process.
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The Hilbert space L?(\r) is endowed with the natural scalar product noted

() 12(Ap) @nd norm ||| 12y, Let us define the normalized function ¢r defined
on O by:

¢1(0) = r(0)/[o7(O)ll 12 (rp): (1)

We assume that the signal is a linear combination with unknown non-zero linear
coefficients 5* = (B7,...,0%) in (R*)® of an unknown number s € N of active
features with unknown distinct non-linear parameters 9* = (67,...,0%) € ©°.
We use the notation R* = R\{0}.

Thus, we observe y in the model:

y= Bi®r(0;) +wr in L*(Ar). (2)
k=1

Let us define the multivariate function &7 on ©° by:
Or(9) = (¢o7(01),...,67(0:)" for 9= (61,...,0,) € ©°.

Model (2) writes
Yy = ﬁ*(bT(’lg*) + wr in LQ()\T)

When s = 0, we set by convention that *®7(9*) = 0 as well as A° = {0}
for any set A. We denote by Q* = {7, 1 < ¢ < s} the set of the non-linear
parameters associated to active features.

In this paper we consider a dictionary given by a one dimensional location
model scaled with a given o7 > 0:

(er®) =ho—-0r),0€0) 3)

where the set © is the real line R or the torus R/Z, the real-valued function h
is defined on ©® x &, smooth with respect to its first variable and normalized
so that [[A(-,07)| 2(pery = 1, and o7 is an element of the set & of admissible
positive scale parameter values. Note that ¢ depends on T only through the
argument op. See Section 2.1 for examples of functions h including the Gaussian
scaled-spikes and the low-pass filter.

The process y is observed over the support of the measure Ay. Therefore it is
legitimate to consider models whose location parameters belong to the smallest
interval covering the support of the measure Ay. Hence, we introduce the set
Or, a compact interval of © (when © is the torus, then we can take O = 0),
and we shall assume that Q* is a subset of Op. We denote by |Or| the Euclidean
diameter of the set Or.

We consider a large variety of Gaussian noise processes. Indeed, we only
assume the following mild assumption on wr, where the decay rate Ap > 0
controls the noise variance decay as the parameter T grows and @ > 0 is the
intrinsic noise level. A wide range of noise processes satisfy our assumptions, see
Section 2.2; they can be discrete or continuous, white or coloured under these
constraints.
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Assumption 1.1 (Admissible noise). Let T € N. The Gaussian noise pro-
cess wr satisifies E [HwTHiz()\TJ < 400, and there exist a noise level 7 > 0

and a decay rate A > 0 such that for all f € L*(\r), the random variable
(f,wr)r2(Anp) @5 a centered Gaussian random variable satisfying:

Var ((f,wr)1200) <0 A7 fll72(0)- (4)

We assume that the quantity E [HwTHiz( )\T)} is known for the considered

models. Using Cauchy-Schwarz inequality, we get:

Var ((f,wr)120) < E [[wrl 7 e 171220 (5)

which is in some examples not as sharp as (4), see Section 2.2.2. We shall also
consider the finite variance of the squared norm of the noise:

_ 2
=1 = Var (HwT||L2(>\T)) ’ (6)

To sum up, the quality of the information provided by our observation y
depends on the support of the measure Ar and on the noise wr through Arp.
It increases with the parameter T'. Due to the particular form of the features,
we refer to our model as a Linear combination of translation features (LCTF-
model).

In this paper, we are interested both in building estimators B and ¥ of the
parameters 8* and 9*, respectively, and in hypothesis testing problems concern-
ing our model. Our goal is two-fold: on the one hand, we attain best known non
asymptotic prediction bounds for the risk measure:

1697(9) = B* () L2(rr)

under less restrictive conditions than previous works. Moreover, we use the
certificate functions designed as tools in these proofs in order to build test pro-
cedures in our model that generalize the signal detection problem in a linear
regression model. On the other hand, we treat the goodness-of-fit test problem
and then, the more general problem of testing whether the signal in our obser-
vation presents only features included in a prescribed list, with associated linear
coefficients that may vary but cannot change signs.

1.2. Previous work

Estimating the linear coefficients and the parameters of model (2) from an
observation y has attracted a lot of attention over the past decade. A major
contribution in this field comes from the formulation of the BLasso problem
in [10]. This optimization problem on a space of measures allows to estimate
both linear coefficients and non-linear parameters without using a grid on the
parameter space. This off-the-grid method has successfully been used in [8] and
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[7] in the context of super-resolution as well as in [11] for spikes deconvolution.
High probability bounds for the prediction error have been given in [20], [19]
and [4] for the specific dictionary of complex exponential functions continuously
parameterized by their frequencies and more recently in [6] for a wide range
of dictionaries parameterized over a one-dimensional space. These results are
based on certificate functions whose existence have been proven in a very general
framework in [18] provided that the non-linear parameters of the mixture are
well-separated with respect to a Riemannian metric.

Goodness-of-fit tests are used to check whether observations are indeed de-
rived from a given statistical model. We refer to the monograph [14] for a com-
prehensive presentation of goodness-of-fit testing. When we consider a finite
dictionary of features (¢r(6),0 € Q) with Q a known finite subset of ©, the
model (2) can be rewritten as a linear regression model, possibly of high dimen-
sion depending on the size of the finite dictionary p := Card(Q). In this case,
testing the goodness-of-fit of the model amounts to testing whether the linear
coefficients in the mixture are equal to some given linear coefficients. When the
dictionary is known, the testing problem is homogeneous in the linear coeffi-
cients 8 and is therefore equivalent to testing 8 = 0, which is a signal detection
problem.

Signal detection has raised a lot of interest over the past decades. It is well
known that the alternative hypothesis H; (presence of signal) must be well sep-
arated from the null hypothsesis Hy (only noise) in order to have tests with
small risks. The separation can be seen as a minimal signal intensity allowing
the detection. Then, it is a matter of interest to evaluate the minimax sepa-
ration rate, i.e., the smallest separation that allows to distinguish the tested
hypotheses. In [12], asymptotic rates for the minimax separation in the frame-
work of signal detection are derived for the non-parametric Gaussian white noise
model. Non-asymptotic rates were then derived in [3] and later in [16] to tackle
the case of heterogeneous variances. We refer to the monograph [13] for an
overview of non-parametric hypotheses testing. Regarding the high dimensional
regression model where the observation is of dimension 7" and the dictionary is
fixed, known and of size p, the work of [15] established the following asymptotic
minimax separation rates under coherence assumptions on the dictionary:

1

1 S pi
— A4/ =1o N —-
71 M\ 7 o8 () Wia

The signal intensity is expressed by the £5-norm of the linear coefficients. Their
lower bounds on the asymptotic minimax separation stand for both fixed and
random designs whereas their upper bounds stand for random designs. The
work of [2] does not tackle the high dimension but provides tests achieving
the minimax separation for fixed designs under coherence assumptions on the
dictionary. We note that the existing results do not apply to our context.

For the non-linear extension of linear regression models that we consider here,
goodness-of-fit testing does not reduce to signal detection as the mixture is not
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homogeneous with respect to the non-linear parameters. Therefore, we introduce
new testing procedures. We stress that one of the test statistics is not derived
from estimators of the linear coefficients. In fact, depending on the sparsity of
the signal, the dimension of the observation and the size of the dictionary, plug-
in methods using sparse estimators might not be the best way to proceed. They
do not always lead to the minimal separation. In this sense, testing is a very
different statistical problem from estimation.

1.3. Description of the results

The aim of this paper is twofold. First, we improve on [6] in the case of linear
combination of translated features by giving bounds on the prediction error
under milder separation constraints between the unknown non-linear parameters
in @*. Indeed, the sufficient separation conditions between two neighboring non-
linear parameters are difficult to track explicitly. In all generality, they can be
rather restrictive and scale with a factor s for arbitrary dictionaries satisfying
the conditions. In the particular case of Gaussian-shaped features, more explicit
calculations are possible and the minimal separation reduces to some constant
value.

In this paper, due to the shape of our dictionary of features, i.e. a location
model scaled by some o, we get more explicit sufficient separation conditions
which are less restrictive. This is achieved by taking the scale parameter of the
features o into account. In particular, in the case of Gaussian-shaped features,
the minimal separation is of order or. Intuitively, this is can be explained by
the fact that for peaked features (with small scaling parameter or) we may
distinguish spikes located at smaller (by a factor or) distance.

The second goal of this paper is to study hypotheses testing problems in
these models. We give procedures for the goodness-of-fit of the mixture model in
order to determine whether the unknown signal 8*®1(9*) is equal to a reference
signal 9@ (9°) for some known vectors 3° € (R*)SO and ¥° € 9}0. Under our
assumptions, the model is identifiable, thus the null hypothesis is equivalent
to testing that S*,9* coincide with 8°,9° up to a permutation. This setup
includes the case of signal detection where the null hypothesis is g* = 0, that
is s = 0 On this aspect, our minimal intensity rates allowing signal detection
are similar up to a log factor to the rates obtained in [15] for high dimensional
linear models. We propose a combined procedure based on differences between
the reference signal 39®1 (%) and either the observation y or a reconstructed
signal obtained from estimators of the model parameters. In order to successfully
perform the test, we remove from the alternative hypothesis the signals whose
proximity to the reference signal 3°®(19°) is below some separation parameter,
with respect to the norm ||-|| 12(\p)- We give a non-asymptotic upper bound of
the testing risk and deduce an upper bound on the minimal separation needed to
distinguish two different signals. This upper bound yields two regimes according
to the test procedures that we define and study. In the case of signal detection,
the separation can be expressed as the fo-norm of the linear coefficients of the
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observed mixture. In particular, when the observation y is issued from a non-
linear extension of the classical high-dimensional regression model, our upper
bound matches (up to logarithmic factors) the asymptotic lower bound of the
minimal separation needed to distinguish two signals that are mixture of features
from a finite high-dimensional dictionary.

Moreover, we test the presence of at most sy prescribed features in the mix-
ture with arbitrary linear coefficients of given sign. That is, we test whether for
each € € {+, —} the unknown set Q¢ = {0y € Q* : ¢f; > 0} is a subset of
Q%€ with Q%1 and Q%™ being given disjoint finite subsets of ©1. This setup is
issued from an application to spectroscopy (see [5]), where the presence of other
chemical components than the prescribed ones are indicating ageing or substan-
tial modifications of the analyzed material. To separate the null hypothesis from
the alternative hypothesis, we introduce a discrepancy that is 0 if and only if
the parameters (5*,9*) belong to the null hypothesis. We give an upper bound
on the minimal separation to successfully perform our test. The test statistic
introduced and studied in this context makes explicit use of the construction of
certificates used in compressed sensing [9, 20, 18], super resolution [8], spikes
deconvolution [11], as well as in [6, 19, 4] for establishing the prediction rates
of the estimators of (8*,19*). We stress the fact that the test statistic is not an
estimator of the discrepancy measure separating the null and the alternative
hypotheses, as is usually the case in non-parametric tests.

