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Abstract. Our purpose in this paper is to provide a general approach to model selection via
penalization for Gaussian regression and to develop our point of view about this subject.
The advantage and importance of model selection come from the fact that it provides
a suitable approach to many different types of problems, starting from model selection
per se (among a family of parametric models, which one is more suitable for the data at
hand), which includes for instance variable selection in regression models, to nonparametric
estimation, for which it provides a very powerful tool that allows adaptation under quite
general circumstances. Our approach to model selection also provides a natural connection
between the parametric and nonparametric points of view and copes naturally with the fact
that a model is not necessarily true. The method is based on the penalization of a least
squares criterion which can be viewed as a generalization of Mallows” C,. A large part
of our efforts will be put on choosing properly the list of models and the penalty function
for various estimation problems like classical variable selection or adaptive estimation for
various types of /,-bodies.

1. Introducing model selection from a nonasymptotic point of view

Choosing a proper parameter set is a difficult task in many estimation problems.
A large one systematically leads to a large risk while a small one may result in
the same consequence, due to unduly large bias. Both excessively complicated or
oversimplified models should be avoided. The dilemna of the choice, between many
possible models, of one which is adequate for the situation at hand, depending on
both the unknown complexity of the true parameter to be estimated and the known
amount of noise or number of observations, is often a nightmare for the statistician.
The purpose of this paper is to provide a general methodology, namely model
selection via penalization, for solving such problems within a unified Gaussian
framework which covers many classical situations involving Gaussian variables.
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Our approach to model selection via penalization has been inspired by the
pioneering paper of Barron and Cover (1991) and first introduced in the context
of density estimation in Birgé and Massart (1997). It was then developed at length
by Barron et al. (1999) for various estimation problems concerning independent
data but at the price of a lot of technicalities. Focusing on the simplest situation
of Gaussian settings allows to describe the main specificities of our method with
less technical efforts, to better emphasize the ideas underlying our approach and
to get much more precise results with shorter proofs. Generalizations have been
developed for general regression (possibly non-Gaussian) settings by Baraud (1997
and 2000) and Baraud et al. (1997 and 1999) and for exponential models in density
estimation by Castellan (1999). A penalization method based on model complexity
and which is close to ours can be found in Yang (1999).

1.1. A few classical Gaussian statistical frameworks

Let us begin our illustration of the difficulties the statistician is faced to, when
choosing a proper model for an estimation problem, by a brief review of some
popular Gaussian settings.

1.1.1. Gaussian linear regression

Gaussian linear regression is a statistical framework in which we observe a Gaus-
sian vector Y € R” with coordinates Y; satisfying

N
Yizz,BkX?—i-aéi forl <i <n, (L.1)
r=1

where the random variables &; are i.i.d. standard normal while the X f‘ s are determin-
istic observable quantities and the s, 1 < A < N, unknown real parameters. We
moreover assume here that o is known. This corresponds to a situation where one
observes some real variables (here “variable” is taken in its physical sense, not the
probabilistic one) X L .., XN and Y at n different times or under n different cir-
cumstances. This results in n groups of values of those variables (X ll X lN ,Y))
for 1 <i < n, each group corresponding to a time of observation or a particular
experiment. We denote by Y = (¥;)1<j<y and X Lo, XY the corresponding vec-
tors. In this setting the main assumption is that the variable of interest Y is a linear
(but otherwise unknown) function of the explanatory variables X Lo xN plus
some random perturbation. We want to estimate the parameters 8, or equivalently
the mean p = E[Y] of the Gaussian vector Y, assuming that it belongs to the
N-dimensional linear subspace of R” generated by X', ..., XV,

As a particular case, corresponding to N = 1 and Xl] = 1for 1 <i < n, there
is only one unknown parameter 81 = 6 and we observe n i.i.d. random variables
with distribution N (6, 02). It is well-known, then, that the best we can do (from
the minimax or some Bayesian point of view) is to estimate 6 by the maximum
likelihood estimator 6 = n~! > 7, Y; and that the resulting quadratic risk for

estimating 6 is E[(é - 9)2] = n~ o2, Rewriting the risk in terms of the parameter
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p and its estimator fu (with /i; = 6 for all i), we get
B[l - pl}] =n~'o% (1.2)

where |- ||, denotes the normalized Euclidean norm in R%, i.e. ||, =n ! > Ml_z,
which we introduce here instead of the usual one for the sake of coherence: with
this norm, 6 and [t have the same risk and, if all coordinates p; of u are bounded
independently of i, then ||u||,, also remains bounded independently of n.

1.1.2. Fixed design Gaussian regression

Analogous to the previous setting, but with a different flavour, is the fixed design
Gaussian regression. Let s be some bounded functionon [0, 1]and 0 < x| < xp <

- < x, < 1 asequence of observation points in [0, 1] (the design). In this setting,
we observe the finite sequence

Yi=s(xi)+o&, 1=<i=<n, (1.3)

where the random variables &;, 1 < i < n are also i.i.d. standard normal. We want
to estimate the function s by §, based on the set of observations {Y;}1<;<, with
risk E [||§ — s||%] where | - ||, again denotes the normalized Euclidean norm, i.e.
I, = n=! 31, £2(x;). This normalization allows an easy comparison with the
functional Ly-norm since ||¢||,, is close to the norm of ¢ in L, ([0, 1], dx) provided
that n is large, the design is regular and ¢ is smooth. If we assume that s belongs
to some N-dimensional linear space of functions with basis (¢1, ... , pn), we are
back to the Gaussian linear regression setting (1.1) with Xl?‘ = @ (x).

1.1.3. The white noise framework

The natural generalization of the fixed design regression, when the unknown func-
tion s is observed in continuous time, rather that at discrete points x;, is the so-called
white noise framework, which is supposed to give a probabilistic model for a deter-
ministic signal observed with additional Gaussian noise. Its use has been initiated
by Ibragimov and Has minskii in the late seventies and it has then been popularized
and extensively studied during the last 20 years by the “Russian school” as a toy
model for many more complicated frameworks. One observes a path of the process

Y(z) = /Z s(x)dx+eW(z), 0<z<l, (1.4)
0

where W is a standard Brownian motion originating from O and s is an unknown
functionin L, ([0, 1], dx). Equivalently, Y can be viewed as the solution, originating
from zero, of the stochastic differential equation dY(z) = s(z) dz + e dW(z). We
look for estimators § of s (i.e. functions of ¥ and the known parameters like ¢)
belonging to L, ([0, 1], dx) with quadratic risk given by E [||§ — s||2] where | - ||
denotes the norm in 1L ([0, 1], dx).
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1.1.4. The Gaussian sequence framework

The white noise framework is not connected to any specific orthonormal basis of
L2 ([0, 1], dx) but, once we have choosen such a basis {¢)}rea With A = N* =
N\ {0}, it can be transformed into the so-called Gaussian sequence framework.
This means that we observe the filtered version of Y through the basis, i.e. the
sequence of stochastic integrals Y, = fol 0.(2) dY(z), for A € A, where Y is the
process defined by (1.4). This is a Gaussian sequence of the form

Vi=PB+e&, A€, (Brea €la(D). (1.5)

Here B, = (s, ¢;,) and the random variables &, are i.i.d. standard normal. One
can identify s with the sequence (8)).ca and estimate it by some § € I5(A) with
arisk E [||§ — s||2]. The norm || - || is now the norm in />(A) and the problem is
equivalent to the previous one. Since E[ Y} ] = B, the problem of estimating s within
the framework described by (1.5) can also be considered as an infinite-dimensional
extension of the Gaussian linear regression where we want to estimate the mean p
of Y € RN,

The interest and importance of the Gaussian sequence framework are due to
the fact that, for proper choices of the basis {¢; }1ca, sSmoothness properties of the
parameter s € Lo ([0, 1], dx) in (1.4) can be translated into geometric properties
of s € Ip(A) in (1.5) via the identification s = (f8)).ea. Let us illustrate this
fact by the following classical example. For & some positive integer and R > 0,
the Sobolev class W*(R) on the torus R/Z is defined as the set of functions
s on [0, 1] which are the restriction to [0, 1] of periodic functions on the line
with period 1 satisfying ||s(¥)|| < R. Given the trigonometric basis ¢; = 1 and,
for j > 1, ¢2j(z) = ~/2cos(2mjz) and ¢2j11(z) = +/2sin(27z), it follows
from Plancherel’s formula that s = )", _, Br¢s belongs to W¥(R) if and only

if Z?’;l(an)za [,B%j + ﬂ%jﬂ] < R? or equivalently if the sequence (8;):.ca

belongs to the ellipsoid
2
Z(ﬁ) < 1}, (1.6)
a

reA

E(a, R) = {(,BA)AEA

with
a; = 400 and arj = azj41 = RQ2wj)~* for j > 1.

This means that, via the identification between s € 1L, ([0, 1], dx) and its coordi-
nates vector ({s, ;))ea € [2(A), one can view a Sobolev ball as a geometric
object which is an infinite dimensional ellipsoid in I5(A).

1.2. Model selection: motivations and purposes

1.2.1. Variable selection in regression

Let us go back to the framework of Sect. 1.1.1 where we want to estimate u = E[Y]
with some estimator @(Y) and loss function || — [1||%. In this case, the most
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classical estimator ft of p is the maximum likelihood estimator, which is also the
least squares estimator, i.e. the orthogonal projection of Y onto the linear space
generated by the vectors {X’\}lgkfl\/, and its risk is given by E [||;1 — u||%] =
No? /n. This is satisfactory when N is small but certainly not if N is large and
only a small number of the N explanatory variables are really influential. Let
us for instance assume that, in (1.1), 8, = 0 for A & m where m is a subset of
{1; ... ; N}. Then, using the orthogonal projection ft,, of ¥ onto the linear span S,
of {X*};.em as an estimator of p, instead of fi, leads to the substantially reduced
risk |m|o?/n if |m|/N is small. This actually remains true if the assumption
that 8, = O for A € m only holds approximately. Indeed, for any subset m
of {1;...; N},

E [l — wIE] = Imlo®/n + 1 = w13, (1.7)

where p,, denotes the orthogonal projection of u onto S,,, and the risk of f,,
may be substantially smaller than No?/n provided that |m|/N is small and
N, — ;1,||ﬁ not large as compared to o2/n. In any case, it would be advisable
to choose a value of m which minimizes, at least approximately, the right-hand
side of (1.7).

Unfortunately, this approach is definitely irrealistic from a practical point of
view. Even if one suspects that only a small proportion of the N explanatory
variables are really influential and that a good choice of m would lead to an
improved risk, such a set is typically unknown. It follows from (1.7) that this set
should be small in order to keep the so-called variance term |m|o? /n small. But
if it is too small, there is a serious chance that we omit some influential variables
which would result in a possibly large bias term ||p,, — [l,||%. At the opposite,
including in the model all the explanatory variables X* that we believe may have
some influence on Y, i.e. the whole set of variables X!, ..., XV, makes the bias
vanish, but at the price of a much larger variance term when N is not small. We
are then faced to the problem of finding a suitable set m of influential variables
which is neither too small nor too large. This is a typical problem of variable
selection which can be formalized in the following way: given some family M of
subsets of {1; ... ; N}, how can we choose an element m € M which is as good
as possible, i.e. minimizes, at least approximately, the risk (1.7), although u,, is
not known to the statistician. It may look strange, at this stage of our reflexion, to
choose some M which is not the family of all subsets of {1; ... ; N}, but a possibly
smaller one. There are at least two good reasons for that. One is connected to some
situations where the variables are naturally ordered and it is therefore meaningful
to retain the first D variables for some D < N. In this case M is the family
of all sets of the form {1;...; D} for 0 < D < N (D = 0 corresponding to
the empty set). This is the problem of ordered variable selection, as opposed to
complete variable selection when M contains all subsets of {1; ... ; N}. A further
reason for distinguishing between the two problems is the fact that it is much
more difficult to guess an optimal value of m in the case of complete variable
selection that in the case of ordered variable selection because M is then much
larger.
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1.2.2. Curve estimation and adaptation

The same problem of identifying a reasonably small number of “significant” pa-
rameters also occurs in curve estimation, i.e. the estimation of an unknown function
like s in (1.4) or (1.5) (via the identification s = (B))xca)- Going back to the es-
timation of the function s from the Gaussian sequence (1.5) under the assumption
that it belongs to the ellipsoid E(«, R) defined by (1.6), we recall the classical
solution to this problem: fix some positive integer D and estimate 8, by Y, for
1 <X < DandbyO0 for A > D. The resulting estimator §p = Zle Y, e, where
(ex)ren denotes the canonical basis in I3 (A), is called the projection estimator on
the D-dimensional linear space Sp generated by {e1; ... ; ep}. It follows from the
monotonicity of the sequence (a;),ca that Zb D ﬁ% < a%) Ny which implies that
the risk of §p can be bounded by

E[||s—§D||2] <D +d,,. (1.8)

If we choose D = Dy as a function of «, R and ¢ in order to minimize the right-
hand side of (1.8), which means setting Dy, approximately equal to (R/ g)3/ et
we get a risk bound of the form C(Re2*)%/22+D)_Of course, this is only an upper
bound for the risk of §p but it cannot be substantially improved, at least uniformly
over E(a, R). To see this, let us recall that a classical and popular way of comparing
estimators is to compare their maximal risk with respect to some given subset T
of the space of parameters. From this point of view, an estimator is “good” if its
maximal risk over 7 is close to the minimax risk.

Definition 1. Given a random quantity Y depending on some known parameter
& and some unknown parameter s in some Hilbert space H with norm || - ||, the
minimax quadratic risk Ry (7T, €) over some subset T of H, is given by

Ru (T &) = inf sup By [ 5 = 51| . (1.9
S seT

where the infimum is taken over all possible estimators §, i.e. measurable functions
of Y with values in H, which possibly also depend on T and ¢, and E; denotes the
expectation of functions of Y when s obtains.

We shall see in Sect. 6.2 below that Ry (E(a, R), €) is of the order of (Rg2*)2/2a+1)
which implies that §p is a good estimator of s provided that D has been correctly
chosen (equal to Dop).

Once again, the previous approach (choosing D = Dgy) is not practically
feasible since s being unknown, @ and R and therefore Doy are unknown too. If
a = ap and we assume, for simplicity, that R = 1 is known, we get a risk bound
Ceteo/QootD) if p = Dpi. Since ag is unknown, we have to guess it in some way.
If our guess « is smaller than «p we shall choose a too large value of D resulting
in a larger risk of the form Cg*®/(«+D At the opposite, choosing a too small
value of D which is far from minimizing the right-hand side of (1.8) may lead to
arisk which is much larger than the expected Cg**0/2¢0+D) [ et us observe that the
problem we are faced with, namely, the choice of D or equivalently of a set of basis
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vectors {e1; ... ; ep} can be viewed as a problem of ordered variable selection, as
defined in the previous section, but with an infinite number of variables since D is
now unbounded.

The previous example is actually typical of a broad class of estimation problems
where the unknown s to be estimated can be a density, a regression function,
a spectral density, the intensity of a point process, the drift of a diffusion, the
support of a multivariate density, the hazard rate in survival analysis, etc ... . All
these problems are curve estimation problems but, as opposed to the estimation
of a distribution function from i.i.d. observations, they are ill-posed in the sense
that if one does not put some restrictions on s, for instance that s belongs to
some given Sobolev ball, one cannot find an estimator which is “uniformly good”
for all s simultaneously. Up to the seventies, the typical approach for building
uniformly good estimators was to assume that s did belong to some known set of
functions S. But then, the prior knowledge of S influences both the construction
of the estimators and their performances.

Adaptive estimation tends to solve this dilemna by providing procedures which
have good performances, more precisely, that have a risk which is of the order
of the minimax risk, on some previleged family of subsets of a large parameter
set. In our previous example the large parameter set was I2(A) and the previleged
subsets were the ellipsoids. Adaptive procedures include adaptive spline smoothing
(see Wahba, 1990 for a review), unbiased cross-validation as proposed by Rudemo
(1982) and further developed by many authors, soft and hard thresholding methods
as initiated by Efroimovich and Pinsker (1984) and further developed by Donoho
and Johnstone in a series of papers starting with Donoho and Johnstone (1994), (see
references in Donoho and Johnstone, 1998) and by Kerkyacharian and Picard (see,
for instance, Kerkyacharian and Picard, 2000 and the references therein), Lepskii’s
method starting with Lepskii (1990, 1991) and adaptive local polynomial fit as
initiated by Katkovnik (1979) (see a detailed account and recent developments in
Nemirovski, 2000). For a recent survey of various approaches to adaptation, we
refer to Barron et al. (1999, Sect. 5).

1.2.3. The purpose of model selection

As illustrated by the two previous examples, a major problem in estimation is con-
nected with the choice of a suitable set of “significant” parameters to be estimated.
In the regression case, one should select some subset {X*}; ¢, of the explanatory
variables; for the Gaussian sequence problem we just considered, one should select
a value of D and only estimate the D parameters S, ..., Sp. In both cases, this
amounts to pretend that the unknown parameter (u or s) belongs to some model
(Sm or Sp) and estimate it as if this were actually true, although we know this is not
necessarily the case. In this approach, a model should therefore always be viewed
as an approximate model.

In both cases, we have at hand a family of models (the linear spaces S,, or
Sp) and the risk (or a risk bound) corresponding to a given model appears — see
(1.7) and (1.8) — to be the sum of two components: a variance component which
is proportional to the number of parameters that we have put in the model, i.e. the
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dimension of the model and a bias term, which is an approximation term, resulting
from the use of an approximate model and which corresponds to the square of the
distance from the true parameter to the model. An optimal model is one which
optimally balances the sum of these components and therefore minimizes the
risk (1.7) or the risk bound (1.8). Unfortunately, such an optimal model is not
available to the statistician since it depends (through the approximation term) on
the unknown parameter. We shall therefore look for a genuine statistical procedure
m((Y) or D( (Yi)i>1) to select a model from the data only in such a way that the risk
of the estimator corresponding to the selected model is close to the optimal risk,
i.e. the minimum value of the risk among all possible models.

Model selection actually procedes in two steps: first choose some family of
models S, with m € M together with estimators §,, with values in Sj,. In general,
Sm derives from a classical estimation procedure, here the maximum likelihood,
under the assumption that the model S, is true (s € S;,). Then use the data to
select a value m of m and take §;;, as the final estimator. A “good” model selection
procedure is one for which the risk of the resulting estimator is as close as possible
to the minimal risk of the estimators §,,, m € M.

