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This paper considers the problem of adaptive estimation of a mean pat-
tern in a randomly shifted curve model. We show that this problem can be
transformed into a linear inverse problem, where the density of the random
shifts plays the role of a convolution operator. An adaptive estimator of the
mean pattern, based on wavelet thresholding is proposed. We study its consis-
tency for the quadratic risk as the number of observed curves tends to infin-
ity, and this estimator is shown to achieve a near-minimax rate of convergence
over a large class of Besov balls. This rate depends both on the smoothness of
the common shape of the curves and on the decay of the Fourier coefficients
of the density of the random shifts. Hence, this paper makes a connection
between mean pattern estimation and the statistical analysis of linear inverse
problems, which is a new point of view on curve registration and image warp-
ing problems. We also provide a new method to estimate the unknown random
shifts between curves. Some numerical experiments are given to illustrate the
performances of our approach and to compare them with another algorithm
existing in the literature.

1. Introduction.

1.1. Model and objectives. In many fields of interests including biology, med-
ical imaging, or chemistry, observations are coming from # individuals curves or
graylevel images. Such observations are commonly referred to as functional data,
and models involving such data have been recently extensively studied in statistics
(see [40, 41] for a detailed introduction to functional data analysis). In such set-
tings, it is reasonable to assume that the data at hand Y,,, m = 1, ..., n, satisfy the
following white noise regression model:

(1.1) dY,(x) = fu(x)dx + &, dWy, (x), xeQ,m=1,...,n,

where Q is a subset of R, fm : 2 — R are unknown regression functions, and W,
are independent standard Brownian motions on 2 with &,, representing different
levels of additive noise. In many situations, the individual curves or images have a
certain common structure which may lead to the assumption that they are generated
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from some semi-parametric model of the form
(1.2) Jmn(x) = f(x, ) for x € Q and some 7, € 7 C R?,

where f:Q x 7 — R represents an unknown shape common to all the f;,’s. This
shape function (also called mean pattern) may depend on unknown individual ran-
dom parameters t,,,m = 1, ..., n, belonging to a compact set 7 of R”, which
model individual variations. Such a semi-parametric representation for the f,,’s is
the so-called self-modeling regression framework (SEMOR) introduced by Kneip
and Gasser [27]. Shape invariant models (SIM) are a special class of such models
for which (see, e.g., [27])

(1.3) Jm () = f(@(x, Tm)),

where for any 7 € 7, the function x — ¢ (x, ) is a smooth diffeomorphism of 2
and ¢ : 2 x T — Q is a known function. Models such as (1.3) are useful to account
for shape variability in time between curves (see, e.g., [19, 30]) or in space between
images, which is the well-known problem of curve registration or image warping
(see [18] and the discussion therein for an overview, [5, 6] and references therein).
SIM models (1.3) also represent a large class of statistical models to study the dif-
ficult problem of recovering a mean pattern from a set of similar curves or images
in the presence of random deformations and additive noise, which corresponds to
the general setting of Grenander’s theory of shapes [21]. The overall objective of
this paper is to discuss the fundamental problem of estimating of the mean pattern
f which can then be used to learn nonlinear modes of variations in time or shape
between similar curves or images.

1.2. Previous work on mean pattern estimation. Very few results exist in the
literature on nonparametric estimation of f for SIM models (1.3) based on noisy
data from (1.1). The problem of estimating the common shape of a set of curves
that differ only by a time transformation is usually referred to as the curve reg-
istration problem in statistics, and it has received a lot of attention over the last
two decades; see, for example, [4, 16, 17, 30, 39, 45]. However, in these papers,
an asymptotic study as the number of curves n grows to infinity is generally not
considered. Estimation of the shape function for SEMOR models related to (1.1)
and (1.2) is studied in [27] with a double asymptotic in the number n of curves
and the number of observed time points per curve. In the simplest case of shifted
curves, various approaches have been developed. Based on a model with a fixed
number n of curves, semiparametric estimation of the deformation parameters t,
and nonparametric estimation of the shape function is proposed in [31] and [44].
A generalization of this approach for the estimation of scaling, rotation and trans-
lation parameters for two-dimensional images is proposed in [6]. Estimation of a
common shape for randomly shifted curves and asymptotic in # is also considered
in [42]. There is also a huge literature in image analysis on mean pattern esti-
mation, and some papers have recently addressed the problem of estimating the
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common shape of a set of similar images with asymptotic in the number of im-
ages; see, for example, [1, 5, 32] and references therein. However, in all the above
cited papers rates of convergence and optimality of the proposed estimators for f
have not been studied.

1.3. A benchmark model for nonparametric estimation of a mean pattern. The
simplest SIM model is the case of randomly shifted curves, namely

()= f(x — 1) for x € [0, 1] and 1,,, € R,

that has recently received some attention in the statistical literature [8, 31, 42, 44].
In this paper, it will thus be assumed that we observe realizations of n noisy and
randomly shifted curves Yi,..., Y, coming from the following Gaussian white
noise model:

(14) dYn(x)=f(x —1n)dx + &, dWy(x), xel0,1],m=1,...,n,

where f is the unknown mean pattern of the curves, W, are independent stan-
dard Brownian motions on [0, 1], the &,,’s represent levels of noise which may
vary from curve to curve, and the t,,’s are unknown random shifts independent of
the W,,,’s. The aim of this paper is to study some statistical aspects related to the
problem of estimating f, and to propose new methods of estimation.

Model (1.4) 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 [25] or biology [42]. More generally, the
model (1.4) represents a kind of benchmark model for studying the problem of
recovering the mean pattern f in SIM models. The results derived in this paper
show that the model (1.4), although simple, already provides some new insights
on the statistical aspects of mean pattern estimation.

The function f:R — R is assumed to be periodic with period 1, and the shifts
T, are supposed to be independent and identically distributed (i.i.d.) random vari-
ables with density g : R — R™ with respect to the Lebesgue measure dx on R. Our
goal is to estimate nonparametrically the shape function f on [0, 1] as the number
of curves n goes to infinity.

Let L2([O, 1]) be the space of squared integrable functions on [0, 1] with re-
spect to dx, and denote by | f||> = fol | f(x)|?dx the squared norm of a func-
tion f. Assume that F C L3([0, 1]) represents some smoothness class of func-
tions (e.g., a Sobolev or a Besov ball), and let fn € L%([0, 1]) be some estimator
of the common shape f, that is, a measurable function of the random processes
Yn,m=1,...,n. Forsome f € F, the risk of the estimator fn is defined to be

R(fu, £) =Ell fu — I,
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where the above expectation E is taken with respect to the law of {Y;,,m =
1,...,n}. In this paper, we propose to investigate the optimality of an estimator
by introducing the following minimax risk

Ru(F) =inf sup R(fn, f),
fn fEF
where the above infimum is taken over the set of all possible estimators in
model (1.4). One of the main contributions of this paper is to derive asymptotic
lower and upper bounds for R, (F) which, to the best of our knowledge, has not
been considered before.
Indeed, we show that there exist constants M1, M», a sequence of reals r, =
ry (F) tending to infinity, and an estimator fn* such that

lim r,R,(F)>M; and lim r, sup ”R(fn*, f) < Ms.
n—+00 n—>+00 - rex

However, the construction of fn* may depend on unknown quantities such as the
smoothness of f, and such estimates are therefore called nonadaptive. Since it is
now recognized that wavelet decomposition is a powerful tool to derive adaptive
estimators (see, e.g., [13]), a second contribution of this paper is thus to propose
wavelet-based estimators fn that attain a near-minimax rate of convergence in the
sense there exits a constant M, such that

lim (logn) Pr, sup R(fu, f) <M,  for some 8 > 0.
n—400 feF

1.4. Main result. Minimax risks will be derived under particular smoothness
assumptions on the density g. The main result of this paper is that the difficulty of
estimating f is quantified by the decay to zero of the Fourier coefficients y, of the
density g of the shifts defined as

15 _ R (e—i2ntry _ O ionex d
(1.5) ye=E(e )= e g(x)dx
—0

for £ € Z. Depending how fast these Fourier coefficients tend to zero as |[{| — +o0,
the reconstruction of f will be more or less accurate. This comes from the fact that
the expected value of each observed process Y, (x) is given by

EYm(x)=Ef(x—tm)=/+oof(x—t)g(t)dt for x € [0, 1].

This expected value is thus the convolution of f by the density g which makes the
problem of estimating f an inverse problem whose degree of ill-posedness and
associated minimax risk depend on the smoothness assumptions on g.

This phenomenon is a well-known fact in deconvolution problems (see, e.g.,
[26, 36, 37]), and more generally for linear inverse problems as studied in [9]. In
this paper, the following type of assumption on g is considered.
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ASSUMPTION 1. The Fourier coefficients of g have a polynomial decay, that
is, for some real v > 0, there exist two constants Cpax > Cmin > 0 such that
Cminlﬂrv = |VZ| = Cmaxlgrv for all £ € Z.

In standard inverse problems, such as deconvolution, the optimal rate of con-
vergence we can expect from an arbitrary estimator typically depends on such
smoothness assumptions. The parameter v is usually referred to as the degree of
ill-posedness of the inverse problem, and it quantifies the difficult of inverting the
convolution operator. The following theorem shows that a similar phenomenon
holds for the minimax risk associated to model (1.4). Note that to simplify the
presentation, all the theoretical results are given for the simple setting where the
level of noise is the same for all curves, that is, &, =& forallm =1, ...,n and
some ¢ > 0. Finally, one also needs the following assumption on the decay of the
density g.

ASSUMPTION 2. There exists a constant C > 0 and a real « > 1 such that the
C

density g satisfies g(x) < TThF for all x € R.
Note that Assumption 2 is not a very restrictive condition as g is supposed to be

an integrable function on R.

THEOREM 1. Suppose that the smoothness class F is a Besov ball BZ’ q(A) of
radius A > 0 with p,q > 1 and smoothness parameter s > 0 (a precise definition
of Besov spaces will be given later on). Suppose that g satisfies Assumptions 1
and 2. Let p’ = min(2, p) and assume that s > 1/p’. If s > 2v + 1, then

n (]:) — n(2s)/(2s+2v+l) )

Hence, Theorem 1 shows that under Assumption 1 the minimax rate r, is of
polynomial order of the sample size n, and that this rate deteriorates as the degree
of ill-posedness v increases. Such a behavior is well known for standard periodic
deconvolution in the white noise model [26, 36], and Theorem 1 shows that a
similar phenomenon holds for the model (1.4). To the best of our knowledge, this
is a new result which makes a connection between mean pattern estimation and the
statistical analysis of deconvolution problems.