1.4. Roadmap of the paper

Section 2 gives several possible specific choices in our general model by show-
ing examples of dictionaries of features, of observation spaces and of Gaussian
processes (white or coloured under our assumptions). In Section 3, we start by
presenting the assumptions needed to perform a successful estimation of the lin-
ear coeflicients and location parameters of our model. After giving a prediction
bound in Theorem 3.5, we show in Lemma 3.3 that the required assumptions
are sufficient conditions for the identifiability of the model. In Section 4, we
test whether the observation derives from a given mixture or from some other
mixture sufficiently separated from the latter. We give in Theorems 4.1 and 4.3
bounds of the testing risks associated to two different test procedures. We show
in Corollaries 4.2 and 4.5 that these two tests give two regimes for our upper
bound on the minimal separation to distinguish two different signals from an
observation contaminated by noise. We also provide a discussion on the com-
parison of our upper bounds with some existing lower bounds. In Section 5, we
propose a procedure to test whether the active features in the observed signal
belong to a given finite collection with linear coefficients of prescribed signs.
Both hypotheses of this test problem are composite and a new measure of the
separation between these hypotheses has been introduced. The proposed test
relies on the certificates used in the proof of the prediction bounds in an origi-
nal way. A bound of the testing risk is given in Theorem 5.2 and in Corollary
5.3, we provide an upper bound on the minimax separation rate. The examples
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of Gaussian scaled spikes deconvolution on R and low-pass filter on R/Z are
adressed in Sections 6 and 7. Some proofs can be found in Section 8.

2. Specific models covered by our general model

We consider a large variety of models: discrete models where the process y =
(y(t1),...,y(tr)) is observed on a finite grid ¢; < ... < t7 or continuous models
where the process y = y(t) is observed on a continuous interval.

2.1. Examples of feature functions

Various continuous dictionaries of features can be considered under regularity
conditions required later on. They include many parametric families of functions
known in statistics and compressed sensing literature.

1. Gaussian scaled-spikes deconvolution. The noisy linear combination of
translated and re-scaled Gaussian features corresponds to:

exp(—t2/202)
Tl/451/2
The example of Gaussian spikes deconvolution is analyzed in full details
in [6, Section 8] when o does not depend on T. We shall consider here
that the scale parameter o may vary with 7.

2. Multi-resolution approximation. We consider the normalized Shannon scal-
ing function:

h(t,o) — on © x & =R xRY. (7)

Wt o) > Vo sin(wt/o)
it
The associated dictionary allows to recover functions whose Fourier trans-
form have their support in [—7 /o, 7/0] (see [17, Theorem 3.5]).
3. Low-pass filter. We consider the normalized Dirichlet kernel on the torus
for some cut-off frequency f. € N* and T' = 2f. + 1:

fe .
hit.o) = = D e 0

witho =1/T,T € 2N*+1 and t € © = R/Z. The example of the low-pass
filter is adressed in [11], where exact support recovery results are obtained
for the BLasso estimators. This dictionary is also used in [7] in the context
of super-resolution. Bounds on some prediction risks (different from those
considered in this paper) are established therein for estimators obtained
by solving the constrained formulation of the BLasso.

on ©® x & =R xR}.

2.2. Examples of observation spaces and Gaussian noise processes

We consider both discrete-time and continuous-time processes in our general
model.
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2.2.1. Discrete-time process observed on a reqular grid

Consider a real-valued process y observed over a regular grid t; < ... <ty of a
symmetric interval [—ap,ar] CR, with T > 1,¢; = —ap+jApforj=1,...,T
and grid step: Ay = 2ar/T. We set:

T
Ar =AY b, (9)

Jj=1

Then, we see y as an element of L?(\r). We have for any function f € L?(\7)
that |[fll 20\, = VAT fll,,, where the right-hand side is understood as the
ly-norm (Euclidean norm) of the vector (f(t1),..., f(tr)).

We assume that (ar,T > 2) is a sequence of positive numbers, such that:
lim7 oo ar = 400 and limp_o A7 = 0 so that the sequence of measures
(A7, T > 1) converges with respect to the vague topology towards the Lebesgue
measure, noted Leb, on R. When © = R, it is therefore natural in this case, to
consider non-linear parameters within the support of the observations and take
Or = [—arp,ar]. When T tends to infinity, in the limit model the observation
corresponds to a square integrable random process indexed on ©® = R. In the
case of periodic signals, we may take the sets © and O to be the torus R/Z,
and the limit measure is then the Haar measure identified with the Lebesgue
measure.

In this formalism, the noise wr € L?(\r) is given by:

T
wr(t) =Y Gy (t), (10)

=1
where 14 denotes the indicator function of an arbitrary set A and (Gy,--- ,Gr)

is a centered Gaussian random vector with independent entries of variance 7>.

In this case Assumption 1.1 holds with an equality in (4) and E[H“’T”;(AT)]
is finite. Notice that E[”wT”QL?()\T)] = @2Ar T, thus the Cauchy-Schwarz in-

equality (5) gives an upper bound larger by a factor T than the value given
by (4). We also have that Zp = 26*A2. T
Finally, the model writes:

Yj Izy(tj):z:6]:¢T(92,tj)+Gj, j=1,...,T.
k=1

We stress that when the noises (G;)i1<j<r are independent the model encom-
passes the Gaussian sequence model where the mean vector is the sampling of
a linear combination of shifts of a known function.

2.2.2. Continuous-time processes

Assume we observe a real-valued process y on a topological state space. We note
A = Ar for a o-finite measure on the state space. In this framework, y is an
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element of L?(\). Let us assume that the noise is wr = Y,y V& Gk Yk, where
(Gk, k € N) are independent centered Gaussian random variables with variance
&%, 19 = (Yr, k € N) an orthonormal sequence of L2()\), and ¢ = (&, k € N) a
summable sequence of non-negative real numbers. The sequences ¢ and £ may
depend on T'. Let ||€]| ¢, denote the usual £,-norm of the sequence £. We have:

Var((f,wr)r2(0) = Y & (f06) 200 < T A7 [ fl17200):
keN

with Ag = [, = suppenée- We also have E[Juwr|2ay] = o], and
Er = Var(||wTHi2(>\)) = 2E4||§||§2. In particular Assumption 1.1 holds.

We may consider different choices for £ that lead to different values for =,
the variance of the squared norm of the noise. For instance, our framework en-
compasses the truncated white noise by taking forallk € N, &, = 7! l<k<ry
In this case, we have |||, = 1/T and ||{]|,, = 1. In particular, we get that the

inequality (5) is not as sharp as (4) since Ay = 1/T whereas ]E[HwTHQLQ(A)] =02,

3. Assumptions and prediction bounds

We recall in this section assumptions and definitions from Sections 3-5 of [6]
in a simpler way adapted to our framework. In [6], the authors established
high probability bounds for prediction and estimation errors associated to some
estimators of 5* and ¥* tackling a wider range of dictionaries.

3.1. Regularity of the features

We gather in this section the hypotheses that will be required on the features
defined by (3).

Recall that the parameter space O is either R or the torus R/Z endowed with
the Lebesgue measure Leb. For convenience, we write |z — y| for the Euclidean
distance between x and y either on R or on the torus. Recall also that L?(\7)
and L?(Leb) are the sets of square integrable functions on © with respect to
the measures Ap and Leb respectively. We denote & the set of scale parameter
values.

Assumption 3.1 (Smoothness of the features). Let h be a function defined on
©x 6. Let T € N and op € 6. We assume that the function 6 — h(0,0r) is of
class C* on ©. We assume furthermore that |[h(-,0r)| 12 (re) = 1, and that for
all 0 € © [[h(0 — -, 07)|12(r;) >0 and all i € {0,---,3}:

H@éh(-,oT)HLz(Leb) <+oo and ||Oh(6 — "UT)HL?()\T) < 400.

Recall the function ¢ defined by (3) and notice that Assumption 3.1 implies
o7 (0)]p2(rpy > 0 on ©. We define the function:

gr(0) = 10667 (0) |72 (npys  Where 67(8) = o1 (0)/ller (O p2(ryy (1)



Butucea, Delmas, Dutfoy, Hardy/Off-the-grid prediction and testing 11

Assumption 3.2 (Positivity of gr). Assumption 3.1 holds and we have gr > 0
on ©.

Let us mention that if for all € ©, pr(0) and dyer(0) are linearly indepen-
dent functions of L?(A\r) and 067 (0) [l £2(x) > 0, then g7 > 0 on © (see [6,
Lemma 3.1]).

3.2. Definition of the kernel and its approximation
8.2.1. Measuring the colinearity of the features

We define the symmetric kernel X7 on ©2 by:

Kr(0,0") = (61(0), d1(0")) L2 (rp)- (12)

The kernel I measures the colinearity of two features belonging to the con-
tinuous dictionary. It does not a priori have a simple form. In the following, we
approximate this kernel by another kernel easier to handle.

As mentioned in the introduction, we consider in this paper a setting where
the sequence of measures (Ap,T > 1) converges in some sense towards the
Lebesgue measure Leb on ©. In [6], the kernel K was free of any scale parameter
or and authors have considered a pointwise limit kernel Ko, = limp_ oo K
which is free of T' and allows to continue the proofs under some assumptions.
However, due to our scale parameter o7 which decreases towards zero with T,
we show in the following example that the pointwise limit kernel is degenerate.

Ezample 3.1 (Degenerate limit kernel). Consider the discrete-time process pre-
sented in Section 2.2.1 with the measure A\ from (9) and the Gaussian features
(7) from Section 2.1 scaled by the sequence (op,T > 1) that tends towards zero
when T grows to infinity so that limp_, ;o Ar/or = 0. In this case, the sequence
of measures (Ap,T > 1) converges with respect to the vague topology towards
the Lebesgue measure and it is easy to check that K., the pointwise limit of
the kernel ICr, is equal to zero almost everywhere and to 1 on the diagonal.

Thus, instead of the pointwise limit kernel Ko, we shall approximate (for
finite large enough T') the kernel Kr by a kernel 7' of the form:

K2 (0,0") — F(|0 — 0'|Jor), (13)

where F' is a real-valued function defined on R} with F(0) = 1. (Recall that
|6 — ¢’| is the Euclidean distance between 6 and 6’ on © which is either R
or the torus R/Z.) Notice that if F is of class C* with FZ*D(0) = 0 for
i €{0,...,£—1} for some integer £ > 1 (which is the case if F' can be extended
into an even function of class C2¢ on R ), then K™ is of class C**. The choice
of the function F' follows from the model given by h in (3), so that Kp and
KCH* are close (see (iii) of Assumption 3.4 below). We refer to Sections 6 and 7
for examples with h given by (7) and (8), respectively. The introduction of the
kernel 5" is significantly different from the approximation developed in [6].
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3.2.2. Covariant derivatives of the kernel

Let K be a symmetric kernel of class C? such that the function g defined on ©
by:

g (0) = 97,K(0.9), (14)
is positive, where 9, (respectively 9,) denotes the usual derivative with respect
to the first (respectively second) variable. Under Assumptions 3.1 and 3.2, the
definitions (11) and (14) coincide so that g7 = gi,. on ©.