1.3. The nonasymptotic point of view: a link between parametric
and nonparametric problems

A prototype for a parametric problem is the estimation of g = E[Y] from (1.1)
when N is small, for instance under the assumption that u; = 6 for all i (Prob-
lem 1), while a prototype for a nonparametric problem is the estimation of s from
(1.4) under the assumption that it belongs to some functional class, like a Sobolev
ball. Equivalently, one can estimate s in the Gaussian sequence framework (1.5)
assuming that it belongs to the ellipsoid given by (1.6) (Problem 2). There are a few
good reasons to distinguish between parametric and nonparametric problems: typ-
ically parametric applies to situations involving a fixed finite number of unknown
real parameters (this is the case of our first example with one single parameter )
while nonparametric refers to estimation of infinite dimensional quantities, like
a function from a Sobolev ball. Another difference is connected with convergence
rates of the risk from an asymptotic point of view (when n~! or & go to zero). In
order to make a fair comparison between Problems 1 and 2, let us observe that
Problem 1 with a risk given by E [||;l - ;1,||ﬁ] is equivalent to Problem 1°, namely
the estimation of s from (1.5) withe = o/ /n,s; = 0//nfor1 <i <nands; =0
otherwise, 6 being unknown. The respective risks for Problems 1’ and 2 are then &2
and C(Rg?¥)?/2+1D (this last value is in fact an upper bound for the risk, but we
have already mentioned that, up to the constant C, it cannot be improved uniformly
over the ellipsoid). The rate &2 (or n~!) is the typical rate of convergence of the
risk for parametric problems while the rate, for nonparametric problems, is slower,
depending on the “size” of the set of parameters, which, for the ellipsoids E(c, 1)
is controlled by «.

This asymptotic approach, letting & go to 0 in (1.4) or n go to infinity in (1.1),
which explains for this distinction between parametric and nonparametric prob-
lems, is a quite popular one for curve estimation or model selection. Unfortunately,
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it can be terribly misleading, even with a fairly small value of ¢ (for a related
discussion, see Le Cam and Yang 1990, pp. 99-100). Our point of view in this
paper is quite different. We want to work with & or n~! as they are and not let them
go to zero. This does not mean that we do not consider in priority small values of
¢ or large values of n, but only that we want to measure precisely the effect of the
different quantities involved in the problem, in view of their size as compared to
¢ or n. For instance, in Problem 2, it is important to quantify the influence of R
whatever the relative sizes of R and ¢ since both of them are important to describe
the difficulty of estimating s. Omitting the effect of R while letting ¢ go to zero
and saying that the rate of convergence of the risk to zero is of order “#®/(2a+1)
can be somewhat misleading.

If we compare Problems 1’ and 2 from this nonasymptotic point of view and
focus on the estimation procedures we used in both situations, the difference be-
comes much less obvious. To estimate s in Problem 1’ we project the sequence
(Yi)1<i<n onto the one-dimensional linear space S spanned by Z')le e, and to
estimate s in Problem 2, we do the same with the D-dimensional linear space
spanned by {e1; ... ; ep} with D < (R/e)?/?*+D _In the parametric case, we use,
for our estimation procedure, a model S with a fixed dimension (independent of 1)
which contains the true parameter while the model Sp depends on ¢ in the non-
parametric situation and is not supposed to contain s. If we consider both problems
from a nonasymptotic point of view, n and ¢ are fixed and the difference vanishes.
Indeed we treat Problem 2 as a D-dimensional parametric problem although s is
infinite-dimensional. The analogy is even more visible if one introduces, for Prob-
lem 1°, a second estimation procedure which consists in projecting the data onto
the 0-dimensional space Sy = {0}, with risk #2. The second solution is certainly
better when 762 < o2. This shows that, in this case, one should rather use a non-
parametric approach and an approximate model (here Sp) although we are faced
with a truely parametric problem. Estimating € from one observation Y ~ N'(6, 1)
if we suspect that 6 is small is not, in a sense, more a parametric problem than
estimating s in a Sobolev ball.

The same point of view obviously applies to the variable selection problem of
Sect. 1.2.1. If, for instance, n = 100, there is a major difference between the case
N = 2, which can be considered as a parametric problem with two parameters,
and the case N = 80, which should actually be considered as a nonparametric one.
More generally, one can view the situation as parametric if (1.7) is minimum when
m = {1; ... ; N} (all variables are really influential) and nonparametric otherwise
(some variables can be omitted without damage). This is in accordance with the
practical point of view tending to put more explanatory variables in (1.1) when one
has more observations.

These examples show that there is indeed no difference, from a nonasymp-
totic point of view, between a parametric problem with a “large” (with a proper
definition of this term) number of parameters and a nonparametric problem. The
difficulty of estimation (the size of the risk) is not connected with the parametric
nature of the problem but rather with the ratio between the number of observations
and the number of “significant” parameters. Model selection, which introduces
many finite dimensional models, true or not, simultaneously, treats both paramet-
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ric and nonparametric problems in the same way without any distinction. It uses
finite-dimensional (parametric) models to estimate infinite-dimensional objects
and introduces approximate models to estimate finite-dimensional parameters, as
in the nonparametric case. From this point of view, the assumption that there exists
a “true” model (one containing s) becomes useless since a model is only some
(possibly good but also possibly poor) approximation of the reality.

To illustrate this discussion and give a flavour of the types of results we ob-
tain, let us conclude by providing a simplified version, restricted to the Gaussian
sequence framework, of our main result to be stated in Sect. 3.2.

Theorem 1. Given a sequence of variables (Y, )ea (with A = N*) satisfying (1.5)
for an unknown value of the parameter s = (B))rep € l2(A), a countable family
M of nonvoid finite subsets m of N*, a number K > 1 and a family of nonnegative
numbers L,, for m € M satisfying the condition Zme./\/l exp(—|m|L,) = ¥ <
+00, we define the function pen on M, the model selector m and the estimator
5 = (Byren by

2
pen(m) = Ke%|m| (1 + 2Lm) , m = argmin |:— Z Yl-2 +pen(m):|
meM

iem

and BA = Yy L, for A € A. Then the quadratic risk of s is bounded by

E[||s—§||2] <C&) | inf {3 B2 +pen(m) { + 67 |,
meM S

where C(K) denotes some positive function of K.

In order to understand the meaning of this result, one should keep in mind the fact
that the risk of the maximum likelihood estimator §,,, with coordinates Y3 1 ¢/,
corresponding to the assumption that s € S, = {r = (B3)ren |6 = 0 for A ¢ m}
is given by ngm ,3)% + |m|g?. It follows that, if L = sup,, L,, < +00, then

E [||s - §||2] <C(K, LS inf E [||s - §,,,||2] .
meM

Our theorem immediately applies to the family of models Sp, D € N* defined in
Sect. 1.2.2 with Lp = 1 for all D, which leads to ¥ = ¢/(e — 1). It then easily
follows from (1.8) and (1.6) that, if K = 2, the resulting estimator § satisfies

2/Qa+1)
E[||s—§||2] < C[(Rez"‘) +82:|,

for some constant C independent of « and R. This corresponds, up to some constant,
to the minimax risk over the ellipsoid given by (1.6) provided that R is not too
small (more precisely that R > ¢) and 5 is therefore adaptive over all Sobolev balls
of radius R > ¢.
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1.4. Some historical remarks

A prototype for criteria used in model selection is Mallows’ C,, as described
in Daniel and Wood (1971). A similar approach, based on penalized maximum
likelihood estimation, which is due to Akaike (1973 and 1974) applies to much
more general situations, each model S, being possibly nonlinear, although defined
by a finite number D,, of parameters. In the Gaussian regression framework, when
o is known and the models are linear, Akaike’s and Mallows’ methods coincide. In
any case both approaches are based on the minimization of a penalized criterion.

Since the publication of these seminal works, many other penalized criteria for
model selection have been developed for solving various types of model selection
problems. For instance, several criteria essentially based on asymptotic or heuristic
considerations are used in pratice to select influential variables. Besides Akaike’s
AIC one should in particular mention its improvement AICc by Hurvich and Tsai
(1989) or Schwarz’s BIC (Schwarz, 1978) among others. Many such criteria can
be found in the book by McQuarrie and Tsai (1998).

In the existing literature, one can distinguish between two very different points
of view, although both based on asymptotic considerations. A first one assumes
a finite number of parametric models, one of which being “true” in the sense that
it does contain the true unknown s. In this case, the number of observations goes
to infinity while the list of models remains fixed and one looks for criteria which
allow, asymptotically, to identify the true model. One then adds to the remaining
sum of squares, penalties of the form K(n)D,,, where D,, denotes the dimension
of model S, and one tries to recover asymptotically the “true” model. See for
instance Schwarz (1978) and Nishii (1984). An opposite philosophy is to use model
selection criteria to estimate s belonging to some infinite-dimensional space, which
means handling a nonparametric problem. A typical result in this direction is due to
Shibata (1981) in the context of (1.5). He shows, under appropriate assumptions on
the list of models and s, that the quadratic risk of the estimator selected according
to Mallows’ C,, criterion is asymptotically equivalent to the risk of the estimator
corresponding to the best model. This striking result can be obtained at the price
of the following restrictions: the largest dimension of the models should tend to
infinity slower than e~!, s should not belong to any model and the list of models
should not be too large (the number of models of a given dimension D can be
a polynomial but not an exponential function of D). Further results in this direction
can be found in Li (1987) and Kneip (1994). See also Polyak and Tsybakov (1990).

1.5. A brief overview of this paper

For the sake of simplicity and to avoid redundancy, our first aim will be to define
(in Sect. 2) a unified Gaussian framework to deal with all the examples we have
considered in Sect. 1.1 simultaneously. Then, in Sect. 3, we shall develop, within
this framework, our approach to model selection and set up a general method (via
penalization) for choosing one model within a (potentially large) family of such.
The properties of the resulting estimators are given below in Theorem 2, which is
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a generalized version of Theorem 1. Obviously, the performances of 5 depend on
the strategy, i.e. the family of models {S,, },,e A4 and the associated weights L,, we
have chosen. Different strategies should be selected for different needs or to take
into account various types of a priori information on the unknown parameter s.
Since each strategy has its advantages and disadvantages, it would be desirable to
be able to mix them in order to retain the best of each one. A general way towards
this aim will then be presented in Sect. 4.

The remainder of the paper will be devoted to applications of our main result
(Theorem 2) including ordered and complete variable selection with applications
to threshold estimators and adaption for sets of functions of increasing complexity
such as Sobolev and Besov balls, among others. We shall follow here the approach
of Donoho and Johnstone (1994b, 1996 and 1998) which amounts, via the choice
of a convenient basis, to work within the Gaussian sequence framework, replacing
families of functions by suitable geometric objects in the space I,(N*). We have
already seen that Sobolev balls could be interpreted as ellipsoids. In the same way,
Besov balls can be turned to some special cases of [,,-bodies, which will lead us to
study various adaptive strategies for different types of I ,,-bodies. Our results will, in
particular, complement those of Donoho and Johnstone (1994b) and provide fully
adaptive estimators for (almost) all Besov balls simultaneously. We shall conclude
with some remarks on the choice of the constant K involved in the penalty, showing
that K < 1 may lead, in some cases, to definitely poor results.

2. Model selection for Gaussian models
2.1. A generic Gaussian framework

We now want to provide a unified treatment for various problems connected with
Gaussian measures and, in particular, for all the frameworks we have considered
in Sect. 1.1.

Let us first consider the linear regression. Setting (f, u) = n~! Yo tiu; for

rbueR" ands =Y | B X" in (1.1), we get forany r € H = R”,

(L Y) = (s,1) + 62 with Z() = — Zn:gt d ?
LY) = (s, & wi = — f; and &= —.
vz i=1 v vz

Since the &;’s arei.i.d. N'(0, 1), Z is a centered and linear Gaussian process indexed
by H such that Cov(Z(¢), Z(u)) = (t, u).

Similarly, the discrete-time process (¥;)1<;<, defined by (1.3) can be associated
to a linear operator on the Hilbert space H of functions 7 on {x1; x2; ... ; x,} with
the scalar product (¢, u) =n~! Yoy t(xi)u(x;) by the formula

N

Since the &;’s are also i.i.d. A/(0, 1), the process Z’ is again linear with the same
distribution as Z.

f > % S Yitte) = (s, 1) + €2/ (1) with Z'() = %ﬁ ;Eit(x,-) and &= ——

i=1
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Analogously, for each ¢ € I>(A) with a finite number of nonzero coordinates,
one can write

Z Yitr = (s, 1) +eZ"(t) with Z'(t) = Z Ert.

reA reA

Here (-, -) denotes the scalar product in I3(A) and Z” is again a centered linear
Gaussian process with the same covariance structure as Z since the last sum is
actually a finite one. The only difference is that we have restricted Z” to the linear
subspace S of I>(A) of those elements that have only a finite number of nonzero
coordinates in order that the series which defines it converge in R. Here &2 plays
the role of o /n in the previous examples.

Let us finally consider the case of (1.4). An alternative, but equivalent formu-
lation is in the form of the stochastic differential equation

dY = s(x)dx +¢edW with Y(0) = 0. 2.1)

If the Brownian motion W is defined on some probability space (€2, A, P), one can
deduce from the process Y given by (2.1) a linear operator from the Hilbert space
H = L,([0, 1], dx) to Lo (2, A, P) given by

1 1
t s / 1(2)dY(z) = (5, 1) +eZ"(t) with Z"(t) = / 1(z) dW(z),
0 0

where (-, -) now denotes the scalar product in H. The process Z(¢) is again
a centered Gaussian process (in the ILp sense) indexed by H and with covariance
structure given by the scalar product on H. The functional t — Z”(f) is linear as
an operator from H to L, (€2, A, IP) but, as in the previous example, we shall restrict
Z"" to some linear subspace S of H in order to get a version such that t > Z"'(¢) (w)
is linear on S for almost every w € Q2. Fortunately, we do not need that the process
Z"" be defined on the whole Hilbert space H and, as we shall see below, restricting
Z"" to some subspace S of H will be enough for our purposes.

This suggests to introduce the following infinite dimensional extension of
a standard Gaussian vector in a Euclidean space adapted from Dudley (1967).

Definition 2. Given a linear subspace S of some Hilbert space H with its scalar
product (-, -), a linear isonormal process Z indexed by S is an almost surely linear
centered Gaussian process with covariance structure Cov(Z(t), Z(u)) = (t, u).
The a.s. linearity means that one can find a subset Q' of Q such that P(Q') = 1 and
aZ(t)(w) + BZ(u)(w) = Z(at + Bu)(w) whatever w € ', a, B € Randt,u € S.

Proposition 1. Given some orthonormal system {@) }»ca in H, there exists a linear
isonormal process indexed by the linear spaceS = {t = )", . Or¢x | [{A |0 # O}
< +oo}.

Proof. Choose a set (£)),eca of i.i.d. standard normal random variables and define
ZonSby Z(t) = ), . 65, which is a finite sum. |
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One can then define an infinite dimensional analogue of a Gaussian vector with
covariance matrix proportional to the identity. From a statistical point of view, it
provides a natural framework for generalizing to an infinite dimensional setting the
problem of estimating the mean of a Gaussian vector.

Definition 3. Given a linear subspace S of some Hilbert space H we call Gaussian
linear process on S with mean s € H and variance €* any process Y indexed by S
of the form

Y(t) = (s,t) +€Z(t) forallt €S, (2.2)
where Z denotes a linear isonormal process indexed by S.

It follows from the preceding considerations that observation of the sets of variables
{Yi}1<i<n corresponding to the statistical frameworks (1.1) and (1.3) is equivalent
to observing a Gaussian linear process. This still holds true for (1.5) and also for
(2.1) (see below) provided that S has been suitably chosen.

2.2. Back to the Gaussian sequence framework

We have seen in the previous section that the Gaussian sequence (1.5) can be turned
to a Gaussian linear process, but the reverse operation will also prove extremely
useful in the sequel, in particular for adaptive curve estimation. Consider the
Gaussian linear process Y(f) = (s, 1) + €Z(t) where s belongs to some infinite
dimensional separable Hilbert space H with orthonormal basis {¢) }ea, A = N*
and ¢ belongs to the subspace S of Proposition 1, one can always write by linearity

YWy =Y Bbr+e) 0:Z(p) ifs=Y) Bgs

reA reA reEA

This means that, once the basis {¢; },ca has been fixed, Y can be viewed, identifying
s with (By)sea and ¢ with (65),ea, as a process indexed by the subspace S = {r =
@ )ren | A 105 # 0} < +oo} of H = I5(A). Moreover, since the basis {¢; }reca
is orthonormal, Y can be written as

Y(t) = 6,8, with B, = B, + &,

rEA

for some sequence (&), of i.i.d. standard normal random variables. Obviously,
the process Y is entirely determined by the sequence ( B 3)rea Which is a Gaussian
sequence as defined by (1.5). We shall therefore call Gaussian sequence framework
associated with the basis {@; },ca the random sequence (85 + €&5)5ca With un-
known parameter s = (83 ),ea. The advantage of the Gaussian linear process over
the Gaussian sequences comes from the fact that it is independent of the choice
of a particular basis. To a single Gaussian linear process, one can associate many
Gaussian sequences and this will prove useful for curve estimation.
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2.3. Linear models, projection estimators and oracles

Our purpose, given a Gaussian linear process Y on S with unknown mean s € H
and variance &2, is to recover s from a realization of the process Y which means
building an estimator § which is a function of Y and ¢ as a substitute for s. The
quality of this reconstruction will be measured, in the sequel, in terms of the
quantity Eg[£(]|s — s||)] where [Eg denotes the expectation of functions of ¥ when
Y is defined by (2.2) and ¢ is a nondecreasing function on Rt with £(0) = 0, our

reference being the classical quadratic risk which corresponds to £(x) = x2.

2.3.1. Linear models

In order to design our estimator, we shall introduce a countable family of models
{Sn}mem. By model, we mean hereafter a finite dimensional linear subspace of H,
possibly of dimension 0, i.e. reduced to the set {0}. We assume that all our models
are subsets of S, which is not a restriction since, if S is spanned by the union of
the S,,,’s, there always exists a linear isonormal process Z(¢) indexed by S. Indeed,
given a linear subspace S of some Hilbert space H which is the linear span of
a countable family {Sy,},,eaq of finite dimensional linear subspaces of H, one
can always build, using an orthonormalization procedure, an orthonormal system
{oa}ren+ such that any element € S can be written as a finite combination
t= ZAEA, Oy, with |A;] < +o0. It then suffices to apply Proposition 1.

