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Abstract

This paper considers the problem of adaptive estimation of a template in a randomly
shifted curve model. Using the Fourier transform of the data, we show that this problem can
be transformed into a stochastic linear inverse problem. Our aim is to approach the estimator
that has the smallest risk on the true template over a finite set of linear estimators defined
in the Fourier domain. Based on the principle of unbiased empirical risk minimization, we
derive a nonasymptotic oracle inequality in the case where the law of the random shifts is
known. This inequality can then be used to obtain adaptive results on Sobolev spaces as
the number of observed curves tend to infinity. Some numerical experiments are given to
illustrate the performances of our approach.

Keywords: Template estimation, Curve alignment, Stochastic inverse problem, Oracle inequality,
Adaptive estimation.

1 Introduction

1.1 Model and objectives

The goal of this paper is to study a special class of stochastic inverse problems. We consider
the problem of estimating a curve f, called template or shape function, from the observations of
n noisy and randomly shifted curves Y7,...Y,, coming from the following Gaussian white noise
model:

dYj(z) = f(x — 7j)dx + edW;(z), x € [0,1], j=1,...,n (1.1)

where W; are independent standard Brownian motions on [0, 1], € represents a level of noise
common to all curves, the 7;’s are unknown random shifts, f is the unknown template to recover,
and n is the number of observed curves that may be let going to infinity to study asymptotic
properties. This model is realistic in many situations where it is reasonable to assume that
the observed curves represent replications of almost the same process and when a large source
of variation in the experiments is due to transformations of the time axis. Such a model is
commonly used in many applied areas dealing with functional data such as neuroscience (see
e.g. [[RT0§]) or biology (see e.g. [Ron9g)). A well known problem in functional data analysis
is the alignment of similar curves that differ by a time transformation to extract their common
features, and ([[.])) is a simple model where f represents such common features (see [RS0J],
RS04 for a detailed introduction to curve alignment problems in statistics).

The function f : R — R is assumed to be of period 1 so that the model ([L.1) is well defined,
and the shifts 7; are supposed to be independent and identically distributed (i.i.d.) random
variables with density g : R — R with respect to the Lebesgue measure dx on R. Estimating f



can be seen as a stochastic inverse problem as this template is not observed directly, but through
n independent realizations of the stochastic operator A, : L2([0,1]) — L2([0,1]) defined by

A-(f)(x) = fle—7), 2 €[0,1],

where L2([0,1]) denotes the space of squared integrable functions on [0, 1] with period 1, and 7
is random variable with density g. The additive Gaussian noise makes this problem ill-posed,
and [BG0Y] have shown that estimating f in such models is in fact a deconvolution problem
where the density g of the random shifts plays the role of the convolution operator. For the L?
risk on [0, 1], [BG09] have derived the minimax rate of convergence for the estimation of f over
Besov balls as n tends to infinfity. This minimax rate depends both on the smoothness of the
template and on the decay of the Fourier coefficients of the density g. This is a well known fact
for standard deterministic deconvolution problem in statistics, see e.g. [Fan91]], [Don9%], but the
results in [BG0Y] represent a novel contribution and a new point of view on template estimation
in stochastic inverse problems such as ([[1)).

However, the approach followed in [BG0Y] is only asymptotic, and the main goal of this paper
is to derive non-asymptotic results to study the estimation of f by keeping fixed the number n
of observed curves.

1.1.1 Deconvolution formulation

Let us first explain how the model ([[.1) can be transformed into a deconvolution problem as
the one studied in [DJKP9]]|. Denote G the following density function defined on [0; 1] as

G(z) =) glz+k).

keZ

The density G exists as soon as ¢ satisfies the weak condition g(z) < ﬁ for any v > 1 and

suitable constant C. Note that the Fourier coefficients of G are given by

1 [e'9)
0 —00

Consider now the 1-periodization of f extended to R, one has

1 00
/ fle —7)G(1)dT = / f(z—T1)g(T)dr.
0 —00
The observations Y; can be written as
dYj(z) = fx G(z)dx + &(z)dx + edWj(x), (1.2)

where ¢; is a second noise term defined as &;(z) = f(x — ;) — f*G(z). Hence, our model can be
seen as a deconvolution problem with a noisy operator H : f — f* G + & and a more classical
independent additive noise W. Note also that the realizations H; : f — fx G + §; are unbiased
realizations of the operator H but presents a variance term which depends on the function f we
want to estimate. This appears to be a new setting in the field of inverse problem with unknown
operators as considered in [[CHOF|, [EKO1], [IR0F], [Mar0d] and [CROT].

We will see in the sequel that the additive noise £ which depends on f slightly modifies
the quadratic risk and the way to estimate f when compared to classical procedures used in
standard inverse problems with a deterministic operator.




1.2 Fourier Analysis and an inverse problem formulation

Supposing that f € LIQ,([O, 1]), we denote by 6}, its k' Fourier coefficient, namely:

1
O :/ e~ 2k £ (1) d.
0

In the Fourier domain, the model ([.]]) can be rewritten as
1 . .
ik = / e—2zk7rmdyj(x) _ 9k6—127rk7'j 4 €2k (13)
0

where 2, j are ii.d. Ng (0,1) variables, i.e. complex Gaussian variables with zero mean and
such that E|zj j|> = 1. This means that the real and imaginary parts of the 2, ; s are Gaussian
variables with zero mean and variance 1/2. Thus, we can compute the sample mean of the k"
Fourier coefficient over the n curves as

1 < €
G § = 0, 4 —— 1.4
Cr n 2 Ck,j kVk + \/ﬁgka (1.4)

where
n

1 .
S —i2mkT;
Ve = — E € 7, (15)
n
J=1
and the &.’s are i.i.d. complex Gaussian variables with zero mean and variance 1. The Fourier
coefficients &, in equation ([.4) can be viewed as observations coming from a statistical inverse

problem. Indeed, the standard sequence space model of an ill-posed statistical inverse problem

is (see ICGPTO0Z] and the references therein)
cr = Opve + o2, (1.6)

where the ~;’s are eigenvalues of a known linear operator, z; are random noise variables and
o is a level of noise which goes to zero for studying asymptotic properties. The issue in such
models is to recover the coefficients 6, from the observations ¢, under various conditions on the
decay to zero of the y’s as |k| — +o00. A large class of estimators for the problem ([.§) can be
written as
O, = )\kc—k7
Tk
where A = (A;)kez is a sequence of reals called filter. Various estimators of this form have been
studied in a number of papers, and we refer to [[CGPT0J] for more details.
In a sense, we can view equation ([.4) as an inverse problem (with o = —=) where the
eigenvalues of the linear operator are the Fourier coefficients of the density ¢ of the shifts i.e.