Similarly to [18], we introduce the covariant derivatives which reduce to el-
ementary expressions since the location parameters are one-dimensional. More
precisely following [6, Section 4], we set for a smooth function f defined on O,

Doclf] = . Dulf] = gc'/*f" and for i > 2:
Di;l(:[f} = DI;IC[Di—l;IC[f]]'
Let us assume that the kernel K has the form K(6,0") = (f(0), f(6')) 2(y, for
some function f of class C3 and some measure A on ©. We then define the
covariant derivatives (see (27) in [6]) of K for 4,5 € {0,...,3} and 0,6’ € © by:
K59(0,60") = (Dixc[£1(0), Dy [£1(0')) L2(n)-
We also define the function hx on © by:
hi(8) = K30, ).

The previous notation will be used both for the kernel r in (12), which
is determined by the particular choice of the features, but also for the kernel
K5 in (13). The latter is determined by the function F' and we derive next the
particular expressions of giprox and of the covariant derivatives of KH under
additional assumptions on F'.

For a real valued function f defined on a set A, we write || f|| .= sup,e |f(2)].

Assumption 3.3 (Properties of the function F'). Let F be a function defined
on Ry of class C® with F(0) =1 and FZ*1(0) = 0 fori € {0,1,2}. We set:
goo = —F"(0). (15)
We assume that:
9o >0, Lg := g [FO(0)] < +oo,

) . 16
and L;:= 9502/2 HF(Z) ( )

< 400 forallie{0,---,4}.

We give the covariant derivatives of the kernel K7 according to the defini-
tion given in [6, (27)]: for any 0,0’ € © and 4,j € {0, -, 3},

ICprox[i,j] 0.0 = (71)J F(H’J) 0—¢0 17
v 0.9) = "5 (18 =81/oz). i
oo

We notice that we have for any 6 € ©:

grezrox(0) = goo /7. (18)
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3.2.3. Measuring the quality of the approzimation

In this section, we quantify the proximity of the kernel K7 and K%
Following [18], we define the one-dimensional Riemannian metric 97(6,0")
between 6, 6" € © by:

o7 (0,0") = |Gr(0) — Gr(0')], (19)

where G is a primitive of the function ,/gr assumed positive on © thanks to
Assumption 3.2.

Recall that O, introduced below the model (2), is a compact sub-interval
of ©. Since Or is compact, under Assumptions 3.2 and 3.3, we deduce that the
constant C below is positive and finite, where:

Cr = max (sup \/ sup / > (20)
T g’Cprox

Elementary calculations show that the metric 97 defined in (19) is equivalent,
up to a factor o, to the Euclidean metric on ©p as for any 9 0 € Or:

1
CiT vV 9oo 0';1 |9 - 9/| < DT(070/) < CT VYoo 0’1_“1 |0 - 91| (21)

In order to quantify the approximation of K by K™, we set:

Vr = max(VH, Vi) (22)
with VY = max  sup |KE7! — kP07 and V) = sup b, — hycprox.
T ije(o12) ez r 4 or T

3.3. Boundedness and local concavity on the diagonal of the
approximating kernel

Recall the definition of the kernel ' given by (13) using the function F.
We quantify the boundedness and local concavity on the diagonal of the kernel
K% using for r > 0:

e(r)=1—sup{|F(r")]; " >r}, (23)
v(r) = —sup{F"(r')/gs0; 7' €[0,7]}. (24)

We also quantify the colinearity between s € N features belonging to the
continuous dictionary, by setting for v > 0:

S

- . % () ()
d(u, s) = inf {(5 >0: max Z | (xp — xp)| < u,
= k=1,

for all 7 € {0,1,2,3} and (zy1, -+ ,z5) € Rs(é)}, (25)
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where for any subset A of R or R/Z and for any § > 0,

A5(8) = {(91, coo0,) € A% |8, — 6] > 6 for all distinct k, £ € {1,...,5}}.
(26)
with the conventions inf ) = +o0, and for s = 0,1: A°(§) = {0} and A1(§) = A

Following [6], we define quantities which depend only on the function F' and
on a real parameter r > 0:

v(2r) A e(r/2)
10 10
1 8s(r/2) 8v(2r)
H® - -
=~ =5 05 +20) " 0@Ls + 2Ls 7 1)

1
HY(r) = 5 A2 A Ls A Ly A Lg A

where the constants L; are defined in (16).

3.4. Main assumption and identifiability of the model

We summarize here all assumptions that are needed for the following results.
They concern the features, the function F' characterizing the proxy kernel K5,
the proximity of the kernel Kr defined by the original features to the prox kernel
K and, last but not least, the assumption that two neighbouring non-linear
parameters 6 and 0’ are at least separated by some constant multiplied by or.
This is the most important improvement on the sufficient conditions in [6], as
the scaling parameter o can be chosen small in some models.

Assumption 3.4. Let T € N, s € N, r € (0,1/y/29x L2), n € (0,1) and a
subset Q C Op of cardinal s.

(i) Regularity of the dictionary or: The dictionary function or satisfies
the smoothness conditions of Assumption 3.1. The function gr defined in
(11), satisfies the positivity condition of Assumption 3.2.

(ii) Properties of the function F: Assumption 3.3 holds and we have
e(r/2) > 0 and v(2r) > 0.

(iii) Proximity to the limit setting: The kernel Kr defined from the dic-
tionary, see (12), is sufficiently close to the kernel K" in the sense that
we have:

Cr<2

and if s > 1, we have in addition:
Ve <HV(r) and (s—1)Vp < (1 —n)HZ (r).
(iv) Separation of the non-linear parameters: If s > 1, we have:
S(HP (r),s) < +oo and for any 8 #6' € Q, |0 —0'| > arX(n,7,5),

where,
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Remark 3.2 (On the separation condition). The separation condition corre-
sponds to the minimal distance between any pair of nonlinear parameters en-
suring that a coherence function remains bounded from above by a specified
constant dependent on the dictionary. This condition is mathematically repre-
sented in (25) and expressed with the following coherence function:

S

max Y geot [FO(ag — )],

= k=1,k0
where {x1, -+, 2} is a set of nonlinear parameters. This function is quite sim-
ilar to the Babel function introduced in [21], which measures the maximum
total coherence between a fixed atom and a collection of other atoms in a fi-
nite dictionary. In linear cases (when the dictionary consists of a finite number
of atoms), keeping the Babel function below a certain threshold allows for the
derivation of results on the recovery of sparse signals. We stress that similar
separation conditions to Assumption 3.4 are common in super-resolution, com-
pressed sensing and spikes deconvolution for recovering signals derived from
continuous dictionaries, see [8, 11, 18] among many other references.

In Sections 6 and 7 we give simplified expressions of the quantities involved
in the previous assumption for the particular models in hand.

Under Assumption 3.4, we shall build consistent estimators for 5* and 9¥* of
the model (2) and test statistics. The following lemma gives an identifiability
result for the considered model under the previous assumptions. Its proof relies
on the construction of certificates from [6] and is based on ideas developed in
[10] for exact reconstruction of measures, see Lemma 1.1 therein. We recall that
by convention S*®7(9#*) = 0 when s = 0.

Lemma 3.3 (Sufficient conditions for identifiability). Let T' € N and let r €
(0,1/v/2goo L2), n € (0,1). Suppose that Assumption 3.4 holds for the set Q* =
{6%,--- .05} C Or of cardinal s € N and for the set Q° = {69,---,6%} C Op
of cardinal s° € N. Then, for any vectors f* € (R*)*,3° € (R*)SO, we have that,
up to the same permutation on the components of B* and ¥*:

B0 (9*) = B2 (0°) in L*(\r), implies that s =s", g* = B°, 9* =9°.
(27)
The proof is in Section 8.1.

Remark 3.4. Recall that if s > 1, then 8* is a s-dimensional vector with non-zero
entries. Under the assumptions of Lemma 3.3 we have that:

B*®r(¥*) =0 if and only if s=0.

3.5. Prediction error bound

We define the estimators B and ¥ of B* and ¥* as the solution to the following
regularized optimization problem with a real tuning parameter x > 0 and a
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bound K on the unknown number s of active features in the observed mixture:

24 . 1 2
(B0) € axgmin Sy~ Bor(O)2a(n,, + Al (28)
BERK yeok

where [|-[|,, corresponds to the usual ¢; norm. Since the interval ©7 on which the
optimization of the non-linear parameters is performed is a compact interval and
the function @7 is continuous, the existence of at least a solution is guaranteed.
The bound K on the number s of features in the mixture from model (2) allows
to formulate an optimization problem. It can be arbitrarily large. In particular,
it is not involved in the bounds on estimation and prediction risks given in [6]
with high probability (see Remark 2.4 therein). We stress that the constants in
[6] appearing in those bounds may a priori depend on T when the features are
scaled by or. We show below that, in fact, those bounds still hold with constants
free of T'. The results in [6] as well as the proof of Theorem 3.5 below rely on the
existence of certificate functions. In [6], sufficient conditions for the certificate
functions to exist are given, see Proposition 7.4 and 7.5 therein. Those conditions
require the non-linear parameters in Q* to satisfy the separation condition (32).
In our framework where the scaling or decreases to zero, it turns out that this
separation is in general increasing with s and decreasing with 7. However, for
some dictionary composed of translated spikes that vanish quickly, it converges
to zero when both s and T grow to infinity. We refer to Section 6 in this direction.

Recall the definitions of g, and Lg given by (15) and (16). The following
theorem is a variation of [6, Theorem 2.1].