Given some model S,, with dimension D,,, an estimator §,, with values in S,
is any measurable application 5,, (¥) with values in S, and its quadratic risk at s is
given by

By [I5m = 5IP] = llsm — 512 + By [ 15 — 5] 23)

where s, denotes the projection of s onto S,,. Let now see what can be expected
from such an estimator from the minimax point of view, since it is well known
that one cannot base an optimality criterion on a pointwise risk comparison. Since
ls, — s]| is deterministic, an optimization of the risk amounts to an optimization
of Eg [||§m — sm||2] among estimators with values in §,,. Because of this last
restriction, we have to modify slightly the definition of the minimax risk. We
define the minimax risk for estimating the projection s,, of s onto S,, under the
restriction that s € S,,, +1 wheret € S,J,; as infs,, SUpses, +1 Bs [||§m — Sm ||2] where
Sy 1s restricted to take its values in S,. A trivial modification of the classical proof
of the fact that X is minimax for estimating g € RP» when X = p + €, £ is a
D,,,-dimensional standard Gaussian vector and € > 0 is known, based on the fact
that the restrictions of Y to §,, and S,Jn- are independent, shows that

inf sup [ I:”Em - 5m||2:| = 52Dm-
Sm seSy+t
Therefore by (2.3),
. ~ 2 2, .2
inf sup E, [ 150 —sl2] = 112 + 62Dy, 24)

SmS€Sy+t
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2.3.2. Projection estimators

One can actually design a simple estimator which is minimax on the model S,,, i.e.
achieves the bound (2.4) for all #s simultaneously.

Definition 4. Let Y be a Gaussian linear process indexed by a linear subspace S
of some Hilbert space H with unknown mean s € H and known variance &*. Let
S be a finite dimensional linear subspace of S and let us set (1) = ||t||* — 2Y ().
One defines the projection estimator on S to be the minimizer of y(t) with respect
fot €.

Given a model S, with dimension D,,, the projection estimator §;,, on the model S,
is actually unique and can be computed as follows. Choose some orthonormal basis
{@atren,, of S and sett = ZkeAm 05.¢;.. By linearity, minimizing y(f) amounts
to minimize ) , Ay [9)% — 20, Y((pk)] which clearly results in

Sn= Y B with B, = Y(gs) = (s, ¢2) + £Z(9). 25)
AEAR

Moreover, since s,;, = ZAeAm (8, ©2) 01,

Sm=smte Y ZgDer and S —sml> =" D Zg)®.  (26)
AEA AEA,

Since the Z(p,)s are i.i.d. standard normal and |A,,| = D,, we derive from (2.3)
that

By [sm = 51%] = llsm = 511> + £2D. @7

This shows simultaneously that (2.4) is an equality and that the projection estimator
S is optimal from the minimax point of view.

Remark. Even if §,, is minimax, at least as an estimator of s,,, when D,,, > 3 one
can actually design, using Stein’s method (see Stein, 1956), estimators s, which
improve on 3, in the sense that they satisfy Eg |5, — s[|1*] < llsm — s|I> 4+ &> Dy,
whatever s, although such an improvement, because of (2.4), cannot hold uniformly
with respect to s. Moreover those estimators are more complicated than §,,. We
shall, from now on, restrict ourselves to projection estimators both because of the
simplicity of their representation by (2.5) which allows an easy computation, and
because of their definition as minimizers over the models of the criterion (1) =
l£]I?> — 2¥(¢). This second property is indeed the milestone of our construction.

2.3.3. Ideal model selection and oracles

Letus now consider a family of models F = {S,},,c A and the corresponding fam-
ily of projection estimators {S,, },»e . Since the quadratic risk Eg [||§m — s||2] =
lsm — 5|12 + &2D,, of the estimator 5, is optimal from the minimax point of view,
it can be viewed as the benchmark for the risk of an estimator with values in the



Gaussian model selection 219

D,,-dimensional linear space S,,. We can then conclude that, from this point of
view, an ideal model S,,,(5) should satisfy

s =512+ Dy = inf fisn —si®+eDu}.  @8)
meM

Such a procedure m (s) which depends on the unknown parameter to be estimated
cannot of course be used as a statistical model selection procedure. This is why,
following Donoho and Johnstone (1994), we call such an ideal procedure an oracle
and measure the statistical quality of the family JF at s in terms of the following
index:

Definition 5. Given a family of linear models F = {S;;}mem in some Hilbert
space H with respective dimensions Dy, a function s € H and a positive number ¢,
we define the oracle accuracy of the family F at s as

ao(s, F.e) = inf {llsn —s? +*Du ),
meM
where sy, is the orthogonal projection of s onto Sy,.

An ideal estimator §, i.e. an estimator which, for each s, is as good as the best
projection estimator in the set {5, },,e A1, would be one satisfying E [||§ — s||2] =
ao(s, F,e¢) for all s € H. Unfortunately, just as oracles typically do not exist as
genuine statistical procedures, ideal estimators do not exist either and we shall
content ourselves to try to design almost ideal estimators, i.e. genuine statistical
procedures § = §; based on a model selection procedure 7 (Y) with values in M
which approximately mimics an oracle in the sense that one can find a constant C
such that E [||5 — s|*] < Cao(s, F,¢) forall ¢ > 0 and s € H. Even this aim
is too ambitious in general. There is in particular a situation for which one can
easily see that it is hopeless to get such a risk bound, namely when {0} € F and
s = 0. Then ap(F,0,¢) = 0 and such a risk bound would imply that 5 = 0,
Py a.s., Py denoting the distribution of ¥ when (2.2) holds. Since all measures Py
are mutually absolutely continuous, then E; [||§ — s||2] = ||s)|? for all s. A more
sophisticated argument could show that the same holds true if one excludes 0 but
let ap(s, F, €) be arbitrarily small. Therefore we shall have to content ourselves
with a weaker inequality, namely

E, [||§ - s||2] <C [ao(s, F.e)+ 82] whatevere > 0 and seH. (2.9)

The additional term &2 allows s and therefore ao(s, F, ¢), to be arbitrarily close to
zero without causing the troubles mentioned above. Let us finally notice that
if ||s|| > &8¢ for some 8§ > 0, then ap(s, F,e) > &° (1 A 82) and therefore
ao(s, F,e)+e*is comparable to ap (s, F, ) via the inequality ap (s, F, €) + g2 <
[A AT +1]ao(s, F. o).

Even if we exclude the preceding situation and only consider values of s such
that ||s]| > e, there are cases, depending on the choice of the class F, for which it is
impossible to obtain an inequality like (2.9), with a moderate value of C, uniformly
on the set of those s such that ||s|| > e. This is in particular true when the class
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F is “large” in some suitable sense. In particular, complete variable selection (as
defined in Sect. 1.2.1) among a set of N variables leads to an unimprovable value
of C of order log N as will be shown in Sect. 5.2.

2.4. Mallows’ heuristics and penalized projection estimators

Mallows, in a conference dating back to 1964, according to Daniel and Wood (1971,
p- 86), proposed a method for solving the model selection problem, now refered
to as Mallows’ C,, (see Mallows, 1973). The heuristics underlying his method are
as follows. An ideal model selection procedure minimizes over M the quantity
lsm — |12 4+ €2 Dy, or equivalently

lIsm — s> 4+ &> Dy — lIslI* = —lIsm 1> + &> Dy (2.10)

Since, by (2.5), S, can be written as s, + ¢W,, where W,, is a standard D,,-
dimensional Gaussian vector E [[|$,,[1*] = lsm [I* 4+ &> Dy, and therefore |3, |* —
€2 D,, is an unbiased estimator of ||, ||>. Replacing in (2.10) ||s,, ||* by this estimator
leads to Mallows’ C, criterion which amounts to minimize —15m11? + 262Dy,
over M. Mallows actually gave no proof of the properties of his method and
one had to wait until Shibata (1981) to get a proof that such a method works,
at least from an asymptotic point of view. Unfortunately, and we shall prove this
precisely in Sect. 7.2 below, Mallow’s C,, is only suitable for families {S;},,epm
of models which are not “too large” (in a sense that we shall make precise later).
It is therefore necessary, in order to get model selection methods which are valid
for arbitrary countable families of models, to consider more general criteria of the
form —||$,,||> + pen(m) to be minimized with respect to m € M, “pen” denoting
a nonnegative penalty function defined on M. The remainder of this paper will be
devoted to the evaluation of the performances of those estimators which minimize
such criteria and to the discussion of those choices of the penalty function that lead
to sensible and sometimes optimal results of a form similar to (2.9).

3. The performances of penalized projection estimators
3.1. The precise framework

We want to introduce and study some model selection based estimation procedures
for the unknown mean of the linear Gaussian process Y given by Definition 3.

Definition 6. Given a finite or countable family {S;;}nem of finite dimensional
linear subspaces of S, the corresponding family of projection estimators 5§y, built
from the same realization of the process Y according to Definition 4 and a nonneg-
ative function pen defined on M, a penalized projection estimator (associated to
this family of models and this penalty function) is defined by § = §j;,, where m is
any minimizer with respect to m € M (if it exists) of the penalized criterion

crit(m) = — |5 |1> + pen(m). (3.1
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Remarks.

e We do not assume that all the models are different, i.e. that the mapping
m +> Sy, is one to one. It might look strange to allow such a redundancy in
the list of models. Indeed, if m and m’ are such that S,, = S,/ with pen(m) #
pen(m’), the definition of /7 implies that the model with the smaller penalty
will always be prefered and therefore that the one with the larger penalty
could be removed without affecting the estimation procedure. This remains true
when both penalties are equal: one can obviously remove one of the models.
Nevertheless, the consideration of redundant families of models will turn to
be useful from a computational point of view, since it sometimes provides an
easier description of §j;, as we shall see in Sect. 4.1 below.

e We allow the collection to contain zero-dimensional models S,,, = {0}, in which
case D, = 0 for the corresponding m.

e An equivalent definition of the pair (71, §) is

argmin [<||t||2 — 2Y(t)) ~log(les, ) + pen(m)] with Tog0 = —00. (3.2)
m,t

3.2. The main result

Our aim is now to prove that a proper choice of the penalty function in (3.1) leads to
some upper bounds for the risk of the corresponding penalized projection estimator
that we can compare to the oracle accuracy.

Theorem 2. Let Y be a Gaussian linear process indexed by a linear subspace

S of some Hilbert space H with unknown mean s € H and known variance &2,

{Sn}mem be a finite or countable family of finite dimensional linear subspaces
of S with respective dimensions D,, and {L,,},,emm be a family of weights, i.e.
nonnegative real numbers, satisfying the condition

T = Z exp[—Dp L] < 400 with M* ={m € M|D,, > 0}. (3.3
meM*

Let us then choose a penalty function pen(-) on M such that

2
pen(m) > Kesz (1 + \/2Lm> forallm € M and some K > 1. (3.4)

The corresponding penalized projection estimator s given by Definition 6 almost
surely exists and is unique. Moreover it satisfies

4K(K + 1)?

B (15 —51°] = ==

[mié% {dz(s, Sp) + pen(m)] K+ 82Zi| ,
3.5)
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where d(s, S;;) denotes the distance of s to the space Sy,. More generally, if £
is a nondecreasing function defined on R* such that £(0) = 0 and £(x + y) <
A[L(x) + £(y)] for all x, y > 0 and some positive constant A, then

s e 15-5)]

< Ci(AK) inf [£ (@5 5m) + tpentm) | + C2(A, K) 30(2), 3.6)

for some suitable functions C1 and C, of A and K, independent of s, € and X.

Proof. Recalling from Definition 4 that y() = ||¢ 12=2[(s, £)+eZ ()] and assuming
that for any m’ € M we have chosen some orthonormal basis {¢; }c A,y Of Sy,
we derive from (2.5) and the linearity of Z that

vGw) = 3 [Br—2Bills. o) + 620l == 3 B =—lsw I’ G

rEA, AEA,,

m

whatever m’ € M. We now fix some m € M and define M’ = {m’ € M| crit(m’)
< crit(m)}. If m’ belongs to M’, we derive from (3.7) that y(S,,/) + pen(m’) <
¥(Sm) + pen(m), which yields by Definition 4, y(5,,/) +pen(m’) < y(sy,) + pen(im)
where s, is the projection of s onto S,,. Since for all t € S, y(f) + Is|? =
s — t]|2 — 2eZ (1), we derive that, whatever m’ € M/,

s = S 11> < lls = smll* + 26[ZGw) — Z(sm)] — pen(m’) + pen(m).  (3.8)

In order to control Z(f) — Z(s,,) uniformly for r € S, and m’ € M’, we use a classi-
cal inequality due to Cirel’son, Ibragimov and Sudakov (1976) (see Ledoux, 1996,
for the specific form we use below as well as many related deviation inequalities).
Since the variance of the Gaussian process t +—> ||t — sp|| “Z@) = Z(sw)] is
identically equal to one, it follows from this inequality that, whatever A,,, > 0,

Z(t)—Z Z(t - Z A2,
P sup M > E sup M + )"lﬂ/ < exp __m .
res,, It —=sml res,, It —=sml 2
(3.9)

Introducing the D-dimensional linear space S = S, + S,y and some orthonormal
basis ¥, ..., ¥p of S, we derive from the Cauchy-Schwarz Inequality and the
linearity of Z on S C S that

172

res,, It —=sml

m

D . . D
20 = 26w _ (2 2t ZW) > 22y
I R =

j=1%;

Setting A2, = 2(L,y D,y +§) with & > 0in (3.9) and observing that D < Dy + Dy,
we get

Z(t) — Z(s
P |: sup M > /D + Dy + )Lm/:| < exp(—=Ly Dy —§).
lESm/

It —smll
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Summing all those inequalities with respect to m’ € M* and using (3.3) we derive
that except on a set ¢ of probability bounded by X exp(—§),

20 = Z(sw) = NIt = $ull [ (D + D12 + 2Ly Dy + 8112

< it = sull [V Do (1 + V2L ) +VDur + V28]

uniformly with respect to t € U,rc pm+ Sy = Unrem Sy - Let us now fix some
n € (0, 1). Using repeatedly the fact that 2ab < a’c + b*c™! for any ¢ > 0 and the
definition of pen(-), we derive, since ||t — s, || < ||t — s|| + [Is — s ||, that, except
on Qg,

26[2(0) — Z(sm)]
2ellt — sl [VDur (14 V2L ) + /D + /2

2 [(1+n)Dm/(1+ 2Lm/)2+(1+n‘)(\/D_m+JE)2}
I=n
+ =) [+l =512+ (14 n7")ls = 5]

1 262 (1 477!
< L pen(m’) + 7( )
(I-nK I—n

+ (=Dl =sI>+ (7" = n)lls — smll*.

IA

IA

(Dm +28)

Together with (3.8), this inequality, applied with ¢ = §,, implies that, except on
Q¢ and whatever m’ € M/,

K—1-n(l+K)
(1-mK

en(m’)

2¢*(1+n7")
1 —

2 P 2
n ||S - Sm’” +

<L+ =n)lls —sml? + (D +26) + pen(m). (3.10)
Choosing n small enough to get K > 1 4+ (1 4+ K), we derive that, on the set Q¢,

sup, e p{pen(m’)} < +oo, which means that there exists a number y such that
M C M(y) = {m’ € M| pen(m’) < y}. Now observe that if m" € M(y), then
2Ke?L,y D,y <y and therefore

x> Z GXP[—Lm/Dm’] = |M(y)|exp|:_ 2]3}82i|.

m' e M(y)
We then conclude that M () is finite and M’ as well, which implies that there exists
a minimizer m of crit(m") over M’ and therefore over M. Let us now turn to the
unicity of the penalized projection estimator. If S,,,; = S,,,» and pen(m’) = pen(m”),
then obviously crit(m’) = crit(m”) but then 5, = §,,» and if pen(m’) # pen(m”),
then crit(m’) # crit(m”). Therefore, in order to prove unicity, it is enough to show
that crit(m’) # crit(m”) a.s. as soon as S,y # S,~. This is a consequence of
the fact that, in this case, &2 [||§m/ 1% — ||§m~||2] is the difference between two
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independent non-central XZ variables, which easily follows from (2.5). Therefore,
on the set Qg, there exists almost surely a unique penalized projection estimator
§ = §;. Since Py[Q2¢] is arbitrarily small, a.s. existence and unicity follow. Now
setting n = (K — 1)/(K + 1), we derive from (3.10) applied to m’ = 7 that, on
the set Qg,

-1 2K(K + 1)&2
= ﬁ”s — sm|* + pen(m) + ﬁ(Dm +28),

and therefore, since Kssz < pen(m),

s — 511>
(K+1D2TK24+4K —1
S &8 | kaT 15wl + GK 4 Dpen(m) +4K(K + et |

except on the set Q¢. Consequently, there exists a nonnegative random variable V
with P[V > &] < X exp(—£) for & > 0 and therefore E[V] < X, such that

4K(K + 1)?

_~2<
Is =51 <~

[||s — smll? + pen(m) + (K + 1)82‘/] ,

and (3.5) follows by integration since m is arbitrary. To get (3.6) we observe that

- 4K (K 4+ 1)
e(Is=512) < ¢ (ﬁ [ 15 = sl + penm) + (K + 1)ezv])

= Q1A ) [€ (I = 5lP) + £penom) | + €', K (V).
Since £ (2/6%) < (2A)7¢ (%) for j > 1, we derive by integration that

E[eeV)] = e()p0 < v =11+ X]:z(z-/ez)ﬁb[z-/—l <V <2i]
JZ

< 28(82) 1+ Z(ZA)j exp ( — 2j_1) ,
j=1

and (3.6) follows since m is arbitrary. O

3.3. First comments about the choice of the penalty

Let us first observe that the values of the weights for m ¢ M™* are irrelevant. Their
introduction is actually unnecessary and has been made for notational convenience,
in order to avoid to distinguish between two cases. One can, for instance, set L,,, = 0
when D,, = 0.
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One then notices that the upper bounds (3.5) and (3.6) in Theorem 2 suggest,
together with (3.4), a choice of penalty of the form

2
pen(m) = Ke%D,, (1 + 2Lm) forallm € M and some K > 1, (3.11)

where the weights L,, satisfy (3.3) for areasonable value of ¥, say ¥ < 1, although
the number one has no magic meaning here. In any case, from the asymptotic point
of view, X should remain bounded when ¢ tends to zero. With such a choice of the
penalty, one derives from (3.5) the cruder bound

E, [ 15— 511
4K(K+ 13T . 2
< W [m]él‘/{/t {dz(s, Sm) + 82Dm (] + vV 2Lm> } + 822} .

(3.12)

This implies that a proper choice of the penalty function leads to a risk bound which
only depends, up to some constant C(K), on the family of models and weights
{(Sms Lm)}mem. This suggests to introduce the following

Definition 7. Given some linear subspace S of some Hilbert space H, we call
strategy a finite or countable family {(Sy, Ly)}mem where for all m € M,
Sm denotes a Dy,-dimensional linear subspace of S and L, a nonnegative number
such that 3, amq) pp=0y €XP(—LmDm) = £ < +o00. Given a strategy S, its
accuracy index ay (s, S, ) at point s is then defined as

ars.8,6) = inf |d2(s, ) + 2Dy (L + 1)} + 362, (3.13)

One can now rewrite (3.12) in the following form: given a strategy and a penalty
function satisfying (3.11), the corresponding penalized projection estimator satis-
fies

B, [15 - s1?] = Co(K) ar(s. S. o), (3.14)

for a suitable function Cy of K.