1.5. Fourier analysis and an inverse problem formulation. Let us first remark
that the model (1.4) exhibits some similarities with periodic deconvolution in the
white noise model as described in [26]. For x € [0, 1], let us define the following
density function:

(1.6) Gx)=) glx+k).

keZ
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Note that G (x) exists for all x € [0, 1] provided g has a sufficiently fast decay at
infinity; see Assumption 2. Since f is periodic with period 1, one has

+o00

1
fa=mgmdr= /0 fx — DGy dr,

and note that y, = ff;f e i o(x)dx = fol e~ 2" G(x) dx. Hence, if one de-

fines &, (x) = f(x — ) — fol f(x —1)G(r)dt and £(x) = % m—1&m(x), then
taking the mean of the n equations in (1.4) yields the model

1
dY (x) :/(; fx—1t)G(r)dtdx +&(x)dx

(1.7) .
—i-ﬁdW(x), xe[0,1],
with
2 1 ¢ 2
(1.8) == ¢,
nm:l

and where W (x) is a standard Brownian motion [0, 1].

The model (1.7) differs from the periodic deconvolution model investigated in
[26] by the error term &(x). Asymptotically, £(x) is a Gaussian variable, so this
suggests to use the wavelet thresholding procedures developed in [26] to derive
upper bounds for the minimax risk. However, it should be noted that the additive
error term £ (x) significantly complicates the estimating procedure as the variance
of £(x) clearly depends on the unknown function f. Moreover, deriving lower
bounds for the minimax risk in models such as (1.7) is significantly more difficult
than in the standard white noise model without the additive term &(x).

Now let us formulate models (1.4) and (1.7) in the Fourier domain. Supposing
that f € L2([0, 1]), we denote by 6, its Fourier coefficients for ¢ € Z, namely
O = fol e~ £ (x) dx. The model (1.4) can then be rewritten as

1 . .
Cm,¢ ::/(; e_zwnx dYp,(x) = Qee_lznhm + EmZe,m
(1.9)
=0y + 5€,m + EmZe,m

with &, = Gpe 12 — Gy, and where Z¢,m are 1.i.d. N¢(0, 1) variables, that
is, complex Gaussian variables with zero mean and such that E|zy , >=1.

Thus, we can compute the sample mean ¢; of the £th Fourier coefficient over
the n curves as

.1 -
(1.10) Co=— Y com="0uVe+ene=0pye+& +ene

m=1
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1\
n &~m=1

plex Gaussian variables with zero mean and such that E|n,|> = % The average
Fourier coefficients ¢, in equation (1.10) can thus be viewed as a set of observa-
tions which is very close to a sequence space formulation of a statistical inverse
problem as described, for example, in [9]. As in model (1.7), the additive error term
&¢ is asymptotically Gaussian, however its variance is %|9@|2(1 — |ye|*) which is
obviously unknown as it depends on f.

If we assume that the density g of the random shifts is known, one can perform
a deconvolution step by taking

with 7y = eIl £y = %Z’fnzl &r.m and where the n,’s are i.i.d. com-

(1.11) fo="=gr 41

Ve Ve Ve
to estimate the Fourier coefficients of f since, for large n, % is close to 1 by the
strong law of large numbers.

Based on the 6;’s, two types of estimators are studied. The simplest one uses
spectral cut-off with a cutting frequency depending on the smoothness assump-
tions on f, and is thus nonadaptive. The second estimator is based on wavelet
thresholding and is shown to be adaptive using the procedure developed in [26].
Note that part of our results are presented for the case where the coefficients
are known. Such a framework is commonly used in nonparametric regression and
inverse problems 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 &2; see, for example, [9, 26, 36]. In
model (1.4), 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.

1.6. An inverse problem with unknown operator. 1If the density g is unknown,
one can view the problem of estimating f in model (1.4) as a deconvolution prob-
lem with unknown eigenvalues which complicates significantly the estimation pro-
cedure. Such a framework corresponds to the general setting of an inverse prob-
lem with a partially unknown operator. Recently, some papers have addressed this
problem; see, for example, [10, 14, 23, 35], assuming that an independent sam-
ple of noisy eigenvalues or noisy operator is available which allows an estimation
of the y,’s. However, such an assumption is not applicable to our model (1.4).
Therefore, we introduce a new method for estimating f is the case of an unknown
density g which leads to a new class of estimators to recover a mean pattern.

1.7. Organization of the paper. In Section 2, we consider a linear but non-
adaptive estimator based on spectral cut-off. In Section 3, a nonlinear and adaptive
estimator based on wavelet thresholding is studied in the case of known density g,
and upper bound for the minimax risk are studied over Besov balls. In Section 4,
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we derive lower bounds for the minimax risk. In Section 5, it is explained how one
can estimate the mean pattern f when the density g is unknown. Finally, in Sec-
tion 6, some numerical examples are proposed to illustrate the performances of our
approach and to compare them with another algorithm proposed in the literature.
All proofs are deferred to a technical Appendix at the end of the paper.

2. Linear estimation of the common shape and upper bounds for the risk
for Sobolev balls.

2.1. Risk decomposition. For £ € Z, a linear estimator of the 6;’s is given by
é} = Ag%, where A = (Ag)¢ez is a sequence of nonrandom weights called a filter.
An estimator f,, » of f is then obtained via the inverse Fourier transform fn L) =
Y rez éje_"zﬂ £ and thanks to the Parseval’s relation, the risk of this estimator
is given by ”R(fn,x, =E> iz |ég — 6¢|%. The problem is then to choose the
sequence (A¢)¢ez in an optimal way. The following proposition gives the bias-
variance decomposition of R(f; 1, f)-.

PROPOSITION 1. For any given nonrandom filter A, the risk of the estimator
Ju.». can be decomposed as

N 1 1 2
@.1) R(fn,x,f)=2()»z—1)2|9z|2+;ZM%[|9z|2<— 1)+ ‘ ]

ez ez |yel? |vel

Bias Variance

Note that the decomposition (2.1) does not correspond exactly to the classical
bias-variance decomposition for linear inverse problems. Indeed, the variance term
in (2.1) differs from the classical expression of the variance for linear estimator in

e . . . 22
statistical inverse problems which would be in our notation &2 Y",;, ﬁ Hence,

contrary to classical inverse problems, the variance term of the risk depends also
on the Fourier coefficients 6, of the unknown function f to recover.

2.2. Linear estimation. Let us introduce the following smoothness class of
functions which can be identified with a periodic Sobolev ball:

Hy(A) = {f € L2([0, 11); D (1 +[€1*)16¢)* < A}
LeZ
for some constant A and some smoothness parameter s > 0, where 6, =
fol e~ 2mx £ (x) dx. Now consider a linear estimator obtained by spectral cut-off,
that is, for a projection filter of the form )\2’1 = 1¢j<m for some integer M. For an

appropriate choice of M, the following proposition gives the asymptotic behavior
of the risk R(f,, ;m, f)-
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PROPOSITION 2. Assume that f belongs to Hg(A) for some real s > 1/2
and A > 0, and that g satisfies Assumption 1, that is, polynomial decay of the
ve’s. Then, if M = M,, is chosen such that M,, ~ nV@T204D then there exists a
constant C not depending on n such that as n — 400

sup 'R,(fn wm, f) < Cn—2)/2s+2v+1)
feH(A) '

The above choice for M,, depends on the smoothness s of the function f which
is generally unknown in practice and such a spectral cut-off estimator is thus
called nonadaptive. Moreover, the result is only suited for smooth functions since
Sobolev balls Hs(A) for s > 1/2 are not suited to model shape functions f which
may have singularities such as points of discontinuity.

3. Nonlinear estimation with Meyer wavelets and upper bounds for the
risk for Besov balls. Wavelets have been successfully used for various inverse
problems [12], and for the specific case of deconvolution Meyer wavelets, a special
class of band-limited functions introduced in [34], have recently received special
attention in nonparametric regression: see [26] and [36].

3.1. Wavelet decomposition and the periodized Meyer wavelet basis. This
wavelet basis is derived through the periodization of the Meyer wavelet ba-
sis of L2(R) (see [26] for further details on its construction). Denote by ¢; ik
and v the Meyer scaling and wavelet functions at scale j > 0 and lo-
cation 0 < k <2/ — 1. For any function f of L2([0,1]), its wavelet de-

composition can be written as: f = 22]0 1C/o kPjo.k + ZJ =0 sz lﬂj KWk

where cjyx = o fF(X)Bjpx(x)dx, Bix = Jo F(X), ¥jx(x)dx and jo > 0 de-
notes the usual coarse level of resolution. Moreover, the squared norm of
f is given by |f|I*> = Ziloolczok + ZJ = ZZJ 1,82k It is well known
that Besov spaces can be characterlzed in terms of wavelet coefficients (see,
e.g., [26]). Let s > O denote the usual smoothness parameter, then for the
Meyer wavelet basis and for a Besov ball BS ¢(A) of radius A > 0 with

1 < p.q < oo, one has that B, (A) = {f € L2 ([0, 1]): (22"’ YejoxHVP 4

Z+°° 2/ (s+1/2=1/p)q (sz ! 1B; k|”)q“’)1/q < A} with the respective above
sums replaced by maximum 1f p = 00 or g = 00.

Meyer wavelets can be used to efficiently compute the coefficients ¢; x and B; x
by using the Fourier transform. Indeed, thanks to the Plancherel’s identity, one
obtains that

j,k
(3.1 Bik= Y Vi 6
@GQJ‘
where W@ = fo w jk(x)e” i2mtx gy denote the Fourier coefficients of ; j.k and

Qj={leZ Wg ;é 0}. As Meyer wavelets v/; ; are band-limited, €2; is a finite
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subset set of [—2/12¢y, =27/ co] U [27 ¢g, 2712 ¢] with ¢o = 27r/3 (see [26]), and
fast algorithms for computing the above sum have been proposed in [28] and [38].
The coefficients ¢, x can be computed analogously with ¢ instead of ¥ and 2, =

(€ € Z; )" + 0} instead of ;.
Hence, the noisy Fourier coefficients Oy given by (1.11) can be used to quickly
compute the following empirical wavelet coefficients of f as

(32) Bix= Y vi*6 and ¢jx= Y /"0

LeQ; LeQj,

3.2. Nonlinear estimation via hard-thresholding. 1t is well known that adap-

tivity can be obtained by using nonlinear estimators based on appropriate thresh-

olding of the estimated wavelet coefficients (see, e.g., [13]). A nonlinear estimator
by hard-thresholding is defined by

2J0—1 j1 27—1
(3.3) Z Eiokbjok+ D D Bjal 1Bralzraa Viks
J=Jo k=0

where the A ;’s are appropriate thresholds (positive numbers), and j; is the finest
resolution level used for the estimator. As shown by [26], for periodic deconvo-
lution the choice for j; and the thresholds A ; ; typically depends on the degree
v of ill- posedness of the problem. Following Theorem 1 in [26], to derlve rate of
convergence for fn one has to control moments of order 2 and 4 of |,B ik — Bjkl

and the probability of deviation of f; .k from B k.