Theorem 3.5. LetT e N,s e N*, K e N*, ne€ (0,1),r € (0, 1/v/2 900 Lg). As-
sume we observe the random element y of L*>(\r) under the regression model (2)
with unknown parameters * € (R*)® and 9* = (60%,---,0%) a vector with dis-
tinct entries in O, a compact interval of ©, such that Assumption 3.4 holds for
o = {67, ,0%} C Or. Assume that the unknown number of active features
s is bounded by K. Suppose also that the noise process wr satisfies Assumption
1.1 for a noise level @ > 0 and a decay rate for the noise variance A > 0.
Then, there exist finite positive constants C;, for i =0, ...,3, depending on

the function F' and on r such that for any 7 > 1 and a tuning parameter:

k > Cio+/Arlog(T), (29)

we have the prediction error bound of the estimators [ and 0 defined in (28)
given by:

|b@r(d) - @r ()

<C

L2(\r) 0VEK, (30)
O]

or T4/log(T)

length of ©1. Moreover, with the same probability, the difference of the {1-norms

of B and B* is bounded by:

[ Bles =11 87 e

T

with probability larger than 1—Cy ( V 1) where |©7| is the Euclidean

< C3ks. (31)
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Proof. The proof is similar to the proof of [6, Theorem 2.1] where one replaces
the limit kernel noted Ko therein by the approximating kernel K defined
n (13). The main difference is in checking condition (v) in Theorem 2.1 on the
existence of certificate functions. This is done by using Propositions 7.4 and
7.5 therein, and by noticing that the special form of the approximating kernel
K2 implies that the constants involved do not depend on the scale parameter
or. Indeed Equation (17) clearly entails that they do not depend on the scale
parameter. The details of the proof are left to the interested reader. O

Remark 3.6 (On the separation). We perform the estimation of f* and ¥* =
(07, ,0%) from model (2) under the separation condition:

|0; — 07| > or X(n,r,s), foralll <k, £<s, k#, (32)

with X(n,r, s) given in (iv) of Assumption 3.4. Taking into account the sepa-
ration condition, the number of admissible features which can be used for the
prediction is at most of order |Or|/or; this provides a natural upper bound
on s. As 7 is usually fixed, we highlight that the least separation bound tends
towards zero when the scaling o7 goes down to zero.

4. Goodness-of-fit for the LCTF model

In this section, we build a test procedure to decide if the observation y derives
from a given linear combination of translated features. We build a test ¥, i.e.
a measurable function of the observation y taking value in {0, 1}, in order to
distinguish a null hypothesis Hy against an alternative H;(p) depending on a
nonnegative separation parameter p. We recall that the maximal type I and II
error probabilities are sup g+ gy e, E(s+.0+)[¥] and sup g yoyem, (o) E(sr o) [1—
U], respectively, where ¥ is a function of y which is equal to f*®7(9*) + wr
under E(g+ y9»). The maximal testing risk is the sum of the former quantities,
that is:

R,(W) = sup Egeg[¥] + sup E(g,99)[1 — V],
(B*,9*)€Ho (8*,9*)EH1(p)

and the minimax testing risk is:

R} = inf R, (¥), (33)

where the infinimum is taken over all the measurable functions from L?(\r)
to {0,1}. The minimax separation rate of the test problem is defined for any
a € (0,1) as:

p*(a) =inf{p > 0: R} < a}. (34)
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4.1. Test problem

Let s € N and consider the set @sTO (6% c @STO of vectors whose components are
pairwise separated by a distance §° > 0 (recall the definition (26)). Consider
the vectors 3° € (R*)SO and 9 = (09,---,60%) € @5«0((50). By convention, we
have for s = 0 that 8° =0, 9% = 0 and 3°®7(9¥°) = 0.

We build a test procedure based on the observation y to decide, for some
0* > 0, whether:

Hy : (8*,9%) € (R*)® x ©5(6%) s.t. B*®r(9*) = @7 (9°),
Hip): (8°,0°) € (RY)* x ©3(6%) st [[80r(0%) = 207 (9) o, = 1
(35)
where p is a nonnegative separation parameter. When Assumption 3.4 holds for
the sets Q* = {0f,---,0%} and Q° = {67,---,6%}, by Lemma 3.3, the null
hypothesis implies that (3*,9*) = (8°,9°) (up to the same permutation on
the components of 5* and ¥*). We remark that the separation condition from
Point (iv) of Assumption 3.4 required between the elements of Q* (resp. Q) is
automatically satisfied when §* > o7 X(n, 7, s) (resp. 6° > o7 X(n,r,s°)).

We shall denote the distribution under the null hypothesis as associated to
the parameters (3%,99) and see that the maximal type I error probability writes
in this case E(go go)[¥] for E(g« g+)[¥]. Furthermore, when s® = 0, under As-
sumption 3.4 for the set Q*, Lemma 3.3 implies that the null hypothesis reduces
to Hy : s =0.

4.2. Main results

We consider the test procedure Wt (t) associated to a real valued statistic Test
(measurable function of the observation y) and a threshold ¢ > 0 (defining a
critical region) given by:

\IITest (t) = 1{|Tcst\>t}' (36)

We recall that for a test U, we accept Hy when ¥ = 0 and reject it when ¥ = 1.

It is now well-known that several test statistics may be combined to cover
for several regimes in the set of parameters. Our test statistics will be produced
by estimating in two different ways ||3*®1(9*) — 8@ (9°) H;(AT)
L?(\7) distance separating the null and the alternative hypothesis. On the one
hand, we plug-in the estimators from the previous section into this distance and,
on the other hand, we use the observed process y as a proxy for the unknown sig-

, the squared

. . o . 2
nal, in which case it is necessary to remove the known bias term E [HwT I L2 /\T)}

as follows.
Let s° € N and consider known line%r coefficients and location parameters
B € (R*)* and 9% = (0Y,--- ,60%) € O, respectively. We define two statistics
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Test; and Testy by:
0 0|2 2
Test; = ||y — /3 <I>T(19 )HLz(AT) —-E |:HU}T||L2(>\T):| s

Testy = HB‘I)T(@) - 6°<I>T(190>‘ 2L?(/\T)7

(37)

where /3 and 9 denote the estimators obtained from (28) for a given value of the
tuning parameter x and a bound K on the unknown number s € N of active
features in the observed signal.

Recall the definition (6) of =7, the variance of the squared L?(Ar)-norm
of the noise wr. The following theorem gives an upper bound of the maximal
testing risk associated to the test Wrest, (¢) for some positive threshold ¢ and
positive separation p. Its proof can be found in Section 8.2.

Theorem 4.1. Let T € N and s° € N. Let:
5*>0 and 8°>0.
Assume that we observe the random element y of L?(\r) under the regression

model (2) with unknown parameters s € N, * € (R*)® and v* € ©%5(0*). Let

B0 e (R*)So and 9° € @S'T()(éo). Suppose that Assumption 3.1 on the smoothness
of the features holds. Suppose that Assumption 1.1 holds for a noise level & > 0
and a decay rate for the noise variance Ap > 0.

Then, the test Urest, in (36) using Testy in (37) satisfies:

=r 4= —(p2—1)2 52 2
Rp (\IJTestl (t)) < tT + W +e (p*—t)* /(326" Arp )’ (38)
for any threshold t and any separation p such that p?> >t > 0.

We deduce from Theorem 4.1 upper bounds on the minimax separation p*
defined in (34) for the goodness-of-fit test problem (35).

Corollary 4.2. Under the framework and the assumptions of Theorem 4.1, the
minimaz separation rate for the test problem (35) verifies for any o € (0,1):

40=,\ /4 2
p () < pM(a)  with pM(a) := max ( ) ,874/2Ar log () .
a a

(39)

Proof of Corollary 4.2. This result is a direct consequence of Theorem 4.1 by
taking the threshold ¢ of the test therein equal to p?/2. Then, we have that for
p > 0:

4=Zp 16Z7  _ 2/019852 2021 _ 219852

Ry <R, (Urrest, (02/2)) <—T4+—T+e” /(12857 Ar) _ — e’ /(12857 Ar)
P P P

We deduce that R} < « for any a € (0,1) whenever the separation p satisfies:

40Er\1 2
pZ( OaT) Vo 128ATlog<a>. (40)
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This implies (39). O

In the following theorem, we give a bound of the maximal testing risk as-
sociated to the test e, () using Tests in (37) for solving the test problem
(35). The statistic Testy is defined using estimators of the model parameters
(8*,9*). In view of recovering the latter, we assume that the minimal distance
§* (resp. 6°) is large enough so that Point (iv) of Assumption 3.4 is satisfied for
the components of ¥* (resp. ¥°).

Recall the definitions of g, and Lo given by (15) and (16), that |©1| denotes
the Euclidean length of the compact set ©7 and ¥ defined in (iv) of Assumption
3.4.

Theorem 4.3. Let T € N, s° € N and choose K € N such that s < K. Let
alson € (0,1) and r € (0,1/v/2goo L2). Let

& >orX(n,rs) and 6° > orX(n,r,s°). (41)

Assume we observe the random element y of L?(\r) under the regression model
(2) with unknown parameters s € N such that s < K, g* € (R*)® and 9* =
(0%,--,0%) € ©5(8%). Let 8% € (R*)* and 9° = (69,---,0%) € O3 (5°).
Suppose that Assumption 3.4 holds for the sets Q* = {0%,---,0%} C O of
cardinal s and Q° = {6Y,--- 6%} C Or of cardinal s°. Suppose also that the
noise process wr satisfies Assumption 1.1 for a noise level @ > 0 and a decay
rate for the noise variance A > 0.

Then, there exist finite positive constants Cy, C1, Ca, depending on r and on
the function F, such that for the tuning parameter k:

k > Cio/Arlog(r), for some T > 1, (42)

the test Urrest, using Testy in (37) satisfies:

R, (Urrest, (£)) < 2Co ('6T| Vv 1) , (43)

orTy/log(t) T
for any threshold t and any separation p satisfying:
0<t, CoVsP'h<vt<p and Vt+Cov/sr<p. (44)

The proof can be found in Section 8.3.

Remark 4.4 (On the bound K). The bound K on s is assumed to be known. It
is needed to formulate the optimization problem (28) whose solutions are the
estimators of 8* and ¥*. However, we stress that the constants Cy, C1, Co and
the bound on the maximal testing risk do not depend on K. Thus, K can be
taken arbitrarily large.

In the next Corollary, we obtain an additionnal upper bound on the minimax
separation rate.
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Corollary 4.5. Under the framework and the assumptions of Theorem 4.3 and
provided that |Or|/or > 1, there exist finite positive constants ¢ and C, depend-
ing on r and the function F, such that the minimazx separation rate for the test
problem (35) verifies for any o € (0,1):

p*(a) < pP(a), pP(a):= C’U\/(s Vv s0 Vv 1)Arlog (c |®T|). (45)

Qo

Remark 4.6 (On the condition |Or|/or > 1). We recall that the set O is a
compact subset of ©. In the case where O is the torus R/Z, O = © and the
scale parameter or tends towards 0 when T grows to infinity, the condition
|Or|/or > 1 is satisfied for T large enough. This condition also holds for T’
large enough in the Gaussian spikes deconvolution example, with the particular
choices for ©p and op from Section 6, where ©® = R, limp_, ;o ©7 = © and
limT_>+Oo or = 0.