3.3.1. How to choose K?

Given the family {L,,},,e A1, One can raise two natural questions concerning the
choice of K:

e is the restriction K > 1 necessary;
e how to choose K in order to minimize the risk of §.

One can immediately see from (3.12) that our upper bound for the quadratic risk of
the penalized estimator § converges to infinity when K tends to one which suggests
that the answer to the first question is actually “yes”. We shall indeed show below
in the context of variable selection (see Sect. 7) that 1 is a compulsary lower bound
for K if we require our estimator to have good performances. This naturally leads
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to advise against a choice of K smaller than one that is very likely to cause some
disaster since then the model selection procedure 7 systematically chooses models
with close to largest dimension. This phenomenon, which will be theoretically
proven in Sect. 7 is quite spectacular in simulations.

The answer to the second question is much more delicate and cannot be solved
by a simple optimization procedure performed on the right-hand side of (3.12)
since the factor f(K) = 4K(K + 1)3(K — 1)~3 which appears there is far from
being optimal: the resulting value of K would then be irrelevant. Nevertheless, the
behaviour of f(K) can be used to give a rough idea of how not to choose K! The
fact that f(K) tends to infinity when K tends to one suggests to avoid values of K
close to one. Moreover, since f(K) tends to infinity with K, too large values of K
should be also avoided. But the two problems are clearly not symmetrical! Indeed,
our risk bound increases linearly with K for large K while K smaller than one can
truly make the risk blow up as shown in Sect. 7.

The search for an optimal value of K (at least asymptotically) requires a differ-
ent proof which is more complicated and also specific to this particular framework
of Gaussian model selection. It will therefore be postponed to a forthcoming paper,
Birgé and Massart (2001). Let us just mention here that K = 2 should be recom-
mended in most situations. In this case, the only difference between our penalty and
Mallows’ is the introduction of the weights L,,. The advantage of the proof that we
have chosen here is that it can be extended, of course with additional technicalities,
to other frameworks, like density estimation, since it emphasizes the link between
concentration inequalities and the calibration of the penalty.

3.3.2. The role of the weights L,,

The choice of the weights L, appears to be much more delicate than the choice of
K since there is no optimal solution to this problem. Indeed, in view of minimizing
the risk bound (3.5), given a penalty of the form (3.11) and a value of K, one
should choose the L,,s as small as possible such that ¥ < 1. This is obviously an
ill-posed problem since its solution requires the knowledge of d>(s, S,,) for all m.
The simplest way of choosing the L,,s is to take them constant, i.e. L,, = L > 0
for all m. Then,

Y= Z l{m € M| D,, = D}|e"PL.
D>1

Since we have imposed ¥ < 1, such a solution is feasible provided that the
number of models having a given dimension is finite and not too large, namely if
D! log |{m € M| D, = D}| is bounded. If so, one can take
L = sup D~'log|{m € M| D,, = D}| + log2.
D>1

This strategy, which treats all dimensions in the same way, can easily be refined by
choosing L,, as a function of the dimension of S,,, i.e. L,, = L(D,,) for a suitable
function L satisfying

> lm e M| Dy = Dje” PP < 1.
D>1
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Of course, if there is an infinite number of models of some dimension D, the
preceding strategy cannot work. Even if it is not so, some more sophisticated
strategies may look attractive. If one suspects that the true s is close to some
particular models, one is then tempted to give small weights to these models, in
order to minimize the risk if our guess is true. This approach, based on some a priori
information brought by the statistician, is quite analogue to the choice of a prior
distribution in a Bayesian setting. This analogy will be made more explicit in the
next section.

The influence of the various strategies (constant or variable weights) we just
mentioned will actually be discussed in greater details when dealing with the
numerous examples below. Let us just make here the following general remark:
since (3.3) does not involve any model of dimension 0, the presence of such a model
in the collection has actually no influence on the choice of the penalty for those ms
such that D,, > 0 and one can always choose pen(m) = 0 whenever D,, = 0. On
the other hand, since the bound in (3.6) can only be improved if one enlarges the
number of models without modifying ¥ and the penalty function, it is always wise
to include a zero-dimensional model in the collection.

3.4. A Bayesian interpretation of penalization

In order to discuss this point and for the sake of simplicity, let us forget the Gaussian
linear processes for a while and go back to the simpler problem of estimating the
mean s of a multidimensional Gaussian vector ¥ € R" with covariance matrix
o21,, where I, denotes the identity matrix. We assume that we have at hand an at
most countable collection {S,,},,eA of linear subspaces of R” and that all those
spaces are distinct. As we mentioned in Sect. 3.1, one can always remove the
duplicate models without changing the value of the penalized estimator. We denote
by v the Lebesgue measure on R”, by v, the Lebesgue measure on S, (which is
the Dirac measure §9 when D,, = 0) and set © = Zm <M Vm- Let us then define

My ={m' e M|Sw 2Su}  and S, = | (J Sw|[)Sn
m'e My,

Since vy (S N Sm) = 0 when m’ € M,,, then vy, (S,,) = 0. As a consequence,
a version of the density dvy, /du can be taken as I,/ . Let us now specify the
prior “distribution” that we want to put on the parameter space U, a1 Sy, - We first
choose some prior @ on M with6({m}) = 6,,and ), . 1 6n = 1. Then we assume
that, given the value of m, s is “uniformly” distibuted on S, which means that it
has the density 1 with respect to v,,. This is obviously an improper prior. In other
words, the prior “distribution” of s is taken as Zme M OmVm, which has a density
> mem Om s, \s;, withrespect to . We recall that given s, the observation ¥ € R"
is normal with mean s and covariance matrix o 1,,. Therefore, the joint density of
Y and s with respect to v ® w is given by

—n/2 n
(270%) ™" Y Oulls, s, ) exp (=55 1y =117
meM
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where || - ||, is the normalized Euclidean norm as in Sect. 1.2 and the posterior
density of s given Y is proportional to

n
> Ouls,s, ) exp (=55 lls = YI7)
meM

Now observe that if s € (S, \ S),) N Sy withm” # m, then S,y D S, and therefore
s € 8 ,. This implies that the sets S, \ S, are all disjointed. Moreover,

2 a 2 a2 2 :
sup (—||s — Y||n> = —ISm = Y, = lsmll, = IIYll;,, a.s. with respect to v.
seSm\S,

m

Therefore the posterior mode is almost surely equal to §,;, with

m = argmax {log(Gm) + 1|5 ||ﬁ/(202)} .
meM

Equivalently, it can be written as

# = argmin [—||§,,,||§ — 20762 1og(On) + C] ,
me

where C is an arbitrary constant, which means that §,;, is exactly the penalized
projection estimator with penalty function pen(m) = —2n~'o%log(6,,) + C, or

equivalently
C — pen(m) . o
Om = exp <7 withe = —.
2¢2 N

Since 6 is a probability distribution on M,

C = —262log ( 3 exp [— pen(m) /(2&)]) .

meM

The assumptions (3.3) and (3.4) clearly imply the convergence of the series which
may very well diverge if K < 11in (3.4).

The previous comparison shows that the penalized projection estimator is the
mode of the posterior distribution in a Bayesian framework with an improper
“uniform” prior distribution on each model and a prior probability for model
Sm proportional to exp [— pen(m)/ (282)]. The choice of the weights therefore
amounts to the choice of a prior distribution on the family of models. We shall not
go further in this direction and investigate the properties of the posterior distribution.

4. How to select good strategies?

4.1. Mixing several strategies

The choice of a strategy heavily depends on the type of problem we consider or the
type of result we are looking for. For instance, as we shall see below, one should
use different strategies for solving the problems of ordered and complete variable
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selection, as defined in Sect. 1.2.1. Going back to our initial example, developed
in Sects. 1.1.4 and 1.2.2, of a function s belonging to some unknown Sobolev ball
W*(R), we have seen in Sect. 1.5 that a good strategy to estimate s is based on the
family of models Sp, D € N where Sp is the linear span of the D first elements
of the trigonometric basis {¢;};>1 defined in Sect. 1.1.4 (Sp = {0}), with weights
Lp = 1forall D > 1. The resulting estimator is minimax, up to constants, over all
Sobolev balls of radius R > &. Unfortunately, such a strategy is good if s belongs
to some Sobolev ball, but it may be definitely inadequate when s belongs to some
particular Besov ball. In this case, one should use quite different strategies, for
instance a thresholding method (which, as we shall see, is a specific strategy for
complete variable selection) in connection with a wavelet basis, rather than the
trigonometric one.

These examples are illustrations of a general recipe for designing simple strate-
gies in view of solving the most elementary problems of adaptation: choose some
orthonormal basis {¢;}yca and a countable family M of finite subsets m of A,
then define S, to be the linear span of {¢;}yc,m and find a family of weights L,,
satisfying (3.3). Once again, the choice of a proper value of m can be viewed
as a problem of variable selection from an infinite set of variables which are the
coordinates vectors in the Gaussian sequence framework associated with the basis
{@a}ren. Obviously, the choice of a basis influences the approximation properties
of the induced families of models. For instance the Haar basis is not suitable for
approximating functions s which are “too smooth” (such that fO] [s” (x)]? dx is not
large, say). If we have at hand a collection of bases, the choice of a “best” basis
given s, € and a strategy for estimating within each of the bases corresponds to the
minimal value of the accuracy index at s and this “best basis” typically depends on
the unknown s. Therefore one would like to be able to use all bases simultaneously
rather than choosing one in advance. This is, in particular, a reason for prefering
the Gaussian linear process approach to the Gaussian sequence framework.

The problem of the basis choice has been first considered and solved by Donoho
and Johnstone (1994c¢) for selecting among the different threshold estimators built
on the various bases. The following theorem provides a generic data driven way of
mixing several strategies in order to retain the “best one”.

Theorem 3. Let J be a finite or countable set and (v a probability distribution
on J. For each j € J we are given a collection {Sy}mer; of finite dimen-

sional linear models with respective dimensions Dy, and a collection of weights
{Lm,j}Ime M; and we assume that the distribution  satisfies

jed {meM; | Dy>0}

Let us consider for each j € J a penalty function pen;(-) on M such that

2
pen;(m) = K> Dy, (1 + ,/2Lm,,-) with K > 1,
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and the corresponding penalized projection estimator S; = Sin; where m j mini-

mizes the penalized criterion — Sy ||> + pen; (m) over M. Let j be a minimizer
with respectto j € J of

—[15;1% + pen;; (1) +

2)CK 2 . —1 .
1 el; withK™ <x <1 and lj =—log[u({jD].
—x

The resulting estimator 5 = 5 then satisfies

» 2 . 2)CK 2 2
ES[Hs—sH]SC(x,K) inf {R; + b+ (K + 1) 2|,
jeg | - 1— ’
with
4xK(xK + 1)? , )
C(X, K) = W and R/ = mg}\t;[] {d (S, Sm) +Penj(m)} .

Proof. Let M = @je:] M x {j} and set for all (m, j) € M such that D,, > 0,
Ly, = Lm.j + D;,'l;. Then

Z expl—Du L, ;] = 2.
{(m,])EM ‘ Dm>0}

Let pen((m, j)) = penj(m) + [2xK)/(1 — x)]ezlj, for all (m, j) € M. Using
Ja+b <. Ja+ /b, we derive that

2 2
(VD + V2L D +205) " < D (14 V2L 5) +2; + 221Dy,
which implies since 2,/21; D, < 21jx/(1 — x) + D;, (1 — x)/x that
2 . 2
(\/ Dy, + 2Lm,ij + 21]) <x Dy (] + 2Lm,j) + 21//(] —X).
It then follows that
2
pen((m, ) = xK&> [x—le (14 v2Ly) +20/ —x)}

2
> xKe? (\/Dm + /2Ly D + 21j) ,

and therefore

2
pen((m, j)) > xKe*Dy (1 + /2L/(m,j)) . 4.1)

We can now apply Theorem 2 to the strategy defined for all (m, j) € M by
the model S, and the penalty pen((, j)). By definition, the resulting estimator is
clearly 5 and the risk bound follows from (3.5) with K replaced by xK > 1 because
of (4.1). O
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Remarks.

e The definition of M that we used in the proof of the theorem may lead to
situations where the same model S,,, appears several times with possibly differ-
ent weights. This is why we emphasized, in the presentation of the framework
preceding Theorem 2, the fact that such a redundancy was allowed.

e Note that the choice of a suitable value of x leads to the same difficulties as the
choice of K and one should avoid to take xK close to 1 (see Sect. 3.3.1).

The preceding theorem gives indeed a solution to the problems we considered
before. If one wants to mix a moderate number of strategies one can build a
“superstrategy” as indicated in the theorem, with u the uniform distribution on
J, and the price to pay in the risk is an extra term of order &2log(|7]). In this
case, the choice of j is particularily simple since it should merely satisfy ||5; 1% —
pen; (m;) = sup;cz {lI5;1* —pen;(nj)}. If J is too large, one should take
a different “prior” than the uniform on the set of available strategies. One should
put larger values of . ({j}) for the strategies corresponding to values of s we believe
are more likely and smaller values for the other strategies. As for the choice of the
weights L, (see Sect. 3.4), the choice of i has some Bayesian flavour.

As a matter of conclusion, let us mention that the problem of mixing several
estimation methods in order to get the best of each is not new. Our approach to
this problem seems to be new but it is limited to a specific class of estimators,
namely penalized projection estimators. More general points of view appear in
Yang (2000) and Catoni (2000), based on previous ideas of Barron (1987), as well
as in Nemirovski (2000, Chaps. 5 and 6).

4.2. Adaptation in the minimax sense

Now that we have at hand a powerful tool (Theorem 3) to mix strategies associated
with different bases or with a single one, it remains to decide what are the good
strategies within a given basis. As we already noticed in Sect. 2.3.3 a natural
benchmark for measuring the performance of penalized projection estimators, is
the oracle accuracy given by Definition 5. If S is a strategy with bounded weights,
ie. Ly, < L for all m € M, it follows from (3.13) that the accuracy index is
comparable to the oracle accuracy via the inequality

ar(s,S.e) <[(1V )+ L] [ao(s, S.e)+ 82] . (4.2)

Note here that although the oracle accuracy does not depend on the weights L,,,
the notation ap (s, S, €) is perfectly meaningful. An advantage of this approach is
that this comparison with the oracle makes sense for all s. On the other hand, it has
at least two serious drawbacks:

e this comparison becomes meaningless when the family {L,,};;eaq is un-
bounded or is misleading when either L or X is large since the right-hand
side of (4.2) can then be substantially larger than the accuracy index;

e it provides no information on the comparison between § and some arbitrary
estimator, which typically does not belong to the family {5}, At
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The above criticisms of “oracle inequalities” such as (4.2) suggest to consider
other optimality criteria in order to judge of the quality of penalized projection
estimators. As mentioned in Sect. 1.2.2, one such criterion is the minimax risk over
suitable subsets 7 of H, as defined by (1.9). From this point of view, the perform-
ance of an estimator 5, (generally depending on €) can then be measured by the ratio

s 2
RGo. T e) — sup eI = o1°]
seT  Ru(T. &)
and the closer this ratio to one, the better the estimator. In particular, if this ratio is
bounded independently of ¢, the family of estimators {5, }¢~o will be called approxi-
mately minimax with respect to 7. Many approximately minimax estimators have
been constructed for various sets 7. As for the case of Sobolev balls, they typically
depend on 7 which is a serious drawback. One would like to design estimators
which are approximately minimax for many 7's simultaneously, for instance all
Sobolev balls W¥(R), with @ > 0 and R > ¢. The construction of such adaptive
estimators has been the concern of many statisticians (see Barron et al. 1999, Sect. 5
for a detailed discussion of adaptation with many bibliographic citations).

In order to see to what extent our method allows to build adaptive estimators
in various situations, we shall consider below a number of examples and for any
such example, use the same construction. Given a class of sets {Tg}pce We choose
afamily of models {S, },,c A4 Which adequately approximate those sets. This means
that we choose the models in such a way that any s belonging to some 7y can be
closely approximated by some model of the family. Then we choose a family
of weights {L,,},uea satisfying the condition (3.3) for some reasonably small
value of X. Theses choices completely determine the construction of the penalized
projection estimator 5 (up to the choice of K which is irrelevant in term of rates
since it only influences the constants). In order to analyze the performances of the
resulting estimator, it is necessary to evaluate, for each 0 € ® and each s € Ty the
accuracy index aj (s, S, €) since

. a(s, S, ¢)
R(Se, To, ) < C sup —.
( ¢ ) s€Ty RM (75’ 8)
In order to bound the accuracy index, we first have to compute the distances d(s, S;,)
for each m € M, which derive from Approximation Theory, then procede to the
minimization with respect to m € M.

4.3. Choice of collections of models and Approximation Theory

In order to understand how to choose “good” families of models, let us consider
some particular weighting strategy for which it is especially easy to understand the
behaviour of the accuracy index. If for any integer D there is only a finite number of
models of dimension D one can choose L,, as a function L(D,,) of the dimension
which satisfies

Z |{m € M| D,, = D}| exp[—DL(D)] = ¥ < +o0. 4.3)
D>1
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This leads to

ar(s, S, e) = inf {sz[DL(D) +D+ 3]+ inf d* (s, s,,,)} . (44
D>0 {meM | D, =D}

Taking (4.3) into account, we see that controlling the accuracy index forces us to
make some compromises between the number of models of the same dimension and
their approximation capabilities since a large number of models of dimension D po-
tentially reduces the value of inf(,,c A | p,,=D) d?(s, S,,) but requires a large value
for L(D) or X. Moreover we would like to control the accuracy index for as many
s simultaneously as possible. It is precisely one of the main purposes of Approxi-
mation Theory to provide linear or nonlinear approximation procedures for various
types of regular functions. Most of the constructive methods of approximation that
we know amount to select some coefficients from infinite dimensional expansions
on one single basis such as polynomials, piecewise polynomials, trigonometric
polynomials, wavelets, splines, ... (and it is here that the basis choice comes
in) and naturally lead to collections of finite dimensional linear models S, for
which infy,,c A1 | p,,=D) d?(s, S,,) can be controlled in term of the various moduli
of smoothness of s. Results from Approximation Theory will therefore be at the
heart of our choices of suitable families of models for curve estimation.