PROPOSITION 3. Let 1 < p <oo, 1 <g<o0,s—1/p+1/2 >0 and
A > 0. Assume that g satisfies Assumptions 1 and 2. Then there exist positive
constants C3 and Cy4 such that for any ] >jo=>0,0<k < ZJ — 1 and all
[ € By (A), Elejyx — Cokl* < Bjxl* < C3 " and IE|,8J kK —

4 2j4v 2j(4v+1)
Bikl" < Ca(=5 +

)

n

Proposition 3 shows that the variance of the empirical wavelet coefficients is

. 2jv . . . . .
proportional to % which comes from the amplification of the noise by the in-
version of the convolution operator. The choice of the threshold A; x is done by

controlling the probability of deviation of the empirical wavelet coefficients B ik
from the true wavelet coefficient 8; x which is given by the following proposition.

PROPOSITION 4. Let f € B;,’q(A), n>1and j > 0. Suppose that g satis-

fies Assumption 2. Let n > 0. For j >0 and 0 <k <2/ — 1 define the following
threshold:

21
(3.4) A= 4 =20, 21080
n
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with 0]2 =2"Jg? Zeer |yg|_2. Then, for all sufficiently large j,
P(1Bjk — Bjkl = 1j) <2n7".

Note that the level-dependent threshold (3.4) corresponds to the usual universal
thresholds for deconvolution problem based on wavelet decomposition as in [26].
Then, using the thresholds A ;, we finally arrive at the following theorem which
gives an upper bound for the minimax risk over a large class of Besov balls.

THEOREM 2. Assume that g satisfies Assumptions 1 and 2. Let j1 and jo be
the largest integers such that 27" < (n log(n)_l)l/(2”+]) and 20 < log(log(n)).
Let fnh be the nonlinear estimator obtained by hard-thresholding with the above
choice for j and jo, and using the thresholds A ; defined by (3.4) with n > 2. Let
l<p<oo,1<g<ooand A>0.Let p=min(2, p),s'=s+1/2—1/p, and
assume that s > 1/p’.

Ifs>= Qv+ 1D)(1/p—1/2), then

N 2s
h 2 —(25)/(2s+2v+1) B : _
su — =0(n logn with 8 = .
feB;E<A) Ify — [l ( (logn)”) B P

If s < v+ 1)(1/p —1/2), then

sup ”ﬂh _ f”2 — O((n—l log(n))(zs’)/(ZS’_sz))‘
FeBy ()

In standard periodic deconvolution in the white noise model (see, e.g., [26]),
there exist two different upper bounds for the minimax rate which are usu-
ally referred to as the dense case [s > (2v + 1)(1/p — 1/2)] when the hard-
est functions to estimate are spread uniformly over [0, 1], and the sparse case
[s < 2v+ 1)(1/p — 1/2)] when the worst functions to estimate have only one
nonvanishing wavelet coefficient. Theorem 2 shows that a similar phenomenon
holds for the model (1.4), and to the best of our knowledge, this is a new result.

4. Minimax lower bound. The following theorem gives an asymptotic lower
bound on the minimax risk R, (BIS,’ 4(A) for a large class of Besov balls.

THEOREM 3. Letl <p <o0,1 <q <ooand A > 0. Suppose that g satisfies
Assumption 1. Let p’ = min(2, p). Assume that s > 1/p’ and v > 1/2.

If s> Qv+ 1)(A/p—1/2) and s > 2v + 1 (dense case), there exits a constant
M depending only on A, s, p, g such that

Ra(B3 ,(A)) = Myn~ @/ &FT2HD g5y — oo,
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In the dense case, the hardest functions to estimate are spread uniformly over
the interval [0, 1], and the proof is based on an adaptation of Assouad’s cube tech-
nique (see, e.g., Lemma 10.2 in [22]) to the specific setting of model (1.4). Lower
bounds for minimax risk are classically derived by controlling the probability for
the likelihood ratio (in the statistical model of interested) of being strictly greater
than some constant uniformly over an appropriate set of test functions. To derive
Theorem 3, we show that one needs to control the expectation over the random
shifts of the likelihood ratio associated to model (1.4), and not only the likelihood
ratio itself. Hence, the proof of Theorem 3 is not a direct and straightforward adap-
tation of Assouad’s cube technique or Lemma 10.1 in [22] as used classically in
a standard white noise model to derive minimax risk in nonparametric deconvolu-
tion in the dense case. For more details, we refer to the proof of Theorem 3 in the
Appendix.

Deriving minimax risk in the dense case for the model (1.4) is rather difficult
and the proof is quite long and technical. In the sparse case, finding lower bounds
for the minimax rate is also a difficult task. We believe that this could be done by
adapting to model (1.4) a result by [29] which yields a lower bound for a specific
problem of distinguishing between a finite number of hypotheses (see Lemma 10.1
in [22]). However, this is far beyond the scope of this paper and we leave this
problem open for future wok.

5. Estimating f when the density g is unknown. Obviously, assuming that
the density g of the shifts is known is not very realistic in practice. However, esti-
mating f when the density g is unknown falls into the setting of inverse problems
with an unknown operator which is a difficult problem. Recently, some papers
[10, 14, 23, 35] have considered nonparametric estimator for inverse problem with
a partially unknown operator, by assuming that an independent sample of noisy
eigenvalues is available which allows to build an estimator of the y;’s. In the set-
tings of these papers, the distribution of the noisy eigenvalues sample is supposed
to be known (typically Gaussian). However, in model (1.4), such assumptions are
not realistic, and therefore a data-based estimator of g has to be found. For this pur-
pose, we propose to make a connection between mean pattern estimation in model
(1.4) and well-known results on Frechet mean estimation for manifold-valued vari-
ables; see, for example, [2, 3].

5.1. Frechet mean for functional data. Suppose that Zy, ..., Z, denote i.i.d.
random variables taking their values in a vector space V. As V is a linear space
(with addition well defined), an estimator of a mean pattern for the Z,,’s is given
by the usual linear average Z, = % m—1 Zm. However, in many applications,
some geometric and statistical considerations may lead to the assumption that two
vectors Z, Z' in V are considered to be the same if they are equal up to certain
transformations which are represented by the action of some group H on the
space V. A well-known example (see [2, 3] and references therein) is the case
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where V = R?>** the space of k points in the plane R?, and H is generated by
composition of scaling, rotations and translations of the plane, namely

h7—a (ces@ —sin9> Z4b
sinf  cosf
for h = h(a,0,b) € H, with (a,0,b) € RT x [0,27] x R2. In this setting, two
vectors Z, Z' € R>** represent the same shape if
dy(z,7') = inf |Z —h(a,0,b) - Z'|gx =0

(a,0,b)eRTx[0,27]xR2
which leads to Kendall’s shape space E§ consisting of the equivalent classes of
shapes in R2** under the action of scaling, rotations and translations (see, e.g.,
[2, 3] and references therein). Since the space 212‘ is a nonlinear manifold, the
usual linear average Z, does not fall into Ek due to the fact that the Euclid-
ean distance | - [|g2x« is not meaningful to represent shape variations. A better
notion of empirical mean Z of n shapes in R?>*¥ is given by (see, e.g., [2]):
Z =arg mrnZ€212< Ly (Z Z). More generally, Frechet [15] has extended
the notion of averaging to general metric spaces via mean squared error minimiza-
tion in the following way: if Z1,..., Z, are i.i.d. random variables in a general
metric space M, with a distance d : M x M — R, then the Frechet mean of a
collection of such data points is defined as the minimizer (not necessarily unique)
of the sum-of-squared distances to each of the data points, that is

Zy = argmrn— Z dZ(Z Zm).

ZeM nml

Now let us return to the randomly shifted curve model (1.4). Define H =R as the
translation group acting on periodic functions f € L*([0, 1]) with period 1 by

T-fx)=f(x+71) forxe[0,1]and T € H.

Let Yy, ..., Y, be n functions (possibly random) in L2([0, 1]). Following the defi-
nition of Frechet mean, a notion of average for functional data taking into account
the action of the translation group H = R would be

fu= argmin 1 min f @) = Yo (x + 1) Pl
FeL2((0.1) " fm

If the Y;,,’s are noisy curves generated from the randomly shifted curve model (1.4),

a presmoothing step of the observed curves seems natural to compute a consistent

Frechet mean estimate. In the case of the translation group, this smoothing step

and the definition of Frechet mean can be expressed in the Fourier domain as

~ ~ 1 .
(5.1) By .-, 00) = arg min me > lem,ee® T — 0,2,

(O s-rBeg) RO T 2y T €R
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where ¢, = | p—2itnx dY,(x) and £op is some frequency cut-off parame-
ter whose choice will be discussed later. A smoothed Frechet mean is then
given by fn,go 2 oie1=to Bpe247 Then define the following criterion for 7 =
(t1,...,Ty) € R™:

52 Mu(v)=- Z >

m 114]<¢y

2

’

(< ;
204wty 2ilmt,
Cm,0€ - — Cg.0€ q
n Z g,
g=1

and remark that the computation of 7,, ¢, can be made in two steps since it can be
checked that 8 = % do—iCm, 02t \where

(5.3) (T1,...,Tp) = argmin M,(ty,..., Ty).
(T1y.0yTn) ER?

Therefore, computing the Frechet mean of the smoothed curves Y1, ..., ¥, requires
minimization of the above criteria which automatically yields estimators of the
random shifts 7y, ..., 7, in model (1.4). This allows us to construct an estimator
of the common shape f by f~n ¢, 1n the case of an unknown density g, and the
estimates (%1, ..., T,) of the random shifts can be used to estimate the density g
itself and the eigenvalues y,. The goal of this section is thus to study some statis-
tical properties of such a two-step procedure which, to the best of our knowledge,
has not been considered before in the setting of model (1.4) and in connection
with Frechet mean for functional data. Moreover, it will be shown in our numeri-
cal experiments that the criterion (5.3) can be minimized using a gradient-descent
algorithm which leads to a new and fast method for estimating f in the case of an
unknown density g.

5.2. Upper bound for the estimation of the shifts. Recall that our model (1.4)
in the Fourier domain is

(5.4) Cmo=0pe P L g7y, LeZform=1,....n

where z¢ , are i.i.d. Nc(0, 1) variables, the random shifts 7', m =1, ..., n, are

i.i.d. variables with density g, and 6; = [y f(x)e ™27t dx. Model (5.4) is clearly
nonidentifiable, as for any 7y € R, one can replace the 8;’s by 6ye'>7¢™ and the 7,/ ’s
by 7,7 — 10 without changing the formulation of the model. Let us thus introduce
the following identifiability conditions.