Vg 1= E (e—z27rk'r) — / €_Z2ﬂkxg($)dx.

—00

Indeed, let us assume that the density g of the random shifts is known. In this case, to
estimate the Fourier coefficients of f, one can perform a deconvolution step of the form

b = Ak, (1.7)

Tk
where ¢, is defined in ([.4) and A = (Ag)kez is a filter whose choice will be discussed later on.
Theoretical properties and optimal choices for the filter A will be presented in the case where
the coefficients v are known. Such a framework is commonly used in inverse problems such
as ([.6) to obtain consistency results and to study asymptotic rates of convergence, where it is



generally supposed that the law of the additive error is Gaussian with zero mean and known
variance o2, see e.g [CGPT0J]. In model (1), the random shifts may be viewed as a second
source of noise and for the theoretical analysis of this problem the law of this other random
noise is also supposed to be known.

Recently, some papers have addressed the problem of regularization with partially known
operator. For instance, [[CHOH| consider the case where the eigenvalues are unknown but inde-
pendently observed. They deal with the model:

cr = YOk + €€k, A = e + ok, Vk €N, (1.8)

where (&x)ren and (ng)ken denote i.i.d standard gaussian variables. In this case, each coefficient
0 can be estimated by 7, Yek. Similar models have been considered in [[CRO03], [Mar0d] or
[Mar0g]. In a more general setting, we may refer to [EKO1] and [AR0Y].

In this paper, our framework is sligthly different in the sense that the operator is stochastic,
but the regularization is operated using deterministic eigenvalues. Hence the approach followed
in the previous papers is no directly applicable to model (EI) We believe that estimating f in
model ([.1) without the knowledge of g remains a difficult task, and this paper is a first step to
address this issue.

1.3 Previous work in template estimation and shift recovery

The problem of estimating the common shape of a set of curves that differ by a time transforma-
tion is usually referred to as the curve registration problem, and it has received a lot of attention
in the literature over the last two decades. Among the various methods that have been pro-
posed, one can distinguish between landmark-based approaches which aim at aligning common
structural points of the curves (typically locations of extrema) see e.g [GK9Y], [GK99], [Big0d],
and nonparametric modeling of the warping functions to align a set of curves see e.g [RLOT],
[WG97], [EM04]. However, in these papers, studying consistent estimates of the common shape
f as the number of curves n tends to infinity is generally not considered.

In the simplest case of shifted curves, various approaches have been developed. Self-modelling
regression methods proposed by [[KG8§] are semiparametric models where each observed curve is
a parametric transformation of a common regression function. Such models are usually referred
to as shape invariant models and estimation in this setting is usually done by iterating the
following two steps: estimation of the parameters of the transformations (here the shifts) given
a reference curve, and nonparametric estimation of a template by aligning the observed curves
given a set of known transformation parameters. || g] studied the consistency of such a two
steps procedure in an asymptotic framework where both the number of functions n and the
number of observed points per curves grows to infinity. Due to the asymptotic equivalence
between the white noise model and nonparametric regression with an equi-spaced design (see
BL94]), such an asymptotic framework in our setting would correspond to the case where both
n tends to infinity and € is let going to zero. In this paper we prefer to focus only on the case
where n may be let going to infinity, and to leave fixed the level of additive noise in each observed
curve.

Based on a model with curves observed at discrete time points, semiparametric estimation of
the shifts and the shape function is proposed in [ILTGO?H and [m] as the number of obser-
vations per curve grows, but with a fixed number n of curves. A generalisation of this approach
for the estimation of scaling, rotation and translation parameters for two-dimensional images is
also proposed in [BGVO0Y], but also with a fixed number of observed images. Semiparametric
and adaptive estimation of a shift parameter in the case of a single observed curve in a white
noise model is also considered by [DGT0f] and [Dal07]. Estimation of a common shape for
randomly shifted curves and asymptotic in n is considered in [[R g from the point of view of
semiparametric estimation when the parameter of interest is infinite dimensional.

However, in all the above cited papers rates of convergence or oracle inequalities for the
estimation of the template are generally not studied. Moreover, our procedure differs from the




approaches classically used in curve registration as our estimator is obtained in only one very
simple step, and it is not based on an alternative scheme between estimation of the shifts and
averaging of back-transformed curves given estimated values of the shifts parameters.

Finally, note that [CLO§ and [IRT0§] consider a model similar to ([.1)), but they rather focus
on the the estimation of the density g of the shifts as n tends to infinity. Using such an approach
could be a good start for studying the estimation of the template f without the knowledge of g.
However, we believe that this is far beyond the scope of this paper, and we prefer to leave this
problem open for future work.

1.4 Organization of the paper

In Section [, we consider an estimator of the shape function f based on spectral cut-off when
the eigenvalues v, are known. Based on the principle of unbiased risk minimization developed
by [CGPTO0J], we derive an oracle inequality that is then used to derive an adaptive estimator
of f on Sobolev spaces. This estimator is based on the Fourier transform of the curves with a
data-based choice of the frequency cut-off. In Section [}, we study asymptotic properties of this
estimator in terms of minimax rates of converge over Sobolev balls. Finally in Section [, a short
simulation study is proposed to illustrate the numerical properties of the estimator. All proofs
are deferred to a technical section at the end of the paper.

2 Estimation of the common shape

In the following, we assume that the Fourier coefficients v; are known. In this situation it is
possible to choose a data-dependent filter A* that mimic the performances of an optimal filter
A0 called oracle that would be obtained if we knew the true template f. The performances
of this filter are related to the performances of the filter \° via an oracle inequality. In this
section, most of our results are non-asymptotic and are thus related to the approach proposed
in [[CGPTO09] to study standard statistical inverse problems via oracle inequalities.