5. Finite-dimensional variable selection

In order to define some basic strategies that will be the milestones for further de-
velopments and to analyze in a more concrete way the role of the weights and the
difference between our criterion and Mallows’ C,, let us go back to one of the prob-
lems that motivated this work: variable selection for a Gaussian linear regression.

Translating (1.1) into our framework, we start from an observation of the
process Y(7) = (s, t) + €Z(t), where t varies in the linear span Sy of some system
{¢1,...,9n} of linearly independent (but not necessarily orthonormal) vectors
and s is unknown in H. Variable selection then amounts to choose a proper value
of A, as asubset of A = {1;...; N} (with N > 2 in order to avoid trivialities),
from the observation of Y. In short, we look for an efficient reconstruction of s,
taking into account the noise level and the number N of available variables, in the
form ZAeAm Brey which means that S,, is the linear span of {¢; },ea,,. We focus
here on two typical and, in some sense, extremal situations:

e Ordered variable selection amounts to restrict to subsets A,, of A of the form
{I;...;m} with I < m < N. In this case, one takes M = {1;...; N}.
Such a variable selection problem is especially meaningful for time-depending
variables or variables which are algebraic or trigonometric polynomials.

e Complete variable selection considers all subsets A,, = m of {1;...; N}. In
this case M = P({1; ... ; N}).

5.1. Oracle type inequalities

Here, we want to compare the risk bounds (3.5) to the oracle accuracy when the
penalty is chosen according to (3.11). Of course, this comparison heavily depends



234 Lucien Birgé, Pascal Massart

on the choice of the weights L,, but, in principle, on K also. Since the dependence
with respect to K of bound (3.5) is very crude, we shall make no attempt to be
precise in the following evaluations and shall content ourselves with comparisons
of risks bounds up to multiplicative constants depending on K. Taking (3.14)
into account, we shall focus on the evaluation of the accuracy index for various
strategies. In the sequel we shall use various quantities depending on the parameters
involved in our strategies. Such a quantity will systematically be denoted by C or
more precisely C(-, - - - , -) to indicate that its value only depends on the parameters
appearing as its arguments. Its value may change from line to line.

5.1.1. Ordered variable selection

Constant weights Let us begin with the simplest weighting strategy. Choosing

L, =L > 0form € M gives (3.3) with ¥ < (eL — 1)_1 and (3.13) then leads
to a strategy S with accuracy index bounded by

ar(s. S, &) < inf {dz(s, Sp) + &2m (1 + L)} G s R C R

meM

Since ap(s, F, ) > &2, one gets ay(s,S,e) < C(L)aop(s, F, ¢e). It should also
be noted that all penalties of the form K’ me? with K’ > 1, which correspond to
suitable choices of the pair (K, L), are allowed, including that of Mallows, namely
K =2.

Variable weights In order to improve on (5.1), we can introduce weights which
depend on the dimension. Let us, for instance, set L,, = 02m~—1/2 for some 6 > 0.
Then (3.3) holds with ¥ < ¥y = ZJD”;OI exp ( - 92\/5) which leads to a strategy
S with accuracy index bounded by

ar(s, S, &) < inf |d2(s, Sp) + &2m (1 —|—92m_1/2)} 4 T2, (5.2)
meM

Straightforward computations show that, if L = log [1 + exp (92) / 2] and 0% > 3,

then ¥y < (eL - 1)_1 which allows an easy comparison with (5.1): if m( denotes
a minimizer of d2(s, Sy,) + €2m(1 + L) over M, bound (5.2) is better than bound
(5.1) whenever L > 92m61/2. It should also be noted that, when K = 2, our
penalty can be viewed as a corrected version of Mallows’ C,, which is equivalent
to it when m goes to infinity.

In both situations (constant or variable weights), we have proved that an oracle
inequality of the form (2.9) holds for suitable choices of the penalty. This shows that
those penalized projection estimators are optimal in the sense that, up to constants,
they are minimax over any space S;,, with m € M. Nevertheless, the preceding
study tends to indicate that suitably chosen variable weights should be prefered to
constant weights.

5.1.2. Complete variable selection and thresholding

A quite different situation occurs when one allows m = A,, to be any subset of
{1;...; N}, Sp being the linear span of {@y}rca, With D, = |m|. When the
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system {@; },ea is orthonormal, we shall denote by B ,, the estimated coefficient
Y(¢3). Then by (2.5) 5, = D, ,, By.¢a forallm € M.

Constant weights  If we choose constant weights, namely L,, = L forallm € M,
we get

N

=3 <g>e“’ = (14 )Y -1

D=1

In order that ¥ remains bounded independently of N one has to take L/log N >
1 +o0(1) when N — +o0. This also means that the use of Mallows’ C, criterion,
which requires that L be smaller than 3/2 — +/2 leads to ¥ > 1.9Y — 1 and
the resulting risk bound is therefore irrelevant when N is large. At this point,
one can suspect that Mallows’ criterion might not be suitable for complete variable
selection with a large number of variables and should rather be replaced by a penalty
of the form pen(m) = K|m|82(1 + «/ﬁ)z with L = log N which warrants that
¥ < (1 +1logN) A (e — 1) and that accuracy index of the corresponding strategy
is bounded by

ar(s,S, &) < inf {dz(s, Sm)—|—£2|m|[1+10gN]}+E£2 (5.3)
meM
= [1+1log N [ao(s, ) +¢2]. (5.4)

We then miss a factor 1 + log N with respect to the oracle accuracy.
Let us now turn to computational issues when the system {@; },ea is orthonor-
mal and first show that

ao(s. Foe) =Y (ﬁf A 82) . (5.5)

rEA

Indeed,

. F.e) = inf P+ elmly = lsI* + inf —Br+e). (5.6
ao(s, F. ) mlgM{Zﬂﬁelm} Isi +m13M§1(ﬂk+s) (5.6)

rgm

The infimum is reached by m* = { | g7 > &2 }. Plugging this value of m* in (5.6)
gives (5.5) and (5.4) therefore becomes

ar(s, S, €) < [1 +log N [Z (ﬂf A 82) + 82j| . (5.7)

reA

As to the penalized projection estimator, while its computation apparently re-
quires an optimization over a family of models of cardinality 2" which does not
seem numerically feasible when N is large, it turns out, when the system {¢; },eca
is orthonormal, to be easily computed. Indeed, since the penalty is proportional
to the dimension of the model, i.e. pen(m) = T2|m| for some positive number
T = VK (1+ /2IogN)e, the minimization with respect to m € M of the
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penalized criterion —||Sy, 1% + pen(m) is similar to the one involved in the compu-
tation of the oracle accuracy. It amounts, according to (2.5) to the minimization of

A2 . . A Py .
ZAeAm [— B, + T2] and m is therefore given by m = {A € A||B;| > T}. This
results in a threshold estimator of the form

St =50 =) Bilyg,om o (5-8)
reA

which means that one only keeps in the expansion of s the coefficients B 5, which
have a large enough absolute value, larger than the threshold 7. These estimators
have been investigated in great details by Donoho and Johnstone (1994a), at least
from an asymptotic point of view (when N tends to infinity). They have shown
(Theorem 4, p. 439) that the choice T = Ty = (2log N)/2¢ leads to

By [lls =51y 2] < [Z (ﬁ%m?)ﬂz} whens =" Bgr,  (5.9)

AEA rEA

where the ratio ky/(2log N) converges to 1 as N goes to infinity. Apart from
the multiplicative factor Co(K)[1 + log N]/kn, which is bounded, the inequality
resulting from the combination of (3.14) and (5.7) is the same as (5.9) .

Note that we were unable to prove an oracle inequality of the form (2.9) with
a universal constant C. It is actually impossible to get such an inequality due to the
following result of Donoho and Johnstone (1994a, Theorem 3) which, according
to (5.5), can be written as

. . Es [IIs — 311%]
lim inf inf sup ———— | > 2,
v—=+0logN | 5 sesy ao(s, F,e) + &2

§ denoting an arbitrary estimator. This shows that complete variable selection is
definitely more difficult than ordered variable selection. A further consequence of
this lower bound is that (5.9) is asymptotically optimal in this minimax sense, i.e.

1 Es [lls = 57 112
lim sup sup —- (s —Sry ]2 —2. (5.10)
nv—too l0g N | sesy ao(s, F,e) +¢

It should be noticed that bound (5.7) may be too pessimistic. Indeed, using
(5.3) one gets instead

ar(s, S, &) < Z(ﬂf/\sz[l +10gN]) 4 (e —1)e, (5.11)
LEA

which can be substantially better than (5.7) as can be seen whens = ¢, _, ¢x
where m € M \ (. As a conclusion, we see that it is more clever to use bounds
(3.5) or (3.13) as they stand rather than trying to put them in the form (2.9), which
may be misleading when C is large.
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Variable weights  As in the case of ordered variable selection, it is possible to
improve on (5.3) by simply introducing weights which depend on the dimension,
i.e. L, = L(|m]). This leads to

NN N enN\P
2=Z(D)exp[—DL(D)] < Z(;) expl—~DL(D)]

D=1 D=1

N

<D ew [—D [L(D) ~1-log (%)H .

Hence the choice L(D) = 1+0+log(N/D) with® > Oleadsto X < > 55_, e D% =

[¢! — 1]71. Choosing # = log 2 for the sake of simplicity we derive the following
bound for the accuracy index:

ai(s, S, &) < in/{/l |d2(s, Sm)+82|m|[1+10g(2N/|m|)]}+82, (5.12)
me

which is better than (5.3) when |m| # 1 and only slightly worse (from a factor 1.7)
when |m| = 1. This implies that the accuracy index of our new strategy satisfies
analogues of (5.11) and (5.7) and therefore the corresponding estimator s satisfies
an analogue of (5.10), namely

lim sup
N—+00 log N

[S E [IIs — 51°]

—— | < C(K). 5.13
SEuSN a0(57f’8)+82:| - ( ) ( )

On the other hand, the variable weights penalized projection estimator is also
rather easy to compute when the system {¢; },ea is orthonormal. Indeed

inf {— 3" By + Keim| (1 n \/2L(|m|)>2}
ArEmM

meM

= inf {— sup Zﬁi+K€2|D|<1+\/2L(|D|))2}
(

O=D=N | {m|Im|=D} j o,

D

_ 5 2 ?

= nf Zlﬁt(j) + Ke2| D (1 4 2L(|D|)) (5.14)
/:

A2 A2 . . . .
where 1) > ... = By, are the squared estimated coefficients of s in decreasing
order. This suggests to introduce the following notations:

Definition 8. Given a set of real numbers {b;}icy indexed by some finite set 1
with cardinality N, one denotes by {b(j(1)}1<j<N the same set of numbers in
decreasing order of their absolute values which means that byl = byl =

. > |bvyyl- For 1 < D < N, I[D] is then the subset of I of those indices
corresponding to the elements {b(jyn}1<j<p. i.e.

lI[D]|=D and |bj|>|b;| foralli,jwithie I[D], j¢I[D]. (5.15)
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Formally, the definition of I[D] depends primarily on the numbers b; although
they do not appear in the notation, for the sake of simplicity. This will not cause
any ambiguity in the sequel since we shall always consider quantities of the form
D 1(D] bi2 (say) and the indices then systematically apply to the elements which
were used to define the corresponding sets. Going back to (5.14) we see that
minimizing crit(rm) amounts to select a value D of D which minimizes

D
) 2
— 3" By + KD (1+ 2L(|D|)) .
j=1

This finally leads to /i = A[D].

5.2. Minimax and adaptive properties of the variable weights strategies

From the global minimax point of view introduced by Donoho and Johnstone,
the threshold estimator which is a penalized projection estimator with constants
weights and the penalized projection estimator with variable weights have similar
performances (apart from the asymptotic constants) — compare (5.10) and (5.13) —.
However this point of view may be somewhat misleading since inequalities like
(5.9) or (5.11) can be substantially improved for some values of s when replacing
the threshold estimator which corresponds to the constant weights strategy by the
penalized projection estimator § which corresponds to the variable weights strategy.
In order to understand what type of improvement is possible, let us now consider
a less global minimax point of view. For this purpose we introduce the spaces
Sp of those functions s that have at most D > 1 nonzero coefficients, namely
Sp = UpmeM | jm|=D}Sm- Comparing the performances of estimators with respect
to Sp appears to be rather natural in the context of complete variable selection. In
order to get precise results, we assume all along this section the system {g; },ex to
be orthonormal.

Defining 5 as the variable weights penalized projection estimator described in
the previous section, one derives from (5.12) and (3.14) that

sup Ey [||§ - s||2] < Co(K)&*[D + Dlog@N/D) +11.  (5.16)
SESD

It is interesting to notice that such a bound is not achievable with constant weights.
To see this, we recall that the corresponding penalized projection estimator is
a threshold estimator 57 given by (5.8). When T = v/K (1 + /2IogN) ¢, (5.11)
combined with (3.14) leads to a risk bound which is weaker than (5.16) since

sup Z (,Bf A&l + log N]) = De?[1 + log N1J.

SESDAEA
One can prove a more concrete result in the form of a lower bound for the risk of
any threshold estimator 57 (i.e. any penalized projection estimator with constant
weights). Very similar computations appear in the Appendix of Donoho and John-
stone (1994a) and the lectures of Johnstone (1998), but since they aim at getting
upper bounds, they are not stated in a form which is suitable to our needs.
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Proposition 2. Let T > 0, ST be the threshold estimator defined by (5.8), m an

arbitrary subset of {1; ... ; N}and §, = £l forr e m. Ifs =T Zkem Sy, then
- |m| N — |m| T2 72
E, [||sT —s||2] > TP+ e) 4~ <8 = vi)exp(-55)-
(5.17)

Proof. We can assume without loss of generality, thats = T ), ., ¢;. Then

B[ —s1P] = 3, [(T - 3A“{|ﬁx|>n)2} + ;Es [Bbyj,m)]
Aém

rem
= Im|E [(T -+ 85)11{|(T+ss)\>T})2]
+ (N~ DB [ 1eetom) |
In order to conclude, it suffices to observe that

2
(T = (T + )N (r4ep)>1))” = T Dig<0) + €76 Do),
and apply the next elementary lemma. O

Lemma 1. If ¢ is standard normal and t > 0, then

1 2
E |:4‘;:2]l{§>t}] > <\/% \Y% 5) exp <—%> .

It follows from Proposition 2 with m = @ that whenever T < &/2clog N with
¢ < 1, the risk at zero of the threshold estimator is at least (82 /2) N!=¢ which
is much larger than the expected £>log N. This suggests to focus on threshold
estimators with a large enough level T of thresholding, say T > e4/log N, in
which case it follows from (5.17) that

sup [, [usr - s||2] > e2(D/2)(1 + log N). (5.18)

SESD

In particular, when D = N, the threshold estimator looses a log N factor from the
risk of § as shown by (5.16). More generally, when T > ¢,/log N and D > 1,

supges,, Bs [157 — s11%]
supges, Es [1I5 — s112]

1 +logN
1 +1log(N/D)"

> C(K) (5.19)

This last inequality suggests that variable weights should be prefered to constant
weights but one can even prove a more convincing result demonstrating the supe-
riority of the variables weights strategy, namely the fact that it is adaptive over the
family of all spaces Sp. The following theorem shows that it is minimax, up to
constants, over all the spaces Sp with D > 1 simultaneously and that (5.16) cannot
be improved.
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Theorem 4. There exist two positive universal constants k and k' such that the
minimax risk Ry (Sp, €) over Sp — as defined by (1.9) — satisfies

K82D[1 +log(N/D)] < Ry (Sp, €) < K/82D[] + log(N/D)], (5.20)
foralle >0,N>1land1 < D < N.

Since the upper bound derives from (5.16), we only have to prove the lower bound
result, which is an immediate consequence of the following theorem (the proof of
which is given in Sect. 8.2) with b> = 1 + log(N/D).

Theorem 5. Let {¢)}recn with A = {1,2, ..., N} be an orthonormal system in H
and for 1 < D < N, Mp be the collection of all subset of cardinality D of A. We
denote by B(N, D, b) with b > 0 the subset of H containing all the points s of the
forms =73, . Bipr where m is any element of Mp and |B;.| < be for all » € m.
Then the minimax risk over B(N, D, b) satisfies

2D N
Ry (B(N, D, b), &) > 2? [(18192) A 5log <B v 650)} )

6. Infinite-dimensional variable selection
6.1. From function spaces to sequence spaces

It is now part of the statistical folklore that, for a suitable choice of an orthonormal
basis {@x}rea (A = N*) of some Hilbert space H of functions, properties of the
elements of H can be translated into properties of their coefficients in the space
[>(A). One should look at Meyer (1990) for the basic ideas and Donoho and
Johnstone (1998, Sect. 2) for a review. Many classical functional classes in some
L, space H can therefore be turned to specific geometric objects in I2(A) via the
natural isometry between H and I;(A) given by s <> (B)en if s = ZkeA Br .
In particular Sobolev balls could be interpreted in terms of ellipsoids (with respect
to the trigonometric basis) and balls in Besov spaces can be turned to special types
of I,-bodies when expanded on suitable wavelet bases (see Sect. 8.1 below). As
shown in Sect. 2.2, once we have chosen a suitable basis, a Gaussian linear process
can be turned to an associated Gaussian sequence of the form

By =B +et, reA, 6.1)

for some sequence of i.i.d. standard normal variables &,. We shall therefore con-
centrate here on the search for good strategies for estimating s = (8 )aeca € [2(A)
from the sequence ( ﬁ,\) reA under the assumption that it belongs to various types
of 1,-bodies.

The study of minimax and adaptive estimation in the Gaussian sequence frame-
work has been mainly developed by Pinsker (1980) and Efroimovich and Pinsker
(1984) for ellipsoids and by Donoho and Johnstone (1994a, b, 1995, 1996 and
1998) for I,,-bodies. Let us now recall the corresponding definitions.
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Definition 9. Let p be some positive real number and a = (a;))en (A = N*) be
a nonincreasing sequence of numbers in [0, +00], converging to 0 when A — +00
and such that

Y@l < b0 ifp>2. (6.2)
AEA

The l,-body E(p, a) is the subset of R™ given by

2

rEA

)4
E(p.a) = {s — B)ren f—i <1 } , 63)

with the convention that 0/0 = 0 and x/(+00) = 0 whatever x € R. An l>-body is
called an ellipsoid.

It is important here to notice that the ordering, induced by A, that we have cho-
sen on {@;}ien, plays an important role since I,-bodies are not invariant under
permutations of A.