ASSUMPTION 3. The density g has a compact support included in the interval
T = [—}1, %] and has zero mean, that is, is such that [ tg(t)dt =0

ASSUMPTION 4. The unknown shape function f is such that 6y £ 0.

Let 7, ={(t1,...,7,) € 7" such that Y m—1 Tm = 0}. Using the identifiability
condition given by Assumption 3, it is natural to define estimators of the true shifts
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Tf,..., T, as

T=(11,...,1,) = argmin M, (t),
€T,
that is, by considering the estimators that minimize the empirical criterion M, (7)
on the constrained set 7 ,,. Then the following theorem holds.

THEOREM 4. Suppose that Assumptions 3 and 4 hold. Then for any t > 0

(5.5) P(l Z (T — ‘L';,';)2 > C(f, Lo, e, n,t, g)) <3exp(—t)
n

m=2

with C(f, Lo, &,n,t,8) = 4max[Ci(f, Lo)(v/Ca(e, n, Lo, 1) + Cale, n, Lo, 1)),
C3(t,n, g)l, where C1(f, o) is a positive constant depending only on the shape
function f and the frequency cut-off parameter £y,

200+ 1 2
07_{—1‘ + 28_t
n

2
Ci(t,n,g) = 20g;+m with o, :/TT g(r)dr.

Theorem 4 provides an upper bound (in probability) for the consistency of
the estimators 7, of the true random shifts t,,m = 2,...,n, using the stan-
dard squared distance. Note that since the minimum of M, (t) is computed on
the constrained set 7 ,, it follows that | = — > _» Tm. However, one can re-
mark that as n — +o00, the constant C(f, £g, &, 1, t, g) in inequality (5.5) tends
to 4C(f, 20)(6%2(2¢0 + 1) + £/2€0 + 1). This shows that ,,,m = 2, ..., n, are
not consistent estimators in the sense that inequality (5.5) cannot be used to prove
that lim,,—, 4o % S _5(Zm — 75)? = 0 in probability. On the contrary, inequality
(5.5) suggests that there exists a constant C > 0 such that % e (Tm — tn”;)2 >
C(e2(20y + 1) + £4/209 + 1) with positive probability, and that the accuracy of
the estimates 7,,,m = 2, ..., n, should depend on the level of noise &% and the
frequency cut-off £.

The choice of the frequency cut-off £¢ used to compute these estimators is a
delicate model selection problem. Theorem 4 suggests that this choice should de-
pend on n and the level of noise &, but finding data-based values for £¢ remains a
challenge that we leave open for future work.

Ca(e,n, 0o, 1) =220 + 1) + 262

and

5.3. Lower bound for the estimation of the shifts. Let us now prove that the
consistency of any estimate of the random shifts in model (5.4) is limited by the
level of noise £2 in the observed curves. For this, let us make the following smooth-
ness assumptions.
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ASSUMPTION 5. The function f is such that Y, (27 £)?|6,|? < +o0.

ASSUMPTION 6. The density g is compactly supported on a interval 7 =
[Tmin» Tmax] such that lim; ¢ ; ¢(7) =lim; -, g(t) =0

Then, using general results on the Van Tree’s inequality [20] in model (5.4), the
following theorem holds.

THEOREM 5. Denote by X = (¢ ¢)eez.m=1,...n the set of observations taking
values in the set X = C*®°*", Let T" = 1" (X) denote any estimator (a measurable
function of the observations X) of the true shifts (t1, ..., t,). Then, under Assump-
tions 5 and 6,

2
&
El = —
<nm§<’ § )> S ez @r 021002 + €2 [7(8/7 log g(1)2g (1) dT”

Clearly, Theorem 5 shows that as n — +o00 then E(% Y1 (T — r;;)z) does
not converge to zero which explains the results obtained in Theorem 4 on the con-
sistency of the estimators t,,,, m = 2, ..., n, based on Frechet mean for functional
data. Note that Assumption 5 can be avoided if one only considers estimators
140 of the shifts based on the observations cme form=1,...,n and |[£| < £y
in model (5.4). In this case, the lower bound in Theorem 5 becomes

( Z(A” o ) > e .
T Y ie<ey Q21001 + €2 [1(8/0T log g(1))*g(T) dT

5.4. Estimation of the mean pattern f and the density g. An estimator of the
eigenvalue y; is given by

1 & iy pa
56 5 —i2mlTy,
(5.6) Ye nE e

m=2

for |£] < £y and an estimator for the density g is naturally given by g(x) =
2 ie1<to pee” 27t The mean pattern f can be estimated by the smoothed Frechet
mean f,_ ¢, defined in Section 5.1, but following the results in Section 3 on nonlin-

ear wavelet-based estimation, two other estimators for f can be defined: the first
one is given by

2/0—1 1 2/-1
(5.7) fnl— Z C]0k1¢]ok+ Z Z ,Bjkl {lﬂjk1‘>)"jl}¢] ks
J=Jo k=0

where B k1= Yieq; wzj’ 61 and Cio k1l = Yeeq, ¢e° 6y with 6, =

(430 i cem), and
) [on1
hjy =26 2nlog(n)
n

1«
Ve
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is the threshold suggested by the expression (3.4) of A; with 6*1.2 =277g% x

ZZEQ |7¢]72. A second estimator is given by first realigning the curves using the
es‘umators of the shifts, namely,

2401 J1 2/-1
(5.8) fn2— Z Cjok2¢j0k+ Z Z ﬂ]k2 “3 k2|>)hj2}w]k,
J=Jjo k=0

2 J-kA A Jo.k A .
where fj k2 =2 eq; Vi G2 and Cjor2 =3 req, ¢ Or2 with
~ 1 . N
9(,2 = ; Z C&mezZnZIm’

and A j,2 1s a threshold whose choice would depend on the law of the B k2’8,
Studying the consistency and the rate of convergence of the estimators fn,l and
fn.2 1s a difficult task. Indeed the results in Section 3 have been derived using the

fact that the law of the wavelet coefficients ,3 .k and Cj, x given by (3.2) is known
which allows the calibration of the threshold A ; in (3.4). Thus, we simply suggest

to take A j2= A j,1- Extending the asymptotic results of Section 3 remains a chal-
lenge that is beyond the scope of this paper. Moreover, the results of Theorems 4
and 5 suggest that the estimators f; 1 and f, » could be consistent by consider-
ing a double asymptotic setting with n — 400 and € — 0 which is an interesting
point of view for future work that certainly leads to different minimax rates of
convergence.

6. Numerical experiments. We compare our approach with the Procrustean
mean which is a standard algorithm commonly used to extract a mean pattern.
The Procrustean mean is based on an alternative scheme between estimation of
the shifts and averaging of back-transformed curves given estimated values of the
shifts parameters; see, for example, [27, 45]. To be more precise, it consists of an
initialization step fo == Z —1 Y which is the simple average of the observed
curves, that is taken as a first reference mean pattern. Then, at iteration 1 <i <
imax, it computes for all 1 <m < n the estimators 7,, ; of the mth shift as 7, ; =
argmingeg ||V (- + 7) — f,-_l | and then takes fi(x) = %ZZZI Yin(x + Tp.i) as
a new reference mean pattern. This is repeated until the estimated reference curve
does not change, and usually the algorithm converges in a few steps (we took
imax = 3). In all simulations, we used the wavelet toolbox Wavelab [7] and the
WaveD algorithm developed by [38] for fast deconvolution with Meyer wavelets.

6.1. Shift estimation by gradient descent. Let us denote by VM, (t) € R"
the gradient of M, (r) at T € R". This gradient is simple to compute as for
m=1,...,n:

EM (1’)_—— Z gh|:2l7T£Cg memﬂ’”(;;C&qemm")}-

o<ty
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In practice, to estimate the shifts, the criterion M, (t) is minimized by the follow-

ing gradient descent algorithm with the constraint that 7j = — Y7 _, Tt
Initialization: let T9 =0 e R", §y = m, M(0) = M, (z?) and set p=0.
Step 2: let " = t? —§,VM,(z?) and 7/ = e T,
LetM(p+1)=M, (tnew)
While M(p + 1) > M(p) do
n
§p=208p/k and TV =1"—-§,VM, (") with 7" = Z ",

and set M(p + 1) = M, (z™V).

End while

Then, take 77! = 7"V,

Step 3:it M(p) —M(p+1)>p(M({)—M(p—+1)) thenset p=p+1and
return to Step 2, else stop the iterations, and take 7 = 771,

In the above algorithm, p > 0 is a small stopping parameter and x > 1 is a
parameter to control the choice of the adaptive step J,.

6.2. Estimation with an unknown density g. For the mean pattern f to re-
cover, we consider the four tests functions shown in Figures 1(a)-4(a). Then, we
simulate n = 200 randomly shlfted curves with shifts following a Laplace distri-
bution g(x) = fT exp(— f ) 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 Figures 1(b)—4(b) for each test func-
tion, and the average of the observed curves, referred to as the direct mean in what
follows, is displayed in Figures 1(c)—4(c). Note this gives a poor estimator of the
mean pattern.

The Fourier coefficients of the density g are given by y; = 77z Which cor-

FEre
responds to a degree of ill-posedness v = 2. An estimator 7, of y, can be computed
as explained in Section 5 using the gradient descent algorithm described in Sec-
tion 6.1. In our simulations, we took the arbitrary choice £y = 3 for the frequency
cut-off which gives satisfactory results in the numerical experiments.

To compute the threshold, )AL 1 =X j,2 used in the deﬁnition of fn 1 and f,, 2 (see
Section 5) one has to estimate 2. This is done by taking & 1 " _ 82, where
the variance sm of the noise for the mth curve is easily estlmated usmg the wavelet
coefficients at the finest resolution level. Note that such thresholds are quite simple
to compute using the fast Fourier transform and the fact that the set of frequencies
2 can be easily obtained using Wavelab. Finally, we have found that choosing n
between 1 and 2 to compute A j,1 gives quite satisfactory results.

Then we took jo = 3 & log,(log(n)), but the choice j; ~ ﬁ logz(log%) is
obviously too small. So in our simulations, j; is chosen to be the maximum reso-
lution level allowed by the discretization, that is, j; =log,(N) — 1 =7. For each
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F1G. 1.  Wave function. (a) Mean pattern f, (b) sample of 10 curves out of n = 200, (c) direct mean,
deconvolution by wavelet thresholding with (d) fy, 1 and (e) fy 2, (f) Procrustean mean.
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FIG. 2. HeaviSine function. (a) Mean pattern f, (b) sgmple of 10 curves out of n =200, (¢) direct
mean, deconvolution by wavelet thresholding with (d) f,, 1 and (€) fy 2, (f) Procrustean mean.
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FIG. 3. Blocks function. (a) Mean pattern f, (b) sample of 10 curves out of n =200, (c) direct
mean, deconvolution by wavelet thresholding with (d) f,, 1 and (e) fy 2, (f) Procrustean mean.