2.1 Smoothness assumptions for the density g

In a deconvolution problem, it is well known that the difficulty of estimating f is quantified by
the decay to zero of the 74’s as |k| — +o00. Depending how fast these Fourier coefficients tend
to zero as |k| — +o00, the reconstruction of f will be more or less accurate. This phenomenon
was systematically studied by [Fan91]] in the context of density deconvolution. In this paper,
the following type of assumption on ¢ is considered:

Assumption 2.1 The Fourier coefficients of g have a polynomial decay i.e. for some real 3 > 0,
there exists two constants Cpare = Chmin > 0 such that for all k € Z

Cmin’k‘_ﬁ < ”Yk‘ < Cmax‘k’_ﬁ- (21)

Remark that the knowledge of the constants Ciae, Crmin and 3 will not be necessary for the
construction of our estimator.

2.2 Risk decomposition

Assuming that v, # 0 for all k& € Z, we recall that an estimator of the €;’s is given by, see

equation ([L.7) )
O, = Ny
Tk
where A = (A\g)gez is a real sequence. Examples of commonly used filters include projection
weights A\ = <y for some integer N, and the Tikhonov weights A = 1/(1 4 (|k|/v2)"") for



some parameters v > 0 and vo > 0. Based on the ék’s, one can estimate the signal f using the
Fourier reconstruction formula.

The problem is then to choose the sequence (Ag)rez in an optimal way with respect to an
appropriate risk. For a given filter A we use the classical fo-norm to define the risk of the
estimator O(\) = (01 )pez

R(0,\) =E[0(\) = 6]> =E>_ |0 — 6x/? (2.2)
keZ

Note that analyzing the above risk (2.J) is equivalent to analyze the mean integrated
square risk R(fr, f) = E|lfx — f|? = E(fol(f)\(:n) —f(:L'))2dl‘) for the estimator fy(z) =

> okez Ope2ikme  The following lemma gives the bias-variance decomposition of R(A,#).

Lemma 2.1 For any given nonrandom filter A, the risk of the estimator é()\) can be decomposed

" R(O,N) =Y (% —1)%|6k)* + % > Momt- Z [)\ |05 <—’ - 1” (2.3)

keZ kEZ kGZ

Bias \%1 Va

For a fixed number of curves n and a given shape function f, the problem of choosing an
optimal filter in a set of possible candidates is to find the best tradeoff between low bias and
low variance in the above expression. However, this decomposition does not correspond exactly
to the classical bias-variance decomposition for linear inverse problems. Indeed, the variance
term in (R.d) is the sum of two terms and differs from the classical expression of the variance for
linear estimator in statistical inverse problems. Using our notations, the classical variance term

is V1 Z
kEZ
However, contrary to standard inverse problems, the variance term of the risk also depends

on the Fourier coefficients 6, of the unknown function f to recover. Indeed, our data -, e, are
noisy observations of :

5 and appears in most of linear inverse problems.

1~ V&

g Ck:9k+<__1>9k+ —% &k
F Vi vn '

and we invert the problem using the sequence (v )ren instead of (i )ken, which is involved in the

construction of the coefficient ¢;. It explains the presence of the second term V5. In particular,

the quadratic risk is expressed in its usual form in the case where 4, = V.

A similar phenomenon occurs with the model ([[.§), although it is more difficult to quantify.
Indeed, in this setting:

Vi Ck—9k+<,y__1>9k+5’}’k &k, VEk € N.
k

Hence, we also observe an additionnal term depending on 6. This term is controled using a Taylor
expension but the quadratic risk cannot be expressed in a simple form. We refer to [Mar09] for a
discussion with some numerical simulation and to [ ], [EKO0T]], [HRO0F], [Mar0d] and [CRO7).

2.3 An oracle estimator and unbiased estimation of the risk

Suppose that one is given a finite set of possible candidate filters A = (A\V)ye 7, with ANV =
()\kN Jkez, N € I C N which satisfy some general conditions to be discussed later on. In the case of
projection filters, A can be for example the set of filters )\{CV = Ljgj<n:k €Z for N =1,...,my.



Given a set of filters A, the best estimator corresponds to the filter A°, called oracle, which
minimizes the risk R(\,0) over A i.e.

A= arg I;leljl\l R(\,0). (2.4)

This filter is called an oracle because it cannot be computed in practice as the sequence of
coefficients @ is unknown. However, the oracle \° can be used as a benchmark to evaluate the
quality of a data-dependent filter A* chosen in the set A. This is the main interpretation of the
oracle inequality that we will develop in the next section.

Now, suppose that it is possible to construct an unbiased estimator @z of |0]?. For any
nonrandom filter A, using ©2, one can compute an estimator U (), X) of the risk R(), ). Then,
for choosing a data-dependent filter, the principle of unbiased risk estimation (see [CGPT0]]
for further details) simply suggests to minimize the criterion U (), X) over A € A instead of the
criterion R(\,#). Our data-dependent choice of A is thus

A= arg min U\ X). (2.5)

Typically, in practice, all the filters A € A are such that A\ = 0 (or vanishingly small) for all k&
large enough. Hence, for such choices of filters, numerical computation of the above expression
is thus feasible since it only involves the computation of finite sums.

2.4 Oracle inequalities for projection filters
2.4.1 Unbiased Risk Estimation (URE)

For the sake of simplicity, we only consider spectral cut-off schemes in the following. In this
case, A corresponds to the set of filters (1< )rez for N € N. All the results presented in this
paper could be generalized to wider families of estimators (Tikhonov, Landweber, Pinsker,...).
The price to pay is to get longer and more technical proofs.

From Lemma P.J], the quadratic risk R(6, \) := R(6, N) of a projection filter can be written
as:

RON) = X 0P+S Y L Y (= -1)

k|>N k| <N ™ E<N

- 3 |9k|2+— >l 2+— > | ’f|2< - >

k|<N k|<N " a<N

€2

We aim to minimize R with respect to N while 0 is unknown. Using ©2 = 7.2 [|ék|2 - E}

as an unbiased estimator of |0|?, we minimize U defined as

v = <1__> 2 Iwl” 2{’%‘2 6 }+_ STl 2 = >l 4\{!%\2_5}

|k|<N |k|<N \k|<N
(2.6)
which is an unbiased risk estimator of R(6, N) — ||6]|3.