If follows from classical inequalities between the norms in [5(A) and I,(A)
that £(p, a) C I2(A) when p < 2.If p > 2, (6.2) warrants that E(p, a) C [2(A).
More precisely, it follows from Holder’s Inequality that if s € £(p, a),

B3 Bn|? e 2p/(p—2) e
2 _ Pr) 2 Pa p/(p—
sa-x (%) = ()2]) (Za)
A>N A>N A A>N A>N
1-2/p
< (Z a? “’”) . (6.4)
A>N

The results developed in the next sections essentially parallel and complement
those obtained by Donoho and Johnstone in a series of papers devoted to asymp-
totic evaluation of the minimax risk for various /,-bodies and adaptation (see
Donoho and Johnstone 1994a, b, 1995, 1996 and 1998). Their approach, based on
thresholding methods, is essentially asymptotic while ours is not. The asymptotic
viewpoint allows them to get precise asymptotic values while we have to content
ourselves with rougher evaluations, up to more or less precise multiplicative con-
stants. As a counterpart, we are able to deal with more general situations that their
assumptions exclude (see the case of /,,-balls below or the case « = 1/p — 1/2
for Besov bodies). Moreover, we shall see in Sect. 6.3.4 below that the search for
exact asymptotic minimaxity may lead to serious drawbacks.

The methods we use are also different. While hard thresholding, which is at
the heart of their results, is a particular case of penalization, penalization includes
many other strategies which will allow us to derive adaptation results over much
larger classes. As far as we know, such results could not be derived using standard
thresholding methods. In any case, it will immediately be clear to any reader who
is familiar with the works of Donoho and Johnstone that our point of view has been
strongly influenced by theirs.
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In our treatment of the Gaussian sequence model associated with the basis
{®5.}5.en, we shall stick to the following notations: the family {A,, },,c A4 1s a count-
able family of finite subsets of A = N* and for each m € M, S, is the linear span
of {@x}ien,,: if Am =0, then S, = {0}. Selecting a value of m amounts to select
a set A,, or equivalently some finite subset of the coordinates. Our purpose will
be to define proper collections {A,,},,c A of subsets of A together with weights
L,, satisfying (3.3) for which the accuracy index a; (s, S, ) defined by (3.13) can
be bounded when s belongs to some typical [,,-bodies. Such computations, which
require the evaluation of d2(s, S,,) involve the approximation properties of the
models S, in the collection.

6.2. Adaptation with respect to l,-bodies for p > 2

We first introduce a strategy which is suitable when s belongs to some unknown
ellipsoid (case p = 2) or more generally some unknown /,-body with p > 2. This
strategy is givenby M =N, Ao =0, A, = (1,2, ... ,m}form > Oand (L) m>1
is any bounded nonnegative sequence satisfying (3.3) (such as L,, = L > 0 for all
mor Ly, =6*m Y. IfL = sup,,~1{Lm}, one immediately derives that, whatever
s € Ir(A), -

,S.8) < inf Tt+efm1+L 3.
ar(s.S.e) < inf 13 7+ em(+ L)t +¢

A>m

Since Y, _,, 7 convergesto zero when m goes to infinity, it follows that a; (s, S, &)
goes to zero with ¢ and our strategy leads to consistent estimators for all s € I2(A).

Let us now assume that s belongs to some /,-body £(p, a) C I2(A) such that
(6.2) holds if p > 2. If we define

1/2—1/p

a,=a, ifp=2 and dj = Zaip/(pfz) >ay ifp>2,
=
(6.5)

we deduce from the monotonicity of the sequence a when p = 2 and from (6.4)
otherwise that dz(s, Sm) < aﬁH. Consequently we get forall s € E(p, a), p > 2

ar(s, S, e) < inf {a,/,zH_l +&m(1 + L)] + &Y with L = sup{L,,}. (6.6)
meN m>1

The following proposition, the proof of which is essentially based on the results
by Donoho et al. (1990), implies that, given 0 < n < 1, our penalized projection
estimator § is, up to a constant depending only on 1, K, L and ¥, simultaneously
minimax among all possible /,-bodies £(p, a) which satisty p > 2 and a; > ne
(and therefore a’fle <nh.
Proposition 3. Let Ry (E(p, a), &) be the minimax risk over the l,-body E(p, a)
with p > 2 and a; > 0, S be the above strategy and pen(m) be given by (3.11).
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Then the resulting penalized projection estimator 5 satisfies

o E, [||s - §||2] <C(K)[(1+L)VZ] [1 v (a']_ls)]z RuE(p, a), ¢)

for some positive constant C' (K).

Proof. On the one hand, it follows from (3.14) and (6.6) that

sup )Es [||s _ §||2] < CO)[(1+ L) V T inf {a;5+1 +&2m + 1)] . (6.7)
se&(p,a

On the other hand, since p > 2, £(p, a) is orthosymmetric, compact, convex
and quadratically convex, according to the terminology of Donoho et al. (1990).
Now let A be an arbitrary finite subset of A and §4 the corresponding projection
estimator §4 = ), 4 ,3 5 @x. The maximal risk of such an estimator then derives
from (2.7):

sup B [[ls —3al?] = 146 + sup ) B
se&(p.a) SEg(P,a))\EA\A

It follows from Donoho et al. (1990, Corollary p. 1428) that the minimax risk over
E(p, a) satisfies

4.44Ry(E(p, a), &) > inf  sup Es[||s—§A||2]
AC se&(p,a)

— inf {|A|e2 2t
ng{l le* + sup Zﬁx}

se€(p,a) AEA\A

If |A| = m, it follows from the monotonicity of the sequence (a; ) that

sup Y Bi= sup Y Bi=dny,

'Yeg(p’a)AeA\A s€€(p.a) y -

since the bound (6.4) is sharp in the sense that there exists an s € £(p, a) for which
the equality holds. We can therefore derive that

4.44Ry(E(p, a), &) > inf {msz n a;5+1] . (6.8)
meN
The conclusion follows from a comparison between (6.7) and (6.8). O

6.3. Estimation in arbitrary l,-bodies

6.3.1. Presentation of a new strategy and the corresponding estimator

We now only want to assume that s € £(p, @) for some unknown values of the
sequence a = (a)),ea and the positive parameter p.
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The strategy  We choose for M the collection of all finite subsets m of A and set
Ay = mand N, = supm;then,ifm # 0,1 < D,, = |m| < N, . Finally, in order
to define the weights, fix some 6 > 0 and set for all m # @, L,, = L(Dy,, Ny)
with

L(D, N) = log <%> +(14+6) <1 + loiN) .

Let us now check that (3.3) is satisfied with ¥ bounded by some Xy depending
only on 6. We first observe that M \ @ is the disjoint union of all the sets M (D, N),
1 <D < N, where

M(D, N) = {m € M|D,, = D and N,, = N}, (6.9)

N-1 N N\?
|M(D,N>|=<D_1> < (D) < (%) ,

from which we derive that

and that

N
%< )Y IM(D, N)|exp[—Dlog(N/D) — (1+ 6)(D + log N)]
N>1 D=1
-1 e’ T
< —9DIN7O"! < —=a
_ZZexp[ ] < 1_6_9/]/2 X X
N>1D>1
e ? 20
L 3, 6.10
S P 0 (6.10)

Computation of the estimator If one chooses pen(m) as in (3.11), it is a function
of Dy, and N, and can therefore be written as pen’(D,,,, Ny,). In order to compute
the penalized projection estimator § = §,; one has to find the minimizer /m of

. n A2
crit(m) = —[|3u[1* + pen(m) = — Y " B; + pen' (D, Ni).
rem
Given N and D, the minimization of crit(m) over the set M (D, N) amounts to the

A2
maximization of ), . B, over this set. Since by definition all such m’s contain
N and D — 1 elements of the set {1,2, ..., N — 1}, it follows that the minimizer
m(D, N) of crit(m) over M(D, N) is the set containing N and the indices of the

A2
D —1 largestelements 8, for 1 <A < N — 1 or more formally, using Definition 8§,

A2
inf  crit(m) = crittm(D, N)) = — Z B; + pen’(D, N),
meM(D.N) rem(D,N)

with m(D, N) = {N}U{1,2,...,N — 1}[D — 1]. The computation of m then
results from an optimization with respect to N and D. In order to perform
this optimization, let us observe that if J/ = max{l,2,..., N}[D] < N, then
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> rem(D.N) ﬁi < semn.J) ﬁi On the other hand, it follows from the definition
of L(D, ) that L(D, J) < L(D, N) and therefore crit(m (D, N)) > crit(m(D, J)).
This implies that, given D, the optimization with respect to N should be restricted
to those N’s such that max {1, 2, ..., N}[D] = N. It can easily be deduced from
an iterative computation of the sets { ,3%} (12 NID] starting with N = D. It then
remains to optimize our criterion with respect to D.

6.3.2. Bounding the accuracy index

In this section we want to prove various upper bounds for the accuracy index which
will prove useful in the sequel. As usual, C(6) will denote some constant depending
only on 6, but which may vary from line to line. First applying (3.13) with m = ¢
and therefore D,, = 0, we get

a;(s.S. &) < C(0) (||s||2 + 82) , 6.11)

which is a useful bound when e~ !|s|| is not large.
In order to deal with the other cases, we observe that log N/D < log(N/D) +
0.37 for any pair of positive integers D < N, which implies that

L(D,N) < (2 +6)log <%) +1.37(1 + 0). (6.12)

If we restrict to those ms such that N,,, = D,,, then L,, < 1.37(1 + 0). Moreover,

2/p
Y 8= (Zlﬁw’) <ayy for0<p<2, (6.13)
A>N A>N

which leads to the following analogue of (6.6),
ai(s,8,) = CO) inf fad,, +e*N}. (6.14)
N>1

By the arguments used in the preceding section, this bound remains valid when
p > 2 provided that ay 1 is replaced by a)y 4 as defined by (6.5). This means that
an analogue of Proposition 3 still holds for the new estimator 5, namely

sezl(lf,a)Es [||s - §||2] < C(K, ) [1 v (d;h;)]z RuE(p,a),e) forp=>2,

and § is minimax, up to some constant C(K, 6, ), over all I,,-bodies such that
p>2anda; > ne > 0.

Let us now turn to a more general bound which will allow us to deal with
l,-bodies for p < 2. This bound is based on the following:
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Lemma 2. Given N nonnegative numbers {b;}icy such that ) ;; bf < RP with
0 < p <2, an integer Q satisfying 0 < Q < N — 1 and the set 1[Q] given by
Definition 8, one gets, recalling that the numbers b(yy > ... > by represent
a permutation of the set {b;}icy,

N
2 _ 2 2 1-2/
Yobi= ) by = RQ+ DT
i¢11Q] j=0+1

Proof. The result being clearly true when Q = 0, we can assume that Q > 1. Let
b = bio+1)()- Then b < b)) whatever j < Q and therefore (1 4+ Q)b” < RP.
We then conclude from

o 2 2—p $ p R? 2t p O
2 b =" ) Whn =13 R™
j=0+1 J=0+1
We can now derive the following upper bound for the accuracy index:

Proposition 4. Let s belong to some l,-body E(p, a) with p < 2 and S be the
strategy defined in Sect. 6.3.1. Then

N
. 2 2 Hl-2 2
ar(s,S, &) < C(e){(D,N)mlnggN}{aNH +a%D'7YP + 2D [log (B) + 1“ .
(6.15)

Proof. SettingM(J, M) =Uj<n<uM(J, N) where M(J, N)isdefined by (6.9),
we derive from (6.12), (6.10) and (3.13) that

ai(s, S, ¢)

< inf {( inf dz(s,Sm)>+8ZJ[L(J,N)+1]}+2982
{(J,N) | 1<J<N} | \meM(J,N)

M
< C®) inf inf  d*(s, Sp) | + €27 |:10g (—) - 1} :
(M) [ 1=T<M) | \mem.m) J

Let us fix some pair (J, M) and some m € M(J, M). It follows from (6.13) that
d*.S))=Y B+ Y. B<ay,+ Y. B

r>M 1<).<M 1=2.<M
ré¢m r¢m

and therefore, setting Iy = {1,2, ..., M},
ar(s,S,e) < C@O) inf inf F(J, M), (6.16)
J>1M>J

with

M
F(J,M)= inf d’, Sm)+821[10g (—) +1]
meM(J,M) J

M
M
2 § 2 2
< aM+] + ’B(A.)(IM) +e&°J [log <7) + 1:| .

r=J+1
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Let us now observe thatif 1 <D <J+1< M,

M M
> Bl = D 1BiI7 < ajy
r=D j=D

It then follows from Lemma2 with N =M —D+1,R=apand Q =J—D+1
that

M

Y Bl Sapld =D +2)7P,
r=J+1

Let us now define
[x] =inf{n € N|n > x}, (6.17)

and fix D = [(J+ 1)/2land N = [(M — 1)/2]. Then J/ — D + 2 > D and
J/2 < D < J, which implies that

AN +1
F(M,J) < ay, +apD' 7P + 26D [10g< D+ )+1]

Finally, since N > D implies that M > J and log(2N+1)+1 < (1+log3)(log N+1),
(6.15) follows from (6.16). |

6.3.3. Adaptation over I,-balls

Following the terminology of Donoho and Johnstone (1994b) we define the /,,-ball
L(p,N,R) C I>(A) of dimension N and radius R, with N € N*, R > 0 and
O<p<2as

N
D IBIP <RP and B =0 fori>Np.

E(ps N: R) = {S = (ﬁ)\.))\.EA
r=1

(6.18)

The performances of our strategy when s belongs to some unknown I,-ball
L(p, N, R) of dimension N > 2 (in order to avoid trivialities) are described
by the following proposition.

Proposition 5. Let s belong to some l,-ball L(p, N, R) with N>2 and 0 < p <2.
Let pp > 1.76 be the unique solution of the equation p,logp, = 2/p. The
accuracy index of our strategy can then be bounded by

P 1—p/2
ai(s, S, &) < C(O)RP&>P [1 + log <%)} , (6.19)

when

JV1ogN < R/e < pgl/le/‘”; (6.20)
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by
ar(s,S,e) < C@) <R2 + £2> when R < g,/log N; (6.21)
and by
2 —1/251/p
ai(s,S,8) <CO)&"N when R > ¢gp, '"N/P. (6.22)

Moreover the minimax risk over L(p, N, R) is bounded from below by

NeP

1-p/2
Ry (L(p,N, R),¢) > K| RPe2P |:1 + log <W):| when (6.20) holds;

Ry (L(p, N, R), ¢) > /qR2 when R < gy/log N,

and

Ry (L(p,N,R),¢) > Klp;1N82 when R > epgl/le/p,

where k| denotes some universal constant.

Proof. Since the [,-ball L(p, N, R) is a particular case of an [,-body E(p, a) with
ay=Rforl <X < Nanda) =0 forA > N, it follows from (6.15) that

ar(s, S, e) < CO) dnf {RQDH/P + & D[log(N/D) + 1]} ) (6.23)

In order to minimize the right-hand side of (6.23), one should choose some D
which approximately equates the two terms R2D'~2/? and ¢2D[log(N/D) + 1].
This leads to the choice

R\” NeP\ 1~ P/?
D= <;> |:]og <W>:| with [x] given by (6.17), (6.24)

provided that D satisfies to 1 < D < N. Since (6.24) defines a nondecreasing
function of R/e, this condition is satisfied when (6.20) holds and we then derive
(6.19) from (6.23). Otherwise (6.21) follows from (6.11) since p < 2 and (6.22)
from (6.14).

The proof of the lower bounds for the minimax risk is based on Theorem 5. If
we choose b = Re~ ! D~1/P_ the set B(N, D, b) defined in this theorem is contained
in L(p, N, R) and since D is arbitrary between 1 and N, we derive from Theorem 5
that

Ru(L(p, N, R), &) > « s [(RQDH/P) A <D82[] 4 log(N/D)])] .

Since the minimum is obtained, as before, by approximately equating R>D'~2/?
and 2 D[log(N/D) + 1], the same computations lead to the lower bounds results.
O
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6.3.4. A paradox about sharp asymptotic minimaxity

It is interesting to compare these results with the evaluations given by Theorem 3
and Corollary 4 of Donoho and Johnstone (1994b). They only consider the case
R = 1butaproper rescaling of the observations easily reduces the general situation
to this one. Since they keep the radius of the balls fixed, their asymptotics let
go to zero but it is equivalent to keep ¢ fixed and let R go to infinity. From this
alternative point of view their result can be restated as follows.

Theorem 6 (Donoho and Johnstone). Let L(p, N, Ry), N > 1 be a sequence of
l,-balls with 0 < p < 2 such that, when N goes to infinity,

Ry — o0; NRX,p —> 00 and Rx,z log (NRX,p) — 0. (6.25)
Then
2 p\]' P2
Ru(L(p. N, Ry).€) = RY, [28 log (Nsp/RN)] [+o()]  (626)

and

sup By [lls =51, I | = Rur(£(p. N, Ry), )1 +o(D)]
seL(p,N,Ry)

where 5T, denotes the threshold estimator defined by (5.8) with threshold

Ty = ¢ [2log (Ne” /RY) + o log [2 log (Nsp/R]’:,)]]l/z, a>p-—1. (627

This is an extremely precise result on the one hand and also a truly asymptotic one
on the other hand in the sense that it definitely rules out the situations described by
(6.21) and (6.22) and is even more restrictive than (6.20). Under the assumptions
of the theorem, (6.19) holds and produces, together with (3.14), a nonasymptotic
analogue of (6.26), namely, fixing K and 6, the bound

Ru(L(p, N, Ry), &) < K'RE &P [1 +log (Ne? /RE)]' ™% forall N > 1.

We actually get from Proposition 5 a complete nonasymptotic counterpart to the
results of Donoho and Johnstone in the form of the following

Corollary 1. The estimator s derived from the strategy described in Sect. 6.3.1,
with a penalty given by (3.11) satisfies

sup B [15 - s
seL(p,N,R)

& —
< CK.O) [1v LV oplom (0 PeNP) | Ru(L(p. N, R). o).
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Since the bracketted factor, which controls the ratio between the risk of our esti-
mator and the minimax risk remains bounded unless R is too close to zero which
implies that =% Ry is small, as we already noticed, or when R is large and p close
to zero since p, — 400 when p — 0, it follows that § is uniformly minimax for
almost all /,,-balls. One should also notice that the construction of §7,, requires the
knowledge of Ry and p, which is not the case for 5.

There is another rather surprising phenomenon that occurs concerning the
sharp asymptotically minimax threshold estimators s7,, of Theorem 6. On the
one hand, it immediately follows that, if sy € L(p, N, Ry) and sy has no more
that Dy nonzero coordinates, the risk of 5 is, by (3.13) and (6.12) bounded by
C(K, 0)e?Dy[1 + log(N/Dy)], independently of Ry. On the other hand, an ap-
plication of Proposition 2 with T given by (6.27) shows that the risk of 57, at sy
is bounded from below by

~ _ 1— 2
E,, [||sTN —sN||2] > C'(1 — Dy/N)RE > [log (Ne? /RE)] 72

Choosing R% = N° for some § € (0, 1), which is compatible with (6.25), and
Dy/N < c < 1, we derive from (6.26) that

Ru(L(p, N, Ry), &) = N°e>"P[2(1 — §) log N1'7P/2[1 + o(1)],
while
Eoy [ 157y — swI] = €N (log M) =2[1 + o(1)].