Proof of Corollary 4.5. Notice that all the assumptions of Theorem 4.3 are in
force. The result is a direct consequence of Theorem 4.3. We fix the tuning
parameter k = C15+/Ar log(7) by taking the equality in (42). Then, for

pECO\/s\/lf{—i—\/i and t=C2(s"Vv1 Iiz, 46
0

we have (44) (in particular 0 < ¢ < p) and by Theorem 4.3 for 7 > 1:

|Or| 1
R: < Ry (U, (1) <20, | — 22— v =),
r= o (PTesta () 2<O'TT log(r) T

where the finite positive constants Cy, Cq, Co, from Theorem 4.3 depend on r
and F.

Then, taking 7 = ¢|O7|/(aor) with ¢ = (2C3) V e and using that by assump-
tion |O7|/or > 1, we get for p > v/2CoC17+/ (s + s0) V 24/Ar log(c|O7|/(aor))
and a € (0,1) that R} < a. We readily deduce (45) with C' = 2CoC;. O

Remark 4.7 (Combining the upper bounds of Corollaries 4.2 and 4.5). Let

€ (0,1). Suppose that the assumptions of Corollaries 4.2 and 4.5 hold. Pre-
vious results show that each procedure may perform better than the other one
in convenient regimes of the parameters, involving the unknown parameter s.
In order to aggregate the two procedures into an automatic one, we take the
maximum of the two test procedures. This aggregated test procedure rejects as
soon as at least one of the procedures rejects, and accepts otherwise.

More precisely, let p™)(a/2) be defined by (39) with « replaced by a/2
and set t() = (p(V(a/2))2/2; and let p®(a/2) be defined in (45) and t()
be given by (46) with « replaced by a/2. Then, Corollaries 4.2 and 4.5 imply
that R, (\IlTestl(t(l))) < /2 and R, (\I/Test2 (t(2))) < «/2. We define the
test:

T = max(Urrest, (£, Urpest, (62)).
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It is straightforward to see that the type I error probability satisfies:

sup  Ege g0 [¥7] < a.
(B*,9%)€H,

Moreover, we have for p™"(a) = p)(a/2) A p®(a/2) the following bound on
the type II error probability:

sup E(gs,90)[1 = U] < /2.
(B*,9*)EH (p™m)

Therefore, we deduce an upper bound on p*(«) of order p™(«), that is:

- 1/4
pmin(a) — min ((80._41“) ,CE \/(8 v s v ]_)AT log <2C|(~)T|)> , (47)
o aor

for a positive constant ¢ > 2. We identify two regimes depending on whether
the number of features of the observed signal is sufficiently small or not. Indeed,
we notice that when « is fixed and:

= \1/2 -1
= 2¢|©

svsPVvilk (T> : (aQAT log <C|T|>) ,
@ aor

Corollary 4.5 yields a sharper upper bound on the separation rate than Corollary
4.2.

4.3. Minimazx separation rates for signal detection

We illustrate our results on a simple model motivated by [15] for sparse linear
regression. We consider a discrete-time process y over a regular grid¢; < --- < tp
on © = R/Z with grid step Ar = 1/T. We set Ar and wr as in (9) and (10)
from Section 2.2.1. We recall that Z7 = 254A2TT where & > 0 is the noise level.
In the following, we assume without any loss of generality that & = 1.

Let us consider the framework of signal detection when s’ = 0. Under the
assumptions of Corollary 4.5, the test problem (35) reduces to:
HO : B* = Oa (48)
Hi(p): (6%,9%) € (R*)* x ©5(5%) st. [[B*Pr(9)|l12ng) = p-

Moreover, under the assumptions of Corollary 4.5 (which in particular gives a
lower bound on §*, see (41)) and with the same arguments used to establish
(69) in the proof of Lemma 3.3, we can show that:

Or(9*)| 12 Q7 ()|l 2
5/6 < Chyin := min 152(5")l, ()\T), Chax = max 1527 (5")l, (Ar) <17/6.
5 151le, B 1Blle,
(49)
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Therefore, the separation in the alternative hypothesis Hj(p) can be formulated
as a lower bound on [|3*||,, since we have:

Crin[87[lg, < N67 @ () L2(2p) < Comax |87l

We set O = © and thus |O7| = 1. We get from (47) the following upper
bound on p*(«) for any a € (0,1):

p(a) = C'min ((a;) %log (;ﬁ)) : (50)

with C a finite positive constant. Let (ar,T > 1) be a (0,1)-valued sequence
which converges to zero when T' grows to infinity. We deduce that:

o
o oo Totar) =0

By letting the sequence (ar,T > 1) converge towards 0 as slow as we want, we
deduce that for a sequence of separations (ps 7, T > 1,s > 1) such that:

lim Ps,T = +o0, (51)

s, T—+oco
’ 1
p N4/ % log (—U“’T)

we have ps > p(ar) and thus:

lim RS  =0.
s,T—+o0 Ps,T
Hence, we have obtained an asymptotic upper bound of the minimax separation
associated to the detection of a finite linear combination of features issued from
a continuous dictionary.

We now compare this upper bound to the asymptotic lower bound obtained
in the case where the dictionary contains a finite number of features instead of a
continuum. Assume that the dictionary is fixed, known and contains p features
parametrized by the parameters in the known and fixed set Q° = {69,---,00} C
O7. We consider the high dimensional linear regression model:

Yy = ﬂ*(PT(ﬁo) +wr in LQ()\T),

with 90 = (69, - - ,92) € O}, and where * € RP is a s-sparse vector. Notice that
in this model the entries of 5* can take the value 0. The high dimension comes
from the fact that p can be much larger than 7. Under coherence assumptions
on the finite dictionary and for a sequence of separations (ps 7, T > 1,5 > 1)
such that:

lim PsT =0, (52)

S,T*}+OOL S ﬁ
post A Tlog(p)/\ﬁ
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the authors of [15] showed for different hypotheses on the design matrix ®7(9°)
that:
li R =1.
s,Tl—r>I—1&-oo Ps.T
It means that the hypotheses (48) cannot be distinguished asymptotically when
the separation converges to zero faster than the rate given by (52).

Remark 4.8 (Comparison between the rates obtained for finite and continu-
ous dictionaries). In the high-dimensional linear case (i.e., T' < p), given that
1/T* < p'/*/\/T, the asymptotic minimal intensity allowing signal detection
given by (52) becomes:
1 s

T A T log(p).

This rate matches, up to a logarithmic factor, the rate given by (51) for our more
general model. There are two distinct regimes: the sparse case (s < v/T'/log(p))
and the non-sparse case. Additionally, the magnitude of the size p of the finite
dictionary plays an analogous role as the quantity 1/or that appears in the
logarithmic terms. The term 1/o7 is of the order of the maximal number of
shifted elements permissible in our mixture, considering a separation condition
of order o and shift parameters within a compact set possibly growing with 7.

5. Goodness-of-fit of the dictionary

In spectroscopy, a prescribed material has known chemical components and a
list of sy corresponding location parameters of the features is provided. From
a sampled material we want to decide whether its chemical components are in-
cluded in the prescribed list. The linear coefficients are non-negative in this case
and they are not given, which makes the null hypothesis composite, that is, fixed
location parameters and varying positive linear coefficients. We generalize this
setup to real valued linear coefficients. Under the null hypothesis the location
parameters are still fixed, but the linear coefficients vary with fixed sign.

More precisely, let s € N and let Q% = {67, ---,60 } C Or be a set of
known location parameters pairwise separated by a distance 6° > 0 so that the
model is identifiable, see Lemma 3.3. We set the vector ¥° = (69,---,6%). We
include in the null hypothesis all linear combinations:

Zﬁij(Gg)
j=1

with 37 being either 0 or with the same sign as B?, for all j from 1 to s°. Thus we
split the set Q° into Q% and Q%~, those parameters 09 associated to 3 > 0
and to 3Y < 0, respectively:

QM ={eQ’: B >0}, ec{+ )



Butucea, Delmas, Dutfoy, Hardy/Off-the-grid prediction and testing 25

Let s € N*. Assume that we observe a random element y issued from the
model (2) with linear coefficients f* € (R*)® and non-linear parameters ¥* =
01,---,0%) € ©%. We test whether the unknown set:

= {0f € Q*: ¢85 > 0} is a subset of Q¥ for each € € {+, —}.
k k

If sY = 0, this amounts to testing that Q* is empty, which corresponds to the
signal detection framework presented in Section 4 in the case s° = 0. Hence, we
shall assume in this section that sg > 1.

For example, in spectroscopy, Q% is empty because all linear parameters
are positive and this amounts to testing that the present chemical elements
are in the prescribed list Q° but they may appear with various positive linear
coefficients (amplitudes). Under the alternative, other chemical components are
present (located at unknown frequencies not in the prescribed list).

5.1. A measure of discrepancy between dictionaries

We define the closed balls centered at 6 € O with radius r by:
BT(e,T) = {9/ € Or: DT(H,HI) < ’I“} C Or7.

Let us define for € € {+, —} the set of indices Z¢ = {k € {1,...,s°}, ¢8) > 0}.
We introduce for r > 0, € € {+,—} and k € Z¢, the set Sj(r) gathering the
indices of the elements of Q*¢ that are close to the element 69 of Q%

Sg(ry={¢e€{1,---,s}:0; € Br(6,r) and sgn(B;) = 1}. (53)

Notice that the sets Sy (r) can be empty. Furthermore, we assume that r <
ming, 07(09,69)/2 so that the sets Sg(r) with € € {+,—} and k € Z¢ are
pairwise disjoint. We also set:

U s) with s = |J Si(r

ce{+,—} k €Ie

We now define a discrepancy measure between the model and any approxi-
mation by a linear combination of features having their non-linear parameters
in QY and the linear parameters with the same signs, for r > 0:

Dr,(8%,9%,0%,9%) = Y ) Z Bt 1o (07, 00)° + D 1Bk,

ec{+,—} k€L LeS;(r keS(r)e

where S(r)¢ denotes the complementary set of S(r) in {1 ..,s} and 0 =
(v, ...,v%) contains the signs of all linear coefficients 3°, v = sgn(j7). Notice
that Dr,.(8%,9*,0°,9°) = 0 if and only if 9%+ C QO+ and o~ C QY.
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5.2. The testing hypotheses
We shall test the following hypotheses:

Ho:  (B%97) € (R*)* x©7(6"), Q~FC Q% and Q°~ C Q"
Hi(p): (B%,0%) € (R*)* x ©%(6*) and  Dr,(8*,9%,0%9°) > p,

(54)
where p and §* are separation parameters depending a priori on T, s and s°
that need to be evaluated. Notice that the null hypothesis is also composite.
We recall the definitions (33) and (34) of the minimax testing risk R} and the
minimax separation p*. In the following, we give upper bounds on the testing
risk and on the minimax separation p*(«a) for any o € (0, 1).