Unfortunately, such a criterion does not lead to satisfying results. Instead of the approach
developed in [, we take into account the error generated by the use of an approximation
of the eigenvalues. The estimator related to the criterion (R.) involves processes that require
a specific treatment. In order to contain these processes, we will consider in the following the
criterion

=— > |7k|_2{|5k|2—§}+§ >l T+ log Z el 2{|C’f|__} (2.7)

k<N k<N k<N

7



Remark that U(Y, N) can be written as U(Y, N)+pen(N) where (pen(N)) yen denotes a penalty
term. It appears from the proofs that this penalty is a natural candidate for the control of the
processes involved in the behavior of the estimator constructed below. The associated data-based
filter is defined as

N* = in U(Y,N 2.
arg min U(Y, N), (2.8)
where )
1
mo = inf{kz: 2 < Oi ”} ~1. (2.9)

Remark that we do not minimize our criterion U(Y, N) over N but rather for N < myg. Indeed,
each coefficient 0}, is estimated by ~, &, where 55, = E[3;]. Hence, the ratio Y& 134 should be
as close as possible to 1. Since 7, — 0 as k — 400 and the variance of 7 is constant in k, it
seems clear that large k should be avoided.

Similar bounds on the resolution level are used in papers related to partially known operator:
see for instance [[CHOH| or [[EKOJ]]. This bounds have to be carefully chosen but are not of first
importance. In general, estimating the operator is easier than estimating the function f.

2.4.2 Sharp estimator of the risk

We are now able to propose a first adaptive estimator. In the following, we denote by 6* the
estimator related to the bandwidth N* namely

C
0r = *y_zﬂ{kSN*}' (2.10)

The next theorem summarizes the performances of 8* through a simple oracle inequality. The
proof is postponed to the Section 5.

Theorem 2.1 Let 6* defined by ([2.14) and assume that the density g satisfies Assumption B.1.
Then, there exists 0 < 1 < 1 such that, for all 0 < v < 7y,

4 0162 1 01

* o 2 < 3 D, - _ i
E9H9 9” = (1 + hl(’Y)) Nlélrfr‘Lo R(07N) 7454_1 7’L’77 (2 11)
where ) )
_ € _ lo n _
RON) = 3 P+ S Y a2 2 S g (2.12)
|k|>N |k|<N k| <N

hi(y) — 0 as v — 0 and Cy denotes a positive constant independent of ¢ and n.

From Theorem P.J), our estimator 6* presents a behavior similar to the minimizer of R(6, N).
This term only differs from the quadratic risk by a log term. This result can be explained by
the choice of the criterion (P.7). The two last terms in the right hand side of (B.1])) are at least
of order 1/n and may be thus considered as negligible in most cases.

In the next section, we prove that our estimator attains the minimax of convergence on many
functional spaces. In particular, the log term and the bandwidth mg have no influence on the
performances of our estimator from a minimax point of view.

2.4.3 Rough estimator

In the procedure described above, we have decided to take into account the error generated by
the use of a the sequence (V)ren instead of (x)ken. Although their setting is slightly different
from ours, papers dealing with regularization with unknown operator consider implicitly this



error as negligible for the regularization. The goal is then to prove that the related estimator
are not affected by the noise in the operator, i.e. this error is avoided in the oracle.

It is thus also possible to apply a similar scheme in our setting and consider the bias enlight-
ened in Lemma P.T] as negligible. We introduce

2
~ €
RON) = D 10+ — D Il (2.13)
|k|>N |k|<N

that corresponds to the usual quadratic risk in an inverse problems setting.
From now on, our aim is to mimic the oracle for R(6, N), i.e

Ny = arg 11\1[16111\1] R(6,N).

To this end, we use exactly the same scheme than for the construction of #* starting from R(6, N)
instead of R(#, N). Define

~ 62 62
R S L R DT (2.14)

n

[k|<N |k|<N
Then, we introduce B
V — in U g, — & .
N = arg min U(Y,N) and 6, = - Le< iy (2.15)

where mg has been introduced in (B.9). Hence, this estimator only differs from the previous one
by the choice of the regularization parameter N. The performances of 6 are detailed bellow.

Theorem 2.2 Let 0 defined by and assume that the density g satisfies Assumption 1.
Then, there exists 0 < v < 1 such that, for all 0 < v < 79,

Che? (He)|y2log2(n)>25+ Co? 1 Oy

Elld — 0> < (L+ ha(y) jnf R(O,N) + - b (210

n

where ho(y) — 0 as v — 0 and Cy denote a positive constant independent of € and n.

We will see in Section 3 that the performances of * and 6 are essentially the same from a
minimax point of view. The existing differences may be revealed by the comparison of the oracle
inequalities obtained in Theorems P.1] and .3, although this is always a difficult task. Since
R(0, N) only differs from R(f, N) by a log term, we may be interested in the residual of order
|6]|?. For fixed e and n, this term may have importance compared to R(f, N), in particular
for large ||6]|?. Hence, the second estimator may be incongruous when estimating function with
large norm.

More carefully, 0 is a pertinent choice as soon as R(6, N) is close to R(f, N). This can be
strengthened by the study of the quadratic risk defined in Lemma P.]. For instance, with a fixed
¢, this will be the case for function with ’small’ Fourier coefficients (in particular small norms).
On the other hand, as soon as e becomes ’small’, the behaviour of R(6, N) and R(, N) may
strongly differs. This may produce significant differences on the performances of both 6* and 6.

3 Minimax rates of convergence for Sobolev balls

We provide in this section a short discussion about the performances of our estimator from the
asymptotic minimax point of view. For this, let 1 < p,q¢ < oo and A > 0, and suppose that f
belongs to a Besov ball B, (A) of radius A (see e.g. [DJKP95| for a precise definition of Besov
spaces). [BGO9] have derived the following asymptotic minimax lower bound for the quadratic
risk over a large class of Besov balls.