Therefore, apart from some power of log N which is arbitrary small when « is
close enough to p — 1, the risk at sy is equal to the minimax risk while 5 has
a substantially better performance at sy when N~° Dy is small.

It is indeed not necessary to build a sophisticated estimator like 5 to get such an
improvement over S7,, . A simple change of the level of thresholding would do. Set,
for instance, Uy = VK (1 + +/2Iog N) e with K > 1.If R}, = N°, an application
of (3.13) together with Lemma 2 shows that

sup [IlfuN - s||2] < C(K)N®s>P(log N)!—P/?
SE,C(p,N,RN)

and
Eoy [0y — snl2] = €' (KO Dy log N,

This means that 5y, is again minimax, up to constants, but substantially improves
over 57, when Dy is not too large. This result can be viewed as a serious adver-
tisement against the use of the minimax point of view without extreme caution.
It also shows that the search for sharp asymptotically minimax estimators may be
a bad idea, leading to otherwise vastly suboptimal performances. In the particular
situation at hand, the search for sharp asymptotic minimaxity forces to choose
a level of thresholding which is clearly too small in many other respects. A larger
one would preserve the asymptotic minimaxity, only loosing the sharp asymptotic
constant, and improving the estimator otherwise.
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6.3.5. The case of extended Besov bodies

In the case of general [ ,-bodies, we cannot, unfortunately, handle the minimization
of the right-hand side of (6.15) as we did for (6.6) since it involves ap and ay+1
simultaneously. We now need to be able to compare a%Dl_z/ P with ay41 which
requires a rather precise knowledge about the rate of decrease of a; as a function
of A. This is why we shall restrict ourselves to some particular /,-bodies.

Definition 10. Given parameters M', a, p,r and R with M’ € N*,0 < p < 2,
a>1/p—1/2,R > 0,r e Randr > 0 when @« = 1/p — 1/2, we define the
extended Besov body B(M', a, p, r, R) as the l,-body E(p, a) with coefficients

Rk=©@H1/2=1/P b 4 logk]™  fork > 1,

aM'+k = { +00 forl—M <k <0, (6.28)

and
—r

hb=— v
a+1/2—1/p

The restrictions on r and the definition of b are made in order to ensure that
the sequence (aj)iea be nonincreasing. We exclude the case p = 2 since then
a Besov body is merely an ellipsoid and this case has already been considered.
When r = 0 we shall speak of classical Besov bodies (compare with Donoho and
Johnstone, 1998), since they are the geometric objects which correspond to balls in
Besov spaces when (¢;),cn is a suitable wavelet basis (see Sect. 8.2 for details).
Extended Besov bodies are natural extensions which allow to handle more general
objects without additional efforts.

1.

The classical case: « > 1/p — 1/2  As far as we know, statistical estimation in
Besov bodies, up to now, has been limited to the case @ > 1/p — 1/2 which is the
easiest one. In order to avoid to deal with exceptional cases, which would make
the conclusions unnecessarily long and complicated, we shall assume that the ratio
R/ is not too small. We can then prove:

Proposition 6. Ler S be the strategy defined in Sect. 6.3.1 and assume that 0 <
p<2a+1/2—1/p> 0, andthat R/¢ is large enough, namely that

2 —(2r+1)
Rle>e and A= (R/e)2[log(R/e)] 22+ >2M.  (6.29)

Then,
4a 2(a—r)
sup ar(s,S,¢e) < CR2(8/R) 2a+1[log(R/¢e)] 2a+1 | (6.30)
seB(M' o, p,r,R)
and
4o —2r
Ru(BM', o, p,r, R), &) = C'R*(¢/R) 2+ [log(R/e)| 2T, (6.31)

where the constants C, C' depend on M', a, r, p (and C also depends on 0).
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Proof. From (6.15) and (6.28) we derive, restricting ourselves to N > D > 2M’,
the following bound for the accuracy index

ai(s,S,e) <C inf {N_z(“"’l/z_l/p)Rz[b+10gN]_2r
{(D,N)|2M’'<D<N}

+ D2 R[b + log DI + 2 D[log(N/ D) + 1]} .

___«
We then choose D = [A] and N = {A“‘H/z—l/l’—‘. Then N > D > 2M' > 2
from which we derive (6.30). On the other hand, B(M’, «, p, r, R) contains the
1,-body with coefficients satisfying a; = R’ = RD~@+1/2=1/P)[p 4 log D]~ for
M +1< i <M + Dwith D> 1and a) = 0 otherwise, which can be identified
to some I,-ball L(p, D, R'). Let us now set
A=R/e and D*T'2=cA(logA)™" withe>1,

where ¢ denotes a suitably chosen constant. Then D > A > 2 and it follows from
(6.29) that (r + 1/2) log(log A) < log A, hence

loge + (1 + 27! logA < (ax+1/2)logD <logc+ (1 + |r])log A.

This implies that, for ¢ > co(a, 7, p),

/ r
B84 N pur < p12piin,
e b+log D

Let us choose c to be the smallest value such that D is an integer and ¢ > ¢q. Then,
ci(a,r, ple < R < ep,' D/
It then follows from Proposition 5 that

Ry(B(M',a, p,r, R))

v

Ru(L(p, D, R))
K1 R [(g/R/)z_p A 1] > ey, r, p)RPEFP

\%

= c2R*(e/R)>~P D~ P@H1/2=1/P)[} 4 Jog D17P,
which gives (6.31) from our lower bounds on D and R/e. O

We can conclude that the upper bound (6.30) matches the lower bound (6.31), up
to a power of log(R/¢). As we shall see below, the lower bound is actually sharp
and a refined strategy, especially designed for estimation in Besov bodies, can
improve the upper bound. For classical Besov bodies, r = 0 and the minimiax risk
is known to be of the order of R?(¢/R)“®/2e+1) a5 indicated by our lower bound
(see Donoho and Johnstone, 1998).
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The borderline case: o« = 1/p —1/2 Thecase « = 1/p—1/2and r > 0
which, to our knowledge, has never been previously considered in statistics, is
more delicate to handle because N cannot be taken as a power of R/¢ any more but
should be much larger. Still assuming that R/¢ is large enough, we procede to the

minimization of the right-hand side of (6.15) which amounts to minimize, since
thenb =1,

[1+log NI™¥ + D™2[1 + log D1™>" + (¢/R)>D[log(N/D) + 1].

It follows from monotonicity arguments that one should approximately equate

those three terms, which leads to log N =< (D(s/ R)z)fl/ (429 4nd finally to

2 —rd+2n
D = IV(R/g) a(1+2r)+r []Og(R/g)]a(l+2r)+r—‘ :
2 r
logN = ’7(13/8) a(1+2r)+r []Og(R/g)]a(l+2r)+r—‘ .

We conclude that, if R/¢ is large enough to ensure that N > D > 2M’,

dra —2r2
sup ai(s, S, &) < CR*(¢/R)*(F20+7 [log(R/e)|@(0+20+r . (6.32)
seB(M',a,p,r,R)

One can immediately notice that this rate is not at all the analogue of (6.30) when
a=1/p—1/2, the rate (neglecting the logarithmic terms) becoming 4ro/[cc(142r)
+ r] instead of 4« /[2c + 1], which is worse. This is a situation where we are not
able to get the corresponding lower bounds and therefore we have no idea about
the optimality of (6.32).

6.4. A special strategy for extended Besov bodies

6.4.1. The strategy and the estimator

Let us recall from the previous section that we have at hand a strategy for model
selection in the Gaussian sequence model which is, up to constants, minimax over
l,-bodies for p > 2 and all I ,,-balls whatever p, but fails to be minimax for classical
Besov bodies since its risk contains some extra log(R/¢) factors. We want here to
design a new strategy, especially directed towards estimation in extended Besov
bodies, which will be minimax for all extended Besov bodies with coefficients
given by (6.28) whena > 1/p — 1/2.

The strategy The construction of the models is based on a decomposition of
A = N*into a partition A = Uj>_1A(j) with A(=1) = {1, ..., M'}, uo = 1 and

AG)={M"+ pj.... M + pjp — 1} with 2/ < pjiy — puj < M2/ for j > 0.
(6.33)
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Typically, the basis {¢;}1ea is a wavelet basis and such a partition is induced by
the structure of this basis as will be recalled in Sect. 8.1, but this is definitely not
necessary and decompositions based on piecewise polynomials could be considered
as well (see for instance Birgé and Massart, 2000). We also have to choose a real
parameter € > 2 (the choice & = 3 being quite reasonable) and set for J, k € N,

K(J, k) = {2—’%1« + DAL + k)|J with [x] = sup{j € N| j < x}.
It follows that
Lle(k + 1)*9J > Kk > 2 (k+1)"% —1, (6.34)

which in particular implies that K(J, k) = O for k large enough (depending on J).
Let us now set for J € N

My=imcaim=| |J A |Ul|UrNG+b]¢.
—l<j<J-1 k>0
with
NI +kCAUJ+k  and [N +k)| =K. k.

Clearly, each m € M is finite with cardinality D,, = M(J) satisfying

J—1
M(J) =M+ IADI+ Y Kk
j=0 k=0
and therefore by (6.34)
M +2" <My <M+ M2 |14 07 (6.35)

n>1

It also follows from Proposition 4 of Birgé and Massart (2000) that
Myl < exp [ceM2’ ] : (6.36)

with some constant ¢y depending only on 6. Let us now set M = Uy>9M, and
L,, = coM + L with L > O for all m. Then by (6.35) and (6.36)

Z e LmDPm < Z |IM | exp I:—CQMQ.J — LZJ] < Zexp [—LZJ] =X,
meM J>0 J>0

and it follows that (3.3) is satisfied with ¥ < Xj.
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The construction of the estimator ~ Since § = §;; one has to compute the minimizer

m of crit(m) = pen(m) — Zkem ,3i First observe that m always includes A (—1).
Therefore the ﬁks with A € A(—1) can be omitted in the sum. Second, the penalty
function, as defined by (3.11), only depends on J when m € M since L, is
constant and D,, = M(J). Setting pen(m) = pen’(J) when m € M, we see that

P S . ~2 A

v is the minimizer with respect to J of pen'(J) — 3 _; 5, By where iy € M,
.. 52 . . .

maximizes ) ;- D ; a4k By With respect to m € M. Since the cardinality

K (J, k) of A’(J + k) only depends of J and k, one should choose for the A’ (J + k)
corresponding to 71z ; the subset of A (J +k) of those K(J, k) indices corresponding

to the K(J, k) largest values of ,3i for . € A(J + k). In practice of course, the
number of coefficients ﬁ 5, athand, and therefore the maximal value of J is bounded.
A practical implementation of this estimator is therefore feasible and has actually
been completed by Misiti, Misiti, Oppenheim and Poggi (1996).

6.4.2. The performances of the estimator

We are now in a position to prove the following

Proposition 7. Let the sequence (ay)yen be given by (6.28) and lets=Y_, _ x Pr¢.
be an element of H which satisfies either

B |? )
sup — <1l ifa>1/p—1/2, (6.37)
720 | aenip '
or
P
Z Z Ba <1 ifa=1/p—1)2. (6.38)
aj

J=01eA())

Let S be the strategy defined in Sect. 6.4.1. Then, assuming that R/e > § > 1 and
that either (6.38) with r > Oa or (6.37) holds, we get

4o —2r
ar(s, S, e) < CR*(e/R) 2+ [log(R/e)] 2+1. (6.39)
If (6.38) holds with 0 < r < O, we get
4r
ar(s, S, &) < CR*(¢/R)2r+0 | (6.40)

In both cases, the constant C depends on 0, § and the parameters o, p, r, M and M.

1/p
Proof. For each j > 0 we set B; = [ZAeA(j) |'B)~|p] and, following Defin-
ition 8, denote the coefficients |8, | in decreasing order, for A € A(J + k), k > 0
by |B(j)(a(J+k)|- The arguments we just used to define 772 ; immediately show that

T 4k+1— T +k

: 2 2
pnf (s, Sm) = X 2 Bhmuy
J k>0 j=K(J,k)+1



256 Lucien Birgé, Pascal Massart

and it follows from Lemma 2 and (6.34) that

HJ+k+1—HJ+k

2 2 1-2
> Blywusny < BIalKU k) + 117
J=K(k,J)+1

9

@/p-1)
< B2, 270-2p [2’ Ak + 1)9]

from which we get

@/p=1)
inf d(s, $,) = Y B3 2/ 070 [27 A+ 1) | UL (64
meMy
k>0
We also observe, using (6.28), that
AMr gy < R2ZUTREHZZYP 4 (7 4 k) Tog 2], (6.42)

since by (6.33) sk > 2/*%. Now, under (6.37) Byyk < Supyepyin @ =
Ay 4y, and it then follows from (6.41) that
inf  d>(s, Si)

mEMJ

2/p—1)
< R22—2JD{ Zz—2k(a+l/2—l/p)[b+ (J +k) logz]—zr [2] A (k+ 1)9] P )

k>0
(6.43)

Now, distinguishing between the cases r > 0 and r < 0, we observe that
b+ (J+Kklog2]™ < (J+ D7 ([bk+ D] Vv [log2]™"),

which implies that the series in (6.43) converges with a sum bounded by C(J + =¥
where C = C(«, p, r, 0). Using (6.35) and (3.13), we can then bound the accuracy
index by

ar(s, S, &) < C(e, p,r, 6, M, M) ;nfo {276 + R*(J + )27} (6.44)
>
_2 =2r_ .
We then set A(x) = x2a+1 (logx) 2«+1 and J = inf {j >0 |2/ > A(R/¢e) } Then

27 = pA(R/e) with1 < p <2V [infng A()c)]_l from which we derive (6.39).
If (6.38) holds, then b = 1 and we use the fact that

2
ZI: Btk i| < ZI: Bk i|p <1
k>0 AM' 44k B k>0 AM' 44k B

to derive from (6.41) and (6.42) that

inf d2(s, S, )<2J(l—2/p)z|: Bk T [21/\(]{4_1)0](2/1771) 2
in s, < _ ary
meMy ! k=0 LOM A+ 4k Mt
24J(1—2/p) J p1%/P—D —2r
< R2102/P sup {27 A k1) [1+ (J + k) log2]
k>0
2
< CR22—2’“sup{[2’ A Gk + 1)9] Ukt 1]—2’},
k>0
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sincer > 0and o = 1/p — 1/2. We conclude by noticing that

2w —2r . .
J 0 o J+1D if r > Qo
;‘;13{[2 NERUNIESEY }fc{zﬂw—r/@) if0 < r < o,

This implies that (6.44) and therefore (6.39) remain valid if » > 6o and that
ai(s. S.e) < CR” inf {2f (e/R)* + 2—21’/9}

when 0 < r < Ba, which leads to (6.40). |

Let us now analyze what are the consequences of this result. We first notice
that the set of elements s satisfying (6.37) contains the extended Besov body
B(M', a, p, r, R) which means that (6.39) holds when s € B(M', «, p, r, R) with
a > 1/2 — 1/p. On the other hand, the lower bound (6.31) also holds when s
satisfies either (6.37) or (6.38) and (6.29) holds. This implies the following

Corollary 2. The strategy defined in Sect. 6.4.1 is minimax, up to constants, over
all extended Besov bodies B(M', a, p, r, R) such that either o > 1/p — 1/2 or
a=1/p—1/2andr > Ou, provided that R/¢ is large enough for (6.29) to hold.

Let us conclude this section by two remarks. First, when o > 1/p — 1/2, it is
not more difficult to estimate on the larger set of those s which satisfy (6.37)
than on the I,-body B(M’, o, p, r, R). We shall see in Sect. 8.1 below that this
larger set corresponds, in term of function spaces, to some Besov balls of the form
{t |71 ge Ly = R}. This means that our method is indeed adaptive over all the balls
of this type, provided that « > 1/p — 1/2 and R/¢ is not too small. On the other
hand, as opposed to the strategy developed in Sect. 6.3.1, the present one is not
suitable for estimation over ,-balls. This is indeed not a problem since Theorem 3
allows us to mix both strategies and get a new one which will be simultaneously
adaptive for I,,-balls and Besov bodies.

7. Lower bounds for the penalty term

Our aim in this section is to show that a choice of K < 1 in (3.11) may lead
to penalized projection estimators which behave in a quite unsatisfactory way.
This means that the restriction K > 1 in Theorem 2 is, in some sense, necessary.
It actually follows from the forthcoming results that the condition K > 1 in
Theorem 2 is sharp and that a choice of K smaller than one should be avoided. The
study of the limiting case K = 1 is definitely more involved and beyond the scope
of this paper.

7.1. A small number of models

We first assume that, for each D, the number of elements m € M suchthat D,, = D
grows at most subexponentially with respect to D. In such a case, (3.3) holds with
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L,, = L for all L > 0 and one can apply Theorem 2 with a penalty of the form
pen(m) = K82(] + \/ﬁ)sz, where K — 1 and L are positive but arbitrarily
close to 0. This means that, whatever K’ > 1, the penalty pen(m) = K's2D,,
is allowed. Alternatively, the following result shows that if the penalty function
satisfies pen(m) = K'¢>Dy; with K’ < 1, even for one single model Sz, provided
that the dimension of this model is large enough (depending on K’), the resulting
procedure behaves quite poorly if s = 0.