5.3. Main result

In this section, we build a test for (54). Under Assumptions 3.1 and 3.2, we
define the element of L?(Ar):

0

o= anor(0D) + 3 & Dyrlor)(6D), (55)

k=1 k=1
where o, & € R*” solve the system:

<¢T(02)’p0>L2(AT) = Sgn(ﬂg) and <89¢T(92)7PO>L2()\T) =0, Vk € {17 e ’50}'

(56)
Remark 5.1. The element py of L?(\r) coincides with the vanishing derivative
pre-certificate which appears in [11, Section 4] and is the solution of (56) with
minimal norm ||pol| L2(Ap)- Ve state in Lemma 8.1 the existence of such function
and prove its further properties used in the following result.

Using the estimator 3 from (28) for a given value of the tuning parameter &,
we define the test statistic:

Tests = HB - <y7p0>L2(>\T) . (57)

£y

and the corresponding test Wrrest, (£) = 1{|Tests|>¢}- Thus we use the certificate
function as a filter of the signal and note that E <y,p0>L2(AT) = [18*]l,, under
the null hypothesis.

Theorem 5.2. Let T € N, s° € N* and choose K € N such that so < K. Let
alson € (0,1) and r € (0,1/v/2gos L2). Let:

& >orX(n,rs) and 6° > orX(n,r,s°).

Assume we observe the random element y of L?>(\r) under the regression model
(2) with unknown parameters s € N* such that s < K, f* € (R*)® and
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0* = (07, ,0%) € ©5(0%). Let v° € {=1,1}*° be a sign vector and let
90 = (09,---.,0%) € @ﬁ?(do). Suppose that Assumption 3.4 holds for the sets
Q* ={0%,---,05} C Or of cardinal s and Q° = {6Y,--- ,6%} C Or of cardinal
50, Suppose also that the noise process wr satisfies Assumption 1.1 for a noise
level T > 0 and a decay rate for the noise variance Ap > 0.

Then, the test statistic Tests is uniquely defined and there exist finite positive
constants, a and C; with i = 1,--- .5, (depending on r and on the function F)
such that for any 7 > 1 and any tuning parameter k:

K > Cio/Ar log(T), (58)

the test Urest, satisfies:

|O7| 1 2
R, (Wresty(t)) <2C | ——V - | + —, 59
p( Testa (1)) 2 <0T7- Vieg(r) T T@ S0 (59)

for any threshold t > 0 and any separation p > 0 satisfying:
t>2C35% and p>Cisk+ Cst. (60)

The proof is given in Section 8.4.

5.4. Separation rates

We give in this section an upper bound on the minimax separation p* to test
the goodness-of-fit of the dictionary, that is to distinguish the assumptions Hy
and H;(p) presented in Section 5.

Corollary 5.3. Under the framework and the assumptions of Theorem 5.2,
there exist finite positive constants ¢ and C (depending on r and the function
F) such that provided that |©7|/or > 1, we have for any o € (0,1):

p*(a) < CT(sV s \/AT log <Ca|®T|) (61)

or

Proof. The result is a direct consequence of Theorem 5.2. We fix the tuning
parameter k = C15+/Arlog(7) by taking the equality in (58). Then, for p >
Cisk+Cstand t = 2C3 s° we have by Theorem 5.2 for 7 > 1 and since sg > 1:

© 1 2
R% < R, (Wrpesty () < 2Cs (|T| v ) +

orT+/log(r) T T’

where the finite positive constants a, C; with ¢ € {1,--- ,5}, from Theorem 5.2
depend on r and the function F.

Hence, by taking 7 = ¢ /(ora/(2|07])¢" with ¢/ =1V (1/a) and ¢ = (2C2)V
eVv2l/a we get for p > 2C;((2C3Cs) VCa)T(sV ) \/Arlog(c'/(ora/(2]07]))")
and a € (0,1) that R} < §+ 5 = a. We then deduce (61) with ¢ = 2¢0/<") O
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6. Gaussian scaled-spikes deconvolution

In this section, we consider the discrete time process observed on a regular grid
of R given in Section 2.2.1. We recall that Assumption 1.1 holds with:

T
. . 2a
AT = ATzlétj with t;j = —ar + jAr and Ar= TT,
j=

and wr given by (10), where T' € N*. We consider the scaled Gaussian features
associated to the function:

exp(—t2/20?)

h(t,o) — ez Y

defined on © x 6 =R x R}..

We shall see below that the natural choice for the function F' appearing in (13)
is given by:

F=h"«h0 =a4p0(./v/2) with h°(-) = h(-,1).

In the following, we check that Assumption 3.4 holds. Then, using Theorem
3.5 on a particular example, we provide a prediction bound for the estimator of
(8*,19*) solution of the optimization problem (28).

6.1. Choice of the approximating kernel

We denote the unscaled feature ¢° on 6 € © by:
¢°(0) = (6 —-,1) =h"(0 — ).

We define the mapping fr : © — O by fr(0) = 0/or for any 6 € © and the
(pushforward) measure A} = Az o fz* so that for any g € L'(\}.):

/ 9(6/or)Ar(d6) = / 9(6) \2.(d6).

The Hilbert space L*(\7) is endowed with its natural scalar product (-, ) 2(x9,
and norm ||[| z2(5g)- We define on ©? the kernel:

K (0,0) = (67(0), 67(0)) r20ngy  with  67:(0) = °(0)/[|[€"(O)] 12 g,
The kernel K can be seen as a scaled kernel derived from K as for 6,6’ € ©:
Kr(6,0") = K%(0/or,0 [or).

When the measure \J. converges in some sense, as T' goes to infinity, towards
the Lebesgue measure Leb on R, it is natural to consider the approximation K2,
of K9 on ©2 by:

KL (0,6) = (62(6), 6% (8)) oy With  62(8) = 2 (0)/||"(O)]| o g
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Thanks to the definition of F, we also have on ©2 that:
FO—0)=K2(0,0.

The approximating kernel K5 is then given by (13) on ©2, that is, Q'™ (-,-) =
K (-/or, /o).

6.2. Checking Assumption 3.
6.2.1. Regularity of the dictionary

We refer to [6, Section 8] to check that Assumption 3.4 (i) holds for the feature
@t defined by (3) and any scale parameter o7 € & = RY.

6.2.2. Boundedness and local concavity on the diagonal

Elementary calculations show that g, = —F"'(0) = 1/2. By definition of F', we
directly deduce that Assumption 3.3 holds. We also get that for r € (0,/2):

2
e(r)y=1- e /450 and v(r) = (1 _ g) o r2/4

We fix r € (0,1/2). We readily check that Assumption 3.4 (i7) is verified.

6.2.3. Prozimity to the approximating kernel

In order for the kernel X'™* to be a good approximation of Kr in the sense of
Assumption 3.4 (iii), we shall consider the set ©1 over which the optimization
is performed:

Or =[-(1 = §ar, (1 - §ar] C [-ar,ar],

with a given shrinkage parameter £ € (0,1). Intuitively, one does not expect
the estimation of the location parameter to perform well near the lower and
upper bounds of the observation grid (given by the support of Ar). Following
[6, Section 8], we set:

vr =2Agp o5t + /7 e E /2T (62)

Recall Vr and Crp defined by (20) and (22). Using Lemma [6, Lemma 8.1],
there exist finite positive universal constants ¢y, ¢; and ¢z, such that vr < ¢
implies:

VT S T and |1 — CT| S CoYr - (63)

Assume that (a7, T > 2) and (o7, T > 2) are sequences of positive numbers,
such that:

li = li = lim Aroy' =0. 4
Jimar +00, Jim oz 0 and A Arop 0 (64)
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Therefore, we have limp_, oo Vr = 0 and limp_, oo Cp = 1.

Let n € (0,1) be fixed. We deduce that under (64), Assumption 3.4 (i) is
satified provided that T is larger than some constant depending on 7, r, the
sparsity s and the sequences (ar,T > 2) and (o7, T > 2).

6.2.4. Separation of the non-linear parameters

We remark that lim, e SUP|,/|> |F@ ()| = 0 for alli € {0,...,3}. Thus, we
deduce from the definition (25) of § that §(u, s) is finite for all s € N* and u > 0.
Let us stress that sup ey« 6(u,s) < M/u for some universal finite constant M,
see [6, Remark 8.2]. Therefore, the quantity (7, r, s) is bounded by a constant
depending only on n and r.

So Assumption 3.4 (iv) is verified as soon as |0 — 6’| > o7 X(n,r, s) for all for
all @ £ 0" € Q*. (Notice this happeuns for the scaling parameter o small enough
depending on Q*.)

6.3. Prediction error bound in a particular case

Recall the shrinkage parameter £ € (0,1) in (62). Let us assume that:

ap =log(T) and op =1/+/Elog(T).

In particular, condition (64) holds. In this case, there exists a finite positive
constant ¢ depending on r, 7 and ¢ such that for T > clog(T)*/? s, Assumption
3.4 holds (notice that the separation condition (32) of the location parameters
in Q* is also verified for T' large enough, depending on Q*, as limy_, o o = 0).
By Theorem 3.5 with 7 = T and & given by the equality in (29), we get that:

A

9) = B0 (9") slog(T)

T )

<CCiT
L2

\%HB@T(

with probability larger than 1 —Co (M \Y, %), where the constants Cp, Cq

and Cy do not depend on T

7. Low-pass filter

In this section, we consider the continuous-time process described in Section 2.2.2
on the torus © = R/Z with A the Haar measure on ©, which is identified with
the Lebesgue measure Leb, and the noise:

wr =3 Ve Geit

keN
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where (G, k € N) are independent centered Gaussian random variables with
variance 72, ¢ = (¢, k € N) is an o.n.b. of L?(Leb) on © and ¢ = (&, k € N) is
a summable sequence of non-negative real numbers. The sequences ¥ and £ may
depend on T'. Recall from Section 2.2.2 that the noise satisfies Assumption 1.1
for a positive noise level & and a decay on the noise variance Aq = supy ¢y -

We consider the normalized Dirichlet kernel, see (8), on ©:
sin(T'mt)
VT sin(nt)
The parameter T is related to the so-called cut-off frequency f. € N* by T =

2f.+ 1. We shall see below that the natural choice for the function F' appearing
in (13) is given by:

1
h(t,o) = for t€©®=R/Z and o= T e2N*+1. (65)

F(t):smgt) for teR. (66)

We get from the definition (15) that g, = —F"(0) = w2/3.

Remark 7.1. Note that, if we consider the Shannon scaling function from multi-
resolution approximation in Section 2.1 with or = 1/T, then its kernel Kr
(see (12)) is exactly equal to K3 (see (13)) with F' from (66). Therefore there
is no approximation in this case. This example can be treated similarly to the
low-pass filter.

In the following, we check that Assumption 3.4 hold. Then, using Theorem
3.5, we provide a prediction bound for the estimator of (8*,9*) solution of the
optimization problem (28).