Theorem 3.1 Let 1 < p,q < oo and A >0, let p’ = p A2 and assume that:
* (Regularity condition on f) f € B, (A) and s > p/,

e (Regularity condition on g) g satisfies the polynomial decay condition (B-3) at rate 3 for
its Fourier coefficients,

e (Dense case) s > (20 +1)(1/p —1/2) and s > 23 + 1.

Then, there exists a universal constant My depending on A, s, p,q such that

A~ —2s
inf sup E|f,— f|> > Min=2571, as n — oo,
fo fEBy (A)

where fn € Lg([O, 1]) denotes any estimator of the common shape f, i.e a measurable function
of the random processes Y, j=1,...,n

Therefore, Theorem B.]] extends the lower bound nWﬁ?ﬂ usually obtained in a classical decon-
volution model to the more complicated model of deconvolution with a random operator derived
from equation ([.4). Then, let us introduce the following smoothness class of functions which
can be identified with a periodic Sobolev ball:

Hy(A) = {f € Lp([0,1]) 5 (1 + [k*)[64]* < A} ,

keZ

for some constant A > 0 and some smoothness parameter s > 0, where 6, = 01 e 2k £ (1) d.
It is known (see e.g. [DJKP9Y]) that if s is not an integer then Hg(A) can be identified with a

Besov ball B3 5(A’). Assuming f € H(A) with s > 0, then the classical choice N* ~ T2

yields that
—2s
R(O,N*) ~ inf R(f,N)~ n2zi2i1.

N<mg

1
provided N* < my. It can be checked that the choice (R.9) implies that mg ~ n2% and thus for
1
a sufficiently large n, we have that N* < mg. Similarly the choice N* ~ n2s+28+1 yields that

R(O,N*) ~ inf R(O,N*) ~ log%n)nﬁzﬂsﬂ,
N<mg
Now, remark that for the two estimators 6* and 6, both Theorems B and R.3J yield that
Egl|6* — 6] = O (inf y<pm, R(0,N)) and Egllf — 0> = O (inf y<pmy R(A, N)) as n — oo, since
additional terms in bounds (P.11) and (P.16) are of the order (’)(nl—l,c) for a sufficiently small
positive (. Hence, combining the above arguments one finally obtains the following result:

Corollary 1 Suppose that the density g satisfies the polynomial decay condition at rate (3
for its Fourier coefficients. Then, as n — 400

—2s
sup Byl|6* — 0] ~ log? (n)n 77
fEHs(A)
and 3 L
sup || — 0> ~ nZT2571,
feHs(A)
From the lower bound obtained in Theorem B.1] we conclude that, for s > 23 + 1, the perfor-
mances of the estimator 6 are asymptotically optimal from the minimax point of view, while the
estimator 6* is near-optimal up to a logz(n) factor. This near-optimal rate of convergence of
6* is due to the use of the penalised criterion U(Y, N), see (B.7), with a penalty term involving
log?(n) €

a ——— factor used to eliminate the term %Zlk\SN Iy 4| {|Ek|2 - ;} in the unbiased risk

U(Y,N), see (2-4). This shows that the performances of #* and § are essentially the same from
a minimax point of view.

10



4 Numerical experiments

For the mean pattern f to recover, we consider the smooth function shown in Figure [[(a).

Then, we simulate n = 100 randomly shifted curves with shifts following a Laplace distribution

g(x) = ﬁ exp <—\/§%) with o = 0.1. Gaussian noise with a moderate variance (different to

that used in the Laplace distribution) is then added to each curve. A subsample of 10 curves
is shown in Figure [[(b). The Fourier coefficients of the density g are given by ; = m
which corresponds to a degree of ill-posedness § = 2.

The condition (B.9) thus leads to the choice mg = 32. Minimisation of the criterions (B.§)
and (2.15) leads respectively to the choices N* = 13 and N = 30. An example of estimation by
spectral cut-off using either the value of N* or N is displayed in Figure [(c) and Figure [i(d).
The estimator obtained with the frequency cut-off N* = 13 is very satisfactory, while the choice
N = 30 seems to be too large as the resulting estimator in Figure [](d) is not as smooth as the
estimator with N* = 13.

0a 05 08 07 o8 09 1 ] 01 02 03 04 05

Figure 1: Wave function. (a) Mean pattern f, (b) Sample of 10 curves out of n = 100, (c)
Estimation by spectral cut-off with N* = 13, (d) Estimation by spectral cut-off with N = 30.
The dotted curve corresponds to the true mean pattern f.

This result tends to suggest that minimising U(Y, N) leads to a smaller choice for the fre-
quency cut-off than the one obtained by the minimisation of the criterion U(Y, N). This is
confirmed by the results displayed in Figure f] which gives the histogram of the selected val-
ues for N* and N over M = 100 independent replications of the above described simulations.
Clearly the value of N* is generally much smaller than N, and thus minimising (R.19) may lead
to undersmoothing which illustrates numerically our discussion in Section | on the differences
between 6* and 6.

5 Proofs

Proof of Theorem R.1]. The proof uses the following scheme. In a first time, we compute the
quadratic risk of 8* and we prove that it is close to R(f, N*). The aim of the second part is to

11



o
20 2 24 2 28 30 32 12 14 16 18 20 2 24

Figure 2: Selection of the frequency cut-off over M = 100 replications of the simulations (with
mo = 32): (a) Histogram of the selected value for N*, (b) Histogram of the selected value for
N.

prove that U(Y, N*) is close to R(6, N*), even for a random bandwidth N*. Then, we use the
fact that N* minimizes the criterion U(Y, N*) over the integer smaller than mgy and we compute
the expectation of U(Y, N) for all deterministic N in order to obtain an oracle inequality.