Proposition 8. Consider some collection of models { Sy, } e such that
Z e P <00, foranyx > 0. (7.1)
meM

For any pair of real numbers K, § € (0, 1), there exists some integer N, depending
only on K and §, with the following property. If s = 0 and

pen(m) < KezD,;l for some m € M with D, > N, (7.2)
then, whatever the value of the penalty pen(m) for m # m, either
i) inf,,c g crit(m) = —o0 and m is not defined;
or
ii) m = argmin,, . x4 crit(m) is well-defined but then

(1-K) 1-6)(1-K)

4

Po [Dm > D,h} >1—8 and Eo[ 51*] = Dje.
Proof. Let us define, for any m € M, the nonnegative random variable yx,, by

32 = &2 ||| Then,
crit(m) — crit(n) = 35 ]|° = |3n | + penm) — penGa) forall m € M,
and therefore, by (7.2),
e~ 2[crit(m) — crit(m)] > x2 — x2 — KDj. (7.3)

The following proof relies on an argument about the concentration of the variables
x2 around their expectations. As in the proof of Theorem 2, we can use the
Cirel’son-Ibragimov-Sudakov concentration inequality for x,,. Indeed choosing
some orthonormal basis {¢;, A € Ay} of S, and recalling that s = 0, we have
X2 = A Z%(¢3.), which means that x,, can be interpreted as the supremum
of Y 5 ca,, arZ (p3) over the set of all vectors ain RA» with ), A a2 = 1.Hence,
the Cirel’son-Ibragimov-Sudakov inequality implies that for any positive x,

Po [ = Eo L] +v2¢] < 7%, (7.4)

and

Po [ xn < Bolxm] = v2x] < ™. (7.5)
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A proper integration of the resulting tail inequality Pg [|x,; — Eo [xm ]l = u] <
26‘”2/ 2 with respect to u, leads to

o [13] = (Boln))” = Bo [0t — o ln)?] <2 ez =4,

and therefore, since Eg [ X,%,] = Dy,
2
Dy —4 < (EO[Xm]) < Dp. (7.6)
Let us now set
n=>0-K)/4<1/4; D =2Djn < Dj/2; L=n%/12 (7.7)
and assume that N is large enough for the following inequalities to hold:

et N et < LD >2/3. (7.8)
meM

Since the last inequality implies that D > 128, we can introduce the event

&= () {m =D+ 2L D, + D))

D,,<D
N | N [z VDu—4-V2L .+ D)}
D,,>D

Combining (7.6) with either (7.4) if D,, < D or (7.5) if D,, > D, we get by (7.8)

]PJO [QC] S Z efL(Dm‘FD) S 8
meM

Moreover, on Q, x2 < (1 + Zﬁ)zD, for all m such that D,, < D and,
(7.7) and (7.8), xin > ~/Di —4 — /3LDy, and LDy, > 4/3. Therefore Xr%
Dy (1 — 24/3L). Hence, on Q, (7.3) and (7.7) yield

v £

2
8_2[crit(m) —crit(m)] > Dy (1 — 24 3L> — (1 + 2\/Z> D — KDy,
> —=n)Dp —3nDp — (1 —4n)Dy = 0,

for all m such that D, < D. This immediately implies that, if 7 is well-defined,
Dy;, cannot be smaller than D on 2 and therefore,

Po[Dy;, > D] > Py[Q] > 1 — 6. (7.9)

Moreover, on the same set Q, x,n > /Dy — 4 — /2L (D,, + D) if m is such that
Dy, > D. Setting D), = Djz V Dy, ,we derive, since L < /48 and 2nD), > D >
128, that

Xm=+/201D),, — 4 — \/3LD,, > (5/4)\/nD,, — (1/4)/nD,, =/nD., >/nDj;.
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Hence, on Q, Dy, > D and x,, > «/nD;; for all m such that D,, > D. Therefore
X = /1Dy Finally,

Eo [ I517] = eEo[ 1} | = e*nDaPo [ = vaDa | = enDaPol$,
which, together with (7.7) and (7.9) concludes the proof. m|

Remark. It may look strange to use concentration inequalities like (7.4) and (7.5)
to derive an inequality like (7.6) in a situation where Eg [x,,] can be computed
exactly and is known to be V2I (D, + 1)/21[(D,,/2)]~". Nevertheless, it is not
clear at all that one can derive (7.6) from this exact value by a three lines proof as
we did above. This is actually a good illustration of the power and usefulness of
concentration inequalities.

In order to illustrate the meaning of this proposition, let us assume that we are given
some orthonormal basis {¢;};>1 of H and that S, is the linear span of @1, ... , ¢y
for m € N. Assume that s = 0 and pen(m) = Ke?m with K < 1. If M = N, then
Proposition 8 applies with Dj;, arbitrarily large and letting Dj; go to infinity and § to
zero, we conclude that inf,,c o crit(m) = —oo a.s. If we set M = {0, 1, ..., N},
then /71 is defined but, setting Dji = N, we see that Eo[ 15112 ] is of the order of Ne?
when N is large. In order to avoid this phenomenon, we have to restrict drastically
our family of models to small enough values of m, say m < n. But then functions
of the form A¢, ;1 cannot be estimated with a risk smaller than A%, which may be
arbitrarily large. If, on the contrary, we choose M = N and pen(m) = Kme? with
K = 2, for instance, as in Mallows’ C,, it follows from Theorem 2 that

E [||§ - s||2] <C(m+ 1)&* foralls € S,,, whateverm.

This means that choosing a penalty of the form pen(m) = Ke’m with K < 1 is
definitely not advisable.

7.2. A large number of models

The preceding result corresponds to a situation where the number of models having
the same dimension D is moderate in which case we can choose the weights L,,
in Theorem 2 all equal to an arbitrary small positive constant. This means that the
influence of the weights on the penalty is limited in the sense that they only play
the role of a correction to the main term K¢? D,,,. This remains true for the variable
weights strategy, when L,,, = cD,;l/ 2. The situation becomes quite different when
the number of models having the same dimension D grows much faster with D.
More precisely, if we turn back to the case of complete variable selection as
described at the beginning of Sect. 5 and assume that L,, = L for all m € M, then
Theorem 2 applies when L = log N and pen(m) = Ke?|m| (1+ m)z with
K > 1. In such a situation, L,, tends to infinity with N and directly determines
the order of magnitude of the penalty. The penalized projection estimator is then
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the threshold estimator 57 with T = ev/K (1 + 4/2log N ) as defined by (5.8). If
s = 0, we derive from Proposition 2 that

T v A
= g2exp[(1 —K)logN — K( 2log N + 1/2)].

If K < 1, this grows like 2 times a power of N when N goes to infinity, as
compared to the risk bound C(K)&?log N which holds when K > 1. Clearly the
choice K < 1 should be avoided. In particular penalization procedures based on
Mallows’ C,, which are of the form pen(m) = 2¢2D,, are definitely not suitable
for complete variable selection involving a large number of variables, although it
is a rather common practice to use them in this situation, as more or less suggested
for instance by Draper and Smith (1981, p. 299).

8. Appendix
8.1. From function spaces to sequence spaces, a reminder

Our purpose here is to briefly recall, following more or less Donoho and Johnstone
(1998), why it is natural to search for adaptive procedures over various types of
l,-bodies and particularily Besov bodies.

We recall that, given three positive numbers p, g € (0, +oo]Jando > 1/p—1/2
one defines the Besov semi-norm |¢| BY(Ly) of any function ¢ € ([0, 1]) by

1/q
o
> [27er @277 10, 1), when g < 400,
By, =\ \i=0 _ 8.1
sup 2/%w, (1,277, 0, 11), when ¢ = 400,
j=0

where w;(t, x, [0, 1]),, denotes the modulus of smoothness of ¢, as defined by
DeVore and Lorentz (1993, p. 44) and r = |«] + 1. Since w,(t, 277,10, 1)y =
wr(t,277, 0, 1])2 when p > 2, then {t| |I|Bl‘7(LP) < R} C {l| |l‘|Bg(L2) < R}
for p > 2. Keeping in mind that we are interested in adaptation and therefore
comparing the risk of our estimators to the minimax risk over such Besov balls, we
can restrict our study to the case p < 2. Indeed, our nonasymptotic computations
can only be done up to constants and it is known that the influence of p on the
minimax risk is limited to those constants. It is therefore natural to ignore the
smaller balls corresponding to p > 2.

Modulo the choice of a convenient wavelet basis, the Besov balls {t | ] BA(Ly)

< R} are contained in subsets of /5 (A) that have some nice geometrical properties.
Given a pair (father and mother) of compactly supported orthonormal wavelets
(¥, ), any t € 1»([0, 1]) can be written on [0, 1] as

t= > wlnt Y. Y. Biktik (8.2)

keA(—1) j=0keA(j)
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with
IA(1)| =M < +oo and 2/ <|A(j)| < M2/ forall j>0. (8.3)

For a suitable choice of the wavelet basis and provided that the integer r satisfies
1 <r <r with 7 depending on the basis,

I/p

2/URZUD N Bl | < Cop(,277,10,11),, (8.4)
ke A())

for all j > 0, p > 1, with a constant C > 0 depending only on the basis. See
Cohen, Daubechies and Vial (1993) and Theorem 2 of Donoho and Johnstone
(1998). This result remains true if one replaces the wavelet basis by a piecewise
polynomial basis generating dyadic piecewise polynomial expansions as shown in
Birgé and Massart (2000, Sect. 4.1.1). With some suitable restrictions on w,, this
inequality still holds for 0 < p < 1 and C depending on p (see DeVore et al.
1993 or Birgé and Massart, 2000). In particular, if we fix p € [1, 2], g € (0, +00],
a > 1/p—1/2and R' > 0 and consider those 7s satisfying ltlBy(L,) < R’, one

derives from (8.4) that the coefficients 8; x of ¢ in the expansion (8.2) satisfy

1/p74
o0
Z (R'C)~1jet1/2=1/p) Z |B).xl? <1 wheng < +00, (8.5)
j=0 keA())
1/p
Sup(R/C)—lzj(aH/Z—l/p) Z |,3j,k|1l7 <1 wheng = 400, (8.6)
=0 keA(j)

and one can show that such inequalities still hold for p < 1 (with C depending
on p). Clearly, if (8.5) is satisfied for some ¢, it is also satisfied for all ¢’ > g. The
choice ¢ = +00 dominates all other choices but does not allow us to deal with the
limiting case « = 1/p — 1/2 (when p < 2) since, with such a choice of «, (8.6)
does not warrant that the coefficients g x belong to I>(A). It is therefore necessary,
in this case, to restrict to ¢ = p. For this reason, only two values of ¢ are of interest
for us: ¢ = p and g = +o0, results for other values deriving from the results
concerning those two ones. For the sake of simplicity, we shall actually focus on
the case ¢ = p, only minor modifications being needed to extend the results, when
o> 1/p—1/2,to the case ¢ = +o0.
If g = p <2, (8.5) becomes

oo
Z |:2jp(1/21/1’)[w(21')]1’ Z |,3j)k|1’} <1, (8.7
j=0 keA())

with w(x) = Rx® and R = R'C. Apart from the fact that it corresponds to some
smoothness of order « in the usual sense, there is no special reason to restrict to
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functions w of this particular form. If for instance,

5 [t 27, 10,11 R
w277 -

J=0

for some nonnegative continuous function w such that xl/2=1/ Pw(x) is bounded on
[0, 1], it follows from (8.4) that (8.7) still holds and the set of Bs satisfying (8.7)
is a subset of I5(A). If the function x > x1/271/Pg(x) is nondecreasing and tends
to zero when x — 0, this set is an ellipsoid for p = 2. These considerations were
the main motivation for our Definition 10 of extended Besov bodies, the particular
case r = 0 of classical Besov bodies (compare with Donoho and Johnstone, 1998,
Sect. 2) being suitable for analyzing sets of functions of the form {t| 1] B4(Lp)

< R}. Indeed if we consider some well-chosen orthonormal wavelet basis {x | k €
A(—D}U (UjeN{l//j,k |k € A(j)}) in Ly ([0, 1]) with sets A () satisfying (8.3), one
can order it according to lexical order as {¢;}1ca and this correspondence gives
ke A(—=1) «— A with1 <A < M and

if j>0,keAG), (j,k) <> Awith M +2/ <1 <M +M2H —1). (8.8)

Assuming that (8.4) holds anda+1/2—1/p > 0, we derive that {7 | It Bz, < R}
is included in the set of #’s with coefficients satisfying

o0
cP Z 2Jpla+1/2=1/p) p=p Z 1B, «l?
Jj=0 ke A(j)

S Dy —

—Jjla+1/2=1/p)
J=0keA()) 2 ke

P
} 517

and it follows from (8.8) that {t| |t|gg(Lp) < R} C B(M',a, p, R, 0) with R =
RC(ZM)“+]/271/p.

8.2. Proof of Theorem 5

As often for minimax lower bounds, the proof relies on an application of some
version of Fano’s Lemma. We shall use here the following one which is proved in
Birgé (2001).

Proposition 9. Let (S, d) be a metric space, and {Ps}ses a set of probability
distributions indexed by S. Let C be a finite subset of S with |C| > 6, such that
for all pairs s # s € C, d(s,s') > n > 0. Assume, moreover, that there exists an
element so € C such that

dp
K(Ps, Py) = /log (dPS )dPS < H <log(IC|) forallseC.

S0
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Then, for any estimator s with values in S and any nondecreasing function £,

; n 2y 4
ilelgEs [£dG, )] = ¢ (5) [1 B <§ v ]0g|C|)i| '

The preceding proposition involves Kullback-Leibler information numbers be-
tween the underlying probability distributions and, in order to use it, we have to
compute the mutual Kullback-Leibler information numbers between the possible
distributions of the process Y.

Lemma 3. Let Ps be the distribution of the process t — (s, t) + €Z(t) where Z is
a linear isonormal process indexed by some subspace S of a Hilbert space H. Given
two elements s and s" in H, the Kullback-Leibler information number K(Ps, Py)
satisfies

lls =517

o (8.9)

dP;
K(Pe Py = [ log ( 2520 ) dPy(y) =

Py
Sketch of proof. If E is the linear space spanned by sand s’ and u € E, we denote by
Q.. the Gaussian distribution on E with mean u and covariance operator 2/. Since
the restrictions of Z to E and E- respectively are independent, the distribution,
under P;, of the likelihood ratio d Ps/d Py is the same as the distribution, in E, of
the likelihood ratio d Qs /d QO under Q;. The conclusion follows straightforwardly.
O

In order to apply Fano’s Lemma, we have to exhibit a suitable subset C of Sp.
To get the non-trivial logarithmic factor log(N/ D) in the lower bound, we need to
build a large enough set C, the existence of which will derive from the following
corollary of Lemma 9 of Birgé and Massart (1998).

Lemma 4. Let N and n be two positive integers such that N > 6n. Given a finite
set A with cardinality N and M the set of all subsets of cardinality 2n of A we
consider the distance § on M defined by

$(m,m') = %/ [y () — L Q)| dpe(h) = 2n — lm O],

where  denotes the counting measure on A. Then there exists a subset C of M
such that §(m,m’y > n + 1 forallm # m' € C and

log(|C|) > n[log(N/n) —log 16 + 1]. (8.10)

Proof. Ttfollows from Lemma 9 in Birgé and Massart (1998) with M = N, C = 2n
and ¢ = n that there exists a subset C of M such that §(m, m") > n (and therefore
8(m,m’) > n + 1 since § is integer valued) for all m, m" € C with m # m’ and

o) s N =dn () _ N —d4n NI (N - 3n)!
= N=3n (2)(V-2) T N =3n [@n)!(N = 2n)! P

A direct computation shows that (8.10) holds when n = 1. Let us now as-
sume that n > 2. Recalling from Stirling’s formula (Feller, 1968, p.54) that
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jl= jle™1 \2mjy(j) with (127 + D™ < log[y(j)] < (12)~!, which implies
that v is decreasing, we derive that |C| > / Fo F| F, with

Nn3(N—=3n) [N—4n1?> 7n  (N/n)(N/n — 4)
FO = LTl = — ,
(2n)2(N —2n)2 | N —3n 2 (N/n —2)2(N/n —3)

o NYp" [N =3V odn NN[N —3p]N—3n
b= (2n)*" (N — 2n)2(N=2n) - n"(N — 2n)2(N=2n)°
and
£y — YAV YIN —3n] Y(n)  YA(n) Y(N —3n)
2= >

Y2 (2n) Y2 (N — 2n) Y(N —2n) ¥2(2n) Y(N —2n)

We first observe that Fy is an increasing function of N/n for N/n > 4, and therefore
Fy > 1 since N > 6n. Then it follows from the monotonicity of v that F, > 1.
Setting x = n/N, we finally get

log(|C|) > log F1 =n [— log 16 + log(N/n) +x_1G(x)] ,

where G (x) = (1 —3x) log(l —3x) —2(1 — 2_x) log(1 — 2x). From the expansion
(1—-x)log(1—x)=—x+ Zizz[i(i — )]~ 'x! we derive that G(x) > x and (8.10)
follows. O

Let us now prove Theorem 5, distinguishing between three cases.

Casel. N < 650D
Ift N = D, B(D, D, b) is a D-dimensional cube with edges of length be and it
follows from Donoho et al. (1990) that
4D b2t 2Dg?
Ry(B(D, D,b), &) > — > b> A 1).
m(B( 18 Z S g T 5( )
Now observe that B(D, D, b) can be considered as a subset of B(N, D, b), hence
2De* |,

Ru(B(N. D.b). ) = Ru(B(D, D.b). &) = ——(b> A 1). 8.11)

Case2. D=1and N > 650
Seta = [b A /2(log N)/3] and, for any A € A, define 5, = aeg; € B(N, 1, b).
Thenif A # 1/ € A,

llss, — s/ ||* = 2a°e? and K(Py,, Py,,) = a*

by (8.9). Since N > 6, we can apply Proposition 9 to the set {s3}rcan C B(N, 1, b)
and derive that, whatever the estimator s,

. ) a’e? 2 a2 262
sup By, [I5 — s = (S ) |1 (5 v > 2
N 2 3 logN 6

from which we conclude that

2 2

e[, 2 De= [ , 2 N
R D — 1 = — =1 —|. (812
mMB(N, D, b), &) > G [b /\3 ogN:| 3 |:b /\3 og (8.12)
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Case3. D >2and N > 650D
Let n be the positive integer defined by D > 2n > D — 1 and set

c=log(N/D) ~log8+1 and  a=[bAe/3].
It follows from Lemma 4 that we can find a subset C of My, such that
log(C) >nc and 2n>8(m,m')>n+1 foralm#m' eC. (8.13)
For any m € C, define s(m) = ae ), .,, ¥» € B(N, 2n, b). Then
Is(m) — s(m)||> = 2a*e*8(m, m’) forallm,m’ € C,
and by (8.9) and (8.13),
K(Pymys Pyony) < 2na® and  ||s(m) — s(m)||*> > 2(n + 1)a’e’.

Applying Proposition 9 to the set {s(m)},,cc C B(N, 2n, b) we derive that, what-
ever the estimator §,

- (n+ l)azs2 2 2na® (n+ 1)(1282
E - 2 —)|1-(= .
sup som[I5 = s(m) | ]Z( 5 3V 1ozl |7 <
Since log(N/D) > 1og(650) > 6(log8 — 1), ¢ > (5/6) log(N/D) and
(n+ 1)e? 5y C Ds? , 5 N
Ry (BN, 2n,b). 8) = ———— [b A 5] > [P A ioe (5 )]

Since B(N,2n,b) C B(N, D, b), we can conclude that Ry (B(N,2n,b),s) <
Ry (B(N, D, b), ¢) and therefore

De? 5 N
R D — |pP*A=log|—=])].
m(B(N, D, b), ) > D [ A g og<D>}

Putting this together with (8.11) and (8.12) gives the result. O
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