FIG. 4. Bumps function. (a) Mean pattern f, (b) sarAnple of 10 curves out of n =200, (c) direct
mean, deconvolution by wavelet thresholding with (d) f, 1 and (e) fy 2, (f) Procrustean mean.
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test function, the estimators fAn, 1, fn,z are displayed in Figures 1(d)(e)—4(d)(e). The
Procrustean mean is displayed is Figures 1(f)—4(f). One can see that the results are
rather satisfactory for fn, 1 and the Procrustean mean. Clearly, the best results are
given by the estimator fn,z which gives very good estimates of the function f
particularly for functions with isolated singularities such as the Blocks and Bumps
functions in Figures 3 and 4. It should be noted that these results are obtained in the
case of an unknown density g which shows the quality of the procedure proposed
in Section 5 to estimate the shifts and the y,’s. For reasons of space a detailed
simulation study is not given, but it has been found that the good performances of
the wavelet-based estimator remain consistent across other standard test signals.

7. Conclusions and future work. This paper makes a connection between
mean pattern estimation and the statistical analysis of inverse problems for a very
simple model with shifted curves. A natural extension would be to consider more
complex deformations in SIM models such as the homothetic shifted regression
model proposed in [44], or the rigid deformation model for images considered
in [6]. The results obtained on the nonconsistency of the estimation of the shifts
can be elaborated in future work on deformable models for signal and image analy-
sis. In particular, it would be interesting to obtain similar results for more general
deformation parameters in SIM models. Another interesting question in such mod-
els is whether one can estimate an unknown mean pattern consistently even if it is
impossible to construct consistent estimators for the deformation parameters such
as the random shifts in model (1.4).

Another promising approach would be to consider a double asymptotic setting
with n — +00 and ¢ — 0 to study the consistency and rate of convergence for
estimators of the mean pattern and the unknown density g.

APPENDIX
In what follows, C will denote a generic constant whose value may change from

line to line.

PROOF OF THEOREM 1. It follows immediately from Theorems 2 and 3. [J

% 1
PROOF OF PROPOSITION 1. Letk; = (% —1)0¢ and ¢, = %(ﬁ > Zem)

for all £ € Z. Then, for a given filter X, the risk R( fn, 2, f) can be written as

Rfuss )= (e — D20} + EDZIke|* + Afleenl*]
LeZ

+ Ae(he — DE[Ogke + Oece] + Ae(he — DE[OgEe.n + O n]

+ A2E[K &0 + KeEon)-
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Now using the fact that «; and ¢, are independent and that Egy , = 0, we obtain
that

; 202 L2 2wl Pe P AE
R(fn,x,f)=2[(le—1) 602 + 2210028 7 1 2}
keZ Ye nlyel
1 n-—1
= 0 — D210 + 322160, ( —+—Vm/—e)—1
el teZ lvel* \n n
A2e?
Y
oz, vl
1 &2
=Y (e —1)? |eg|+2 — =1+ —]
ez tez " Vel Vel

which completes the proof. [J

PROOF OF PROPOSITION 2. From Proposition 1 it follows that

R(fusm. =Y B2+ > <|95|2(|y%|2—1>+i>.

2
16> M, ™ o=m, el

By assumption f € H (A), which implies that there exist two positive constants
Cy and C; not depending on f and n such that for all sufficiently large n,
210> M, 16¢]? < Can_zs and % 2 oi01=M, |6¢|? < Con~!. Now, given that g satisfies
Assumption 1, it follows that there exists a positive constant C3 not depending on

2 2
f and n such that for all sufficiently large n, 1 Y1, wlil/;; < Cin~ M2+

Hence, the result immediately follows from the choice M, ~ n!/Z+2v+D which
completes the proof. [

For the proofs of Propositions 3 and 5, let us remark that that 8, — B =
Z1 + Z, with
vl
(A.1) =3y vl 9@<—— ) and Zr=¢ ) ﬁ’”‘

LeQ; e

Under Assumption 2, G(x) =) _,,c7 8(x + m) exists for all x € [0, 1] and is a
bounded density. Throughout the proof, we use the following lemma whose proof
is straightforward.

LEMMA 1. Leth e L%*([0,1]) be a L-periodic function on R. Then, [p h(x) X
g(x)dx = [} h(x)G(x)dx.
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PROOF OF PROPOSITION 3. First note that since | Kl <277/2 and Qj C
[—2/%2¢g, —27c] U [27 ¢, 2712 ¢o] (see [26]) it follows that #{Q;} < 472/ and
that under Assumption 1, |y¢|~2 ~ 2%V for all £ € Q. This implies that there
exists a constant C > 0 such that

Jik 2
(A.2) > Vi

teq; Yt

1//
Ve

< C2Jv+1/2)

<C2%"  and Z
LeQ;

Then, we need the following lemma which shows that the Fourier coefficients 6, =
fol e Zitmx f(x)dx are uniformly bounded for all f € B;, q(A).

LEMMA 2. Letl <p<oo,1<g<o0,s—1/p+1/2>0and A > 0.
Then there exists a constant A" > 0 such that for all f € B, ,(A) and all L € Z,
e < A”.

PROOF. Since |¢Zo’k| <27J0/2 and |1/fg’k| < 27J/2 one can remark using the
Cauchy—Schwarz inequality that for any jy > 0,

2J0 1 . +o0 2/ —1 -

Jos Js

10,] < Z ol T+ > > 1Bjxllv ™

Jj=Jo k=0
2J0—1 1/2 21 1/2
2
s(z |c,-0,k|) +z(zw,k|) |
k=0 Jj=Jo

Now, using the inequality (3", |a,|})!'/? < m/2=V/P+(™  |a,|P)V/P for
¢,-norm in R™ it follows that |§,] < 2/0/2= l/p)+(2210 1ICJOkI‘D)l/p +

J—
;FCXJDO 0J(1/2— 1/17)+(22 1|/3]k|17)1/17

Since f € Bj, ,(A), one has that (ZZJ o 1B kIP)P < A2 H12=1/P) gang
(ZZJO L Jok|p)1/P < A which implies that |0y] < A2/00/2=1/P+ 1 A x

Z, 252 J(s+1/2=1/p=(1/2=1/P)+) ‘Taking, for instance, jo = 0 completes the proof
since by assumption s +1/2—1/p > 0. O

An upper bound for E|;§j,k — ﬁj,k|2 (the proof to control E|Cj, x — Cjo,k|2 fol-
lows from the same arguments): from the decomposition (A.1) it follows that
ElBjx — Bjxl> < 2E|Z|* + 2E|Z,|?. Since n, are ii.d. Nc(0, 1/n), the bound
(A.2) implies that

2jv
(A3) E|Zy|" < C=

Then let us write Z; = 2 Y% | (W,, — EW,,) with Wy, = hj (1) and hj (1) =

J.k
0 _; : ,
Z@er %e"znh for T € R. By independence of the t,’s, one has that
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E|Z|*> < %E|W1 |>. Applying Lemma 1 with h = hjr and since the density G
is bounded, it follows that

ElW,? = /R (D)2 () dT

1 1
(A4) - /0 (PG dT < C /0 (D) d

Jki214 12
<C Z [y 1710

2
=

’

where the last inequality follows from Parseval’s relation. Then, using the bound
(A.2) and Lemma 2, inequality (A.4) implies that there exists a constant C such
that for all f € B‘]‘,’q (A)
2 2jv
22j
(A.5) EZ2 <L Vi 2' <Cc——.
nica, 7l n

Hence, using the bounds (A.3) and (A.5), it follows that there exists a constant C
A 2jv
such that for all f € Bfw (A), E|Bjx — ﬂj,k|2 < C%.
An upper bound for E|B; r — Bj, x|*: from the decomposition (A.1) it follows
that E|ﬂj K — ,B] Wr < C(JElZl |* + E|22|4) As Z, is a centered Gaussian variable
with variance 8 ZZEQ |W ?<CEi- 2 , one has that

2j4U
(A.6) E|Zyf* < C—
n

Jik
Then remark that Z; = 1 =2 m=1 Ym With ¥, = Zeesz, Vi e (e 27ttn _ 1), and

recall the so-called Rosenthal inequality for moment bounds of i.i.d. variables [43]:
if X1,...,X, are ii.d. random variables such that EX; = 0, IEX? < o2, there

exists a positive constant C such that E| Z;le Xj/nl4 < C(c*/n®> +E|X|*/n?).
Now remark that EY;, = 0, and arguing as previously for the control of E|W; |2,

see (A.4), it follows that E|Y,,|?> < C2%/¥ where C is constant not depending on f.
Then remark that

Ejv* < c( [ ihixite@ar + |ﬂjk|“)

vlto,
with A x (1) = Z b T pmidmtr
@EQJ‘ Ve

and that
/ 1D g (@) dt < sup{lh;x(0)) f 1.1 (0) P (1) d.
R TeR R
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174 ||9z|
el

C Zeegj “fl)fel < C2/0*+1/2) yniformly for f € B, ,(A). Then, arguing as for the

control of E|W|?, see (A.4), one has that [ |h;«(t)|>g(z) dt < C2%/¥, which fi-
nally implies that E|Y;|* < C2/@+D since |Bjk| < C uniformly for f € Bz’q(A).
Then, using Rosenthal’s inequality, it follows that there exists a constant C such
that for all f € B,Sa,q(A)

Note that usmg (A.2) and Lemma 2, it follows that |h; (T)| < ZEEQ

2]41} 2j(4v+l)
)

(A7) E|Z;|* <C(

which completes the proof for the control of E| ,3 ik — Bjk |4 using (A.6) and (A.7).
O

A.1. Proof of Proposition 4 and Theorem 2. First, let us prove the following
proposition.

PROPOSITION 5. Let f € L?>([0,1]),n > 1 and j > 0. Suppose that g satisfies
Assumption 2. For 0 <k <2/ — 1 and 6, = fol F(x)e 2 dx | define

i _ _j 161
oF=2712 3 |7t Vi=liglle2 ™ Y
eQ; req, 172l
and
5 -0~ j/2 Z 0|
rea, 172l

with ||g|loo = sup,crig(x)}. Let t > 0, then,

/7 |2V
<|,3] k= Bjkl = 2maX(Uj +9; —)) <2exp(—t).

PROOF. Let u > 0, and remark that from the decomposition (A.1) it follows

P(IBjx — Bkl = u) P(Zi| = u/2) + P(1Z2| = u/2).