In a first time,

Eoll0* — 61> = Eo > |6f — Okl

kez
= Eo Y [vi'é— 0> +Es > 10&]%
|| <N+ | >N+
~ 2
k _ €
= Ey Y TG — O, + v —=Eu| +Eg > 16l
k vn
k| <N+ k| >N+
2
€
_E Tk 2, € 21, |-2
I 1\ O+ S0 Yl
WSN* |k|<N*
2 € —1x 17
+Eg Z |0%|” + 2Eq Z ERS ((vp "9 — )0 x ¥ k) S
| >N+ k| <N+

where for a given z € C, Re(z) denotes the real part of z and z the conjuguate. The last equality
can be rewritten as

Eqll0* — 0> = EeR(O,N*)+Eg > _

__1' 0+ SB 3 Ful 26— 1)

|k|<N* [k|<N*
€ 1~ 1z
+2Ey Z ERE ((/Vk: 1,)% — I)Gk X Y 1£k) )
|k|<N*
= E@R(G,N*) + Ay + Ay + Ag, (5.1)

where R(6, N) is defined in (B-19). Thanks to Lemma [, setting K = 1,

EQZ

e

log“(n C
o o < g, S e (5:2)
k|<N*

Now, consider a bound for Az. For all N € Nset Xy =3 <y Ivk| ™. Then, for all p €]1,2]

12



and 1 >~ > 0:

2
€
Ay = —FE 2067 =1
2 By E | (1€x] ),

b|<N*

2 2
€ _ €
= K >l PGP = 1) = /R +75E9\/E7vp,

| <N+

2 2
€ _ €
< —Egsup | > [l (&P - 1) — v/ | +7=Eov/ER,
n N n
|[k|<N
2 2
€ D C €
< A= * S —
< vnEe EN —1—71/(1_17)”

The last step can be derived from a Doob inequality: see for instance [CGO(]. Thanks to the
polynomial Assumption B.]] on the sequence (vx)r and setting p = 2 x (23 + 1)/(48 + 1), we
obtain

A= 26 —1) <A F 2, C € 5.3
2—562|7k| (|§k|—)_7EQZ|Wk| A (5.3)

|k[<N* k| <N*
Then, for all 1 > B > 0, using the Cauchy-Schwarz and Young inequalities with the bounds

(B-2) and (B3)
Ay = 2B Y f (O "k — 1)k x 3, ")

Ik|<N*
6
< B—F -2 2 -1
< BBy > PGl + BT Ey Y ;
|k|<N* |k|<N*

Thus, for any K > 0,
Ay < (B + By)E 24 B~ 1K1°g ), 20,2+ -S54+ € (54
3 < (B+By) K >l + D Il R0k + ) += (54)
k<N k<N
With B = VK = ,/7, we obtain from (§-1)-(F-4)

Egl|0* — 0] < (1 + v+ 27)EeR(6, )+C—62+g (5.5)
0 Y 0 n746+1 n’ .

where R(#,N) is defined in (B-IJ). This concludes the first step of our proof. Now, we write
U(Y,N*) in terms of R(0, N*). In the following, we define z,, = (1 — n_l) We have

2 * -2 )1~ 2 e e -2 4 log —4
UY,N*) = =0 Y |l 7> 1 -t > ul Z vl ™ !Ck!——

|k|<N* |k|<N* |k|<N
B * 1 -2 1% 2 e 2
= 70~ (1-2) 5 w2 {lap-S1- 3 ol
|k|<N* |k|>N*
log?(n a . €2 _
T i TR (R S T
|k|<N*

This equality can be rewritten as

_ _ 9~ 62 _
RO,N*) = TN+ 61> +an Y {rm Jexl® = =l 2}— > loxf?

k| <N* k|<N*

B S [~ il - 1. 69

|k|<N*

13



For all k e N
Gk? = |0kk]* + — |€k|2 + 2en~ V2 Re(0h &),

and

2
€ _ € _ ~ =
v 2 e = +E|7k| 2|&k? + 2——=|vk| T Re(0kAkEr)-

NG

Since x, < 1

2
—92~ € _
R e D

|k[<N* |k|<N*

~ 12 2
€ _ € _ ~ =
< Ey E |0k ( Tl 1) + =z § vkl 2 (1€l = 1) + 2—=m,, § vk 2 Re(0rkEx),
Vi n Vn
K<N* k<N IK<N*
= Fi+ Es+ Es. (57)

First consider the bound of E;. Thanks to Lemma f.9 and some simple algebra

1>,

log?
2y 2 { E > 106l B > 10k]
k| <N+ k| N+

_ _ C
D 1P+ D 16k Pl 2(1—|7k|2)+m,
k1> No IKI<No 7
_ ,7—1 _ C
< 2ER9,N* + + RH,N +—,
> YiLg ( ) <’Y 10g2(n)> ( 0) nﬁy2

2
Yk
i W(% -

\k|<N*

Ey

IN

where
Np = arg min R(0,N).

N<mg

The terms Es and E3 are bounded using respectively (p.3) and Lemma p.3. We get

2
—9~ € —
Bo S { bl il - Sl - o2}

|k|<N*
e C C

We are now interested in the second residual term of (b.€). Thanks to the definition of ¢:

log?n 9 aa 2 € o 2
E — — 0
Y > el Ve ||k |” + n\’wc! + (04|

|k|<N*

-2
_ k
Eo > |l 216k <1— %

|k|<N*

62 _ € _ ~” T
)+— Y A= 16 —2—= Dl Re(BkAkér),
n Vn
|k|<N* |k|<N*
e C C

< DVE@R(@, N*) + D’yR(@, N()) + EW + n—72,

(5.9)

for some D > 0 independent of ¢ and n.Indeed, we can use essentialy the same algebra as for
the bound of the terms Fy, F5 and E3 and the inequality

_ n
Iy 72 < loaZn’ Yk < my.
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Hence, using (b.§) and ((.9)

= N ~ cC Cce 1

JFrom the definition of N*, we immediatly get

— N ~ c Ce& 1
(1= DY)EgR(6, N*) < EgU(Y, No) + [|6]* + DyR(6, No) + o + R

where Ny denotes the oracle bandwidth. Since

E@U(Y, NO) = R(HvNO) - H9”27

we obtain
|~ Dy)E(6, N) < (1+ D) R0, Ng) + o + €& 1 5.11
(_’Y)G(a)—("i_ 7)( 0)+W+n746+1' ()
Using (b.9) and (p.11)), we get:
" ~ IO | C
Eql0* —6]> < (1+D\/’_Y)E€R(9:N)+TW‘F”—7=
1+ D7\ 5 Ce? 1 c
(55 Ao+ S
This concludes the proof of Theorem R.1].
O

Proof of Theorem R.2. The proof follows the same main lines as for Theorem P.1]. Inequality

(p-1)) provides:

Egll0* — 6> = EoR(O,N*)+Eg > _
K<

€ a1 4=
+2E0 Ik;\[* %Re ((/}/k lryk — 1)9k X ’yk 1fk) )

= EQR(H,N*) + A1 + A2 + A3.