7.1. The approximating kernel

We define the features ¢r using (3) with op = 1/T. Elementary calculations
give that for 6,0 € ©:

s sin(Tr(§ —6"))
Kr(0.0) = 0= )

Recall that by convention |§ — ¢’| is the Euclidean distance between 6 and
0" in O, and in particular it belongs to [0,1/2]. We define the approximating
kernel £ on © by:

K2o(0,0") = F(T|0 — 0'|) with |0 —06'| €[0,1/2].
Since F is even, we get also that F(T'|0—6'|) = F(T'(0—0")) where, for 6,6’ € ©,
their representers in R are chosen so that § — 6’ belongs to [-1/2,1/2].

7.2. Checking Assumption 3.4
7.2.1. Regularity of the dictionary

It is elementary to check that gz is a constant function on © equal to (T2 —1) goo
and that Assumption 3.4 (i) on the regularity of the dictionary holds.
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7.2.2. Boundedness and local concavity on the diagonal

There exists R > 0 such that for any r € (0, R):

6 3) sin(r) +

sin(7r) 6 cos(mr)

272

e(r)y=1- > 0.

mr m™rs  owr

>0 and u(r):—(

We fix r € (0,(1/v/29ooL2) A (R/2)). This and the fact that F is C* with
bounded derivatives implies that Assumption 3.4 (i7) on the boundedness and
the local concavity of the approximating kernel holds.

7.2.8. Proximity to the approzimating kernel

We set ©p = ©. The proof of the next lemma on the uniform approximation of
Kr by K on the torus is postponed to Section 8.5.

Lemma 7.2. There exists a universal positive finite constant c3 such that for
any T € 2N* + 1:

c 1
ng%' and 1 Cr| < 3 (67)

(T2 -1)

Let n € (0,1) be fixed. We deduce from (67) that Assumption 3.4 (iii) is

satified provided that T is larger than some constant depending on 7, r, and
the sparsity s.

7.2.4. Separation of the non-linear parameters

Notice that lim, e SUp|,/ >~ |F@ ()| = 0 for all i € {0,---,3}. Thus, we
deduce from the definition (25) of § that d(u, s) is finite for all s € N* and
u > 0.

So Assumption 3.4 (iv) is verified as soon as |0 — 8’| > o7 X(n,r,s) for all
0 # 60 € Q*. (Notice this happens for T' large enough depending on Q* as
or = 1/T)

7.3. Prediction error bound

There exists a constant ¢ depending on 7 and 7 such that for any 7" € 2N* + 1
such that T > ¢s, and provided that (32) is satisfied, Assumption 3.4 holds.
Using Theorem 3.5 with k given by an equality in (29) with 7 > 1, we obtain
the prediction bound:

HB@T(ﬁ) — BB (0%) < CyCi 75 Ar log(r),

L2(Leb)

with probability larger than 1 — Co ( \/% \Y, i), where the constants Cy, Cq
T og(T

and Cy do not depend on T.
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Remark 7.3. Exact support recovery results were obtained in [11]. The authors
considered a small noise regime, that is:

lwr | 2(ren) < Ok, (68)

for some finite constant C. They assumed that the location parameters satisfy
for any distinct k,¢ € {1,--- , s}, the separation condition |05 — 05| > C/ f. for
T = 2f.+ 1, for some positive constant C' and with f. > s (s being the number
of active features in the mixture). They showed that there exist finite constants
¢’ and C” such that for all k € {1, ,s}:

|ék —0;l < Cl||wTHL2(Leb) and |Bk - Bl < CI/HU}T||L2(Leb)7

for some estimators (3,9 = (6y,--- ,0,)) obtained by solving the BLasso prob-
lem.

However the small noise regime assumption is restrictive as it does not en-
compass the example of Section 2.2.2 where for all £ € N, & = T‘ll{lgkgT}
and thus A = 1/T and E[||wr |2 (1,e1)] is of order 1. So taking r given by (29)
with an equality and 7 = T, we deduce that (68) does not hold for T large.
Recall that in (31) we obtain that our estimators satisfy:

s+/log(T)
<C——F%—
VT
for some constant C' > 0 with high probability. Thus our prediction and estima-
tion rates are smaller by a factor \/log(T)/v/T due to the probabilistic bounds
on linear functionals of the noise process that we used in the proof, and this
holds under an analogous separation condition on any 65 and 6, for k # ¢ in

{1,...,s}.

[ Bllex = 118" e

8. Technical proofs
8.1. Proof of Lemma 3.3

First, for s > 1 and ¢* = (0%, -- -, 6%) such that Assumption 3.4 stands for the
set Q*, we show that the application 8+ B®r(9*) defined from R® to L?(\7)
is injective.

We have that [|3Pr(9%)|| 205,y = BUBT, where T' € R is the symmetric
matrix defined by I'y » = K1 (65, 0}). Let Amin be the smallest eigenvalue of T'.
Using Gershgorin’s theorem and the definition of Vp given by (22), we have
that:

S

Amin > 1= max  »_ [Kr(6],67)]
== k=1,k#£¢

S

>1— max E
1<t<s
k=1,k0

()]

or
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The separation condition from Point (iv) of Assumption 3.4 implies that for
all k,0 € {1,---,s} such that k # ¢ we have |0} — 0| > orX(n,r,s) >
S8or 5(77Hé<23) (r),s). Recall the definition of §(u,s) given by (25). We deduce

that:
* _ O
or

S

max E
1<t<s

== k=1,k50

By Point (i73) of Assumption 3.4, we have (s — 1)Vr < (1 — n)Hég)(r) and
a® (r) <1/6. Thus, we get:
)\min Z 5/6 (69)

Hence, the symmetric matrix I' is positive-definite. This proves that the appli-
cation 3 + B®r(9*) is injective from R* to L?(\7). By symmetry, we obtain
for s° > 1 that the application 8 — B®1(1¥°) is injective from R’ to L2(Ap).

If s = 0, we have 8*®7(9*) = 0. For s° > 1, we have 8° € (R*)*" and
since 8+ SO (¥°) is injective, we deduce that 0@z (9°) # 0. Thus, s = 0
and B*®r(9*) = @1 (¥°) implies that s° = 0. By symmetry, s = 0 and
B*®7(9*) = @7 (¥°) implies also that s = 0.

Assume from now on that s, s% € N* and that 3*®7(9*) = f°®1(9°). Let us
consider the application v : Q* — {—1,1} defined by: v(6}) = sgn(5y) for any
k€ {1,---,s}. According to Lemma 8.1, there exists p* € L?(\r) such that:

181, = D B ASr(82). 2" L2 (rgy = (B @T(9), 9" L2 ) -
k=1

Using the fact that *®7(9*) = B°®4(9°) and Properties (i) and (ii) of p* in
Lemma 8.1, we get:

161, = 32 B2 (60605 sy < 18°1,,- (70)
k=1

The role of (8*,9*) and (8°,9°) being symmetric, we also get HBOHEI <118*ll,-
Hence, we have [|8°], = 8%, and sgn(8) = (0r(60).p") aqn,, for & €
{1,---,s%}. Using Properties (i) and (ii) of p* in Lemma 8.1, we remark that
for any 6 ¢ Q*

’<¢T(0)7p*>L2(AT) <L

Thus, we deduce from (70) that Q° C Q* and by symmetry Q° = Q*. Hence,
we obtain ¥* = ¥° (up to a permutation on the components of ¥*) and s = s°.
Then use the injectivity of the function 8 +— B®r(9*) to get that g~ = 3° (up

to the same permutation). This finishes the proof of the Lemma.
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8.2. Proof of Theorem 4.1

We give a bound of the type I error probability. Using that under Hy we have
y = 07 (9°) + wr, we get:

E (a0, 00) [ @t (0] = P (| w0z 320y) = B [0z 3aa] | > 1)

Using Chebyshev’s inequality, we obtain:

Er
E(go, 90y [Wrest, (t)] < 7 (71)

We now give a bound of the type II error probability. We set:

R= HﬁO(I)T(ﬁO) B*@r(97) HLZ(,\ )?

where (8*,9%) € (R*)® x ©%.(6*). Using the decomposition of y from the model
(2) and the triangle inequality, we have:

2 2
[Testa| > B2 = |lwrlFz ) — Ellerlizg,)
-2 ‘<BO(I)T(190) - ﬂ*q)T(ﬁ*)7wT >L2()\T)’ .
Notice that by Assumption 1.1, the random variable

(B°0r(9°) = B (9"), wr ) pa s,y s

is Gaussian with zero mean and variance bounded by 7> Az R?. Hence, using
that under Hy(p) we have R > p, we obtain:

2 2
Eqo, o)1 = Pesty (0] <P (0 = /2 < [[wz 320y — Elllwrllenn]|)

4P ((32 —1)/2 < 25@R\Gl) ;

where G is a standard Gaussian random variable. On the one hand, for t < p?,
using Chebyshev’s inequality we get:

A=
< = .
)_ (p* —1)?

P ((p* = )/2 < |lwrlfag) — EllerlFap,) (73)

On the other hand, we have:

P (( —1)/2 < 20\/A7TR|G|) <P < o (PP —1)?/(325° Arp?)

vt 'G'>
(74)
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where we used that p < R and the tail bound (see [1, Formula 7.1.13]):

1 +o00 _t2/2 4 <
— €
V 21 Ju -

By combining (72) with (73) and (74), we get the following bound on the type
IT error probability:

e /2 foru > 0. (75)

N | =

4= (22 =2 2
E(ﬁ*’ﬁ*)[l — \I]Testl (t)] < p% +e (p*—t)* /(326" Arp~) . (76)
Then, by putting together (71) and (76), we obtain (38).

8.3. Proof of Theorem 4.3

Case s > 0. Let (8*,9*%) € (R*)® x ©5(6*). We consider the estimators (3, 1)
defined in (28). Notice that the hypotheses of Theorem 3.5 are in force. We use
the constants Cy, Cy1, Co defined therein. Under Hy, we have s = s°. Thus, for
V't > Cy /5 k, we get the following bound on the type I error probability:

E g0, 90) [Uest, (£)] < P (HB@T@) =g, > G f)
77
<C 7‘9T| \/1 ( )
- orTy/log(t) T ’

where we used that f0®7(9°) = 8*®1(9*) and that v/t > Cy /s K for the first
inequality and Theorem 3.5 for the second.

We now bound the type II error probability. Under H;(p), since
Hﬁ*(I)T(ﬁ*) - BO(I)T(ﬁO)HLz()\T) > P

we obtain that:

E g+ 901 — Uret, (£)] < P <p —Vt < HB(I’T@) — B0 (%) LQ(AT)

(78)
§02 &\/l ,
orTy/log(t) T

where we used the triangle inequality for the first inequality and Theorem 3.5
as well as p — v/t > Cy /5 k for the second.