Recall that the n,’s are 1.i.d. N(C (0, 1/n). Hence, Z, is a centered Gaussian variable
with variance ES ZZEQ |W 1> < no] , with o =27J¢g? ZEEQ ly¢|~2, which
implies that (see, e.g., [33]) for any t >0

(A.8) IP’<|ZZ| ZGJ\/%) <2exp(—t).
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By definition,
1 n

~ —i2lTy,
= — e ,
re=—2.

m=1

J.k
and thus Z; = %Z% | (Wi — EWp) with Wy =3 ycq, w"’ eze_ﬂ”hm Remark
that W, are random variables bounded by §; =277/2%", ¢ |9£| . Moreover, using

jlyel
J.k
Lemma 1 with & =h k(7) = ¥ yeq, wy % o=127L7 for 7 € R it follows that
k121012
v 1216
EIWIP = [ hja(Pe@dr < Gl 3 o < V7,
R tec; Ird

k
where V2 = [lglloc2™ Ypec, 2L, since [ < 27972 and ligllos = G loc.

Hence, from Bernstein’s 1nequahty it follows that for any ¢ > 0 (see, e.g., Proposi-
tion 2.9 in [33])

2Vj2t t
(A.9) Pl1Z1]| = —— + 85— ) <2exp(—1).
n 3n

[2v?
Taking u = 2 max(o j@ , T’t +34; ﬁ) for ¢ > 0 concludes the proof of Propo-
sition 5. [

Proposition 5 would suggest to take level-dependent thresholds of the form

2V}

for some constant > 0. The first term in the maximum (A.10) is the classical uni-
versal threshold with heteroscedastic variance ch2 which corresponds to an upper

bound of the variance of the Gaussian term ¢ ZEEQ in the expression of f; k-
However, the second term in the maximum (A. 10) depends on the modulus of
the unknown Fourier coefficients 6;, and thus the thresholds )»j cannot be used in
practice.

Fortunately, the computation of the threshold )Ljf’ « can be simplified using the
following arguments. Since there exist two constants Cy, Cy such that for all £ €
Q;, C12/ < ¢ < Cp2) and since lim¢| 400 6¢ = 0 uniformly for f € B;‘Lq(A) it
follows that as j — 400

_j 16¢1
Vi=lglle2™

=o(27 X inl?) = ot}

LeQ; Iyel? eQ;
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Also, if f € Bls,’q(A) then Zeer 16¢|*> = o(1) as j — —+o0, and thus by the
Cauchy—Schwarz inequality, then as j — 400,

—ii2 5 10 2\
=22 3 <) (
EEQ]'

rea, 172!

12
3 |yz|—2) — 0(o}),

EGQJ'

which finally implies that Aj =o0(Aj) as j — +o00 where A; = 20 Znlog(n)

Hence, if one chooses jp to be slowly growing with n [e.g., jo = log(log(’;ft))],
or avoid thresholding at very low resolution levels, then the threshold A; can be
used instead of A;’f whose computation would require an estimator of the |6;|’s.

Combining Propositions 3 and 5, the above remarks on the thresholds A ; and A%,
and by arguing as in the proof of Theorem 1 in [26], then Proposition 4 and Theo-
rem 2 follow.

A.2. Proof of Theorem 3. Let us fix a resolution j > 0 whose choice will be

fj.ndefinedas f;, =vy; Zizigl MYk, where y; = ¢27/¢+1/2) Jand ¢ is a positive
constant satisfying ¢ < A which implies that f;, € B;’q(A). For some 0 <i <
2/ — 1 and n € {£1}?¥, define also the vector ' € {£1}% with components equal
to those of 1 except the ith one.

Let ¥« * g(x) = g ¥jx(x —u)g(u)du. By Parseval’s relation, one has that
1k * g||2 = Zeegj|¢‘€”k|2|yg|2. Hence, under Assumption 1 of a polynomial

decay for y, and using the fact that |y/-K| < 277/2 for Meyer wavelets (see [26])
it follows that there exists a constant C such that [y x x gl> <c272iv,

A.2.1. Asymptotic settings. We set the resolution j = j(n) to be the largest
integer satisfying 2/ < p!/2s+2v+1D) ‘However, to simplify the presentation, the
dependency of j on n is dropped in what follows. The definition of f; ,, y; and
the bound ||y x * gl> < C2727" thus imply that

yi = O(nf(s+1/2)/(2s+2v+1))

and
”fj,n ||2 = O(n_(zs)/(2s+2v+1))’

I fin*gl* =

2
v S i *g)H = O 22/ Cs D),
k

1(fion = Fjg) * &I = 112yjmi (Frji % @)1 = O(7272") = O™ ).
From the above equations, we can thus conclude that n|(fj, — f; i) * gl =

O(1), but note that the term n|| f; , * g||2 does not converge to 0. At last, observe
that by assumption s > 2v + 1 which implies that n|| fj , * glI> = 0, n||(fj., —

Fii) * & 10l £y » Il = O and nl 911> — 0.
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A.2.2. Likelihood ratio. Let F(Y) be real valued and bounded measurable
function of the n trajectories ¥ = (Y1, ..., ¥;). Because of the independence of
the 7;’s and the W;’s, we have that

Ef[F(Y)]= /Rn ErwlFMlti=11,..., tw =1ty]g(t1) dty - - g(tn) ditn,
where [ ¢ denotes the expectation with respect to the law of ¥ = (Yy,...,Y,)
when f is the true hypothesis, and [E 7,y is used to denote expectation only with
respect to law of the Brownian motions Wy, ..., W, where the shifts are fixed and

f is the true hypothesis. Now using the classical Girsanov formula it follows that
for any function & € L2([0,1])

EAFM) = [ Enwl POt =t 5 = )80 (£ g0 dtr - gt diy
=EA[F (V) An(f, )],

where A, (f, h) is the following likelihood ratio:
oo 1 2
An(fih) = ]‘[exp(/ (£ =) = hx = )Y, ) + 3 1417 = S11F):
In what follows, fj is used to denote the hypothesis f = 0.

A.2.3. Technical lemmas. Given n arbitrary trajectories Yip,...,Y, from
model (1.4), we define E; (An(f; i, fo)) as the expectation of the likelihood ratio
with respect to the law of the random shifts, namely

n
1 eV h(r—T , 2 2
Ef(An(fj,nf’fo))ZAnHefo(f(x 1) —h(x—1,)) dY; (x)+1/2(|h]>=1/2|| f|
x g(t))---g(tp)dry -+ -dry

LEMMA 3. Suppose for some constants A > 0 and mo > 0 and all sufficiently
large n we have that

E.(A i,
(A11) Py, < Anlfji- Jo) e_)‘>27t0
E:(An(fjys f0)) —
forall f;, and all i € {0, ..., 27 — 1}. Then there exists a positive constant C,

such that for all sufficiently large n and any estimator fn

max Ey | fu— finll* = Cnoe_kzjyfz'
nef£1)?’



2450 J. BIGOT AND S. GADAT

PROOF. ~ Our proof is inspired by the proof of Lemma 2.10 in [22]. For this,
let Ijx =[5 k k"'l] and arguing as in [22] it follows that for any estimator fn

270 J
max By, [l fu = finl?
ne{£1)2/
jz! 1
-2
>2 Z Z Efjn[/ fJ’7|
k=0 nlnx=1
+A (f]nk fjn)/ f]nk|:|
Let Z(Y) = [f[k — finl> 4+ Ay (f ks fj,,)fljklfn fm ] and remark that
B 20 =B [ | Anfie S0 / —fl?
A (fmk,fo)/ fJ,M
x g(t1)dti -+ g(tn) dty.
Now, since under the hypothesis fo the trajectories Y1, ..., ¥, do not depend on the
random shifts 71, ..., 7, it follows that f;, does not depend on the shifts 7, ..., 7,

as it is by definition a measurable function with respect to the sigma algebra gen-
erated by Y1, ..., Y,. This implies that for any § > 0

B, [Z()]=Epw [E (An( i f)) f — finl?
+Ee(An(f; nk,fo))/ — fyl ]

EIEf()v [E (A (fj ns fO))8 ]l |fn fm|2 82}

+ B (An(f; nk,fo»a LTI

(f v s) (] v >
> (/Ik | fin— fj’nk|2>1/2

Js

NE
Zzl’j(/l |wjk|) ,
ik

Js

Now, remark that
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and let us argue as in the proof of Lemma 2 in [46] to a find a lower bound for
S v k|%. By definition (see Section 3) v x(x) = 2//2 " 7 ¥* (27 (x +1i) — k)
where {* is the Meyer wavelet over R used to construct ¥. A change of vari-
able shows that f; [ @) dx = ) | Yiez v* (x 4270) |2 dx which implies that

Jip Wik P dx = fo 01 dx = Yieze Jy W (x +27)|? dx. Now as ¥* has

a fast decay, it follows that there exists a constant A > 0 such that [{*(x)| < A

1+x2°
Thus, [, [y k()P dx > [ [W*(x)|>dx — A2272 Y, .z i~2. Hence, it follows

that there exists a constant p > 0 such that (/, m [y jklz)l/ 2 > p for any k, and all

Jj sufficiently large.
Hence, if one takes § = 2py; it follows that

L, o fini2>60 Z Mgy 1 sy

which yields

Ee(An(f; 1. fo)))]
, Et(An(fj,nva))

L E(An(f s fo)
:‘SzEf"[A”(ff’"’fO)m‘“(l’ B By fo)) ﬂ
Ee(An(f; - fo)))}

By (A fo0) )

and arguing as in the proof of Lemma 2.10 in [22] completes the proof. [

Ey, [Z(Y)] = 82Ef0,W|:Er (An(fns f0)) min<1

=8Ky,, [mm(l,

Now remark that under the hypothesis f = f;,, then each Y; is given by
dYi(x) = fjn(x —a;)dx + dW;(x) where each «; is the true random shift of
the ith trajectory. Thus, under this hypothesis, we obtain

Ee(An(fjns f0))

n
— l_[ %I;g(.[i)e[fo] FimG=1) fjn(e—a) dx+ f} n(x—1;) dW; (x)=1/2| £} 11%] dt;
i=1

and
Et(An(fj,niv Jo))

1 |
= H/ g(l'i)e[fo Fioi G=) fi e dx+f; i (o=t dW; () =1/211 f; i 17] dx..
R
i=1

Using the two expressions above, we now study condition (A.11).
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LEMMA 4. Following the choices of j(n) and yjy) given in our algebraic
setting, there exist A > 0 and my > O such that for all sufficiently large n

]E (A (f] r]"f())) —)»
(E DS fO) = )2”"'

PROOF. To obtain the required bound, we use several second order Taylor
expansions. From the Cauchy—Schwarz inequality, we have

1
el FinGe=t) finGe—andx _ | -I-/O Jin@x =) fin(x —ai)dx

+O0p(l £l
A similar argument yields E[| fol finGx =) dWi(x)|] < |l fj.4ll, and the Markov

inequality used with a second order expansion implies e/o fin(—@)dWi) — |

Jo FinGe =) dWi(x)+ 31y fjnCc—10) dW;i ()12 +Op (|l f1.911). Looking now
at the complete expression of E;(A,(f} 5, fo)), we obtain E;(A,(f}y, f0)) =