2 2
2, € -2 2
1' 1Ok]” + —Eq > el - 1)

|k|<N*

Thanks to Lemma [.] and an inequality of [CGPT0J)], we obtain for all 0 < v < 1:

C
A < log*(n )nEe‘Slup Ivk| ™ 2|9k|2+—
k| <N+

21, 28
T S (M> +< (5.12)

n
k| <N* v

IN

Then, for all B > 0, using the Cauchy-Schwarz and Young inequalities with the bounds

E32).63):

Az = 2Eg Z \/— (v " — DOk x %, '&r)
k| <N*

2 Ce® [10]*log?(n) 20 Ce? C
< (B+B B ') E P e [ =R — + —(5.1

15



With the choice B = /7, we obtain from (5.1)-(F.4):

~ ce (021og2n)\ > ¢ C
EgHQ*—OHz§(1+37—|—2\/§)E9R(0,N*)+T<f o (310
Then,
* —2|~ |2 e -2 e -2
UY,N*) = — > <l el e AT e >l
|k|<N* |k|<N*
—2~ |2 € -2 2 2 € -2
= - Z vl || —g\’m’ - Z |0k + Z |0 +— Z el ™
|k|<N* |k[>N~* |k|>N* |k|<N*
2
~ _ - E _
— RO - Y el - Sk - S o
|k|<N* |k|>N*

This equality can be rewritten as

5 . . o e
RONY =00 + 0P+ S (il - Sl -

k| <N*
Hence,
5 A |?
EoR(0,N) = EoU(Y,N*)+[0]°+Eg Y |04 ( L - 1)
Jk|<N* Tk
€2 _ € _ s
+— > TGP =) +2—= > vl T2 Re(0xkEn),
n \/ﬁ
|k|<N* [k|<N*
= EoU(Y,N*)+[10]* + E1 + Ez + Ej. (5.15)
Using previous results:
A |2
By = Ey Y. \ekP(— —1),
Jk|<N* Tk
; - C_ Ce (]9]21og(n)\*

The terms o and E3 are bounded using respectively (b.3) and Lemma .3, We get:

EgR(0,N*) < EqU(Y,N*)+ ||0]]*> + DyEgR(6, N*) + DyR(9, No)

c+gwwwwf

T ny28 T T ~2

Hence,

- - C | Ce (18]7log?(n)\*’
(1-Dy)EgR(0, N*) < EgU(Y, N*)+|yeu2+pfyR(o,No)+m+T€ (””%(”» . (5.17)

JFrom the definition of N*, we immediatly get:

~ _ c o /9] log2(n)\ >’
<knmm@whmwmmwwﬁﬂﬁ@mwam+§(Uﬁﬁ@).wm
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In order to conclude the proof, we prove that EoU(Y, Ny) is close to R(#, Ny). First remark
that:

No 2 2 No
B M) = o |- D bl {Jaf - S+ S SO 2]
k=1
No No €2 No
= E —Z{mrzwekrz—mw — W}] = D10 Dl
k=1 k=1 k=1

Since for all £ € N:

-2 o 22, € 2 9 1 e
Eo|ck|” = [0k "Eo| V| +g=\9k’ k] o T

we obtain,
!’Yk\ &
EqU (Y, No) = Z Ok>—+ > 16k + Z el =% = (1611
|k|>No

Therefore,

EqU (¥, Np) = Z 02 o, o) — o1 < R0 o) — 0]
and

~ - C Ce® (6] log?(n 20

Using (B.9) and (5.19), we get:

~ ce (612 log2n)\* ce 1 1
* 2 *
Bl 6P < (14 DyEaRe, v + S () 7y €22 L
B
1+ D7\ - ce (012 1og2 )\ ce 1 1
i No) 4+ — (e Y —.
(1—D’Y>R(9’ It 72 T Ty

Since R(A, N) < R(0, N), we eventually get:

1+ D7\ ce (0] 10g2(n)\ > ce 1 L
*_ 2 < I - L e e R
Eg|l0* — 0|* < < I~ Dy >1%fR(9,N) + - 2 + — S S +

This concludes the proof of Theorem P.3

Appendix

Lemma 5.1 For all K > 0, we have

By >

|k|<N*

lo C
——1‘ 6k* < K gn( Eo > |wl” 2’9k\2+—K
k| <N+

where C' denote a positive constant independent of € and n.
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PROOF. Let Q > 0 a deterministic term which will be chosen later.

- 2
Tk -2\
Eq Z = — 1| |0k]* =Eo Z 1001kl 213k — il
k| <N* k| <N~
< QBp D (0PIl +Ee Y 10kl 7 {13k — el — Q) s, —2>0y-
|k|<N* k| <N*
Thanks to (R.§) and (R.9)
Eo > 10611l ™2 {1k — ml® — Q) s, 2>
|k|<N*

n

< O—5— 0k ’E { |7 — l* — Q} L5, —vp|250)-
0a?() k|§<;10 { F 5> @)

For all |k| < my, using an integration by part

—+oco
Eo (1% — wl* = Q] s, —e 201 = 0 P(|3 — wl|* > 2)dx.