Case s = 0. Since s = 0, we have y = wr according to (2). Let us first bound
the type I error probability E(go 9oy [Wrest, (t)]. Assume that the hypothesis Hy
holds so that s = s” = 0. By definition we have:

2
> t) |
L2(Ar)

E(go,90)[Prest, (t)] = P (HB%(@)
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We get from the definition of the estimators 3 and ¥ from (28) that:

)

—|-/<;Hﬁ

<1 2
L2(Ar) o §||wT”L2(/\T)'

By rearranging some terms in the equation above, we get:

1] 4 NI A N A
—||5P <(pP —
2 e (V) L2(Ar) — <B T(ﬂ)’wT>L2(>\T) ~|p £
(79)
<[], (supl @r@)wr) o,y 1 - ).
Kl @T
Let us define the event:
A= {sup [(¢7(0), wr)r20r, | < K} (80)
6eO
We deduce from (79) that on the event A we have "B¢T(1§) L2 = 0. There-
fore we get: ’
E 50, 90) [T resty (£)] < P (HB@T@?) o o) < P(A). (81)
T
We shall bound later P(A°), see (83).
We now consider the type II error probability. We asume Hy, that is
0 0
Hﬂ éT(ﬂ )HL2(>\T) > p-
We obtain:
o091 = U (0] = P [3020) = 0r)|, < Vi)
(82)
<P(p- t<HA<I> ﬁH < P(A%).
<P(p- Vi< doron],, ) <P

where we used the definition of Tests and the triangle inequality for the first
inequality, the second inequality of (81) as well as p — v/t > 0 for the second.
We shall apply [6, Lemma A.1] to bound P(.A¢). It amounts to controling the
supremum of the Gaussian process 6 — (¢7(0), wr) 2y, Recall that Assump-
tions 3.1 and 3.2 hold. The function ¢ is of class C' from the interval O to
L%(\r), with ©7 a sub-interval of ©. We have also, with ¢\ = Dy, [¢7], that:

167) 20y =1 and |6 @)

— kg, 0) = 1.
oy = K00,

Since Assumption 1.1 on the noise wr holds, the hypotheses of [6, Lemma A.1]
hold and we deduce from [6, Lemma A.1] (with C; = Cy = 1 therein) that:

P(A) = P ( sup | (G2(68), wr) agry | > )

€O

. <20\/g§|®T|\/E y 1) o /(4T M)
g

TR
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where the diameter |Orl|y, of the set ©p with respect to the metric dr is
bounded by 2,/ |Or|/or using (21) and the fact that Cr < 2. By taking

Kk > 20+/Arlog(T), we get:

P(AC) =P ( sup | <¢T(9)’wT>L2(AT) | > /{) <3. (\/W v 1) . (83)

9cor orTy/log(t) T

Notice that the constant Cy from Theorem 3.5 is equal to 2,/goc C5 where Cj
is given by [6, C3 from Eq. (84) therein] and is greater than 3. The constant
Co depends only on r and the function F. Finally, by putting together (77),
(78), (81) and (82), we obtain for k > C15y/Arlog(r) (where the constant C;
is defined in [6, Proof of Theorem 2.1 (p.32)] and is superior to 4) the bound on
the maximal testing risk from Theorem 4.3. This finishes the proof.

8.4. Proof of Theorem 5.2

This proof is based on the certificate function. Following [6], we give the existence
and properties of the interpolating certificate function.

Lemma 8.1 (Interpolating certificate). Let T € N, s € N*, n € (0,1), r €
(0,1/\/2900 Lg) and Q = {61,---,0s} C Or. Suppose that Assumption 3.4
holds.

Then, there exist finite positive constants Cn,Cg, Cp with Cr < 1, depend-
ing on r and the function F, such that for any application v : Q — {—1,1},
there exist unique o, & € R® such that p € L?(\r) uniquely defined by:

S

p= 3 axor(8) + 3 & Durlor] (6.

k=1

k
(01(0),p) 200y =v(0) and  (Opd7(0),p) 202y =0, forall 0€Q,
(84)
satisfies:

(i) For all® € Q and 0’ € Br(0,r), we have:
{oT(0'), D) 12 (a0 < 1 — Cn 07 (0,6')%

(ii) For all® in Or, 86 & |J Br(¢',r) (far region), we have:
0'€Q

o1 (0),p) 20y < 1= Cp.

(iti) We have [|p| 12, < Vs CB.

Proof. Using similar arguments as those developed in the proof of Theorem 3.5,
we get that all the hypotheses of [6, Proposition, 7.4] are satisfied. The existence
and uniqueness of p is then guaranteed by [6, Lemma, 10.1]. The properties
satisfied by p are direct consequences of [6, Proposition, 7.4]. O
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Recall the test problem given by (54). Assumption 3.4 holds for the set Q.
Thanks to Lemma 8.1, the element pg of L?(\r) is uniquely defined by v°, (55)
and (56). Hence, the test statistic Tests from (57) is well-defined.

We first bound the type I error probability. Let us fix (5*,9*) € (R*)® x

©5.(6%) such that Hy holds. Using that y = 8*®7(9*) + wr and the triangle
inequality, we obtain:

|%ma=Mﬂh—wwm;wmw&—wwwwwmwp@ﬂ—@wmwm@ﬂ
(85)

<14, - w1,

+ |B| + ’<wT7pO>L2(AT) )

where:
B =8l,, = (B*r ("), p0) p2(rp) - (86)

Since Q**+ C Q%F, 0*~ C Q% we have for all k € {1,--- ,s}:
|ﬁ]:‘ o <ﬁ;¢T(9;)’pO>L2()\T) = 07

we deduce that B = 0 under Hy. Hence, we have that:

B o s (0] < P | 8], = 1971,

> t/2) +P (‘(wT,p())LQ(AT)’ > t/2) )

(87)
Recall that under Hy, we have s < s°. Therefore, since C3 ks” < t/2, we have
Cs ks <t/2. We get from Theorem 3.5 that:

|O7| 1
> t/2) <0y <0TTbg(T) v T) . (88)

Then, thanks to Assumptions 1.1 and Lemma 8.1, the quantity <wT,p0>L2(/\T) is

e (|I4l,, - et

a centered Gaussian random variable of variance bounded by 7>C%Arsq where
Cp is the finite positive constant from Lemma 8.1. Hence we have, provided
that t > 2C3 k s° with k > C15\/Ar log(7), that is, t2 > (2C1C3750)? A log(7):

—22 /(262 ArC%s0)

oo o
P(<’LUT7P0>L2(>\T) >t/2) = t/2 22 A2 "
mo"ATCRSo

_ 2 1
e 8(ﬁ2ATcB? s0) <
= 27as0

<

3

N |

with @ = (C1C3/Cp)?/2 and where we used the tail bound (75). It gives by
symmetry that:

P (\ (Wr, o) r2(agy | > t/Z) < (89)

7—(1 So
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Plugging (88) and (89) in (87), we get:

|O7] 1 1
su E/gx g4\ |U t S C PR R Vst 4 . 90
(B*,ﬂ*I))GHo (5,9 [¥rests (0] ? (UTT log(r) T Ta 50 (90)

We now bound the type II error probability. Assume that H; holds, that
is Dr.(B*,9%,0°,9°) > p. We have, using the first equality of (85) and the
triangle inequality, that:

)

- 141, - e

(Testa] > |B| - | (wr, po) 12(ay)

with B defined in (86). Using the definitions (53) of S(r) and Sy (r) with € €
{+,—} and k € Z¢, we get:

B= 3 1l (1 sen(80) (6160 m0) oo

ee{+,—}
keI, LESE(r)

£ 30 1B (1 sn(8) (6r(0),p0) 12(ry)

keS(r)e
Thanks to Lemma 8.1 (i)-(i¢) of , we obtain:
Bz Y. CnIBPr0;.00° + Y Crlsl

ee{+,-} keS(r)e
ke, LeS; (r)

> (Cn A Cp)Dr(8%,9%,0°,9°) > (Cn A Cr)p,

where the constants Cy and C'r are defined in Lemma 8.1 and depend on 7 and
on the function F. Therefore, we have with a; = (Cy A Cr)p — t:
> Clt)
<P <’<wTap0>L2()\T)‘ > at/2>

w2 (11, - 8], | 2 aer2)

]E(@*’g*) [1 — \I’TeSts(t)] S P <‘<wTapO>L2()\T) + ‘B*”Zl - HBHE

Provided that p > Cs sk+ Cst with Cy = 203/(0]\]/\01:‘) and Cs = 2/(CN/\CF)
we have a;/2 > (C3xs) V (¢/2). By using (88) and (89), we obtain:

(91)

Taso :

© 1
sup E(gs,9¢) [1 = Urrest, (£)] < Ca (T v > +

(B*,9*)EH1(p) or7y/log(t) T

Finally, by adding both sides of (90) and (91), we get (59). This concludes the
proof.
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8.5. Proof of Lemma 7.2
It is easy to check that the functions g7 and gxcprox are constant functions with:
91 = goo (T? —1) and grrrox = oo T2 (92)

Thus, we easily deduce the second inequality of (67) from the definition (20) of
Cr.

We now consider the bound on Vr. For 4,5 € {0,---,3} and £ =i + j, we
have with ar =1 —1/T*%

Sng |K:,[17;’J] _ K;rox[i,j]' _ gO—OZ/Q(TQOZT)—ZMAZ’T7 (93)
where T
i 4
Apr = sup |0f [DT(t) +(1-a??) Sm(”)} ,
te[*%,%] TTl't
and, for t € [-1/2,1/2] and the convention J(0) = 0:
sin(T'mt) 1 1

Dr(t) = J(t) and J(t)= —— —

T sin(mt)  wt

It is easy to check that the function J can be expanded as a power series at 0
with positive convergence radius, and thus is of class C* on [—1/2,1/2]. Thus
the following constant is finite:

M = sup sup  |JO| < 4o0.
0<<6 [—1/2,1/2]

Using the Leibniz rule, we have that for £ € {1,--- 6} and t € [-1/2,1/2]:
: ¢
0fDp(t)| = 1 Z (ﬂ) (Tr)? sin)(Tret) JE=9) (1)] < M%

Tj:0 J

We deduce from (93) that for ¢,5 € {0,---,3} and £ =i+ j:

%7 TOX[%,] — — Tr+1 ¢
su2p|ldf’]] _’Cg [;J]| < gooé/2(T2aT) £/2 <M( 7TT ) + (1 _aé/Q))
(C]
< M3'TH,

where we used that T" > 3 and go,ar > 1, and that 1 — O/T/Z =0 for ¢/ = 0.

Recall the definition (22) of Vr to get Vr < M3¢T~!. This finishes the proof.
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