) Jo @I + fy finG — ) fin(x — ai)dx + [y fin(x — w)dWi(x) +
%[[01 finx —1)dW; (x)]> - %Ilfj,nﬂ2 + Op(llfj,n||3)]. The Fubini-type theorem
for stochastic integrals (see, e.g., [24], Chapter 3, Lemma 4.1) enables us to write
log B (A (f.p: f0)) = X logll + fo (fjn * §)00) fjn(r — ) dx + Jo (£, '
X dWi ()5 [alfy finx — ) dW;(0)Pg(ri) dti = 511 .41 + Op(ll £, ,,n )]

Then applying a classical expansion of the logarithm log(1 4+ z) =z — 7 +
O(z3), we obtain

1OgErAn(fj,n7 fO)
2
=z— % + Op(z3)

n 1 1
A1) =Y [ 0@ fiat = adx [ (fe )@ dWie)
i=1"0 0
1 ! 2
(A13) +5§ng@»)[[0 f,-,n(x—n)dw,(x)} = 2P

——Z(/ (Fj* ) fnlx — )
(A.14) 1
+ [ G omawico

1 1 2\ 2
+5/Rg<r,~>[f0 f,-,n(x—ri)dw,«x)} )

(A.15)
+ 0,0l £l
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We first discuss the size of the terms in (A.14) and (A.15). The first term in
(A.14) can be bounded using the Cauchy—Schwarz inequality

n 1 2
Z(/O (fj,n*gxx)fj,n(x—ai)dx) <1l i * 8121 Fin 2 = Op(all FrnlD.
i=1

But observe that Y7_, Ew, (fo (fj.y * &) (x) dW; (x))*> = n|| f;., * g||* which does
not converge to 0. Then the Jensen inequality implies

éEW,. (/Rgm)[/ol f,-,n<x—ri>dwi<x>]2dr,-)

2

n 1 4
<y /R g(fi)EWi[ fo fj,n(x—mdw,-(x)} dv;
i=1

= Op(ll £ 11"
Let us now study the terms derived from double products in (A.14) and (A.15),
use first that 2|ab| < (@ + b?) to get > It?,(xl.,wi|f01(fj,,7 * g)(x) fjnx —

o) dxl| fp 8T fo fin(x — ) dWi ()P dTi| = Oy £n]1*).
The Cauchy—Schwarz and Jensen inequalities imply

;EW,‘ ‘v/Rg(fl)[/o fj,n(x—fi)dWi(x)i| dl’l‘

= 0,0l fjnlP).

At last, the Cauchy—Schwarz and Jensen inequalities on the remaining double-
product term imply also

1
/O (fin % ) () d W (x)

IEW,oc

;/o (fjn*8)(x) fjy(x —ai)dxfo (fn * £) @) dWi (x)

= 0,0l fjql).

All the above bounds enables us to write

Ly :=log An(fjy. fo)

n 1 1
22/0 Fin* &) fjnx _“i)dx+fo (fin* &) (x) dW; (x)
1 1 )
+§;/1Rg(Ti)[/() Fie =5 dWi0)] = 315512

1/l 2
-2/ (> O AWi)) +Op(all 1P
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In a similar way, we can also write

S|
=3 | G # D@ fjn — v
i=170
1
[ 0@ dWi)
1& ! 2
+5§ng@>[/0 fj,nwx—ri)dWi(x)} — 2P

——Z(/ ; wg)(x)dW(x)) + Oyl ).

For sake of simplicity, let us write & = f; . — fj, =2n;¥ ;. The difference L =
L, — L can thus be decomposed as

n 1
(A.16) L=Z/O (hx @)X fjn(x —ai) — fin*gx)ldx
i=1

n 1 1
(A17) + 3 [ e Frr 0@ d+ [ ey dWi)
i=170 0
1 1 2 )
(A18) +5§1ng@~)[[0 Fi (=T AWi@) | = 215
1 & 1 2 )
(A.19) —El;/Rg(m[/o fin =) dWi | + 2050
1re 2 )
(A20) —E[Z( [ (f,,nf*g)<x>dwi<x>) —nllf_,-,nf*gll]
i=1
n 2
(A21) 2 %l
17 1 2 5
(A22) H3| ([ Giaro@awi) =nigi gl
25 \Vo
n 2
(A.23) + 2 i gl
(A.24) +Opll finl).

Bound for (A.16): we use the classical Bennett inequality (see, e.g., [33])
for a sum of independent and bounded variables. Define S = 7 [01 (h *
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X)) fjnx —a;) — fjn*g(x)]dx. From the Cauchy—Schwarz inequality, the

random variables fol (h * g)(x) fjn(x — ;) dx are bounded by a constant b such
that b = ||h » g|l|| f},l. Let v and ¢ to be defined as

n 1 2
U:ZE[/O (h*g)(x)fj,n(x—a,-)dx] and c=b/3.
i=1

From the Cauchy—Schwarz inequality, we have that v < n|| f; I%||/ * g||* and as
h = f;, — fjn, by using our algebraic settings in Section A.2.1, we observe that
v — 0. Bennett’s inequality therefore implies that for any « > 0

P(|S| > k) < 2e~</Cll Fiall? g P+xllAxg I £ 1/3)

From our algebraic settings in Section A.2.1, one has thus that as n — oo, the
P(|S| > k) converges to 0.

Bound for (A.18), (A.19), (A.20), (A.22): applying Lemma 5 (proved be-
low) to the chi-square statistics in the expressions (A.18), (A.19) yields that
for any x > 04IP><|% - S 8Ty fiyi & — ) dW; (012 = 211 f5 i I = &) <

- il 26l f
2¢O AT and P I f gLy fn(xr —T0) dWi (02 = § x
I finll?l > «) < 20K/l £l 211 017 Similarly, we obtain for the chi-square
statistics in (A.20), (A.22) that for any « > 0

=

1Ty ! ?
P(‘E [;(fo (fjn*8)(x)dW; (X)> —nll fjn *gllz]
P( ZK)

< 262/ Ol frg It 26 .8 11%)
It follows from the algebraic setting in Section A.2.1 that n|| fj,,,||4 — 0 and
I finll> = 0, as well as n| f;, * gll* — 0 and || f;, * gll*> — 0 and the above
probabilities converge to zero as n — 00.
Bound for (A.17), (A.21), (A.23): using the first term of (A.17), simple compu-
tation shows that yields "7, fol((fj’ni — Fim)* X)) (fjn* &) x)dx — F|1 f; i *
g||2 + %‘Hfm * g||2 = —% 17 * g||2 and we obtain from our algebraic settings that

and

17 1 2 ,
5[2(/0 (fj,nf*g)(x)dWi(X)) —nllfjq*gl }
i=1

_ 2 . 4 . 2
< 2~ @IF sl +261 £ ixg ).

this term converges to 0 since n|h % g||2 — 0. Moreover, the second term of
(A.17) is the sum of n i.i.d. centered normal variables and the Cirelson—Ibragimov—
Sudakov inequality [11] ensures that

(2

nooel
;/O (% ) (x) dWi (x)

> K) < 22/ Cnllhsgl®)
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and thus the above probability goes to zero.

Bound for (A.24): from our algebraic settings in Section A.2.1, it follows im-
mediately that || f; 1> — 0.

Hence, by combining all the above bounds, it follows that we have shown that
L, — Ly is the sum of various terms which all converge to zero in probability
or that are larger than some negative constant with probability tending to one as
n — 400, which completes the proof of Lemma 4. [

LEMMA 5. Let g be a density function on R, and (W;)i¢(1,... n) be independent
standard Brownian motions on [0, 1]. Then, for any f € LZ([O, 1) and a > 0,

1 1 2 n s
P(gngg(m[fo P =) awin| dn - 217 Zoz)
< ¢~/ fIF+2 1)

PROOFE.  Consider ¢, = 3 X7, [ g(t)lfy f(t — ) dW; ()P dvi — 51 1%
We use a Laplace transform technique to bound P(¢, > «). For any W >t >0,
we have by Markov’s inequality ‘

n
P(¢, > o) < e /2SI I1 E[er/szgw,-)(fJ f(r—mde(r»?dn].
i=1
We apply now Jensen’s inequality for the exponential function and the measure
g(t)dt to obtain

n
P(¢, > ) < e~ =2 P ] /R () E[e!/23 Ja=m W] g
i=1

Remark that ( fol f@ — )dw; ()% follows a chi-square distribution whose
Laplace transform does not depend on t; and thus

P(¢, > ) < e~ —n/20f 1P 1=n/2logA~t /1)
Let @ = ”/z‘l"w and minimizing now the last bound with respect to ¢ yield the
optimal choice t* = ]_%& With this choice, we obtain P(¢, > «) < exp(5[log(1 +
@) —a]). Now use the classical bound log(1 +u) —u < 2(_1—fu)’ valid for all u > 0,
to get P(¢, > a) <exp(5 x 2(15‘—;[)) = exp(m), which completes the
proof of the lemma. [J

A.2.4. A lower bound for the minimax risk. By Lemmas 3 and 4, it follows
that there exists a constant C; such that for all sufficiently large n,

inf  sup Ellfu — fII> > inf max <Efj,n||f" — fj,n”Z > Cyn~ 29/ QsH2v+D)
fn FEBY 4(A) fo ne{x1}?’

which completes the proof of Theorem 3.
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A.3. Proof of Theorem 4. For v = (t1,...,7y) € 7" deijne the criterion
M(T) = £ 3001 Yoy, 100 T =) — L578_ 6pe® 77|12, Then let us
first prove the following lemma.

LEMMA 6. Suppose that Assumption 4 hold. Then, the function T +— M(t)
has a unique minimum on T, at T = T such that M(T) =0 given by T = (1] —
Tp, Ty —Tnyevns Ty — Tp), Where T, = % el T

PROOF. By definition of M (7) it follows immediately that M(7) = 0 and
thus 7 is a minimum since M(t) > 0 for all T € 7". Now suppose that there

exists T € Tn such that M () = 0. This implies that for all m =1, ...,n and all

—ly<tL< £0|95|2|62i[”<fm_’:7) — % Z=1 o2t (tg—15) |2 = 0. Since by assumption
07 # 0, it follows that for £ = 1, |2 (=) — L5 X712 = 0 for all
m =1, ...,n, which implies that 27 (@~ = ¢¥* =) forallm,q = 1, ..., n,
. / — * . . .

since % 7=1 ¢#" @ =%) does not depend on m. This implies that 7, — Tk =
tomod1 for m =2,...,n, where 19 = 71 — 7{. By assumption 71, 7" belong
to 7T = [—%,%] and thus |79] < % Hence, 7, =1, + 10 for m = 1,...,n.
Since Y1 _; T,y = O this implies that 79 = —% Y m—i T and thus 7, = T, for

m =1, ..., n which completes the proof. []

Let F:R" ! > R" givenby F(t2, ..., T) = (= ) 0 0 T, 125 -« o 7,)!, and let
M:T""! - Rt defined by M (12, ..., 7y) = M(F(12, ..., T»)).