Let z > Q. A Bernstein type inequality provides

~ 1 & —2imkT —2imkT
P(|k —wl* > 2) = P<;Z{€ ik — Ele™ k’]} 2\/5>,
=1
(nvz)?
< 2 - :
- eXp{ 231y Var(e=27F7) + /3 /3
<

2w {5 s )

Hence, for all k| < my,

—+00
SIS I _ / _L}d,
o [k —ml” = Q] L5 —p2>0y < o eXp{ 2+ vz/3) "

36 +oo C
/Q exp{—%}dw—i—/% exp{—Cnﬁ}deEe_Q"/ﬁ‘,

where C' denotes a positive constant independent of ). Let K > 0. Choosing for instance
Q= n_lKlogz(n), we obtain

IN

B Y |% < By S Il Al + Ko,
k< | k|<N* g*(n)
log®(n) 22, ©
< K—= E —
< - Do w0 + K
k|<N*

where C' denotes a positive constant independent of € and n. This concludes the proof of Lemma

B

O
Lemma 5.2 Let N* defined in (B.§). For all deterministic bandwidth N and 0 < v < 1, we
have
-2
lo
Eo Y. W(ﬁ —1> < 2 gn( Eo Y 10kl 2 +1E0 Y 16kl
k<N T k<N k| >N*

1
v _
+7 E |0k]? + — E 10kl 72 (1 = [%e?) + —5

k|>N |k|<N
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where C' denotes a positive constant independent of € and n.

PROOF. In a first time, remark that

-2
Tk
Eo Z WkP(%

|k|<N*

_1> = B S Il 2 — e+l — ).
|k|<N*

= Eo Y 16clIl ™ {1k — wl® + 2Re((k — 1) 7k) }(5.20)
k| <N+

Let N € N be a deterministic bandwidth. Since E¢7; = v for all k € N, we can write that

Eo > 1011yl "> Re((k — ) %)
K<

= Eo > 16kl TP Re((ik — 7)),
He{N.N"}

< Eo| Y 1OPlul T Re((Ge — )|

ke (NN*}
< Eo > |(Mgw<ny — Lge<np) 0619l Re((e — 1) 7%)|
keZ
Using simple algebra
[ Tge<ney = Lgr<vy] = [(geeney + Lgrieny) (r<ney = Lgr<ny)]

= (Lgri<ney + Lgr<ny) [Lgesney — Lgpsay |y
< Mg v Mge<ny + Lge<va Lgrsny -

For all v > 0, using the Cauchy-Schwartz and Young inequalities, we obtain

Eo > 10kl " Re((k — ) 7k)

|k[<N*
< Eo > s neg Ign<ny 0k e 2 Re((r — 7))
kel
B Y < Lgjgs vy 0 el 2 Re( (G — ) %)
kez
< ABe Y 0P+ D 10+ Ee D 10kl Ak — el
|k|>N~* |k|>N |k|<N
+y e Y 10l Ak — il (5.21)

|k|<N*

Hence, from ((.20) and (f.21)
Eg > |6k’ <

|k|<N*

< 12
Tk

Yk

- > < A+ DHEg Y 0Ll Ak — > B D> 16k
k| <N+ k| >N

7 D> P+ Ee > 10kl T Ak — el
K[> N k<N

A direct application of Lemma p.J provides, for all K > 0

1) < 4y KWy Okl el 72 +E 2k
- _(+’Y)TGZMH’M +’Y€Z\k’
|k|<N* k| >N+

~ 12
Vk
S (=

|k|<N*

-1
y _ C
+v Y 16k + - D 0PIkl 2= ) + e
k>N k<N
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Just set K = ~? in order to conclude the proof of Lemma B3

O

Lemma 5.3 Let N* the bandwidth defined in (B.8). For all deterministic bandwidth N and
0 <y <1, we have

2¢ _ - = €2 -
%Ea D Il PRe(Orindr) <3vS Y \9k12+g > bl
|k|<N* [%|>No [k|<No
37 log?(n)E 02 + 2\, ¢, CF
+37log”(n)Eq Z|k|+EZ|%| o T
el >N+ k| <N+

PROOF. In the following, we will use the inequality:

mo 1
P - <
k=1
for some 7 > 0, wich can be proved using a Bernstein type inequality. Then, for all v > 0, using
the above result and inequality (4.31) of [[CG0{], we obtain

ol

Vi

< 2}) < exp(—log'*" n),

2e

2
_ . € s
\/ﬁEe E vk 2 Re(Okk€s) < v E ’9k,2+5E9 E il = |3

k| <N* [kl>No Ik|<No

5 € 41~ 12 ce? 1
+vEqg Z 10| t— Z vl ™ k| Rl
|k|>N* k| <N* "

In order to prove the above inequality, we use the inequality (4.31) of [CG04] and Since Ey7;, =

Vs
€2 4~ 12 e 4 -2 2 2
—Ey > el Tl = - > el {Boliel® = 1vel® + 1w}
k<N k|<N
€ —4 2 ~
= - > el el + Var(dx) }
k<N
2 2
€ —4 2 1 € -2
— — — < 9
=% Pt <2S
lk|<N |k <No
The same kind of inequality can be obtained with the random bandwidth N*. Indeed,
€ —4)~ |2 e —4~ 2
) Yo TP = e >l Ak =+l
|k[<N* |k| <N+
2
€
< % —d folx 2 2
< —Ey > bl 21 — el + 20wl
k| <N*
2¢2 _ 2¢2 4~
< B > 2+7E9 > Il T A =l
k| <N+ k| <N*
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Using the same algebra as in the proof of Lemma 5.1, we obtain, for all @ > 0:

2

€ _ ~

gEe E \’Yk4\”Yk—’Yk!2
|k|<N*

2 2
€ _ € _ ~
= Q—Fp > Il +—Fp > Il {1k — %l - Q} s sp

k| <N* |k|<N*
2 2
€ Ce n
< Q—E -4 E i — e g5, - )
< QR > |l +log2(n) o Y k= w250
|k|<N* |k|<N*
2 2
€ Ce
< Q=Ey > iy e /4,
= Qn 6 ‘fyk’ 10g4(n)

|k|<N*

Setting @ = n~'log?(n), we obtain,

2 2 —27.,2 2
€ L € ok log®(n)  Ce
—E 4 —wl? < —E 218 o VY2
nezm e —l” < n92|%| - +=
|k[<N* k| <N*
€ _ Ce?
< —Ep Y Iml+—
|k|<N*
This concludes the proof.
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