LEMMA 7. Let V2M (#_1) denotes the Hessian ofM att_1 = (T, ..., Tp),
then V2M(T_1) = (3 Y4 <g, 120€1210¢1*) (In—1 + 14, _ Ln—1), where I, is the
(n — 1) x (n — 1) identity matrix and 1,1 = (1, ..., 1)" is the vector of Rn-1

with all entries equal to one. Moreover, hmin(V2M (F_1)) = 2 Y|4 <4, 1270 €110,
where Amin(A) denotes the smallest eigenvalue of a symmetric matrix A.

PROOF. First remark that for t_; = (12, ..., 7,) € R"~! then VQM(T_I) =
VF'V?M(F(t_1))VF where VZM(F(t_;)) denotes the Hessian of M at
F(t_1) and VF is the gradient of F [n x (n — 1) matrix not depending on 7].
Now, since for any T € 7" M(t) = Z|g|5£0|9z|2(1 — |% - A=) |2y g
follows that form =2, ...,n

9 2 . AN .
M(T) = — 0 25)\ 2in£e2t€n(rm—rm) eZtEn(rq—rq) ’
o, (W) =-"73 > 16| 1[ >

[€l<¢o q=1

where 9i[z] denotes the real part of a complex number. Hence, for m| # m,
82
0T, 0T,

* —

2 : ~ .
Mn)y=—= > 12770120 | 2R [ 7 =Ty ~Tona Ty )]
[€1<£o
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and for m; =my
82

0T, 0Tm,

2 / ¥k n : *
== 2 |2n€|2|91£|2§)%|:1 — 2t t’””(Z ez"”(”"fﬂ)}.
n
g=1

[€1=<to

M(T)

Then, remark that F'(7_1) = 7. Hence, by taking t,, = 7, form =2, ..., n in the
above formulas, it follows that

(A.25) VZM(i):VzM(F(%_l))—— > 127e)? 16| <1 — 11’ 11n),
" 1a=to

where I, is the n x n identity matrix and 1, = (1,..., 1)’ is the vector of R”"
with all entries equal to one. Hence, the result follows from (A.25) and the equal-
ity VZM(¥_1) = VF'VZM(F(7_1))VF, and the fact that the eigenvalues of the
matrix A =1,_1 + Il;_lﬂn_l are n (of multiplicity 1) and 1 (of multiplicity n — 2).

O

LEMMA 8. Suppose that Assumption 4 holds. Then, there exists a constant
k(f) > 0 (depending on the shape function f) such that for all Tt € T,M (1) —
M (@) 2 () (012601061 Gy X (T — T

PROOF. First, remark that for any 7 € 7T, then M(t_l) = M(F(t)) where
T_1=(12,...,Ty). Since T is a minimum of T — M(t), a second order Taylor
expansion implies that for all 7_; in neighborhood V ¢ 7"~ ! of 7_;

M(t)— M) =M(t_) — M(3_1)
= (11 —T-1)'VPM@GE_)(t_1 — T-1) +o(lt—1 — F_1]%).

Using Lemma 7 and the above equation, it follows that there exists a universal
constant 0 < ¢; < 1 and an open neighborhood ¥V C V of T such that for all T € V

n
M@) - M@ = 2c1( > |2ne|2|ee|2) (1 > (= fm>2>.
1¢1<to B on=2
Now remark that under Assumption 4, M(t) > M(7) =0forall Tt € 7T, \ % by
Lemma 6. Since M(7) = X<, |0¢12(1 — |1 X0_; €27 %)|12), the compact-
ness of 7, and the continuity of 7 — M(1) 1mphes that there exists a constant
0<ca(f) <1 (dependmg on V and thus on f) such that for all T € 7, \ V,
M(t) > Z|@|§@0|94| (1 = c2(f)). Moreover, since 7 is a compact set it follows

that there exists a universal constant ¢3 > 0 such that (1, — T,,)® < ¢3 for all
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m =2,...,n, which implies that for all T € 7,1 3% _,(t,y — T)? < c3. There-
fore,

1 n
M) - M@3) = (cgl(l o) Y |eg|2> (; S (tw — fm>2)
[€]<Lo m=2

forall T €7, \ V. Then the result follows by taking «(f) = min(2cy, ¢35 a1 -
2(f))) and the fact that 3" |g <, 127 €1?10¢1> = 3 jg1<¢, 01>, O

Now recall that T = (71, ..., T,) = arg min, 7 My (7). Since 7 is a minimum
of T = M, (t) and T is a minimum of T — M (7), it follows that M (7) — M (T) <
2sup,cqn|My(t) — M(7)|. Therefore, Lemma 8 implies that

| -1
(A26) 53 (o~ =2(x(h)( X |9e|2)> sup [My(2) = M (D),

m=2 [€1<¢o

LEMMA 9. Let Z =sup,cpn|My(t) — M(7)|. Then for any t >0

1/2
IP’(Z < <1 +2< Z |9g|2) )(\/C(e,n,ﬁo, )+ C(e,n, Ly, t))) > 1 —exp(—1),
[£1<to

where C(g,n, Lo, 1) = 2(20y + 1) + 2¢2 /%t + 2%[.

PROOF. Remark that M, (t) can be decomposed as M, (t) = M (1) + L(t) +
Q(t), where

£ « ; P ; .
L(t)=2= § : 2 : RN 2ilm (T —1,,) _ _ 0 2iln (tq—14)
(7) n |:< e " E e

m=1¢|<to g=1

: 1 & .
2 : 2i¢
X (Zm’eehbrtm _ Zq.0€ ilwty ,
n
g=1
2

g2 &z
Q(T)Zgz Z

m=1[{|<fo

. 1 X .
2 2 : 2i¢
Zm.ce iy, _ Zq.0€ ilrty
n g=1

By the Cauchy-Schwarz inequality, |L(t)| < 2/M(7)/Q(T). Since M (1) <
Y je1<,|0¢* for all T € T", one has that |L(T)| < 2(3 <, 10¢1) >V O ().
Therefore,

sup |[M,(t) — M(7)|

TeT"
1/2
<(1+2( X 0k) " )( [sup 0@+ sup o).
1]<to TeT" el

(A.27)
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Thus, it suffices to derive a concentration inequality for sup,.7» Q(t). For this
remark that Q(7) < Wy for all T € 7", where W1 = "5, gn—zZﬁl:llzm,glz.
Then using a standard concentration inequality for sum of x? variables (see,
e.g., [33]) one has that for any ¢ > 0 P(sup,.7» O(7) > C(e, n, £y, 1)) <P(W; >

Cl(e,n, £y, 1)) < exp(—1), where C(g, n, £y, t) = £2(2lo+ 1) +2¢2 2‘“;1—+‘t+2§1—2r
Therefore, the result follows using inequality (A.27). [0

From Lemma 9 and inequality (A.26), it follows that

U - 244X 01<¢, 10
Pl - ' — Tm 2 < <{o
(” 2, (bn = )" < K (P 01<e4 161?)

m=2

(A.28) x (vC(g,n, Lo, 1)+ C(e,n, Lo, t)))

> 1 —exp(—t).

To complete the proof, remark that =D men(Tm — r*)2 < 2(1 Yo (Tm — )2+
( Yol m) ). Since the 7} are i.i. d variables with zero mean and bounded by
1 /4 Bernstein’s inequality (see e.g., [33]) implies that for any ¢ > O then

(A.29) (‘ Z > 20 %+—> <2exp(—1),

where agz =[rT 2¢(1)dt. Then Theorem 4 follows from inequalities (A.28) and

(A.29).

A4. Proof of Theorem 5. To simplify the notation, we write 7, = 7, to
denote the true shifts. Part of the proof is inspired by general results on Van
Tree inequalities in [20]. First, let us consider the case where the shifts ,,,, m =
1,...,n, are fixed parameters to estimate and let t"* = (1, ..., 7,;). Recall that
X = (cm.0)eez.m=1,...n denote the set of observations taking values in the set
X = C**". Then, the likelihood of the random variable X is given by p(x|t") =

ClIlzi ez exp{—22—2|cm,g — Qpe~ 2™t |2} Therefore, form =1, ..., n,
a n
(A.30) E.{ —logp(x|t") ) =
0Ty,

where for a function A(X) of the random variable X, E;h(X) = [} h(x)p(x|
") dx. Then, for m| % m» one has that ]E,(a d log p(x|th) ard log p(x|t")) =0,
my

and for my = mE, (W log p(x|t™))? = o2 Zeez(2ﬂ€)2|9e 2.

Now assume that the shifts are i.i.d. random variables with density g(t) satis-
fying Assumption 6. Let 7" = 7" (X) denote any estimator of the shifts 7”. Then
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define the following vectors U and V = (V1, ..., V,) in R" as
U=1t"-1"

and

0 1
Vin=—I[px|t"g (") ] ——— form=1,...,n,
0T, px|t™)gn(t")

where g, (t") =[1),_; &(ty). First, remark that

n n a i ) )
E(U/V):/X/Tnmxz:l(fm —fm)a[l?(xh' )gn(t™)1dt" dx
. d
-/, 2% ([, a[p(xn")g,,(r")]df") dx
-/, Z(/ rm—[p(x|r gn(t)]de" )

An integration by parts and the fact that lim; ., g(7) =lim;_ , g(r) =0im-
plies that [, % [p(x]T™")gn(r")]dt"™ = 0. Using again an integration by parts and
Assumption 3, one has that [7, Ty, %[p(xlr”)gn(t”)]dt” = — [z« p(x|T") X
gn(t")dt". Therefore, E(U'V) =" _| [0 [y P(x]T")gn(t")dT = n. Now us-
ing the Cauchy—Schwarz inequality, it follows that n*> = (E(U'V))? < E(U'U) x
E(V’V). Then remark that

EU'U)=E Y (2% — 1,)? = / / (1) — ) p (6|7 g (") dx d T
m=1

and

P 2
E(V'V)=EY (;uogp(xn") +logg,(e")])

m=1

9 2
=E Z <E log p(xlr")) +E Z (— loggn(t”))

since by using (A.30) it follows that E(3_) _; ar log p(x|r") I log g, (")) =

m:lan(f;c(a 10%117()6|T”))P()C|’f")dx)(da log g, ("))gn(t")dt" = 0. Hen-
ce,

—logg(rm)>2

E(V'V) =ne Y Qu 0216, + E Z (ar

LET m=1

-2 0 2
Senerol 4 [ (- logs®) s@ar,

LeZ
which completes the proof using that n> < E(U'U)E(V'V).
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